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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

Faculty of Physical Sciences and Engineering

SCHOOL OF ELECTRONICS AND COMPUTER SCIENCE

Doctor of Philosophy

by Ilaria Sanzari

In vitro cardiac models have been attracted substantial interest in cardiac tissue en-
gineering (TE). They provide a promising alternative to the drug screening process

currently in use which suffer from high failure rate in clinical trials. Engineering these
systems requires a combination of biomaterials and technologies to design scaffolds that
accurately replicate the environment of the native tissue.

In this work, polymers that can statically or dynamically stimulate cardiac cells in
vitro have been investigated. Elastomers and hydrogels were considered as the most
appropriate materials especially for their elastic properties. However, shaping these
materials using conventional microfabrication techniques is extremely difficult.

In static conditions, Parylene C was employed as a mask material to pattern poly-
dimethylsiloxane (PDMS) and polyacrylamide (PAm) hydrogel. Microfabrication strate-
gies were used to provide hybrid anisotropic topographies and biochemical micropatterns
on scaffolds. The results demonstrated the potential of using Parylene C as a template
for soft polymers especially in the reproduction of the fabrication process, and in the
stability of the patterns on the moulded replica. The compatibility of these constructs
was demonstrated with neonatal rat cardiac myocytes (NRVMs). Evidence confirmed
the possibility of using these constructs for future in vitro models.

The dynamic approach explored the stimulation of cells in a more realistic environment.
Herein, electro-active hydrogels (EAHs) have been intentionally produced and designed
with specific properties related to their size, surface properties, and chemistry. Firstly,
the synthesis and electro-actuation of hydrolysed PAm (hPAm) hydrogel were performed.
Experimental observations revealed practical drawbacks that limited the processing of
this hydrogel at the micro-scale. Colloidal solutions made of the copolymer and inter-
penetrating networks (IPN) based on Poly (N-isopropylacrylamide) (PNIPAm) and poly
(acrylic acid) (PAAc) nanogels provided an alternative solution to obtain spin-coatable
thin films controllable in thickness. Finally, the bio-compatibility of the films with cells
suggested future improvements in the synthesis and microfabrication of EAHs.

The main findings of this work revealed Parylene C as an excellent candidate to anisotrop-
ically pattern soft scaffolds with reproducible features at the micro- and nano-scale.
Among them, PAm hydrogel was more successful in promoting cardiac cell elongation
and calcium activity. For dynamic scaffolds,hPAm showed a planar expansion under a
DC electric field of 0.03 V/mm, but this material was not suitable for microfabrication
and cell culturing. Finally, it was demonstrated that to have spin-coatable hydrogels
colloids are more appropriate, and films with a thickness ranging from 100 nm to 300
nm were obtained. Although these results were prominsing, further investigations are
required for electro-actuation and cell culturing.
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Chapter 1

Introduction

1.1 Motivation and Challenges

C
ardiac tissue engineering (TE) integrates the knowledge from engineering, life

sciences and material science to develop artificial and functional tissue constructs

[1]. One of the principal goals in cardiac TE is to foster strategies and prognostic tools

for cardiac disease treatments.

The heart has a limited regenerative capacity and a wide variety of pathologies. Achiev-

ing the development of new drugs for heart diseases such as arrhythmia is very chal-

lenging. Nowadays, the drug screening process used to formulate drugs requires many

expensive steps (costs of every single agent can reach millions of pounds), it takes a

lot of time (almost ten years) to get the market, and it uses animal models that are

not robust enough to appropriately mimic the human conditions. Accordingly, many of

these drugs are usually ineffective, poorly validated [2], and they act in an unpredictable

way on humans [3]. For this purpose, there is an urgent need of in vitro models as an

alternative to animal models to study tissue regeneration, heart diseases, and predict

human drug response [3]. These models typically consist of: (i) cardiac cells and (ii)

biomimetic platforms generally called ’scaffolds’ which provide chemical and physical

stimulation to enable precise regulation of cell maturation and function.

Neonatal rat ventricular myocytes (NRVMs) are mostly used as cell source for these

models, but recently patient-specific induced pluripotent stem cells derived cardiomy-

ocytes (iPSc-CMs) are opening a new era for molecular understanding of pathological

1
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mechanisms, early diagnosis, drug development and effective treatment of heart disease

[4]. Therefore, all the models that have been applied with NRVMs so far have the aim

to be further investigated with iPSC-CM.

Advances in material science, engineering and microfabrication technologies have en-

abled development of biomaterials-based platforms that use scaffolds. Scaffolds can be

defined as a 2D or 3D artificial support that reproduce the physico-chemical properties

of the extracellular matrix (ECM). They are made from natural or synthetic bioma-

terials providing mechanical, biochemical and topographical support for cells in vitro.

Engineering the scaffolds allows mimicking and controlling the microenvironment of cells

that is necessary to understand and evaluate the mechanism behind cell organisation,

growth and differentiation. In the last decade, the synthesis of a wide variety of bio-

materials is of interest in cardiac TE since they provide a more realistic and dynamic

environment to the cells [5].

One of the most important properties of scaffolds for applications in cardiac TE is the

elasticity. Elastomers and hydrogels are considered to be the most appropriate bio-

materials for modelling the mechanical environment of cardiac cells. These materials

are very soft and usually difficult to manipulate at the micro- and nano-scale [5]. Al-

though there are new approaches and improvements in technologies for the applications

of soft materials to cardiac in vitro models, a lot of challenges remain open especially

for material synthesis, biocompatibility, integration in microfabrication technology, and

physico-chemical control of the materials at cell level.

Traditional synthetic substrates for cell culture have limited utility to mimic the dynamic

in vivo environments that normally surround cells. For this reason, researchers have

begun to have interest in smart hydrogels to synthesise scaffolds able to mimic realistic

conditions [6]. Smart materials change their physico-chemical properties in response to

different stimuli such as pH, temperature and electric field. Although a great interest in

this category of materials they are still a cutting-edge research for applications in TE.

From the analysis of literature of the last ten years, the largest number of documents on

this class of materials mainly concerns the application in drug delivery systems, whereas

the interest in scaffolds is slightly growing over as shown in Figure 1.1.

Hydrogels are always used in bulk or as smart coatings obtained by grafting of single

polymer chains [7] or layer-by-layer (LbL) assemblies [8].
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Figure 1.1: Distribution of number of publications of the last decade retrived from
Scopus (keywords: ”smart hydrogels and drug delivery” AND ”smart hydrogels

and scaffolds”.

However, the methods typically used to obtain these films are not compatible with mi-

crofabrication. Spin-coating is the dominant technique usually employed in microfabri-

cation to produce uniform thin films with a variety of different thicknesses. Furthermore,

the spin-coating of hydrogels as thin films raises significant challenges. First, the pre-

polymeric solution of the hydrogels changes the viscosity very fast limiting the formation

of the film on substrates. Second, many stimuli-responsive hydrogels even in thin films

are dissolvable in solutions becuase of changing of temperature or pH. In this project,

some strategies were adopted and optimised to overcome these issues. Smart nanogels

suspended in colloidal solutions were considered more appropriate for spin-coating. In-

deed, thin hydrogel films were obtained by spin-coating of different concentration of

smart nanogels. The velocity of spin-coating was controlled obtaining films with differ-

ent thicknesses. The homogeneity and stability on the substrates was solved through

thiol-ene click chemistry. This strategy was preferred to others because allows the poly-

merization and stabilization of the hydrogels in the same time without the addition of

any initiator.The biocompatibility of these films was also tested by cell viability, but it
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still remains an open challenge.

1.2 Aims of this Project

Anisotropic patterning of polymers is one of the most common technique to elicit car-

diomyocyte alignment. In this project, novel, simple and reliable techniques for pat-

terning soft polymers have been employed to fabricate 2-D platforms for guiding cell

alignment. A large range of different materials have been used as substrates for cell cul-

turing, but only materials that are chemically functionalized, transparent, biocompatible

over long period of time and tunable in stiffness meet all the requirements for applica-

tions in cell culturing. This project primarily focuses on cheap and standard polymers

that are commonly used as scaffolds in cell culturing practice. PDMS is used in an hy-

brid configuration with Parylene C whereas PAm hydrogel is patterned by micro-contact

printing using Parylene C. These scaffolds have been employed as 2-D platforms with

anisotropic structure to promote cardiomyocyte elongation and alignment. Secondly,

this project explores smart materials, and in particular electroactive hydrogels (EAHs)

for the fabrication of miniaturised devices to dynamically stimulate cardiac cells.

The proposed research has three main goals.

The first one consists of the microfabrication and characterisation of hybrid Parylene

C/PDMS scaffolds to promote cell alignment and study the effect on calcium (Ca2+)

transient. Parylene C was employed as a masking material to pattern PDMS thin films

difficult to handle as thin films. Two type of scaffolds with anisotropic lines almost

1 µm deep were fabricated: one with a surface made of hydrophobic Parylene C and

hydrophilic PDMS, and the other made of wrinkle topographies totally hydrophilic in

surface. The latter were considered more realistic without forcing cells to be aligned

only alongside hydrophilic channels. However, cells were not well-aligned on them in

comparison to the hydrophobic/hydrophilic scaffolds. More investigation is necessary to

improve the effect of uniaxial wrinkles on cardiac cell alignment.

The second goal consists in using micro-contact printing using Parylene C as stamp to

pattern PAm hydrogel. Parylene C has been fabricated with an hybrid surface with

hydrophilic channels and hydrophobic raised strips. Hydrophilic channels of Parylene C

were functionalised with proteins, and PAm is consequently patterned by micro-contact
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printing. PAm scaffolds have been characterised to demonstrate the effects that these

platforms render on cell morphology, orientation, and activity. Collected data on cell

morphology, elongation and orientation confirmed that a significant cell elongation is

induced on anisotropic architecture in comparison to isotropic structures (control) mim-

icking the distribution of cells in the native cardiac tissue.

The third goal deals with the synthesis and characterisation of hydrogel thin films.

Hydrolised PAm (hPAm), poly-N-isopropyl acrylamide-co-polyacrylic acid (PNIPAm-

co-PAAc) and interpentrated network polymer (IPN) made of PNIPAm and PAAc were

investigated as thin films, and as intelligent materials to be integrated in miniaturized

platforms for mechanically stimulating cells. The aim was to interface these materials

with standard microfabrication techniques and control them dynamically while main-

taining the biocompatibility. First of all, hPAm was investigated because it is easy to

synthesize and commonly used as electroactive hydrogel. However, decreasing the fea-

ture size this material resulted not spin-coatable with unstable mechanical properties.

Colloidal nanogels revealaed more interesting properties to be explored for the formation

of thin films. Colloidal nanoparticles (90 nm and 500 nm diameter) were synthesized

and chemically functionalised to be more stable and insoluble in water. Consequently,

thin films with controllable thickness were obtained by spin-coating. Thin films were

assembled on glass substrates and the topography of the films was studied at various

polymer concentrations. The stability of hydrogels on the substrates was controlled

using X-ray photoelectron spectroscopy (XPS) demonstrating the stability of the films

before and after soaking in water. Finally, biocompatibility tests were carried out to

investigate the applications of these hydrogel thin films with cells. Results showed that

these materials are still not completely biocompatible and future studies are necessary

to investigate the reasons of their lack of biocompatibility.

1.3 Thesis Structure

This project focuses on the fabrication and characterisation of polymeric scaffolds for

applications in cardiac in vitro models. Static and dynamic stimulation of cells has been

tackled by fabricating polymer thin films made from PDMS, polyacrylamide hydrogel

and smart hydrogels. Through this thesis, the synthesis, fabrication and characterisation

of the scaffolds will be addressed in the following chapters as described as follows.
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• Chapter 2 begins with the description of heart muscle structure and physiology.

Some considerations on cardiac TE and its strategies for creating in vitro platforms

for heart disease therapies are then proposed. Static biomaterials and techniques

commonly used for topographically and biochemically patterned polymers common

in cardiac TE are classified and compared. Also, research of dynamic hydrogels,

in particular, EAHs is described. The physical and principals that regulate the

actuation of these hydrogels is still debatable and in this chapter all the thoeries

proposed in literature are summarized and discussed.

• Chapter 3 describes in details the fabrication and characterization of hybrid

scaffolds made by Parylene C and PDMS. In particular, PDMS was topographi-

cally, mechanically and chemically characterised using AFM, nanoindentation and

Raman spectroscopy. Results with NRVMs are also shown demonstrating cell

alignment only on one type of scaffold.

• In Chapter 4 the new technique for patterning PAm hydrogel by adopting mi-

crogrooved Parylene C is described. Also, results on NRVMs morphology, align-

ment and contractility is discussed.

• Chapter 5 is partially written in collaboration with National Institute of Optics

(INO), Institute of Physcics and Chemistry (IPFC) in Pisa, Italy and Centre for

Hman Development, Stem Cell and Regeneration, IDS, Southampton. It describes

the synthesis and characterization of EAHs with hydrolised PAm, PNIPAm-co-

PAAc and IPN. Results on the preparation of hPAm are presented and discussed

demonstrating how this material is not applicable with cells. In the last part of the

chapter, the preparation of PNIPAm-co-PAAc and IPN nanogels colloidal solutions

is described with all the processes of functionalization to obtain well-assembled

films. Biocompatibiliy tests were carried out with muscular cells, demonstrating

that the synthesis and the functionalisation of these films have to be improved for

future applications in TE.

• Finally, Chapter 6 concludes with the discussion of the contribution of this thesis

and further perspectives. In particular, specific ideas that come from the findings

for this thesis are listed and argued opening new window for further research in

this area.
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Chapter 2

Literature review: scaffolds for

cardiac tissue engineering

2.1 Introduction

T
his chapter starts providing the fundamentals of cellular biology and physiology

of the heart which is introductory to understand the important parameters to

consider to mimic the native microenvironment of cells by using scaffolds. Subsequently,

this chapter presents biomaterials and strategies mostly used in tissue engineering (TE)

to build scaffolds for in vitro models. Among various soft polymers, hydrogels are

considered ideal materials to fabricate scaffolds thanks to their physical and chemical

properties close to the extracellular matrix (ECM) that normally support cells in vivo.

Furthermore, cells are surrounded by a dynamic microenvironment which can be repli-

cated in vitro by using smart materials. For this purpose, this chapter proposes a new

approach in the application of electro-active hydrogels (EAHs) that nowadays are mostly

exploited in soft robotics. The principle of actuation of EAHs is still not well under-

stood and this chapter discusses the theories proposed in literature with few examples of

applications in TE. At the end, the importance to integrate EAHs as thin films in minia-

turised platforms will be discussed describing various fabrication processes proposed in

literature.

9
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2.2 Heart cellular microenvironment

2.2.1 A general description of structure and physiology of the heart

The heart is a muscular pump located in the thoracic cavity behind the sternum and

between lungs in a cavity called the Mediastinum. It is surrounded by a double-walled

protective sac called the Pericardium. It beats rhythmically and autonomously with

about 60 heartbeats per minute pumping almost 6 litres of blood per each beat without

rest [1]. As shown in Figure 2.1 the heart is divided into four chambers: the right and

the left atria (upper part), responsible for receiving blood, and the right and the left

ventricles (lower part) that pump blood into circulation.

Figure 2.1: Schematic picture of heart anatomy and histology of the myocardium
(modified from [2]).

A single cardiac cycle consists of two phases: diastole (relaxation) and systole (contrac-

tion) [3]. During ventricular diastole, ventricles are extended, and the blood passively

flows from the left atrium and right atrium into the left ventricle and right ventricle.

Deoxygenated blood returns from the systemic circulation to the right atrium from the

superior and inferior venae cavae and then to the right ventricle. Oxygenated blood

returns from the lungs to the left atrium through the pulmonary veins, and from there

to the left ventricle. During ventricular systole the left and right ventricles contract with

the ejection of the blood in the aorta and pulmunary artery respectively [4]. Cardiac

valves control the unidirectional blood circulation in the heart. The right atrium commu-

nicates with the right ventricle via a tricuspid valve, and the left ventricle communicates

with the left atrium through the mitral valve (for details see Figure 2.1). Pulmonary

valves control blood flow from the right ventricle into the pulmonary arteries, which

carry blood to lungs to pick up oxygen. Oxygenated blood passes from the left ventricle
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into the aorta when the aortic valve opens. Valves open and close passively based on

the pressure difference across them, and they prevent the backward flux of the blood

during diastole and systole.

The heart wall is composed of three layers known as epicardium, myocardium and en-

docardium. The Epicardium is a thin transparent layer (inner wall of the pericardium)

made of connective tissue serving as a protective layer. The Myocardium is the thickest

layer and consists of cardiac muscle tissue liable for contraction. The Endocardium is

a thin layer that covers the internal wall of the myocardium. Cardiomyocytes and fi-

broblasts makes up the largest population of the Myocardium [5] (see Figure 2.1) and

they are responsible for maintaining normal cardiac function and remodelling of the

injured heart. The interaction between cardiomyocytes and fibroblasts determines the

mechanical and electrical function of the heart [6].

The percentage of each cell type varies from species to species and changes during

maturation and diseases. Seminal studies on adult rat hearts have revealed that the

heart consists of about 70% non-myocytes (fibroblasts, endothelial cells and smooth

muscle cells) and 30 % myocytes. Cardiac cell population differences can cause changes

in extracellular matrix (ECM) content [5]. Myocytes are the fundamental contractile

cells of the heart [7] while the other cell types are responsible for matrix deposition,

vascularisation, injury response and remodelling of the extracellular environment [8]

Cardiomyocytes have a tubular shape, 60-140 µm in length and 17-25 µm in diameter

[9] and are highly organised in the myocardium from macroscale (e.g. well-defined road

shape) to microscale domains (e.g. dyadic space). In the case of pathology, the orga-

nization of domains is lost, and heart failure and arrhythmias may occur [10]. Cardiac

muscle cells are connected by intercalated disks which allow them to work as a single

syncytium. The intercalated discs contain gap junctions and desmosomes (see Figure

2.1 for details). Gap junctions are made up of an integral membrane protein called con-

nexin and are responsible for maintaining the normal heartbeat through communication

between the cytoplasm of adjacent cells. Gap junctions allows cells to communicate by

the electrical signals and small molecules that pass through them and the adjacent cells.

Desmosomes are anchoring junctions that provide strong cell-cell adhesion (between in-

termediate filaments of the cell cytoskeleton). These links are generally found in tissues

that undergo to mechanical stress such as the heart[11].
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Intracellular connections have been widely studied whereas the interaction between my-

ocytes and the ECM is still under investigation [12]. The ECM is not only a passive

component of the heart, but in vitro studies have demonstrated that it plays an essen-

tial role in the regulation of cell proliferation, differentiation and migration [13]. ECM

remodelling also occurs during ageing and pathological conditions [14]. The components

of the ECM in the heart are very similar to most other organs and are type I, III and

IV, glycoproteins such as fibronectin and laminin and proteoglycans (e.g. heparin and

hyaluronic acid) [12]. The ability to synthesize ECM components differs among cells in

the heart. For example fibroblasts and smooth muscle cells produce and release type I

and III collagens and fibronectin; myocytes and endothelial cells produce type IV colla-

gen. Laminin is produced by smooth muscle cells, cardiac myocytes and endothelial cells

[15]. Collagen and adhesive proteins bind to the cellular membrane through integrins

which act as transducers of mechanical forces from the extracellular compartment to

the cytoskeleton. Proteoglycans compose the architecture of the ECM network, bind

growth factors and promote remodelling and cell migration [15].

2.2.2 Cardiomyocytes and their function as an in vitro models

The plasma membrane of cardiomyocytes called sarcolemma is a lipid bilayer separated

into distinct membrane microdomains with transmembrane proteins such as integrins

that bind the cell with ECM. Sarcolemma is characterised by lipid invaginations (cave-

olae) called transverse tubules (T-tubules). L-type (dihydropyridine channel, or DHP

channel) are also invaginations of the sarcolemma and are voltage-gated channels lo-

cated between the T-tubule and SR junctions. Caveolae allow the fast depolarisation of

the membrane [16]. Biochemical fractionation and electron microscopy studies have also

identified many ion channels at caveolae, and loss of caveolae has been associated with

arrhythmogenesis [16]. The balance of ions inside and outside the cell in a resting state

creates an electric potential difference across the membrane. The sarcolemma maintains

the inside of the cell at negative potential relative to the outside of the cell which has a

positive charge, causing the membrane to be polarised. The membrane potential is due

to the non-equilibrium of ionic concentrations (mostly Na+ and K+) across the mem-

brane and it is generated partly by the action of the Na+/K+ ATPase pump, which eject

three Na+ ions for every two K+ ions. Consequently, in the cytoplasm there is a much
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higher K+ concentration but much lower Na+ ions to diffuse down the electrochemical

gradients across the semipermeable membrane [17].

Myofibrils are formed by distinct repeating units called sarcomeres. Sarcomere is a con-

tractile unit of cardiomyocytes and it is defined as the region of myofilament structures

between two Z-lines. The distance between Z-lines ranges in human hearts from about

1.6 to 2.2 µm [18]. Myofilaments represent 45 to 60 % of the volume of cardiomyocytes

[18]. The sarcomere is composed of thick and thin filaments: thick filaments, are com-

posed mainly of the contractile protein myosin, and thin filaments are composed mainly

of the contractile protein actin. Thin filaments also contain troponin and tropomyosin

(regulated proteins). The M line and the Z disc hold the thick and the thin filaments

in place whereas the elastic filament helps in keeping the thick filament in the middle

between the two Z discs during contraction [19].

Mitocondria are the ”energy factory” of the cardiomyocytes. Energy is produced by the

synthesis of adenosine triphosphate (ATP) necessary for cell contraction. All living cells

have mitocondria but muscular cells have more mitocondria than others because they

need more energy for contaction. Different types of mitochondria can be distinguished

within cardiomyocytes, and their morphology is defined according to their location [18].

Sarcoplasmic reticulum have a membrane-bound structure including tubules (ionic chan-

nels). SR surrounds each myofibrils and is separated from the sarcolemma. SR plays a

crucial role in the regulation of intracellular Calcium (Ca2+) release and uptake (from

the plasmatic membrane, sarcoplasm) and consequently control the triggering of the

contraction and relaxation of the myofibrils. Ca2+ released from the SR promotes in-

teraction between actin and myosin, resulting in muscle contraction. Ca2+ is removed

from the cytoplasm by the action of the SR- ATPase2a (SERCA2a) pump allowing cell

relaxation. SERCA2a is mainly regulated by phospholamban (PLN), which when phos-

phorylated is self-suppressed. SERCA represents almost 50% and more than 70% of

the SR membrane protein. The SR is composed of two different functional regions: the

so-called longitudinal SR and the junctional SR [20]. Ryanodine receptors (RyR) are

the largest known ionic channels ( 2 MDa) and they exist in different isoforms (RyR1 is

predominant in cardiomyocytes). They interact with and are regulated by phosphory-

lation, redox modifications, and a variety of small proteins and ions. Figure 2.2 shows

the principal components of the cardiomyocytes described above.
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Figure 2.2: Structural components that are characteristics of muscular cells: sar-
comere, cytoskeleton, sarcolemma, nucleus, and sarcoplasmic reticulum [21].

.

In cardiomyocytes, the first DNA synthesis occurs with cell proliferation during fetal

life, and a second DNA synthesis phase occurs after birth (at approximately neonatal

day 3) and is associated only with binucleation. After birth, cardiac growth consists of

growth in size of the myocytes without increase in cell number [22]. Figure 2.3.a shows a

schematic overview of cell-cycle activities of fetal, neonatal and adult cardiac myocyte.

Engineered heart tissue (EHT) is composed of elongated and aligned cardiomyocytes

as shown in Figure 2.3.b at a high cell density of 108 cells/cm3 as in the native heart.

In cardiac cell cultures, adult cardiomyocytes are not available in sufficient numbers

from human cardiac biopsies and have limited proliferative and development potential.

Fetal/neonatal cardiac cells have greater proliferative and development potential, and

are efficacious in cardiac regeneration in animals, but they are not readily available

from human sources due to ethical concerns. Thus, neonatal rat ventricular myocytes

(NRVMs) are still widely used to evaluate and optimize in vitro models [25]. Immature
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Figure 2.3: Illustration of proliferation and maturation of cardiomyocytes and their
alignment.

In a) a schematic cell-cycle process leading from fetal to adult cardiomyocyte
differentiation and multinucleation [23]. In b) immunofluorescence image of neonatal

rat ventricula myocytes (NRVMs) and cytoskeleton alignment and striations with
sarcomeric protein alpha-actinin (sarcomeric protein) (in red) and nuclei are stained

with DAPI in blue (white scale bar 10 µm) [24]. In c) is shown a structure of an
isolated adult rat cardiomyocyte (courtesy of Mr Jerome Fourre, Imperial College,

London).

cardiomyocytes have a circular shape with disarrayed sarcomeres. Cardiomyocytes iso-

lated from adult heart are well differentiated with two separate nuclei and do not divide

or grow if cultured. Adult cardiomyocyte typically have a rod shape with highly organ-

ised sarcomeres as shown in Figure 2.3.c that does not change even when extracted from

the heart. However, if cardiomyocytes are isolated before differentiation they have the

ability to grow, divide, and differentiate and can be applied for long-term cell culture

applications [26].

Adult cardiomyocytes present several limitations in the applications for in vitro mod-

els. First of all it is difficult and time-consuming to obtain and it takes time to breed

animals to adulthood, isolate and culture cells. Secondly, adult cardiomyocytes do not

proliferate. Finally, they cannot be kept in culture long enough to allow prolongated

analysis [27].
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On the other hand, NRVMs have been used increasingly in the past decade as an in vitro

model for studying the fundamental mechanisms that underlie normal and pathological

electrophysiology of the heart [28]. NRVMs provides a better in vitro model than adult

cardiomyocytes because they are easier to isolate in large quantities and can be cultured

for long periods. NRVMs have more mature connexin 43 (Cx43) expression in vitro and

the monolayer displays highly anisotropic conduction velocities.

Recently, iPSc-derived CMs (iPSc-CMs) have been discovered to be a very efficient in

vitro model to study molecular mechanisms of disease [29, 30] and potentially can open

the door for creation of patient-specific therapies [31]. Several studies suggest that iPSc-

CM can differentiate efficiently into cardiomyocytes with cardiac cell morphology and

functional properties [32, 33].

2.2.3 Electrophysiology of cardiomyocytes

CMs are characterised by their rhythmic beating. Contraction of the heart is regulated

by calcium transient. Ca2+ is essential in cardiac electrical activity and it is directly

responsible for contraction and relaxation of myofilaments. The non-regulation of Ca2+

in myocyte can cause contractile dysfunction. For example most cardiac arrhythmias

are associated with the modification of the operation of ion channels (process called ”ion

channel remodeling” [34]).

The SA node is responsible for generating the action potential in sarcolemma. At rest,

the transmembrane potential (TMP) of a ventricular cardiomyocite starts at almost - 85

mV (the inside of the membrane is more negative than outside) and slowly depolarises.

An action potential (AP) is triggered when a membrane potential exceed the threshold

potential of almost - 65 mV [4]. The AP cycle consists of five stages and the ionic

currents associated to each stage are summarised in Figure 2.4.a :

1. Phase 0 - rapid depolarization: the AP generated by the closest cardiomyocyte or

pacemaker cell determines the TMP to rise above -90 mV. Na+ channels open fast

and Na+ leak into the cell with generation of an inward Na+ current (INa). Na+

fast channels are time dependent. The cell membrane potential rapidly depolarizes

to 0 mV and fast Na+ channels close. When the TMP is greater than -40 mV L-

type channels open and allow small influx of Ca 2+ to go down the concentration

gradient.
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2. Phase 1 - early repolarisation : TMP start to increase and some K+ channels

open fast allowing K+ ions to diffuse out of the cells returning the TMP almost to

0 mV.

3. Phase 2 - plateau: the TMPS is maintained at just below 0 mV. L-type Ca2+

channels are still open and there is a small inward current due to Ca2+ (ICa).

Also, Na+ pass through the other channels that have not been inactivated at the

end of the phase 0 generating the late Na+ current (INaL). In this phase there are

three outward rectifier current: ultrarapid (IKur), rapid (IKr) and slow (IKus) [35].

4. Phase 3- repolarisation: TMP is going back towards resting potential of almost -

85 mV to prepare the cell for a new cycle. Ca2+ channels are gradually inactivated.

At the end of phase 3 inward rectifier channels are activated and there is a dominant

outflow of K+. In this phase the TMP is set to the resting potential (-90 mV).

5. Phase 4- resting phase: returning to resting potential and Na+ and Ca2+ channels

are closed. The concentration gradients for Na+ and K+ across the sarcolemma

are restored by the Na+ pump, the (Na+-K+-ATPase), which exchanges 3 Na+

ions with 2 K+. Calcium that entered inside the cell during the plateau phase

is removed by the Na+-Ca2+ exchanger (NCX1), which exchanges 3 Na+ with 1

Ca2+. When the membrane potential is negative (e.g. phases 3 and 4 of the AP),

the NCX1 transports Ca2+ out as Na2+ goes inside the cell, while when the cell

is depolarised (phases 0, 1 and 2 of the AP), the exchanger works in the opposite

direction [35].

The excitation-contraction (EC) coupling represents the process by which an electrical

AP leads cardyomyocytes to contract. Ca2+ is the critical mediator which combine the

electrical excitation with the physical contraction by cycling in and out of the cardiomy-

ocyte sarcoplasm during each AP [4]. As mentioned before, Ca2+ flow into myocytes

through L-type channels during phase 2 of the AP. The accumulation of Ca2+ ions during

an AP increases the concentration from ∼ 100 nM to ∼ 10 µM. [4], [34]. However, the

Ca2+ ionic concentration is insufficient to cause the contraction of myofibrils. This signal

is amplified by the calcium-induced calcium release (CICR) mechanism, which triggers

much greater release of Ca2+ from the SR. After depolarization via sodium channels

Ca2+ enter L-type channels as inward current (ICa) which is part of the AP plateau.

Ca2+ then activate RyR1 and consequently mobilize Ca2+ from the SR, producing an
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Figure 2.4: Schematic representation of action potential, Ca2+ and Ca2+ transient
in ventricular myocyte.

a) Illustration of the typical five phases of a ventricular action potential [35]. b)
Representative illustration of Ca2+ cycle in a rabbit ventricular myocyte with NCX,

ATP, ATPase; and phospholamban. Curve in black is the AP, the green is
sodium/calcium exchange during AP and in blue only the Calcium exchange overtime

[34]. Calcium transient par recording and analysis of hPSC-CMs. Representative
line-scan of time-lapse calcium imaging loaded with the intracellular calcium indicator

Fluo-4 and measurements of calcium transient parameters are illustrated [36].

elementary Ca2+ release signal known as a Ca2+ spark [4]. At the end of contraction,

the Ca2+ returns to the SR through the SERCA2a channels. The Ca2+ transient inside

a ventricular myocyte is illustrated In Figure 2.4.b.

Ca2+ transient kinetics can be monitored on isolated cells via fluorescence imaging with

calcium sensitive fluorescent indicators such as Fluo-4 AM as shown in Figure 2.4.c. For

all spike peaks it is possible to measure δF/F0 peak amplitude and the response kinetics

[36]. F is the intensity of fluorescence emission recorded as the experiment runs (the

maximum value at the transient). F0 (baseline) is the fluorescence intensity at the start

of the experiment (pre-stimulation value before recording the signal). Time to peak

(Tp) is the time in which the peak occurs. The time from peak fluorescence to 50% of

the peak fluorescence is defined as the half time decay [37].
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Alterations in Ca2+ activity of ventricular cardiomyocytes can be responsible of impair

contractile function in heart failure in arrhythmias by causing cellular electrical instabil-

ities known as afterdepolarizations [38].In vitro pharmacological model can represent an

alternative method to the animal testing to study the effect of drugs on heart patholo-

gies by reproducing an EHT in vitro starting from bio-realistic scaffolds that allow cell

differentiaion, proliferation and function.

2.3 Engineering polymers for in vitro models

2.3.1 Biomaterials in cardiac tissue engineering

CMs in vivo lose their ability of proliferation immediately after birth [39]. They loose

the regenerative capacity over years, for example around 1 % per year at the age of 20

reducing to 0,3 % at the age of 75 [31]. Therefore, CMs have a limited capacity to repair

infarcted heart tissue. The aim of cardiac TE is to create functional tissue constructs to

both reestablish the structure of the injured heart in vivo and to develop therapies using

in vitro models that could prevent heart failure. In cardiac TE, four main applicative

areas can be distinguished. The first one consists of biomaterials used as a vehicle for

cell delivery with the aim to stimulate the regeneration (regenerative medicine) [40].

The second area consists of biomaterials used as support to physical stimulate cells

with the aim to form implantable grafts, such as cell sheets and cell constructs [41]

[42]. The third area focuses on the use of scaffolds derived from de-cellularized heart to

form a structured and functional tissue in bioreactors [43]. The last application relies

on microtechnologies in conjugation with biomaterials to engineer heart tissue using in

vitro models. These models allow to study cellular mechanisms of heart diseases and

the action of drugs [44]. Among all these applications of cardiac TE, the first three have

found relevant clinical practice whereas the fourth area needs extensive studies with the

aim to facilitate the discovery of patient-specific therapies for the wide variety of heart

pathologies [30].

In vitro models could represent an alternative strategy to animal studies for several

reasons. Firstly, the formulation of a single drug compound requires many steps making

the process expensive (1.5 billion dollars in USA) [45].In addition, when drugs get into

the market they act in an unpredictable way on patients (80% fails in medications [46]).
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Finally, tests of drug toxicity fail when advanced from animal studies to human clinical

trials [47].

Typical requirements for developing in vitro cardiac tissue models are: (i) biomaterials,

(ii) cardiomyocyte source (embryonic, adult, induced and resident stem cells), (iii) design

criteria (’biomimetic’ systems), and (iv) physiological conditions (temperature, nutrient

perfusion, etc.)[48].

Scaffolds constitutes a fundamental component of the in vitro models. They can be con-

sidered to be an artificial ECM which provide a highly-controllable micro-environment

for cells. They are made from biomaterials that need to be processed for physically and

chemically stimulating cells. In particular, for CMs micropatterned architectures created

on scaffolds are necessary to mimic the anisotropic structure of the heart tissue. Syn-

thetic polymers frequently used in cardiac TE belongs to the category of polyurethanes,

elastomers and hydrogels [48]. Scaffolds are typically designed to mimic cell micro-

environment both in 2D and 3D. 3D in vitro models are more bio-realistic than 2D

models since they accurately mimic the complex structural and mechanical properties

of the in vivo microenviroment. Nevertheless, 2D models are more promising for drug

screening systems since they allow to regulate cell morphology and functions, and sup-

port high-throughput analysis [49], [50].

2.3.2 Micropatterned 2D scaffolds

Cardiac tissue has a structure characterised by a high degree of anisotropy [51].The func-

tionality of the myocardium depends on the spatial patterning and mechanical properties

of the ECM [31, 51].

Scaffolds for in vitro models should accurately mimic the structure of the heart tissue

to guide the anisotropic alignment of cells.

2D cell culture platforms consists of cell cultured as monolayers on scaffolds. Cells

usually receive an homogeneous amount of nutrients and growth factors from the medium

during the proliferation and growth. In the past decade, great advances have been

made in the design, development, and optimisation of polymers to create scaffolds with

anisotropic architecture for cardiac TE [52]. This progress has been facilitated by the

discovery of a wide variety of biomaterials and processing techniques that have been

iteratively improved over the years.
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Recent advances in micro- and nanofabrication techniques can allow the design and

fabrication of scaffolds that are able to mimic the structural and mechanical cues typical

of the native ECM in the myocardium [24]. Several topographies to guide cells and to

understand the correlation between cell geometry and Ca2+ activity [31] have been

introduced.

Bursac et al. fabricated anisotropic poly(vinyl) chloride channels, 0.55 µm-wide using

standard photolithography. They demonstrated that CMs were well-elongated by show-

ing aligned actin fibers, parallel sarcomeric arrangements, and nuclear elongation. In

addition, CMs exhibited faster propagation of action potential along the direction of the

features [53].

Kim et al. fabricated scaffolds made from polyethylene glycol (PEG) hydrogel strips

varying the width of the grooves and the ridges. The design consists of grooves ranging

from 250 nm to 800 nmm, and ridges ranging from 50 to 800 nm . The height was

also varied from 200 to 500 nm [24]. Figure 2.5.a shows one of the nanopattern fab-

ricated by this group. PEG hydrogel was chosen as biomaterial because it provides a

compliant and highly hydrated environment similarly to soft tissues. Also, the variabil-

ity of nanostructures mimic the nanometric diameter (almost 100 nm) and the distance

of the ECM fibrils. NRVMs were progressively aligned on these topographies over 14

days forming a monolayer of CMs interconnected by intercellular junctions (expression

of connexin43, Cx43). On the other hand, CMs maintained a random orientation on

flat substrates. Structures with grooves and ridges of 800 nm and 500 nm showed a

significant alignment enhancing focal adhesions in contrast to narrower features [24].

Figure 2.5.b shows a representative immunofluorescent image of NRVMs seeded on the

nanostrucures illustrated in Figure 2.5.a.

Elastomers can also be patterned with a high reproducibility, providing more biomimetic

scaffolds. Rao et al. have investigated the effect of human iPSC-CM on fibronectin

coated microgrooved scaffolds made from polydimethylsiloxane (PDMS). The topog-

raphy was obtained via soft lithography with ridges and grooves 10 µm apart and 4

µm depth (Figure 2.5.c). They proposed these elastic platforms to be used as in vitro

models, addressing the maturation and elongation of iPSc-CM (Figure2.5.d). Huang et

al. proposed a study to assemble myotubes on PDMS and poly(L-lactide-co-glycolide-

co-εcaprolactone) membranes made by soft lithography. The features were 10 µm
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wide and 2.8 µm deep. They demonstrated that murine C2C12 myoblasts were well-

organized (length of myotubes 40% longer than myotubes on non-patterned scaffolds)

with well striated sarcomeres (percentage of striation of almost 60%) [54]. Altomore

et al. followed a similar approach by creating microgrooves on a biodegradable poly-L-

lactide/trimethylene carbonate copolymer. They used soft lithography with the width

of the grooves ranging from 5 to 100 µm and depths ranging frm 0.5 to 5 µm. They

studied the effect of the dimensions of grooves on C2C12 alignment. They found a bet-

ter alignment of cells on narrower grooves with height of 5 and 10 µm. In addition,

myotubes were aligned on architectures with strips wide 25 µm and height ranging from

0.5 t 1 µm compared to deeper feature with grooves of 5 µm width. Furthermore, nuclei

seemed to be more stretched on deeper and wider grooves ( 5 µm depth and 25 µm

width) [55]. Chiu et al. used hydrogels instead of elastomers. They seeded CMs on

collagen-chitosan micropatterned with microgrooves wide 10 µm, 20 µm and 100 µm by

using micro-contact printing (µCP). Constructs were used in a bioreactor to stimulate

cells with the electric field generated in same direction of the grooves. The microgrooves

were aligned with the electric field, and cells were stimulated with square wave pulses

of 2.5 V/cm at 1 Hz. Features of 10 µm width showed well-oriented and elongated cells

along the direction of the microgrooves within 6 days [56].

In the past few years, Parylene C has also been adopted in cardiac TE using standard

microfabrication techniques. Trantidou et al. have selectively patterned Parylene C by

microfabrication processes creating hydrophilic channels and raised hydrophobic strips.

They demonstrated that NRVMs not only were elongated on hydrophilic areas (angle of

nuclei alignment of almost 25o), but they showed a significant improvement on calcium

activity of cells under an electric stimulation at frequency of 0.5-2 Hz [57, 58]. The

hydrophobicity of Parylene C depends also on the thickness of the material affecting

consequently the distribution of cells in culture [59]. Trantidou et al. studied how

NRVMs on films of 2 µm tend to have a more spread-out shape with bridge across the

hydrophobic areas. In addition, they demonstarted that cells on thicker films (5 µm)

adopted a more cylindrical (in vivo-like) shape and a significantly denser structure [58].

Parylene C has been demonstrated highly biocompatibile and versatile polymer for

micro-fabrication processes. However, it is not elastic and its mechanical properties

(elastic modulus of 4.85 GPa for 8 µm) are not suitable to mimic the elastic environment

of the native heart limiting cells to independently beat [60]. Furthermore, Parylene C is
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rigid and can be used to pattern elastic materials such as PDMS. Motlagh and coworkers

have studied the morphology and gene expression of NRVMs on microgrooved PDMS

scaffolds (parallel grooves 10µm spaced with depth of 5 µm) obtained from Parylene C

molds. Cells seeded on these constructs showed an increase in myofibrillar height and a

decrease in area [61].

Figure 2.5: Microptterned 2D topographies for cardiac models.

Topographical architecture of microfabricated nanostructured constructs (a) and
immunofluorescence image of sarcomeric α-actinin (in red) and nuclei (in blue) of
NRVMs (c) [24]. Micofabricated microgrooved scaffolds based on PDMS (d) with
representative immunofluorescence image of aligned iPSc-CMs (Red sarcomeric
α-actin, Blue DAPI). Top view (e) and cross-section (f) of scanning electron

microscopy (SEM) images of PDMS with anisotropic wrinkle surface with wavelength
of 6µm and 12µm (g). (h) Optical micrograph of C2C12 cells on 6 µm waves, and the
corresponding immunofluorescence image of the actin cytoskelethon of the same cells
(actin filaments stained with Alexa Flour phalloidin 594) (i) citeLam2006. (Scale bar:

10µm in (a), 20µm in (d) and 100µm in (h-i)

Microgrooved surfaces were fabricated by Au et al. using hot embossing method of

polystirene. They have studied the simultaneous effect of topography and electrical

stimulation on NRVMs cultured for 7 days on anisotropic architectures with 400 nm

height, 0.5 and 3 µm wide grooves and 1 µm ridges. They demonstrated that grooves

with periodicity of 1 µm had a greater impact on cell alignment rather than cells grown

on 4 µm grooves [49].

Uniaxial wrinkles were also exploited as anisotropic surfaces to study the alignment of

muscular cells (C2C12). Lam et al. fabricated patterned scaffolds made from PDMS

wrinkle topographies. Various wavelengths (3-12 µm) and amplitudes (400- 1700 nm)
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were obtained by using a classical technique based on stretch and oxidation of PDMS

[62] fixed on a rigid substrate. With this technique they obtained high-quality wavy fea-

tures with minimal cracking [63]. Top-view structures and cross sections of the features

are shown in Figure 2.5.e,f,g respectively. They investigated the correlation between

wavelength size and cell alignment, and 6 µm wavelength features showed a better cy-

toskeleton alignment along the principal direction of the waves as shown in Figure 2.5.i.

The best orientation of cells was demonstrated comparing myoblasts and myotubes elon-

gation on patterned and flat topographies. Cells seeded on flat PDMS presented a more

random orientation [63].

2.3.3 Surface modification of synthetic polymers

Most synthetic polymers have poor cell attachment capability because they are naturally

hydrophobic with low surface energy [64]. Different surface modification techniques have

been adopted so far to increase the surface energy of the polymeric surfaces improving

cell recognition sites. It is generally possible to divide these strategies into three main

groups: physical, chemical and biological. One can choose one technique rather than

another mainly based on the polymer [65]. Different techniques are typically used to

characterize the effectiveness of surface treatment such as static contact angle measure-

ments, atomic force microscopy (AFM), X-ray photo-electron spectroscopy (XPS) and

Raman spectroscopy [66].

Physical polymer surface modification methods includes: (i) corona discharge, (ii) ul-

traviolet (UV), (iii) ultraviolet-ozone (UVO) and many others [67].

Corona discharge is generated when high voltage (10-40 kV), high frequency (1-40 kHz)

electrical potential is applied to a small diameter electrode in relatively close proximity

to an earthed substrate. The air between two surfaces ionises and excited species (ions,

radicals, electrons and molecules) that are introduced into the surface of the polymer.

The essential parameters that require control to have a good adhesion properties are:

the voltage and frequency of electromagnetic field, the composition of gas atmosphere,

the exposure time, and the sample/electrode geometry [67].

UV treatment is based on photons (high energy species) that activate many chemical

reactions (photo-induced grafting or photo-induced modification). These reactions gen-

erally occur in the presence of an initiator that absorbs UV radiation [67]. The main
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advantage of UV irradiation with an initiator is the low cost of equipment and the

high selectively [67] whereas the most important limitation is the interference of pig-

ments in polymers or coatings because pigments also absorb and scatter UV radiations

compromising the success of the treatment [67].The wavelengths generally used for UV

irradiation are 200 and 400 nm.

UV-ozone method consists of a production of atomic oxygen, produced by exposure of

atmospheric oxygen to ultraviolet radiation that removes organic portions of the exposed

polymers as volatile products and leave a thin oxide surface film [68].

Plasma is defined as a partially ionised gas with the presence of free electrons which are

not bound to atom or molecules. The interaction of polymeric surfaces with gas plasma

involves both physical and chemical modification of the surface. During the physical

processing the production of species including atoms, neutral molecules, free radicals

and ions can etch polymers modifying their roughness. This process depends on the

energy of the plasma and on the composition of the polymeric surface. For the chemical

activation polymer reacts with the plasma creating hydrophobic (-CF3, -CH-3, etc.) or

hydrophilic (-OH, NH2, -COOH, etc.) groups on the surface. Plasma is generated in a

chamber at high vacuum where an electric field is triggered using different techniques

such as reactive-ion etching (RIE) and inductively coupled plasma (ICP). One of the

electrodes is the cathode (negative) connected to a radiofrequency (RF) power source

by capacitance coupling. The RF power source provides a high-frequency electric field

between the anode and cathode which accelerate a small amount of electrons. Electrons

in the plasma tend to move much faster than ions and when electrons hit the wall of the

chamber before ions, the wall is charged up negatively. The latter, ICP is based on the

same principles but the RF power source is coupled in the chamber by an induction coil

from the outside. The main difference between ICP and RIE is that with ICP is possible

to generate high plasma density (>5x1011 cm-3) compared to RIE (108-1010 [69]).

Chemical methods play a key role in the design of functional biosurfaces by chemical

grafting of functional groups (acetylation, fluorination, silanisation, etc.) [65]. These

methods are used to create covalent groups on the polymeric surface for a subsequent

attachment of biomolecules. Studies have demonstrated that chemical modifications

significantly enhance the cytocompatibility of polymers [65].

The choice of the methods to treat the surface of the polymers depends on several
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factors such as the type of attachment factor will be used, the type of cells and the type

of polymer.

For example, PDMS is a polymer largely used as a scaffold in TE, but it is extremely

hydrophobic and chemical inert due to the presence of methyl groups (-CH3) on the

backbone chain. Therefore, it is necessary to treat PDMS before applications with cells

using one of the aforementioned methods. For example Broughton et al. have decided to

use a chemical treatment based on APTES (3-(aminopropyl)trimethoxysilane) mixture

for both oxidation and sterilisation. By using the APTES amine (-NH2) functional

groups can be introduced on surfaces necessary for the hydrophilic interactions with

adhesion proteins and cells [70]. Ribeiro et al. have oxydised PDMS with plasma

oxygen to improve the covalent attachment of laminin on scaffolds [71]. However, after

oxydation PDMS recover its hydrophobicity within a couple of hours [72]. This is caused

by the high mobility of uncured PDMS oligomers from the bulk to the surface and the

rearrangement of highly mobile polymer chains. This effect is still not clear, but it could

occur because of the low glass transition temperature of PDMS, which is almost - 120

0C [73]. PDMS surfaces can be kept in water after oxidation increasing restoring the

natural hydrophobicity from almost 1-2 days to 14 days [72].

On the other hand, Parylene C retains the hydrophilicity longer than PDMS. After

plasma oxygen at 400 W it restores its hydrophobicity very slowly until saturation after

a week of the treatment (hydrophobic recovery of 40-50 % ) [59]. The treatmen with

argon plasma have also been applied to treat Parylene C. Kontziampasis et al. have

demonstrated that NRVMs improved their metabolic activity on argon-treated surfaces

in comparison to oxygen ones [74].

Biological functionalisation consists of pattering polymers with ECM proteins (e.g. col-

lagen, laminin, fibronectin, fetal bovine serum). Some common techniques which have

been used to pattern proteins on polymeric substrates are: (i) microfluidics [75], (ii) dip-

pen nanolithography [76], (iii) deep UV irradiation [77], photoresist lift-off patterning

[78] and (iv) micro-contact printing (µCP) [79]. The last has gained much interest in TE

due to its simplicity, cost-effectiveness and versatility in a wide variety of applications

[79]. Typically, in (µCP) an elastomeric stamp’ (generally PDMS) is fabricated by soft

lithography. The stamp is then coated with ECM binding proteins, and successively

pressed onto the substrate [78, 80]. Figure 2.6.a shows the standard procedure used for

µCP.
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Biomolecules have also been patterned on glass, polystirene and PDMS using Parylene C

microstencils fabricated through standard lithographic processes. With this technique,

Parylene C masks were bonded in the surface, coated with biomolecules or cells (bovine

serum albumin and NIH-3T3 fibroblasts), and later peeled off from the surface [81].

Although this technique technique gives wide areas ( almost 50 µm of diameter) high

material thickness is required and there is high risk that thin Parylene C films can be

tore apart during the lift off.

Feinberg et al. used (µCP) to pattern fibronectin mimicking the cardiac architecture,

and the contractile strength and conduction velocity of CMs [82]. Badi et al. used

the same technique to replicate the fiber orientation of the natural heart [83]. Optical

mapping of CMs revealed the influence of the pattern on conduction velocity and cell-cell

signal propagation [83]. Figure 2.6.b shows the orientation of cells on both longitudinal

and transverse directions of the pattern.

Figure 2.6: Schematic representation of micro-contact printing (a) and example of
cardiomyocyte orientation on fibronectin cardiac fiber alignment of application with

CMs (b).

In a) are shown all the steps to follow for micro-contact printing to pattern adhesion
proteins[80]. b) shows cardiomyocyte alignment on underlying fibronectin pattern lines

(green) [83]

2.3.4 Effect of elasticity on cardiomyocytes

The conversion of mechanical forces into cell response is called mechanotransduction.

Cardiac ECM is actively involved in transduction of mechanical signals to cardiac cells

and it plays an important role in maintaining the functional activities of cells for long
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time [84]. Mechanotransduction of heart begins with physiological adaptation to the

mechanical stimuli that can involves in pathological conditions with cell remodelling

(Ca2+ transient), instability, arrhythmia , etc. [84]. The elasticity of the scaffolds has

a profound effect on cell spreading, morphology and function and is typically quantified

by the Young’s modulus (indicated by E or Y). The Young’s modulus is the ratio of the

uniaxial stress (force over cross-sectional area) over the uniaxial strain (change in length

over original length) in the range of stress in which Hookes law is applicable as shown

in Figure 2.7. Young’s moduli can be determined from the slope of stress-strain curves

experimentally obtained by tensile tests applying a normal load on a sample.

Figure 2.7: Stress-strain graph for several soft tissues (skin, muscle and brain) [85].

The slope of the linear stress-strain plots gives the range of Young’s modulus for each
tissue. Measurements are typically made on time scales of seconds to minutes and are
expressed in units of Pascal (Pa). The dashed lines (-) are those for (i) Polylactic acid

(PLA), a common TE polymer; (ii) artery-derived acellularized matrix; and (iii)
matrigel.

In Figure 2.8 Young’s moduli of synthetic materials are compared with natural tissues

(skin, muscle and brain). The Young’s modulus of the heart tissue ranges between 10

kPa to approximately 1 MPa. Parylene C has higher Young’s modulus in the range of

GPa whereas PDMS and PAm hydrogel are very close to the Young’s modulus of the

heart tissue. Consequently, elastomers and hydrogels fall into the range of the Young’s

moduli of the native extracellular environment of cells in vitro. However, soft materials

present non-linear stress-strain curves with more viscoelastic behavior (time-dependent).
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Figure 2.8: Mechanical characteristics of natural tissues and synthetic bio- materi-
als. Figure modified from [86].

Cardiomycytes are sourrounded by ECM whose elasticity change in fetal heart, adult

heart and in diseased heart because of the changes in protein composition. The Young’s

modulus of the epicardium changes at birth, from an embryonic value of almost 12 kPa

to a neonatal value of 39 kPa (measurements taken on rat heart tissue) [87]. In the case

of heart diseases the elastic modulus of the heart achieve 90 kPa because of fibrosis [88].

Studies on cell/substrate interaction have been carried out to investigare cellular forces

generation on different elastic micro-environment. Engler et al. have studied the effect

of the elasticity of hydrogel scaffolds on embryonic cardiomyocytes, finding out that

cells beat on a matrix with heart-like elasticity [89]. The optimal stiffness in which cells

maintain a contractile phenotype ranges between 11 to 17 kPa. Cells on stiffer matrices

(35-70 kPa) can sustain beating only for a brief time period [89]. Jacot et al. have also

demonstrated that stiffness influences functional maturation of NRVMs.They found that

cells on 10 kPa substrates (stiffness found in normal resting heart tissue) developed more

aligned sarcomeres than stiffer substrates (50 kPa). Cells generate a maximum force on

10 kPa substrates with a larger calcium dynamics. In fact, SERCA2a expression was

significantly greater in cardiomyocytes cultured on gels of 10 kPa after 7 days [90]. Table

2.1 summarises the properties of polymers commonly used for applications in cardiac

TE.
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Table 2.1: Overview of elastic properties of polymers and surface pattering

Polymer Elastic modulus Patterning method Depth (µm) Width (µm) Treatment Attachment factor Cell type Ref

PDMSa 1.8 MPa Soft Lithography 5 5 chemical laminin NRVMs [61]

PDMSa 1.8 MPa Soft Lithography 50 0-500 UV fibronectin NRVMs [91]

PDMS 1.8 MPa Soft Lithography 2.8 10 O2 plasma fibronectin C2C12 [54]

PDMSc 2.5-0.6 MPa Wrinkle 3-12 0.4-1.7 O2 plasma laminin NNCMC [63]

PS 3-3.5 GPa Nanoimprint lithography 0.4 0.5-3 O2 plasma fibrinectin NRVMs [49]

PEG 70 MPa UV nanomolding 0.05-0.25 0.25-0.8 - NRVMs [24]

PLLA-TMC b Soft Lithography 0.5-5 5-100 chemical C2C12 [55]

PS/Au Wrinkle/Cracks 0.8-1 0.1-3 chemical laminin NNCMC [92]

PVC 40 MPa Photolithography 0.2-2 0.5-5 UV fibronectine NRVMs [53]

Chitosan Soft Lithography 220 10-100 UV collagen NRVMs [56]

PDMSa 1.8 MPa Soft Lithography 4 10 UV fibronectin iPSC-CM [32]

Parylene C 1-3 GPa Photolithography 1-2 10 O2 plasma collagen IV NRVMs [58]

a
10:1 prepolymer to curing agent, elastic modulus measured by means of traction tests [93]

bpoly-l-lactide/trimethylene carbonate copolymer elastic modulus measured by means of traction tests [93]

c6.6:1, 10:1, and 15:1 prepolymer to curing agent



Chapter 2.Literature review: scaffolds for cardiac tissue engineering 31

2.4 Stimuli-responsive hydrogels as dynamic materials for

cell stimulation

Hydrogels are materials constructed of a three-dimensional network of hydrophilic poly-

mer chains, and have the ability to absorb a large amount of water [94, 95]. The poly-

meric network of hydrogels is composed of long chains interconnected (cro ss-linked)

to each other by various cross-linking methods (covalent bonds, hydrogen bonds, am-

phiphilic bonds, etc.) [96]. The quantity of water contained in the network has to be at

least 10% of the total weight of the polymeric composition [97]. Hydrogels are typically

at hydratation equilibrium (swelling) and they can shrink (de-swelling) in response to

changes of the surrounded environment such as absence of liquid (exposed to air), heat

and pH.

When dry hydrogels are immersed in water the hydratation process and swelling occur.

The absorption of water in hydrogels is due to to the hydrophilic functional groups (-NH2,

-COOH, -OH, -CON2, -CONH-, and SO3H) attached to the polymeric backbone [98].

During hydratation and swelling, water molecules penetrate the matrix of the hydrogel

and polarize the hydrophilic groups (’primary bound water’). After the hydration of

polar groups is completed, the polymeric network swells and exposes the hydrophobic

groups to water molecules (’secondary bound water’). After the interaction with primary

and secondary bound water (called ’total water’) hydrogels absorb additional water due

to the osmotic driving force of the polymeric network [99].

Literature reports different criteria to classify hydrogels [13, 100, 98] and Figure 2.9

shows the principal categories.

Hydrogels can be natural, synthetic or semi-synthetic. Natural hydrogels are made of

natural polymers such as polysaccharides and polypeptides [100]. Even though natural

hydrogels have demonstrated a better interactions with cells, they have been gradually

replaced by synthetic hydrogels made from artificial components in the last twenty years.

Synthetic hydrogels can be controllable in the process of synthesis and they can be easily

modified obtaining hydrogels with long stability and high strength [100, 102]. However,

synthetic hydrogels have demonstrated a limited biocompatibility and poor cell adhesion

[100]. These drawbacks have been overcome with semi-synthetic hydrogels that can be

synthesised using synthetic and natural hydrogels [103].
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Figure 2.9: Classification of hydrogels.

The diagram is rearranged differently from [101] adding a new branch that classify the
hydrogels based on their shape.

Crosslinking is the most common method used to synthesise hydrogels. Crosslinking

prevents the dissolution of the hydrogel in solvents, and give the hydrogels mechanical

strength and physical integrity. Hydrogels can be chemically (Figure 2.10.b), physi-

cally (Figure 2.10.b) or hybrid cross-linked (Figure 2.10.c). In chemical cross-linking

polymeric chains interact through covalent bonds, whereas physical cross-linking are

characterized by electrostatic interactions, hydrogen bonds, and ionic interactions [104].

Hybrid hydrogels present both covalent and ionic interactions [105].

Hydrogels are also classified based on their ionic strength. They can be neutral (nonionic)

or polyelectrolytes with ionizable groups on the backbone. Polyelectrolyte hydrogels are

made from polymeric network carrying either positive and negative charges. They are

mostly sensitive to pH and electric field [106].

’Smart hydrogels’ differ from conventional hydrogels because they respond to many

environmental stimuli. Despite there is significant progress in smart hydrogels, there is

still the limit in controlling the kinetic of swelling/de-swelling that is governed by the

diffusion of water [107]. Electro-active hydrogels (EAHs) are the focus of this thesis and

they will be described successively with more details.
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Figure 2.10: Schematic of three types of cross-linked hydrogels.

In a) is shown an example of chemical crosslinking in PAm hydrogel, in b) the ionic
interactions present in alginate hydrogel and in c) there is the hybrid alginate/PAA

hydrogel, that has both chemical and ionic interaction in its 3D structure.

Hydrogels can also be classified based on their polymeric composition. Homopolymer

hydrogels have a polymeric network formed by a single species of monomer. Copoly-

mer hydrogels have two polymeric networks derived from a different monomeric species

with at least one hydrophilic component.Multipolymers and interpenetrating polymeric

network (IPN) hydrogels are composed of two cross-linked synthetic and/or natural

polymeric chains that are copolymerized or independent[98].

Hydrogels can be shaped based on the applications [104, 108]. Generally hydrogels

are synthesised in bulk. However, bulk hydrogels often swell very slow with isotropic

swelling that limits most of the applications in nanotechnology. Furthermore, it is crucial

to process them to have different shapes and structures. Micro- and nanogel particles are

drawing attention as platforms for drug delivery and regenerative medicine [109, 110].

The main challenge related to micro- and nanogels is to graft them on surfaces. Brushing

hydrogels is one of the strategies used to graft the hydrogels on surfaces as monolayers

[111, 112, 113]. Click chemistry is another method adopted to attach hydrogel thin

films on surfaces with a wide range of thicknesses [114]. This technique offers many

advantages. It can be performed in air, activated by either UV-irradiation at 250 nm or



Chapter 2.Literature review: scaffolds for cardiac tissue engineering 34

temperature [114]. Fixing the hydrogels on surfaces can allow to create 2D scaffolds that

can swell only in one direction (z-direction). Hydrogels can be also fabricated as fibers

using different techniques such as electrospinning or extrusion [115]. Hydrogel fibers are

widely exploited as injectable 3D scaffolds for tissue regeneration [116].

2.4.1 Behaviour of hydrogels

The physical behaviour of hydrogels depends on their equilibrium and dynamic swelling.

During swelling, the volume of hydrogels extensively increase when immersed in a solvent

such as water. Polymer chains interact with the solvent molecules and tend to expand

to reach the fully solvated state while the cross-linked structure exerts opposite forces

to pull the chains inside. Equilibrium is achieved when these forces counterbalance the

expansion. The equilibrium swelling is defined as:

Q =
W swollen

W dry
(2.1)

where Wswollen is the weight of the hydrogel in equilibrium with the solvent and Wdry is

the weight of the hydrogel in dry condition. Swelling/de-swelling response of hydrogels

can be controlled by many factors such as the type and the composition of monomers,

cross-linking density and other external physical factors (e.g. pH, temperature, etc.)

[117].

The equilibrium of nonionic hydrogels is described in terms of partial molar Gibbs en-

ergy that in chemistry is also called chemical potential (µ). Nonionic hydrogels swell

absorbing water until the equilibrium of swelling is reached. At equilibrium, the chemi-

cal potential of water in the polymer hydrogel and the chemical potential of the water in

the surrounding solution are balanced. According to Flory-Rehner theory of equilibrium

swelling the osmotic pressure π of the hydrogels can be defined as [118]:

π = πosm + πel (2.2)

where πosmis the osmotic part and πel is the elastic part.

The Gibbs free energy ∆G equation can be used to describe the Flory-Rehner mdoel as

follows [119]:
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∆G = ∆Gmixing + ∆Gelastic (2.3)

where ∆Gmixing is the contribution of the mixing (free energy exchanged between the

polymer and the solvent) and ∆Gelastic is the contribution of the elastic forces of the

polymeric chains.

Ionic hydrogels or polyelctrolytes dissociate in a solvent into free counter ions and a

charged polymer network. For ionic hydrogels, the swelling equilibrium is more com-

plicated, and it also depends on the ionisation degree of the polymer chains as well as

on the ionic strength of the external solution [120]. The free ions in the gel cause an

additional ionic concentration difference between the surrounding solvent and the net-

work. The osmotic pressure of the polyelectrolyte is restricted by the osmotic pressure

of counter-ions within the network (Flory-Rehner-Donnan theory) and it is expressed as

[119].

π = πmix + πion + πel + πCoul (2.4)

where πion is the osmotic pressure of the counter-ions, πCoul is related to the Couloumb

repulsion between electric charges fixed on the polymeric backbone of the hydrogel,

and πel is due to the elastic forces of the polymeric chains that stretch the network

increasing the distance between the oppositely charged polymeric chains. The total free

energy change of the ionic hydrogels (∆G) corresponding to the each contribution of the

osmotic pressure of the Flory-Rehner-Donnan theory can be described as follows:

∆G = ∆Gmixing + ∆Gelasticity + ∆Gcharge (2.5)

Figure 2.11 clearly depicts the contributions of each element associated with the chemical

structure of the hydrogel according to Flory-Rehner-Donnan theory.

The kintetic of swelling have also been formulated through different matematical models

that can be split in three categories.

Tanaka and Fillmore proposed a collective diffusion model that describes the motion of

the polymer network in a gel [122, 123]. The other two are the Fickian and non-Fickian

diffusion models. The first model applied Fick’s laws to describes the distribution of
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Figure 2.11: Representation of the thermodynamics of gel equilibrium.

The total free energy ∆Gtotal is considered to be a sum of the energy of mixing
(∆Gmixing), the elastic energy of the network (∆Gelastic), and the energy associated

with electrical charges ∆Gcharge . The free energy of polymer/solvent mixing is due to
the configurational changes of the gel structure. The elasticity can be described by a

rubber-elasticity theory. The contribution of the electrical charges arises from
electrostatic interactions and osmotic pressure between the hydrogel and the

surrounded solvent (Donnan potential)[121].

solvent in an hydrogel during swelling and deswelling. The non-Fickian diffusion model

takes in account the sigmoidal shape of the swelling kinetics [122, 123].

Mechanical properties of hydrogels depend on their chemical composition and structure

(cross-linking density, polymerization conditions, water filling and degree of swelling).

Hydrogels present an elastic part due to the solid cross-linked network and a viscoelas-

tic and time-dependent part due to the mobility of the network, the mobility of the

water and molecules that surround the network. The elastic part can be determined

considering the rubber elasticity theory described by Treloar and Flory using the elastic

properties of the hydrogels [100, 124]. Hydrogels, for instance, can be considered as a

rubber in their swollen state with static behaviour. They can respond instantaneously

to mechanical stresses with an elastic recovery after removing an applied load [124].
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However, at certain conditions they exhibit viscoelastic behaviors due to their intrin-

sic physicochemical properties [125]. Young’s modulus, tensile strength, failure strain,

compressive strength and porosity are the most important parameters which are used to

describe the mechanical properties of the hydrogels [125]. Hydrogels are mechanically

weak. They are not stretchable, but brittle because of the features that cause inhomo-

geneous deformations [126]. In general, the elastic modulus of hydrogels can be tuned

by varying the concentration of the monomer and of the cross-linker [127]. However,

this is not the main factor that controls the mechanical performances of these materials.

Different strategies have been adopted so far to improve the toughness of the hydro-

gels especially at the macroscale. Several research groups have modified the chemical

composition of the hydrogels creating hybrid and double network (DN) materials. For

example Zhao and co-workers synthesised tough hybrid hydrogels by mixing ionically

cross-linked alginate and covalently cross-linked PAm. They were able to stretch the

hydrogel more than 20 times its original length [128]. The elastic modulus of the hydro-

gels was found to be 29 kPa and the stress and stretch at rupture were 156 kPa and 23

kPa respectively [126]. Tanaka et al. synthesised another DN hydrogel based on oly(2-

acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS) and PAm. They demonstrated

that this hydrogel can reach high elongation with the critical tearing energy ranging

from 100 to 1000 J/m2 [129, 130]. A recent work by Chen et al. reported a new biocom-

patible DN hydrogel based on Agar and PAm that has excellent mechanical properties

[131].

The techniques used to mechanically characterise the hydrogels can be carried out at

macro- and mico-/nano-scale. At the macro-scale tensile and compressive tests are the

most used as summarised in Table 5.2. However, hydrogels cannot support tensile stress

for wide ranges, and they have been extensively characterised by compressive tests [132].

For the tensile test, the hydrogel sample is positioned between two clamps, and different

loads are applied at the material’s ends. From these tests it is possible to obtain stress-

strain curves and derive mechanical properties such as Young’ s modulus or the yield

strength. During the compression tests the hydrogel is pressed between two plates that

are used to apply a compressive force. Stress- strain curves are recorded and processes

similarly to the tensile tests [133, 134]. Hooke’s law is generally applied to extract

Young’s modulus from the elastic deformation.
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Recently a great interest in micro- and nanoindentation techniques is rising in TE es-

pecially to determine the local mechanical behaviour of the hydrogels at the cell-level

[125]. In micro- and nanoindentation a probe (nanoindenter) is pressed into a surface

controlling the load or the displacement. Load and displacement are monitored during

the loading-unloading cycles. Nanoindenters or AFM are the most common tools used

for nanoindentation.Results obtained from nanoindentation tests strongly depend on the

geometry of the tip used and the sample. For example, the material is important be-

cause in general during nanoindentation local adhesion forces might occur between the

sample and the tip. The tip commonly used for nanoindntation are: sphere, colloidal

probes (used in AFM, micronised particle glued to the end of the cantilever) and flat

punch [135]. Data analysis is typically performed using different model such as Oliver

and Pharr method usually applied for nanoindentation and Hertz model for data ac-

quired from AFM. A Hertzian model is applicable in case of spherical elastic contact

when the material is considered linear elastic. There are various advantages of these

techniques. For example, they are ideal for probing local heterogeneities typical of the

hydrogels giving more information at the cell-level, and do not require a large quantity

of material.

Test at the micro- and nanoscale allows to test thin films using low force in the range of

mN and they have the advantage to test the hydrogels in liquid in equilibrium swelling.

Hydrogels have a low Young’s modulus in the range of kPA [135]. Nanoindentation

can be challenging because of the hydration-dependent porosity [136] and strong ad-

hesion between the tip and sample[135]. Recently new techniques and methods have

been developed. Buffinton et al. have compared pipette aspiration and nanoindentation

for elastomers and hydrogels and have demonstrated that pipette aspiration consis-

tently measured a large stiffness in the hydrogels in comparison to elastomers [135].

Both nanoindentation and micropipette aspiration are suitable for measuring mechan-

ical properties of hydrogels and appear to have no more limitations than techniques

at the macroscale [135]. Figure 2.12 shows the schematic tests used for mechanical

characterisation of soft materials (silicones and hydrogels).
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Table 2.2: Comparison of testing procedures used for different hydrogels at macro and micro-
/nanoscale.

Hydrogel Test Analysis Applied
Force

Young’s
Modulus

Authors

Macroscale

PAm/Alginate Tensile Hooke’s law 500 N 29 kPa J-Y Sun et
al., X. Zhao
et al., H.
Yuk et al.

DN PAMPS/-
PAm

Fracture Hooke’s law 100
N/cm2

0.1 MPa Y.Tanaka et
al.

DN Agar/PAm Tensile Hooke’s law 20 N-2
kN

123 kPa H. Chen et
al.

PAAc/PNIPAm Tensile Hooke’s law 5 N/cm2 27 MPa W.Teng et
al.

Agarose Compressive Hooke’s law - 20 kPa H. A. Awad
et al.

Micro-/Nanoscale

PAm/Alginate AFM Hertz modela 1-100
µN

10 kPa X. Xi et al.

PAm AFM Hertz
model and
poroelasticityb

10µN –
10 mN

10-100 kPa S. Denisin
et al., JR
Tse et al.,
M. Oyen

Gelatin Nanoindenter Nano-epsilon
dot and
Oliver&Pharrb

– 9-12 kPa G. Mattei et
al., A. Selby
et al.

PAm Pipette As-
piration

nonlinear
hyperelastic
models

10 pN-
1nN

10-50 kPa T. Boudou
et al., Ye-
ung et al.

a
large indenting spheres

b spherical tip, colloidal probes and flat punch indenter

Figure 2.12: Comparison of mechanical testing methods for soft materials: tensile,
compression nanoindentation, and micropipette aspiration [135].
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2.5 Electro-responsive hydrogels

Stimuli-responsive hydrogels are an emergent category of materials that can respond to

a wide variety of stimuli such as pH, electrical, temperature, light and biological stimuli

(Figure 2.13.a).

Figure 2.13: Schematic of smart hydrogels with a particular description of electro-
active hydrogels and their electro-actuation.

In a) the swelling and deswelling of the hydrogel under different physical stimuli are
shown. In b) the chemical composition and pH-responsiveness of ionic hydrogels is

illustrated. In c) different possible configuration of electrodes used to electro-actuate
anionic hydrogels are compared.

The responsiveness of the material is in the sensing of changes of the environmental con-

ditions, processing the sensed information and finally actuation by moving away from or

towards the stimulus. Natural and synthetic hydrogels have been widely exploited, but

they shoen limited applications because of the uncontrollable changing of the volume
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under stimulation [137]. However, their unique properties such as biocompatibility, elas-

tic modulus and hydrophilicity render these materials perfect candidates for mimicking

living tissue in vitro [138].

Electro-active hydrogels (EAHs) belong to the class of smart materials. EAHs are poly-

electrolytes that swell, shrink, and bend when an electric field is applied across them

[139, 106]. The electro-actuation depends on several factors: (i) the nature of the hy-

drogel, (ii) the shape, (iii) its position relative to the electrodes and (iv) the liquid

solution used for the electro-actuation [139, 140]. EAHs are also a subcategory of ionic

electro-active polymers (EAPs) that are largely applied in soft robotics [141]. Appendix

A shows the classification of EAPs made at the beginning of this project for which EAP

was suitable for cells culturing.

The theoretical principles about physico-chemical properties and the working principles

of EAHs are not yet well-understood and they need more investigation . There is a wide

variety of EAHs differently synthesised. Their electro-responsiveness vary based on the

chemical composition. The main applications remain in the field of robotics as artificial

muscles and in drug delivery area [142].

EAHs can be further classified as non-ionic [143] and ionic polymer gels [144]. Non-ionic

polymer gels are placed in the middle of two compliant electrodes (mesh electrodes).

Electrostriction is the main phenomenon that regulates their actuation under high DC

voltage (0-15 kV DC). On the other hand, ionic EAHs are also pH-sensitive. pH-sensitive

hydrogels are characterised by polyions immobilised on the polymeric chains and mobile

counterions that are entrapped in the network to neutralise the charges in the hydrogels.

Ionic EAHs can be anionic or cationic based on the pendant groups bounded in the

polymeric chains of the network. Anionic hydrogels present pendant groups such as

sulphonic acid (RSO3H), carboxylic acid (RCOOH), thiol (RSH), etc. which are depro-

tonated in solutions with pH greater than their acid dissociation constant (pKa) [140],

[145]. Therefore, at pH greater than pKa they swell because of electrostatic repulsion

and ionic osmotic pressure between the gel and the surrounded solution. On the other

hand, cationic hydrogels have positive fixed groups such as amine groups (R2N)(see Fig-

ure 2.13.b) which are dissociated at pH less than their pKa and they swell in solutions

at pH less than the pKa [146]. The swelling behaviour of anionic and cationic hydrogels

in dependency of the pH is shown in Figure 2.13.b.
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Different hypotheses about the mechanism of electro-actuation have been proposed so

far, but there is not yet a complete understanding of this mechanism. The variety of

assumptions arises from the complexity of the system, the presence of different custom-

made hydrogels and the variety of experimental set-up proposed in literature. Tanaka

et al. (in 1982) reported the first experimental evidence and mathematical model on the

electro-active behaviour of partially hydrolised polyacrylamide (hPAm) hydrogel which

is anionic [147]. A cylindrical hydrogel was placed directly in contact with two platinum

(Pt) electrodes in a acetone-water mixture, and a DC electric field was applied (0-1

V/mm). They demonstrated that the hydrogel with the side close to the anode started

to de-swell whereas the rest of the gel remained swollen. At 1 V/mm they still saw a

de-swelling of the hydrogel close to the anode, but the other edge of the hydrogel was

completely pulled out from the cathode. By applying an opposite electric field, this

phenomenon was found to be reversible. Tanaka et al. described the electro-actuation

via a Coulomb mechanism, considering the balance between two forces in the hydrogel.

The first one is related to the electric field which produces a stationary current in the

gel (electrostatic force on H+ counterions). The second one is due to the force acting

on negatively charged acrylic acid groups in the direction of the longitudinal axis of

the gel. However the electro-actuation phenomenon is more complex. Indeed, other

factors such as the inhomogeneous structure of the hydrogels, the composition of the

solvent where the electro-actuation takes place and the electrochemical reactions in the

liquid cell has to be taken in account. For example, Osada et al. assumed that the

swelling of PAMPS hydrogel near the cathode was associated with the transportation of

counterions generated by electrolysis of water whereas the contraction near the anode

was generated by the electro-osmosis (electrokinetic phenomenon) [148, 149]. According

to Osada et al., the velocity of gel contraction are determined by the quantity of mobile

ions and the intensity of the electric field [149]. The application of an electric potential

above 1.2 V across two electrodes in water causes the movement of a large quantity of

mobile counterions (hydronium ions (H3O+) that move towards the negative electrode,

and hydroxide ions (OH-) that move towards the positive electrode) generated by the

electrolysis of water with the following reactions [148]:

anode : H2O → 2H+ + 2e− + 1/2O2 (2.6)

cathode : 2H+ + 2e− → H2 (2.7)
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Also, Bassil et al. attributed the actuation of hydrolysed PAm (hPAm) hydrogel with

the electrolysis of water, but they considered the change of local pH close to the cathode

and anode [145]. The pH is generated by the electromigration of H3O+ and OH- ions

towards the counter electrode when an electric field is applied. The diffusion rate of

H3O+ ions is higher than OH- ions so they can migrate away from the hydrogel with

high velocity in the medium [145]. However, these findings are argued by a recent

publication of Glazer et al. who have demonstrated that pH generated by the electrolysis

of water is not the main factors that trigger the electro-actuation [140]. In particular,

they have used a pH indicator on the electrolyte that surrounded the hydrogel (hPAm)

to investigate the pH changes due to the electrolysis of water. They saw that the pH

wave propagates very slowly from the electrodes to the hydrogel and did not reach the

hydrogel during the experiment. In addition, they found that the velocity of the pH

wave was a function of the applied voltage [150]. Jin and coworkers have revised the

mechanism of electro-actuation of a negatively charged hydrogel (poly (NVP-co-AA)

gel) in buffer solution [151]. They attributed the main mechanism of electro-actuation

to an asymmetric osmotic pressure difference generated at the boundaries of the hydrogel

and the surrounded solution. For example, in the anode side they said that the osmotic

pressure becomes higher than the cathode side and consequently water diffuses and

the hydrogel swells only in this part [152]. As a result, the hydrogel bent toward the

cathode. Also, Jin et al. demonstrated that increasing the voltage, the migration rate

of ions increased with the degree of swelling. Another mechanism of electro-actuation

of hydrogel was proposed by Doi et al. They attributed the bending of hydrogels to

the presence of enrichment and depletion regions generated under an external electric

field [153, 154]. They said that there is an accumulation or depletion of ions on both

sides of the gel/solution interface changing the local ionic strength. When an electric

field is applied, swelling and shrinking of the boundaries of the hydrogel can occur

because of the non-uniformity of the electric field across the depletion and enrichment

regions. Generally, in the depletion region the strength of the electric field increases and

electrophoresis and electrosomosis are significantly amplified [154].

Based on a careful analysis of literature, various positions of the hydrogels between

the electrodes have been explored showing different and sometimes controversial results

of the electro-actuation. The common configuration proposed in literature consists in

a ionic rod shaped hydrogel placed in a solution with long axis perpendicular to an

electric field. These hydrogels are generally pulled towards one of the electrodes based
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on their chemical composition [152]. For example, anionic hydrogels have found to bend

towards the cathode under the effect of a transverse electric field (see Figure 2.13.c)[150].

However, Glazer et al. have demonstrated that the direction of actuation depends not

only on the chemical composition of the hydrogel, but also on the salt concentration of

the surrounded saline solution [150]. They studied the bending of hPAm towards the

anode in KCl saline solution by increasing the salt concentration. They demonstrated

that the hydrogel not only bent toward the anode but also the speed of electro-actuation

increased with salt concentration. For example, at low salt concentration (0.0001 M)

they showed the bending of the hydrogel by applying almost 8 V/cm [140]. Another

configuration that was found in literature corresponds to a gel with rod shape placed

with the long axis parallel to the direction of the electric field (Figure 2.13 c). In this

case a non uniform swelling response was observed (Figure 2.13c.2 [153] with swelling

of the hydrogel near the cathode [155]). In the configuration of the electrodes directly

in contact with the hydrogel, the presence of a saline solution is not necessary [139] as

illustrated in Figure 2.13.c.2. In this configuration an anionic hydrogel locally shrinks on

the anode side [148], [149]. The hydrogel can also be contacted only with one electrode

with a free edge facing the other electrode. In this case, an asymmetric deformation was

shown close to the anode by Murdan et al. [139].

The configurations described before are studied for hydrogel in a bulk condition. How-

ever, miniaturised systems with EAHs are not commonly proposed in literature. The

only example of electro-actuated hydrogel in a miniaturised platform is proposed by

Guan et al. [156] as shown in Figure 2.13.c.4. Firstly, they synthesised a custom-made

cationic hydrogel spin-coatable and photopatternable on planar electrodes. Secondly,

they stimulated the hydrogel using an electronic platform. Overall, they demonstrated

that the hydrogel expanded its volume when an electric field was applied. However,

the swelling/de-swelling of the hydrogel was asymmetric because of the non- uniformity

of the electric field in the hydrogel (stronger near the substrate and weaker away the

substrate) [157].

2.5.1 Smart hydrogels in tissue engineering: emphasis on electro-responsive

hydrogels

Dynamic hydrogels extensively adopted in TE are those that respond to the varia-

tion of temperature. They become hydrophobic and insoluble in water above the
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lower critical solution temperature (LCST) and soluble in water below the LCST [158].

Typical synthetic thermoresponsive hydrogels used in biomedical systems are poly(N-

isopropylacrylamide) (PNIPAM), poly(N,N-diethyl acrylamide) (PDEAM), copolymer

blocks of poly(ethylene oxide), known as Pluronics and Tetronic, and poly(ε-caprolactone)

(PCL) [159]. For example PNIPAM have recently generated a particular interest in car-

diac TE to develop cell-sheet transplantation tissues from a patients own autologous

cells [160]. PNIPAm is an amphiphilic hydrogel that shrink at temperature higher than

LCST generally ranging between 32 ◦C to 35◦C [159]. Hydrophobic interactions of this

hydrogel are predominant at temperature lower than LCST. Cells cultured on PNIPAm

at 37 ◦C are well-attached on the surface. When the temperature decreases to almost 20

◦C, PNIPAM becomes hydrophilic promoting the detachment of the cell monolayer from

the surface [31]. Masuda et al. developed cell sheet engineering to reproduce switchable

scaffolds. They demonstrated that the transplantation of myocardial cell sheets har-

vested from temperature-responsive culture surfaces successfully improved heart func-

tion in several animal models [161]. Uto et al. optimised the synthesis of PCL in order

to adjust the crystal-amorphous transition temperature (Tm) to the biological relevant

temperature (37 ∼ ◦C) and then investigated the role of dynamic surface roughness and

elasticity on myoblast adhesion and differentiation. The cross-linked material is rela-

tively stiff (50 MPa) below the Tm, and it becomes suddenly soft (1 MPa) above the Tm.

Cells seeded on the platform at 32 ◦ adhered and spread whereas cells became rounded

when temperature was increased to 37 ◦C. Significant changes in cell morphology were

not observed for fibroblasts indicating that cell sensitivity to the dynamic change of

elasticity depends on cell types [162].

EAHs find limited applications in TE due to the scarce biocompatibility and pH respon-

siveness. The majority of EAHs employed for scaffolds in TE are typically customised

using synthetic monomers which could be the cause of their lack of biocompatibility

[163]. Recent studies have demonstrated that custom electro-responsive hydrogels can

be synthesised by improving cellular activities such as cell adhesion, proliferation, differ-

entiation and alignment [164, 163, 165]. Verbrugghe et al. have evaluated the cytotoxic

effect of the electro-active PF127/MANa as vascular implants in vivo. Results did not

show the reduction of cell viability (no more than 30% considered as cut-off point for

cytotoxic effects) [166]. The same hydrogel was also investigated by Jackson et al. to

be integrated in a catheter used in minimal invasive surgical procedures. The hydrogel
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was synthesised in bulk and stimulated in a physiological solution at 5 V and 1 kHz [45]

without significant pH changes.

Figure 2.14: Illustration of the set-up and fluorescent images of muscle cell aligne-
ment on PAAc/fibrin hydrogel during stimulation [167].

One of the few demonstrations of applications of EAHs as dynamic scaffolds was pro-

posed by Liam et al and Rahimi et al.. Lim et al. proposed poly (2-acryloylamido-

2-methyl propane sulfonic acid) (PAMPS) to be used as a dynamic scaffolds for cells.

They demonstrated that this hydrogel can improve the viability, proliferation and dif-

ferentiation of C2C12 and hMSc over seven days applying a DC electric field of ∼ 0.5

V/cm every 30 minutes [152]. Different hydrogel was proposed by Rahimi et al who used

a semi-IPN hydrogel made from polyacrylic acid and fibrin. They tested this hydrogel

with smooth muscle cells stimulating the scaffold by applying a direct electric field with

polarization of voltage changing every 60 s as shown in Figure 2.13. Scaffolds showed a

significant cell penetration and alignment in comparison to static constructs. Fluores-

cence images in Figure 2.13 show nuclei (DAPI, Blue) and alpha-actin filaments (green)

aligned along the electrostimulated hydrogel [167, 165].

On the basis of the considerations mentioned in the previous sections on electro-active

hydrogels, Table 2.3 was made to summarises the most common parameters that influ-

ence the actuation of EAHs with their applications with cells.
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Table 2.3: Disposition of electro responsive hydrogels.

EAHs
Properties Ionised

groups
Shape

Electric
field

[V/mm]

Electrode
position

Electrode
distance

Actuation
\solution

pH Cells Ref.

HPAm -COO- rectangular
beam

0.04 direct 25 cm
shrinking
\air

anode:
pH ∼ 2
cathode:
pH∼ 13

- [145]

HPAm -COO- rectangular
beam

0.15-2
indirect
direct

10 cm
bending
\0.1 M-

0.5 M KCl

anode:
pH ∼ 3
cathode:
pH∼ 10

- [140]

PVA/PAA -COO- rectangular
beam

0.33-2.3 indirect ∼ 13 mm
bending
\water

- - [168]

PAA/Fibrin -COO- rectangular
beam

0.06 (AC) indirect ∼ 15 mm

bending \
cell

culturing
medium

-
smooth
muscle
cells

[167]

PF127-BMA -R2NH+ thin film 1-53.84
bottom
partial

∼ 130 µm

swelling \
DIW and

Krebs
solution

- fibroblasts
[150],

[157],[156]

PAMPS -SO3
- rectangular

strip
0.5 indirect ∼ 10 cm

swelling
\PBS

-
hMSCs
C2C12

[152]

Gelatin/chitosan -COO- rectangular
strip

120 indirect 52 mm
bending\
0.02 M
NaCl

- myoblasts
[169],
[170]

F127DA
-SO3

-

-COO- nanomicelle 143-357 direct 70 mm bending - - [171]
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2.6 Integration of smart hydrogels in miniaturised plat-

forms

2.6.1 Consideration of thin film hydrogels

Synthetic smart hydrogels can be prepared in different shapes for example bulk, fibers

[108], membranes [160] or in the form of monodisperse colloidal particles called micro-

gels or nanogels [109]. The shape of the hydogel mainly depends on the process of

synthesis. Figure 2.15 summarises the generic structures of stimuli-responsive hydro-

gels from aggregates to thin hydrogel films attached to a rigid substrate. Thin films

can be obtained by functional particles (micelles or microgel particles), layer-by-layer

assemblies or polymer brushes [172]. In layer-by-layer assembly, films are assembled by

physical bonds (hydrogen bond, electrostatic or hydrophobic interactions). In polymer

brushes, polymer chains are chemically grafted to a surface ensuring the stability of

the coating [114]. However, hydrogel films have been mainly used as polymer coatings

alternatively to layer-by-layer assemblies and polymer brushes because revealed more

stable and durable properties [114].

The swelling/de-swelling transition phase of hydrogels is a diffusion-limited process, so

bulk hydrogels can result in long response time, which is too slow for many applications.

On the contrary, decreasing the feature size thin films respond faster. Considering

the Fickian model, the response time of the hydrogel during swelling is derived by the

diffusion equations (Fick’s laws) and is directly proportional to the square of the length

of the gel and inversely proportional to the diffusion coefficient as follows [174]:

T =
L2

D
(2.8)

where L is the smallest dimension of the hydrogel, and D is the diffusion constant of the

gel network.

In particular, having EAHs as thin films can be advantageous. In fact, in small size

EAHs can respond faster to the electric field because the length of the path of the

diffusion of ions is reduced, and the rate of mass transport is increased. In addition,

the actuation controlled by the electric field can be regulated by applying a very low

potential (less than 1 V) avoiding the electrolysis of water.
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Figure 2.15: Schematic representation of stimuli-responsive nanomaterials that can
be used to form polymeric thin films using layer-by-layer strategies or polymer brush

[173].

One of the main issues with thin film hydrogels is related to their stability on surfaces

[114]. Stable attachment of hydrogel layers onto a solid substrate has had a major

importance in polymer coatings [114] and sensors [104], but it becomes also important for

the microfabrication of hydrogel used as scaffolds in TE. The stability and the strategies

used to bond the films on the surfaces depend on the chemical nature of the hydrogel and

on the substrates adhesion-promoting molecules are often used to facilitate the bonding

of the hydrogel with the substrates. Two general methods have been used for attaching

hydrogel polymers on surfaces: ’grafting to’ and ’grafting from’. The first approach

consists in anchoring the polymeric chains with reactive functional groups fixed on the

surface of the substrate. The second technique consists of the growing of the polymer

chains firstly functionalised with initiator molecules and then directly polymerised on

the substrate [104]. By anchoring the polymer network to a solid substrate the swelling

arises in a quasi one-dimensional direction away from the substrate [175]. In fact, the
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lateral swelling is restricted by the chemical attachment and the hydrogels swell only

perpendicularly to the surface.

Soft colloids are made from elastic and deformable micro or nanogels (size ranging be-

tween 1 nm to 1 µm) generally suspended in water [176]. The two principal methods

typically used to coat nanogels on surfaces are: (i) deposition of the polymer layer fol-

lowed by crosslinking and (ii) crosslinking during deposition and growth of the polymeric

network [104]. The former method comprises classical techniques such as spin-coating,

film casting and drop casting. The latter strategy consists of a solution of the monomers

deposited on the substrate, from which the polymerisation and network formation pro-

cess is initiated [104].

Figure 2.16: SEM pictures of hydrogel features with corresponding time-volume
change under an electric field [157].

(a)SEM micrographs of pillar array and (b)single pillar on top of Cr electrodes with
fitting of exponential curves of volume phase change of the hydrogel from wet to dry

and under an electric field in water (c) and in PBS (d).

Among the above mentioned techniques spin-coating is a more promising method for

microfabrication processes since it is versatile in reproducing single or layer-by-layer

films with uniform thicknesses [177, 160]. The only work found on microfabricated and

electro-actuated thin film hydrogels was proposed by Guan et al.. They integrated and

UV patterned PF127-BMSA-DMAEMA (customized Pluronic) with thickness ranging

from 10 µm to almost 100 µm in a miniaturized electronic platform made of planar
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chromium electrodes as illustrated in Figure 2.16.a,b. The hydrogel is stimulated in

water and in phosfate buffer solution (PBS) by applying an electric field generated by

2V DC bias. The change of volume during swelling was found to be almost 1000%

in water and 1220% in PBS compared with the initial volume in dry state as shown

(2.16.c,d).

During electrostimulation the hydrogels was firmly fixed on the electrodes by silanization

to help the adhesion. Hydrogel swelling and deswelling was monitored in horizontal and

vertical directions using a 3D optical microscope [157, 157].

Figure 2.17: PNIPAm thin films obtained by spin-coating for cell culturing appli-
cations.

Films of 50 and 80 nm are more hydrophilic, and preferable for cell sheet fabrication.
Films 300 and 900 nm thick impede cell attachment [160].

Thin film hydrogels widely studied in cardiac TE are poly-N-isopropyl acrylamide (PNI-

PAm) and polyacrylic acid (PAAc) which are temperature and pH-responsive respec-

tively [178, 179]. One example is presented by Dzhoyashvili et al. who used thin PNI-

PAm films to study the effect of film thickness on cell growth and cell-sheet detachment.

Mouse (MS-5) stromal cells were seeded on spin-coated PNIPAm film with thickness
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ranging from 50 nm to 900 nm (Figure 2.17.c). They demonstrated that thickness of

pNIPAm films significantly influenced the cellular attachment and spreading. Thin films

of 50 and 80 nm promote cell attachment and function with developed filopodia and a

well-organised pattern. In the case of the spin-coated pNIPAm films, the surface wet-

tability is closely related to thickness. Thin films are more hydrophilic and albumin

adsorbs on hydrophilic surfaces allowing adhesive proteins to expose their cell-binding

sites and interact with cells. [160]. Figure 2.17 shows the results obtained using PNIPAm

spin-coated films.

2.7 Summary

In this Chapter, a brief description of the structure and the physiology of the heart have

been presented in order to give a basic knowledge necessary to develop in vitro models

in cardiac tissue engineering. In fact, the importance of the anisotropic architecture of

the heart tissue, the Ca2+ transient and the mechanical properties have been described

as key regulators of the contraction of cardiomyocytes.

Subsequently, the importance of polymers as fundamental elements to develop scaffolds

to mimic the natural extracellular environment of cells in vitro has been discussed. In

literature, a large variety of polymers have been adopted to fabricate 2 D scaffolds for

cardiac TE applications, but elastomers and hydrogels presented more successful results

thanks to their chemical and mechanical properties. The main issue with these polymers

is that they need to be chemically and physically modified in order to improve surface cell

adhesion. For this purpose, a wide range of strategies have been proposed (UV, oxygen

plasma, etc.) so far, and the choice of one strategy rathern than another, basically

depends on the material adopted and the facilities available in the lab.

Through this chapter, the importance in cardiac TE to create anisotropic structures

in vitro to enhance elongation and alignment of cells has been shown. The strategies

mainly adopted for fabrication of 2 D scaffolds have also been listed demonstrating that

microfabrication is the most adopted technique. In literature, it was found that the

depth and width of the anisotropic architectures significantly influence cell elongation

and alignement. In general, scaffolds with grooves 10 µm width and 1-5 µm in depth are

more appropriate for cardiomyocytes. Regarding the chemical functionalisation of the

polymers different techniques have been proposed in this chapter such as micro-contact
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printing. With this technique, elastomeric stamps are microfabricated and functionalised

with biomolecules that are subsequently printed on the surface of polymers or glass.

However, elastomers have been demonstrated to be not chemically stable and difficult

to handle when used as thin films. On the other hand, Parylene C was considered as

a more robust material with high elastic modulus, compatible with microfabrication

processes, and capable to retain the hydrophilicity for long time. In this chapter, it is

also mentioned that the elastic properties of Parylene C limits the use of this polymer

as scaffold, but foster the use of this material as re-usable mask to print features and

biomolecules on soft polymers such as elastomers and hydrogels. However, a lack of

works was found in literature about this application of Parylene C. In fact, it was found

that Parylene C has been mainly adopted as peeled-off mask to pattern biomolecules on

polymeric surfaces, and recently as 2 D scaffold to align cardiac cells.

Cells are not only surrounded by a static environment, but they are continuously stim-

ulated by mechanical, chemical and biochemical signals of the extracellular matrix. For

this reason, in this chapter smart materials have been proposed as appropriate plat-

forms to stimulate cells to mimic a more biorealistic environment in in in vito models.

In particular, electo-responsive hydrogels made of PNIPAm and PAAc were considered

because they are stimuated by an electric field and consequently can be integrated and

controlled in electronic platforms. The properties of hydrogels and electro-active hydro-

gels have been described and classified showing the chemical and mechanical properties

that are very close to the extracellular matrix of the heart. However, these materials

have gained more interest in soft robotics. Only few works were found in literature

about the application of these materials in miniaturised platforms for applications in

TE. Startegies proposed in literature to assembl and stabilise thin film hydrogels have

been proposed and discussed, demonstrating that spin-coating can be adopted to obtain

thin films. Finally, few applications of thin film hydrogels in microfabrication process

and in cell culturing have been proposed, showing that smart hydrogels for these specific

applications are generally customised using specific chemical strategies.
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Chapter 3

Microstructured 2D-hybrid

platforms for aligning NRVMs

3.1 Introduction

I
n cardiac in vitro models, cell alignment is necessary to improve cell maturation

and function. The common technique used to induce cellular alignment consists

of surface patterning. Also, substrate stiffness plays an important role since cardiomy-

ocytes normally are surrounded by a very elastic micro-environment. The combination

of topography and stiffness can potentially help to build more bio-realistic platforms.

In this chapter, the effects of hybrid scaffolds on NRVM elongation and function is

investigated. Three different constructs were investigated as scaffolds for NRVMs: (i)

hydrophobic/hydrophilic micropatterned Parylene C, (ii) wrinkled PDMS atop Parylene

C and (iii) hybrid surface made by hydrophobic Parylene C raised strips with hydrophilic

PDMS channels.

73
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3.2 Materials and Methods

3.2.1 Procedure for preparing PDMS thin films

3.2.1.1 PDMS thin films

PDMS is an elastomer formed by cross-linking of a long-chain monomer with a siloxane

backbone (Figure 3.1). It has been used for many applications such as medical devices,

microfluidics and tissue engineering. PDMS is biocompatible, transparent, easy to make,

cheap and thus a good candidate for biological applications. In this work, PDMS is

produces in thin film by spin-coating which is a method to coat polymers on a substrate

with desired thickness. The advantage of spin-coating lies in the versatilty in preparing

different thickness films with a fast turnaround time.

Figure 3.1: Schematic of the chemical structure of PDMS.

Before spin coating glass coverslips and wafers were cleaned to remove organic contami-

nants and then dried using nitrogen gun. PDMS Sylgard 184 silicone elastomer kit was

purchased from Dow Corning (Barry, UK) and produced in 25:1 and 10:1 base-to-curing

agent ratio as per manufacturer’s instructions. By changing the concentration of the

crosslinker the PDMS precursor mixture the Youngs modulus of the films can vary, in

particular it decreases as the mixing ratio increases [1]. The viscosity of the pre-mixed

solution varies with the time and in order to be consistent with the preparation of the

material was monitored over time. The pre-mixed solution was degassed for 40 min and

then used to prepare the substrates. PDMS in bulk was prepared pouring the pre-mixed

solution (10:1 ratio) into 35 mm glass petri dish, and after curing at 75 0C for 1 h, 1

cm x 1 cm x 1 mm small pieces were cut using a laboratory scalpel. PDMS pre-polymer

was also spin-coated on 13 mm glass coverslips and 6-inch glass borosilicate wafers to

obtain thin films. A small volume of PDMS was dispersed near the centre of the glass

coverslip and then spun with a recipe consisting of three velocities. Three steps with
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three different velocities were set in order to have a conformal layer. In particular, the

first step was set at 500 rpm for 30 s to allow the liquid to cover the substrate uniformly.

In the second step, the speed was set to half of the target speed for other 30 s. The final

step is defined as the target speed and is important to reach the desired thickness of

the films. It ranged between 500 and 6000rpm and set for 60 s [2]. Four different films

were prepared at four different target velocities: 500 (PDMS0.5), 1000 (PDMS1), 4000

(PDMS4) and 6000 rpm (PDMS6). After spin-coating all the substrates were cured in

an oven at 75 ◦C for 1 h. The list of smaples prepared at different spin speeds is reported

in the Table 3.1.

Table 3.1: Thickness of PDMS films averaged on six measurements.

Name of the sample Target Spin speed (rpm) Thickness

PDMS bulk 1 mm

PDMS0.5 500 32.96 ± 1.2 µm

PDMS1 1000 22.06 ± 1.8 µm

PDMS4 4000 13.66 ± 0.45 µm

PDMS6 6000 8.49 ± 0.17 µm

3.2.1.2 Plasma modification of PDMS surface

PDMS6 and PDMS1 substrates were exposed to oxygen plasma for 15 s in a reactive ion

etching (RIE) system (RIE80, Oxford Instruments) with RF power at 13.56 MHz. The

plasma treatment was done at a power of 200W, pressure 50 mTorr and an oxygen flow

of 10 sccm [3]. The exposure to the oxygen plasma of the samples was also performed

in an inductively coupled plasma (ICP) system (OPT 100 ICP 380, Oxford Instruments

Plasma Technology). Samples were exposed to oxygen plasma at 1.33 Pa pressure, 100

sccm flow, 1000 W ICP source power and 20 W RF power either for 15 s or 1 min to

render them more hydrophilic and monitor the hydrophilicity in a wide range of time.

PDMS1 was also exposed to oxygen plasma using ICP for 1 min.

3.2.2 Scaffold fabrication

3.2.2.1 Parylene C

Parylene C (poly-para-chloro-p-xylylene) is a polymer with many interesting properties.

It is thermoplastic, crystalline, transparent, robust (Young’s modulus ∼ 4 GPa [4]) and
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biocompatible. Moreover, it is traditionally used as a coating for implantable devices.

Its carbon backbone and non-polar groups make this material chemically inert as well

as to fungi and bacteria [5]. In the last few years, Parylene C has been discovered as a

potential substrate for protein pattering and cell culturing thanks to its high stability

[6], [7].

Parylene C is deposited via chemical vapour deposition (CVD) process developed by

Gorham [8]. In particular, specific equipment is used to deposit Parylene C called Pary-

lene coater (Labcoater PSD 2010, SCS). Di-para-xylylene dimer precursor (powder) is

loaded into the machine; then it is vapourised at 150 ◦C creating a dimeric gas. Sub-

sequently, the gas molecules undergo vacuum pyrolisis at a temperature of 690 ◦C .

The monomer is then introduced to an evacuated chamber where it polymerises sponta-

neously on substrates at room temperature forming a uniform film. The deposition rate

was found to be constant (almost 500 nm/h) for thin film deposition (thickness ranging

from 800 nm to 5 µm) with a linear increase for thick film deposition (thickness ranging

from 5 µm to 25 µm). The thickness of the deposited Parylene C film is proportional

to the amount of dimer loaded in the chamber, and for our machine, it resulted in 1

g of dimer for 1 µm thick material. Parylene C physical properties mostly depend on

the thickness [9] and the substrates onto which it is deposited [10], but among these

properties, the improvement of its hydrophilicity and consequently its biocompatibility

is significant for applications in cell culturing.

Native Parylene C is hydrophobic with contact angle depending on the thickness. Thick

Parylene C films are more hydrophobic than thin films, with contact angle ranging from

75◦ for 50 nm till almost 87◦ for 12 µm [11]). Many researchers have tried to modify

the hydrophobic properties of Parylene C for cell culturing by using UV radiation [12]

or by oxygen plasma treatment [11]. For biomedical applications, plasma treatment

was shown to improve cell adhesion because of increased hydrogen bonding between

the surface and water molecules of cellular material [13]. Oxygen plasma on Parylene

C decreases the percentage of carbon and chlorine while carboxyl and hydroxyl groups

become prominent. Oxygen plasma treatment not only improves the hydrophilicity of

the surface but also determines the etching of the material. In this work, Parylene C

will be exposed to plasma oxygen to selectively modify the polymer’s surface.
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3.2.2.2 Hydrophobic/hydrophilic Parylene C (HH)

Parylene C was selectively patterned via classical optical lithography to create unex-

posed (hydrophobic) and exposed (hydrophilic) areas to oxygen plasma. The process is

depicted in Figure 3.2.

Figure 3.2: Fabrication of hydrophobic/hydrophilic Parylene C (HH).

Parylene C is deposited on the substrate (a) and standard optical lithography process
was utilized (b-f) to selectively etch Parylene C. A representative SEM image of the

pattern is shown in (h) (white scale bar 20 µm).

6-inch borosilicate glass wafers were thoroughly washed in acetone (Sigma), isopropyl

alcohol (Sigma) and deionised (DI) water and dehydrated at 120 ◦C for 2 min. 5-8 µm

thick Parylene C was deposited on 6 inch borosilicate glass wafers (Figure 3.2.a) that was

subsequently spin-coated with 1.3 µm thick positive photoresist (S1813, Microchemicals)

as shown in Figure 3.2.b. Wafers were then soft baked at 110 ◦C for 60 s and exposed

to UV light (EVG 620 Mask Aligner) for 2 s through the chrome-plated glass mask

consisting of 10 µm wide and 10 µm spaced features (Figure 3.2.c). Samples were

developed in MF319 (Microchemicals) and water for 40 s (Figure 3.2.d). The etching

of Parylene C was conducted using O2 plasma (generated by an inductively coupled

plasma reactor (ICP) (OPT 100 ICP 380, Oxford Instruments Plasma Technology)) at

pressure of 1.33 Pa, flow 100 sccm, 1000 W source power and 20 W bias generator power

(Figure 3.2.e). The etching time was 1 min and 40 s for almost 1 µm deep grooves
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(Figure 3.2.f). A representative scanning electron microscopy image to see the Parylene

C surface (Figure 3.2.g) is shown in Figure 3.2.h.

3.2.2.3 Scaffolds with wrinkle topography (PP1)

Parylene C templates for PDMS coating were fabricated with high aspect ratio micro-

grooves (height of features of 17 µm). 25 µm thick Parylene C was deposited on 6 inch

silicon wafers (Figure 3.3.a) followed by a sputter coating of 200 nm thick Aluminium

(Al) (Figure 3.3.b). Optical lithography was used to pattern the surface (Figure 3.3.c).

1.3 µm thick positive photoresist (S1813, Microchemicals) was spin coated onto Parylene

C. Wafers were then soft baked at 110 ◦C for 60s and exposed to UV light (EVG 620

Mask Aligner) for 2 s through the same chrome-plated glass mask used before. Samples

were developed in MF319 (Microchemicals) and water for 40 s (Figure 3.3.d).

Al was then dry etched in a plasma of hydrogen bromide (HBr) and chlorine (Cl2) in

the ICP (OPT 100 ICP 380, Oxford Instruments Plasma Technology) for 1 min and

40 s (estimated etching rate ∼ 2 nm/s) at pressure of 5 mTorr, 150 W source power

and 800 W bias generator power to create open Parylene areas (Figure 3.3.e). Parylene

etching was conducted in ICP using O2 plasma at a pressure of 1.33 Pa, flow 100 sccm,

1000 W source power and 20 W bias generator power (Figure 3.3.f). The remaining Al

was utterly removed using the same plasma etching process for 1 min and 45 s (Figure

3.3.g,h). After this process Parylene C became hydrophobic, thus it was mildly treated

in oxygen plasma for 15 s before spin coating PDMS. Ridges, grooves, pitches and depth

of Parylene C were qualitatively evaluated by SEM of cross section attained from free-

standing Parylene C membranes cut by scissors (Figure 3.3.i,j).

PDMS (Sylgard 184) was prepared with a monomer to curing agent ratio of 10:1, as

described before. It was then spin coated on Parylene C templates using three steps: (i)

spin speed fixed at 500 rpm for 30 s to allow the liquid to cover uniformly Parylene C

substrate and (ii) spin speeds set to half of the target speed (1000-3000 rpm) for 30 s,

and (iii) target spin speed (2000-6000rpm) for 60 s to reach the wrinkled surface. After

spin coating, samples were cured at 75◦C for 1 h and cooled down at room temperature

(Figure 3.3.k). 1 cm x 1 cm squares samples were cut using a scalpel obtaining a

composite free standing membrane (Figure 3.3.l). Cross section SEM images (Figure
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3.3.m) were taken in order to understand the distribution of PDMS top layer on a

Parylene C bottom layer.

Figure 3.3: Schematic of the microfabrication process of PP1 scaffolds.

Microfabrication procedure to obtain high aspect ratio Parylene C grooves (a-i). A
sketch of Parylene C with cross section (dash red line) and the characteristic features

(height, ridge, groove and pitch) is illustrated in (i). In (j) a representative SEM image
of only Parylene C is shown. PDMS was spin coated (k) and baked at 75 ◦C for 1h (l).

The cross section of the bilayer is shown in the SEM image (m).

3.2.2.4 Hydrophobic Parylene and hydrophilic PDMS (PP2)

Parylene C templates for PDMS coating were fabricated with high aspect ratio micro-

grooves (height of features of 17 µm). 25 µm thick Parylene C was deposited on 6 inch

silicon wafers (Figure 3.3.a) followed by a sputter coating of 200 nm thick Aluminium

(Al) (Figure 3.3.b). Optical lithography was used to pattern the surface (Figure 3.3.c).

1.3 µm thick positive photoresist (S1813, Microchemicals) was spin coated onto Parylene

C. Wafers were then soft baked at 110 ◦C for 60s and exposed to UV light (EVG 620

Mask Aligner) for 2 s through the same chrome-plated glass mask used before. Samples

were developed in MF319 (Microchemicals) and water for 40 s (Figure 3.3.d). PDMS1

samples were spin-coated on 6 inch borosilicate glass wafers and cured in a oven at 75

◦C for 1 h (Figure 3.4.a,b). This thickness was chosen because thick PDMS was shown



Chapter 3.Microstructured 2-D hybrid platforms for aligning NRVMs 80

to improve NRVM elongation and contraction [14]. 900 nm of Parylene C film were then

deposited (Figure 3.4.c) via CVD. Optical lithography was successively done by spin

coating a 1.3 µm thick positive photoresist layer (S1813, Microchemicals), soft baking

at 110 ◦C for 60 s and exposure to UV light (EVG 620 Mask Aligner) for an exposure

time of 2 s, using the same multi-grating dark-field chrome mask (Figure 3.4.d). The

crosslinked resist was then developed in MF319 (Microchemicals) and water for 40 s

(Figure 3.4.e). Parylene C was then etched in an oxygen plasma using ICP for 1 min

and 45 s (given etching rate approximately 600 nm/min) at 1.33 Pa pressure, 100 sccm

flow, 1000 W source power and 20 W bias power generator. Parylene C, not masked

by the resist, was completely etched until reaching the bottom of the PDMS areas that

were exposed finally to oxygen plasma for almost 15 s. When the etching process was

finished, the remaining resist was dissolved in acetone for 5 min. 1 cm x 1 cm squares

were cut from the wafer in 1 cm 1 cm squares samples using a mechanical scriber. The

squares were then washed in isopropanol and water. In this way, we PP2 scaffolds with a

hybrid surface made by hydrophobic ridges and hydrophilic grooves (Figure 3.4.g,) were

obtained. Finally, the surface of the constructs was checked under SEM (Figure 3.4.h).

Figure 3.4: Fabrication of PDMS/Parylene C based scaffolds (PP2).

PDMS is spin coated on glass substrate (a), cured in oven (b) and coated with
Parylene C (c). Standard optical lithography process was utilized (d-e) to selectively
etch Parylene C and hydrophilize PDMS (f) to create hydrophilic PDMS areas with

raised hydrophobic Parylene C ridges (g). A representative SEM image of the pattern
is shown in (h) (white scale bar 10 µm.
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3.2.3 Surface characterisation

3.2.3.1 Topographical characterisation

The topographies of HH, PP1 and PP2 constructs were acquired using Atomic Force

Microscopy (AFM, Multimode Nanoscope V Veeco) in tapping mode. Commercial Al-

coated Tap300 Al-G Si tips (Budget Sensors) with resonance frequency 204-497 Hz and

force constant 10-130 N/m were used. 50 µm × 50 µm height images were captured with

a scan rate of 0.6 Hz and 512 scanning lines. PP1 square samples were cut and peeled-off

from the wafer and fixed on AFM sample support discs using carbon tape. HH and PP2

were analysed on squared glass fixed on AFM support discs. Surface topography was

quantitatively evaluated capturing three height images in three different areas of the

same sample, and three samples per each category are evaluated. To demonstrate the

repeatability of the process three samples per each fabrication were also analysed and

the AFM images were taken at the centre of each sample.

Surface roughness analysis of Parylene C, PDMS thin films and plain hybrid constructs

was carried out showing statistically the average height of the features on the surface of

the samples. These values were averaged considering three different areas on the same

sample.

3.2.3.2 Chemical characterisation

PDMS surface chemistry before and after oxygen plasma was evaluated using Raman

spectroscopy. Measurements were taken using a Renishaws inVia Raman spectrometer

(JKR instruments) by exciting 532 nm diode laser with 21.8 mW beam power and 10 s

exposure time. A 50 X, NA075 (Leica N PLAN EPI 50x/0.75) objective lens was used;

giving a laser spot of ∼ 865 nm. Data acquisition cover the spectra range (0-3500cm-1).

The surface chemistry of the PDMS was quantitatively characterised through X-ray

photoelectron spectroscopy (XPS). Measurements were performed using a Theta Probe

Angle-Resolved X-ray instrument (Thermo Scientific Inc., Loughborough, England) with

a normal take-off angle. The source is a microfocused monochromatic Al Kα X-ray set to

illuminate a spot of 400 µm in size, and the vacuum chamber was pumped to 10-9 mbar.

During the measurements, an electron flood gun was used to prevent sample charging.

Survey spectra were obtained with a pass energy of 160 eV and a step size of 1 eV.
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Elemental compositions were calculated from the relative intensities of carbon (C1s),

oxygen (O1s) and silicon (Si2p) peak areas obtained from the survey spectra. PDMS1

films were analysed before and after plasma treatment by combining a sequence of ion

gun etch cycles interleaved with XPS acquires for eleven etch times of about 40 s each.

During the data acquisition, the peaks of interest (O, Si, and C) on the spectra were

further scanned at high resolution. Samples that were treated with oxygen plasma were

stored under vacuum and tested 2 days after initial exposure.

3.2.3.3 Contact angle

Surface wettability of PDMS was measured before and after oxygen plasma (almost 1h

after the treatment). A 5 µm drop of deionized water (R ∼ 18 MΩ cm) was engaged

gradually on the centre of each PDMS substrate and photographed using a high-speed

camera. The shape of the drop was then analyzed using a Drop Shape Analysis System

(DSA 30 Kruss Co., Germany). The software uses a fitting of a polynomial function that

adapts across the baseline of the drop connecting the left and right three-phase points.

The angle of the baseline at the right (θR) and left (θ L) side of the droplet at the three-

phase point provides the estimated value of the contact angle. Measurements were

performed on three different samples, and the values were averaged. The contact angle

of each sample was evaluated at the same position before treatment, immediately after

treatment and once every day to investigate the longevity of the oxygen plasma treatment

over time. Samples were stored in constant and controlled laboratory conditions. Before

and after each measurement samples were blown off with a nitrogen gun in order to

remove any residual water and possible dust particles.

3.2.4 Mechanical test

3.2.4.1 Nanoindenter

Nanoindentation tests were performed using Nano-Test Vantage platform 4 (Micro Ma-

terials, Wrexham, UK). A schematic representation of the nanoindenter used for the

tests is shown schematically in Figure 3.5.a. This system is a pendulum-based system

distributed principally by MicroMaterials Ltd. Briefly, the nanoindentation platform

consists of the instrument frame with the load head, the low load magnet, the pendu-

lum for load range, the indenter, the loading sample stage and the electronic control
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unit. The load is applied through a pendulum system by the movement of a coil in

a magnetic field. The displacement is measured by capacitor plates in level with the

indenting tip.

The indentation tests were carried out by using a diamond Berkovich nanoindenter

(three sided pyramidal shape with tip radius < 100 nm) in controlled load mode. The

Berkovich tip was calibrated before tests by using a standard fused silica sample.

Figure 3.5: Schematic representation of nanoindenter, characteristic parameters,
artifacts and typical loading-unloading curve.

Apparatus (a) modified from [15] and schematic illustration of the contact geometry
and characteristic parameters under a maximum load (P) during unloading process

(b). In (c) pile-up and sink-in effects are shown at the maximum indentation [16]. In
(d), schematic illustration of a typical load-displacement curve with the characteristic

parameters (d) are reported. Welastic and Wplastic are the plastic and elastic
indentation energies respectively.

The basic procedure to measure the hardness (H) and the Young’s modulus (E) is based

on the unloading process as illustrated in Figure 3.5.b. The contact depth hc is the sum

of the depth due to the elastic deformation and the depth due to the plastic deformation.

It is defined as:

hc = hmax − hs (3.1)

hmax is the maximum penetration depth and hs is the sink-in depth defined as follows:
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hs = α
P

S
(3.2)

where α is a geometric constant depending on the indenter (α = 0.72 for Berkovich tip),

P is the maximum load and S is the unloading stiffness defined as the slope (dP/dh) of

the upper portion of the unloading curve during the first points of unloading (30 % the

unloading response [17][18]. The calculation of the actual contact depth is very difficult

because it is influenced by different uncertain parameters such as thermal drift, tip

defect, pile-up and sink-in around the indenter during the test [19]. In particular, pile-

up and sink-in influence the effect of the contact area (Ac) in indentation experiments

and therefore an overestimation of the elastic modulus and of the hardness (H), defined

as:

H =
Pmax
Ac

=
Pmax

24.5h2
c

(3.3)

Figure 3.5.c shows pile-up and sink-in effects typical of conical indentations. During pile-

up, the material is accumulated at the side of the indenter, and the contact area tends to

increase during the indentation. On the other hand, sink-in consists in the displacement

of the material into the sample giving a reduction in the contact area [16]. These effects

are due to the residual stress around the indenter, the degree of the work hardening

and ratio of the film and substrate mechanical properties [20]. Many researchers have

considered E and H as absolute values obtained from nanoindentation tests and they

discovered later that the values contain significant errors due to pile-up and sink-in effect.

SEM or AFM imaging are required to assess pile-up or sink-in problems and estimate the

correct contact area and find the real values of elastic modulus and hardness. Bolshakov

and Pharr reported another way to estimate the sink-in and pile-up effect considering

the data obtained from the tests, in particular, the ratio between the permanent depth

(hf) and the maximum depth when the indenter is unloaded. All materials with a ratio

of hf/hmax below 0.7 exhibit sink-in; while the materials with a ratio of hf/hmax above

0.7 show pile-up [21].

Results were extracted from the procedure outlined by Oliver and Pharr in which the

unloading curves follow a non-linear trend [18]. According to the aforementioned theory
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the unloading curves from nanoindentation tests should accurately fit the power law

[22]:

P = a(h− hf )m (3.4)

where a and m stand for unloading power fitting constants and depending on the ge-

ometry of the indenter and on the deformation [18, 22]. For a Berkovich indenter that

is approximately considered to be a cone, m is equal to 2 [18]. Figure 3.5.d depicts a

characteristic load-displacement curve extracted from nanoindentation tests. The elastic

and plastic response of the material can also be measured considering the area under

the loading-unloading curve.

Pmax and loading/unloading rate (0.2 mN/s) were taken constant whereas the penetra-

tion of the indenter was continuously recorded in each experiment (15 cycles of loading

and unloading per each sample). The holding time at maximum load was fixed to 40

s for Parylene C and 60 s for PDMS and Parylene C/PDMS samples in order to have

information about time-dependent behavior (creep) of the samples. Creep information

was detected during the hold time at constant load. The elasto-plastic response of Pary-

lene C was tested by applying nine constant loads between 0.5mN to 6mN. For PDMS

on glass 0.1 mN, 0.2 mN, 0.5mN, 1 mN and 1.3 mN were applied. PDMS/Parylene C

composite was tested applying 6 different loads ranging between 1 to 6mN. PDMS bulk

was indented with 1 mN, 2 mN, 3.5 and 4 mN. Drift measurements were carried out for

60s during the unloading with a load of 10% of the maximum load. The drift rate was

calculated from a linear regression of the displacement vs time data and used to correct

nanoindentation results.

The reduced Young’s modulus (Er) was measured at any given load and the real value

of the Young’s moduli were obtained from the following formula:

1

Er
=

1− ν2
s

Es
+

1− ν2
i

Ei
(3.5)

where Es is the Young’s modulus of the sample, Ei is the Young’s modulus of the diamond

indenter tip (1140 GPa), νs is the Poisson’s ratio of the sample and νi is the Poissons

ratio of the tip (0.07) respectively. The substrate effect was minimized through the

method of least square plotting Er at every single load and extracting the final value
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of the Young’s modulus at zero load [23]. This procedure is typically used to eliminate

substrate effects and help to minimize problems arising from surface roughness and pile-

up effects. Usually there is no substrate effect up to 10 % of the film thickness [24].

The Poisson’s ratio used for PDMS was 0.4 [25] whereas the one related to the hybrid

Parylene C/PDMS construct was fixed to 0.5 [26].

3.2.4.2 AFM

The mechanical properties of PDMS were also carried out by AFM. Sixteen AFM mea-

surements in an area of 8 µm x 8 µm were taken before relocating the cantilever to a

different region for sixteen more measurements, which were repeated three or more times

per substrate. PDMS bulk, PDMS1, PDMS4 and PDMS6 films were tested in water

using a hybrid system made of a commercial head (SMENA, NT-MDT) with home-built

electronics. A spherical tip with 5 µm of diameter (sQUBE, CP-CONT-BSG-A) were

employed to lead large contact area as illustrated in Figure 3.6.a. Cantilever spring

constant (k) calibration were performed according to the work of Sader et al. [27] and

estimated to be 0.2 N/m with an error of 10 %.

Firstly, a reference force-distance curve was recorded on a stiff substrate (petri dish

bottom). Samples were then placed in a petri dish of 35 mm of diameter filled with

water. Force-displacement curves were obtained at a rate of 2000 nm/s. The Young’s

modulus was obtained using Derjaguin Muller Toporov (DMT) theory that takes in

account the adhesion forces and Hertzian contact [28]. The DMT model is the following

[29]:

F = Fn + Fa =
4ER

1
2 δ

3
2

3(1− ν2)
(3.6)

where F is the indentation force, Fn is the normal force, Fa is the adhesive force, R is

the radius of the spherical tip, ν is the Poisson’s ratio assumed to be 0.5 [30] and δ is

the indentation depth calculated as[31]:

δ = ∆D −∆Z (3.7)
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∆D is the absolute deflection relative to the force-free cantilever deflection and ∆Z is

the piezo position as indicated in Figure 3.6.b. The cantilever deflection and the sample

deformation can be only calculated based on the piezo distance that is measured during

the nanoindentation tests. To derive the tip-sample separation, the cantilever deflection

is calculated as the indentation force divided by the cantilever stiffness.

Figure 3.6: Schematic of the AFM set-up used to test the mechanical properties of
PDMS (a) and scheme of tip-sample interaction during the approach of the tip to

the sample (b).

The indentation depth results from the difference between the vertical movement and
the cantilever deflection.

3.2.5 Cell culturing

3.2.5.1 Substrate preparation for cell culturing

Prior to seeding, scaffolds have been sterilise in 70 % ethanol for 10 min and flashed

multiple times with phosphate-buffered (PBS) saline solution and water. Type IV human

placenta collagen (Sigma-Aldrich) was diluted in 22 mL of HBSS and 3 mL of glacial

acetic acid. The substrates were coated with this solution for 1 min, dried and washed

with sterile DI water. The samples were finally stored in water and left in a 37 ◦C, 5%

CO2 incubator for 1 h. PP1 substrates were also sterilized under UV light for 4 h prior

to use.



Chapter 3.Microstructured 2-D hybrid platforms for aligning NRVMs 88

3.2.5.2 NRVM culture

Primary cardiomyocyte cultures of NRVMs were obtained from neonatal rats according

to regulations detailed in the Animals (Scientific Procedures) Act 1986 as previously

described [32]. Hearts were removed and cells were isolated from two days old neonatal

Sprague-Dawley rats. Cells were then enzymatically digested and filtered to remove

undigested tissue and fibroblasts. NRVMs were collected and counted using a hemo-

cytometer. Almost 105 cells in 20 µL medium were then plated on the substrates and

imaging was performed at 3-4 days post seeding.

Figure 3.7: Illustration of micropatterned scaffolds with cells.

3.2.5.3 Image analysis of cell elongation

Cell alignment was quantified using immunofluorescence imaging. The sarcomeric struc-

ture of the cells was labeled by monoclonal anti α-actinin antibody (Sigma, A7811) and

deoxyribonucleic acid 4, 6-diamidino-2-phenylindole (DAPI) (Invitrogen) was used to

fluorescently label nuceli. Fluorescent images were taken using an inverted Zeiss LSM-

780 confocal microscope (Carl Zeiss).

Cell morphology and nuclear alignment was evaluated using ImageJ software. Nuclear

alignment was performed using the same method reported by Rao et al. [33]. Briefly,

alignment of nuclei was quantified as the modulus of the angle of the nuclei from the

mean value of the direction of the grooves. Cell aspect ratio is the ratio of cell length and

cell width. To measure cell aspect ratio and cell area values were obtained by, firstly,

manually outlining cell edge and then using the ’Measure’ function of ImageJ.

3.2.5.4 Calcium transient imaging and analysis

Fluo-4-acetoxymethyl fluorescent dye (Fluo-4 AM) (Invitrogen, ThermoFisher Scientific)

have affinity for Ca2+ and this allows the visualisation of intracellular Ca2+ transients

on the millisecond scale. NRVMs were labeled with 4 µL Fluo-4 AM in 1 mL DMEM
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and placed in the incubator at 37 ◦C for 20 minutes [34]. The DMEM was refreshed

and the cells were returned to the incubator for a further 20 minutes for de-esterification

of the dye. Calcium imaging on the constructs was taken using a Nikon eclipse FN1

microscope or an inverted Nikon eclipse TE2000 microscope in a glass bottom dish

(MatTek corporation) and observed through a 40x water immersion or 40x oil objective

respectively. Cells were stimulated at 1 Hz and perfused with a Tyrode’s solution (NC)

(14 mM NaCl, 6 mM KCl, 10 mM glucose, 10 mM HEPES, 1 mM MgCl2, 1 mM CaCl2,

adjusted to pH 7.4 ). Cells were stimuated with a biphasic stimulus with a 10 ms

pulse width and 20 V amplitude. Ca2+ transients were analyzed by converting the raw

data in .txt file and using a custom made Matlab code. This code calculates four main

parameters: normalised amplitude (f1/f0) which is the peak transient amplitude (f1)

divided by the baseline value of the signal (f0); time to peak (Tp) which is calculated as

the time taken, from the stimulus, to reach peak amplitude; time to 50% decay (T50)

and 90% decay (T90) are the time taken, from peak fluorescence, for the transient

to decrease to 50% and 90% of the peak transient amplitude respectively, during the

recovery phase of the transient.

3.2.6 Statistical analysis

Three measurements were taken for each experiment and expresses as mean plus or

minus the standard deviation. For the cell alignment three independent experiments

were performed and results were compared using an unpaired Student’s t-test assuming

the significance when p≤ 0.05. Cell aspect ratio and area were taken from three images

of three different samples they were compared using an unpaired t-test (two-tailed)

assuming the significance when p≤ 0.01.

3.3 Results and Discussion

3.3.1 Topography evaluation

3.3.1.1 Parylene C and PDMS flat constructs

The effect of thickness and the presence of two materials in hybrid constructs were char-

acterised using AFM. These results were necessary to evaluate the surface topography
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before nanoindentation tests and contact angle measurements. Nanoindentation results

can be affected by surface roughness if it is comparable to the diameter of the tip (in-

denter) [35]. Contact angle also depends on surface roughness based on Wenzel model

[36]. Flat polymeric films were used for nanoindentation and contact angle. In particu-

lar, the same thickness of the films employed to fabricate microgrooved constructs was

considered. Figure 3.8 shows the 2D AFM images (scan area of 10 µm x 10 µm) of single

Parylene and PDMS films and composite Parylene C/PDMS.

Figure 3.8: AFM topographies of Parylene C, PDMS and Parylene C/PDMS.

(a) Representative image of as deposited Parylene C 7 µm thick. (b) AFM image of
PDMS1 spin coated on a glass coverslip at 1000 rpm. (c) Representative image of

PDMS4 spin coated at 4000 rpm. (d) AFM image of PDMS1 spin coated on a glass
coverslip at 6000 rpm. (e) AFM image of PDMS1 beneath Parylene C (1 µm thick).
(f) AFM image of 7 µm thick Parylene C beneath PDMS6. Black scale bar: 2 µm

From the AFM image analysis, the roughness was obtained as root mean square average

of height deviations (Rq) defined as follows:

Rq =

√∑
Z2
i

N
(3.8)

Where Z is the height and N is the number of sampling points.

Amplitude parameters that give information of real height deviations of surface topog-

raphy [37] were evaluated using Skewness (Ssk), Kurtosis (Sku) and correlation length

(Sal). Skewness is a non dimensional value of symmetric topography height distribution

and it is an indication of the distribution of peaks and valleys on the sample’s surface.



Chapter 3.Microstructured 2-D hybrid platforms for aligning NRVMs 91

For a surface with a random variation in topography (Gaussian distribution), the skew-

ness value is zero [37]. If the height distribution is asymmetrical, and the surface has

more peaks than valleys the skewness value is positive. If the surface is more planar and

valleys are predominant the skewness value is negative. Kurtosis indicates whether sur-

face height distribution is flat or sharp about the mean [37]. A surface with a Gaussian

height distribution has a kurtosis value equal to three and it is called mesokurtic surface

[37]. Spiky surfaces have kurtosis values higher than three with more peaks and valleys,

whereas bumpy surfaces present a kurtosis value lower than three (Platykurtic surface).

Correlation length quantitatively defines the width of the surface structures. A large

value of Sal denotes that surface is dominated by low spatial frequency components,

while a small value for Sal denotes the opposite case [37].

According to Table 3.2 the roughness of Parylene C is higher than the PDMS thin films,

and the roughness depends on the thickness of the material as reported in previous

studies [9]. The roughnesses of Parylene C 7 µm thick and Parylene C 25 µm thick

were extracted. The topography of Parylene C 25 µm thick is shown in Figure of

Appendix B. The roughness significantly increases from 8.29 ± 0.17 nm to 12.40 ±

0.78 nm for Parylene C 7 µm thick and Parylene C 25 µm thick respectively. On the

other hand, PDMS does not present a thickness-dependent surface roughness, and Rq

resulted almost constant for all spin-coated films. Furthermore, composite films based on

Parylene C and PDMS are not influenced by the underlying material. PDMS1/Parylene

C with Parylene C atop presents a roughness close to Parylene C 1 µm thick [9] whereas

Parylene C/PDMS6 constructs present a roughness very similar to PDMS6 coated on

the top.

Table 3.2: Parameters of surface characterisation.

Sample Rq (nm)a Ssk
a Sku

a Sal (nm)a

Parylene C-7 µm 8.29±0.17 0.14±0.06 2.98±0.06 260.33±10.97
PDMS1 0.59±0.01 0.06±0.02 3.11±0.03 452.67±137.03
PDMS4 0.54±0.01 0.01±0.007 3.1±0.16 471.0±0.0
PDMS6 0.51±0.02 -0.03±0.02 3.12±0.07 393.3±3.80

PDMS1/Parylene C 4.24±0.16 0.94±0.78 3.49±0.82 158.67±2.89
Parylene C/PDMS6 0.46±0.03 -0.20±0.04 3.68±0.15 388.67±4.04

a all the values are averaged on three different areas of the same sample

Regarding Ssk, all the samples present values close to zero. PDMS6 and Parylene

C/PDMS6 shows a more planar surface with predominant valleys denoted by negative

values.
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Sku is lower than 3 only for Parylene C meaning that this material presents a more

smooth surface than PDMS. In addition, Parylene C coated on PDMS1 have a spiky

surface influenced by the presence of the underlying Parylene C.

Correlation length is high for all the samples, so they have planar structures on the

surface. The composite PDMS1/Parylene C presents a lower value of Sal with smaller

grain structures.

In conclusion, for composite materials, Rq is not affected by the underlying polymeric

film and its value is close to the value of the single material coated on the top. Composite

materials have a high value of Sku with a more bristly surface. Only PDMS1/Parylene

C has a lower correlation length value in comparison to the other samples and thus a

less planar surface.

3.3.1.2 Optimisation of oxygen plasma treatment of PDMS

In this work, oxygen plasma was used as a method to treat the surface of PDMS before

cell culture. PDMS is highly hydrophobic in its native state and oxygen plasma can

be used to render its surface hydrophilic. This step is very important to improve cell

adhesion [38]. RIE and ICP were adopted since they are compatible with the microfabri-

cation process used in this work to fabricate the scaffolds. After spin-coating and curing

of PDMS6, PP1 scaffolds are exposed to oxygen plasma (RIE) for 15 sec to mildly treat

the surface before cell culture. PP2 scaffolds instead are treated with ICP because it is

used to etch Parylene C coated on the top and selectively create hydrophobic Parylene

C strips and hydrophilic PDMS channels. The difference between ICP and RIE is the

power of the plasma and then the exposure plasma dose (plasma power (W) x plasma

time (s)) used.

However, it necessary to focus on the complications which may arise when treating

PDMS with high plasma dose plasma. It is well-known that the physicochemical prop-

erties of the PDMS surface may affect cell adhesion and function [38]. Furthermore, the

control of the surface roughness of the PDMS is essential. The two main issues found

during plasma oxygen treatment were the appearance of a nanotextured surface and the

formation of cracks.

The presence of nanotextured topographies was found when the chamber of ICP and RIE

was not cleaned before each treatment. Without cleaning the chamber, a nanotextured
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surface was found on PDMS. This phenomenon was attributed to the presence of residues

of perfluorocyclobutane (C4F8) in the chamber of the ICP and RIE. The formation of

silica dioxide (SiO2) on the surface of PDMS during oxygen plasma can create volatile

tetrafluorosilane (SiF4) and carbon dioxide (CO2) that enhances the etching [39] of the

material. This issue was solved by cleaning the chamber of ICP and RIE before each

process. Topographies reported in Figure 3.9.a,b are the correct topographies obtained

for PDMS1 and PDMS6 after cleaning the chamber.

Figure 3.9: AFM images of the PDMS topographies after cleaning and without
cleaning of the ICP and RIE chamber.

In (a) and (c) are shown AFM images of PDMS1 exposed to oxygen plasma (ICP) for
1 min and in (b) and (d) AFM images of PDMS6 exposed to RIE for 15 sec.

PDMS(a),(b) and (c) were taken at scan size 5 µm x 5 µm; (d) was taken at scan size
2 µm x 2 µm.

Rq for PDMS1 treated for 1 min in ICP was found to be 0.503 ± 0.05 nm whereas Rq

for PDMS6 treated for 15 sec in RIE was found to be 0.311 ± 0.16 nm. The roughness

of PDMS6 after RIE slightly decreases from the value found for the untreated surface

shown in Table 3.2. Moreover, the roughness of PDMS after plasma oxygen without

cleaning the chamber increases dramatically. Rq for PDMS1 after ICP 1 min without

cleaning is 7.33 ± 0.64 nm and Rq for PDMS6 after RIE 15 sec without cleaning is 6.55 ±

1.14 nm. Figure 3.9.c,d reported the topographies of PDMS after plasma oxygen without
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cleaning the chamber of ICP and RIE. The optimisation of oxygen plasma treatment of

PDMS was important because nanotexturing results in an increase of surface area and

can consequently modify the wettability of the material [40].

The formation of cracks which is a common problem of PDMS is related to the formation

of cracks when exposed to oxygen plasma [41]. The chemical effect of the plasma on

PDMS is the formation of a silica (SiOx) crust [42, 43] on the surface. This layer cracks

due to the presence of residual tensile stress created on a pre-strained underlying PDMS.

The plasma dose heats up the PDMS [42], and when at the end of the process the sample

cools down PDMS relax, and silica-like layer spontaneously cracks. Nevertheless, the

heat generated by the plasma expands the PDMS that expands during the treatment

(≤ 1% [44])) according to its thermal expansion coefficient (α ∼ 3.0 x 10-4 ◦C-1 from -55

to 150 ◦C [42]. The mismatch between the coefficient of thermal expansion of PDMS

and the silica-like layer (αPDMS ∼ 500αsilica [44]). The compressive stress in the silica

layer increases as the temperature drops during the venting with nitrogen after plasma.

Seighir et al. have studied the thermal expansion of PDMS during plasma oxygen at

plasma dose ranging from 1.8 kJ 180 kJ and they considered the variation of temperature

as a difference between the temperature inside the plasma and the temperature after

venting the chamber. For example, PDMS which receives the highest dose reaches a

temperature of 57 ◦C during plasma treatment corresponding to a difference of 37 ◦C

with a biaxial strain of 1.2 %.

PDMS6 exposed to oxygen plasma in RIE for 15 s was subjected to a dose of 3 kJ, and

60 kJ for PDMS1 exposed to oxygen plasma in RIE for 1 min. PDMS1 in ICP was

exposed to a higher dose: for 1 min, the plasma dose is equal to 60 kJ, and for 10 min

the plasma dose is equal to 600 kJ respectively. Figure 3.10.a,b shows the formation of

cracks only on sample treated at 600 kJ (exposure time 10 min). Optical micrographs

in Figure 3.10.c,d give a comprehensive vision of the distribution of cracks.

To summarise, after studying the topography of PDMS before and after plasma oxygen,

microfabrication process was optimised by cleaning the chamber of the ICP and RIE

before the treatment and using low exposure dose to avoid cracks. Therefore, the fab-

rication of PP1 and PP2 scaffolds is optimized by exposing PDMS to a lower dose of

oxygen plasma avoiding microcracks.
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Figure 3.10: AFM images (a,b) and optical micrographs (c,d) of PDMS1 films
treated with oxygen plasma using ICP at 1000 W for 1 min and 10 min respec-

tively.

(Black scale bar: 2 µm and red scale bar: 500 µm).

3.3.1.3 Microgrooved structures

As discussed before, to fabricate hybrid scaffolds a sandwich between two polymers is

exploited. A new method to pattern PDMS via Parylene C is demonstrated avoid-

ing complex techniques and allowing more elastic substrates with micro-scale features.

Parylene C was fabricated with depth of the features of 17.65 ± 0.86 µm in order to

have wrinkled surfaces made of PDMS. The height of bottom trenches, the spin speeds

and the viscosity of the underneath material affect the leveling of upper materials during
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spin coating [45]. Different spin speeds have been explored and highly anisotropic struc-

tures were found only at 4000 rpm (Figure 3.11.a) and 6000 rpm (Figure 3.11.b). At low

velocities such as 1000 and 2000 rpm the PDMS top layer on micro-grooved Parylene C

was found to be a non continuous film with holes deep about 1-3 nm (see Appendix B).

Figure 3.11: AFM measurements (scan area of 50µm x 50µm) at two different target
spin speeds and the relative average height profiles.

At 4000rpm (a) and 6000rpm (b) AFM images show well defined wrinkled
topographies. The average height profiles at 4000rpm (green) and at 6000rpm (red)

corresponding to the AFM images are shown in (c) providing the height and the
wavelengths of the grooves at 4000rpm (λ4000) and at 6000rpm (λ6000).

The average height was extracted from height profiles traced alongside the x direction

(perpendicular to the grooves) (Figure 3.11.c) and it was found to be 459.94 ± 21.32 nm

at 4000 rpm and 1.15 ± 0.03 µm at 6000 rpm. The wavelength (λ) of the grooves at 4000

rpm (λ 4000) is 19.35 ± 0.1 µm and at 6000rpm (λ 6000) is 19.55 ± 0.01 µm. The wave-

length of the microgrooves is almost 20 µm following the underneath pattern of Parylene

C (ridge of approximately 4 µm, groove of almost 14 µm and pitch of almost 19.5 µm).

The features obtained with this technique could mimic the fibrillar composition of the

ECM of the heart and the nano- and microgrooved topography with these characteristics

promotes sarcomeric organisation and alignment on cardiomyocytes [46]. A composite

Parylene C/PDMS has three main advantages. First, this composite construct can be

peeled off and become a free standing structured elastic membrane. Parylene C is used

as a supportive layer that help thin PDMS to be handled and patterned at the same

time. Secondly to have a PDMS based substrates we do not use materials underneath

PDMS that needs to be dissolved in water in order to obtain free standing elastic PDMS

membranes [47]. Finally, Parylene C/PDMS (PP1) is a composite material with elastic

anisotropic structures controllable by changing the velocity of the spin coating process.

Previous studies have demonstrated that NRVMs can align significantly (modulus of

angle of cell from mean axis approximately 25◦) along the direction of the lines created on

HH scaffolds with depth of almost 1 µm [34]. However, these scaffolds were not matching
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the mechanical conditions of the myocardium and cells were mainly aligned by growing

on the hydrophilic channels [32]. In this work, the mechanical properties of the Parylene

C and PDMS (more elastic) were combined to create hibrid soft culturing substrates,

alleviating the challenges of handling PDMS as a thin film. Wrinkled topographies

made of PDMS were considered more appropriate to mimic the natural topography

of the heart tissue. The width of the grooves was selected to be 10 µm based on prior

experiments [32] and the height of the grooves fixed to almost 1 µm since previous studies

have demonstrated NRVMs align significantly along the direction of the lines with depth

ranging from 0.5 to 2 µm [32]. In addition, relatively shallow topographies were exploited

becuase they mimic more the natural condition and allow more connections between

cells. To quantitatively evaluate the accuracy of the fabrication process the profiles

extracted from AFM images have been studied and compared. In Figure 3.12.a,b,c are

shown the topographies of the samples and Figure 3.12.d,e,f presents the relative profiles.

Regular profiles for all three microfabrication processes were observed. Depth and width

of ridges, grooves and pitches have been extracted from profiles traced on AFM images.

Figure 3.12: Topographic images of the three scaffolds (a-c) and the corresponding
height profiles (d-f).

Table 3.3 shows the data derived for the three scaffolds. Pitches were evaluated for HH

and PP2 constructs whereas the wavelength has been determined for PP1 scaffolds. The

wavelength is measured as the average distance between two adjacent wave peaks. We

have here demonstrated that it is possible to fabricate hybrid scaffolds with controllable

features with a simple process. This process is wafer-based (∼ 110 scaffolds per 6

inch wafer), conventional and not time consuming. In particular, in the case of PP1
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we can also control the height of the waves at the nano and microscale as previously

demonstrated.

Table 3.3: Profilometric data for the three microstructured constructs.

Scaffold Ridge (µm) Groove (µm) Pitch/wavelength (µm) Depth (µm)

HH 8.95±0.45 6.84±0.57 18.13 ±0.6 0.89±0.01
PP1 20.23±0.13 0.94±0.11
PP2 9.45±0.59 5.36±1.23 17.10±0.67 0.63±0.15

3.3.2 Investigation of the surface chemistry

To obtain ridged PDMS surfaces, we needed to spin coat PDMS at high speeds (6000

rpm). Thereafter, we have hypothesized that spin coating might affect the PDMS me-

chanical properties. This supported by the fact that PDMS polymer chains can be

stretched by shear stress during spin-coating and this phenomenon can influence the

elastic modulus of PDMS [48]. Raman spectroscopy can be used to study the presence

of local stress on amorphous materials because strain induces a shift in the vibration fre-

quencies of the molecules [49]. Raman spectra for PDMS films at different speed values

(500-6000 rpm) were acquired, but we have not measured any shift in the peaks. The

peaks are in the same position with different intensities, due to the different thickness of

the material. Figure 3.13.a shows PDMS spectra for PDMS bulk, PDMS0.5, PDMS1,

PDMS4 and PDMS6. Typical PDMS Raman peaks have been found to be consistent

with literature [50], [51] . The band between 150 and 300 cm-1 is always present and

corresponds to C-C bending vibrations [52] . The peak at 486 cm-1, typical for the

native PDMS, corresponds to Si-O-Si bonds stretching. Other typical peaks of PDMS

have been found at 615, 690 and 708 cm-1 that correspond to vibration of methyl groups

(-CH3 ), Si-CH3 symmetric rocking and Si-C symmetric stretching. Other peaks at 860,

1260 and 1460 cm-1 are related to -CH3 symmetric rocking, -CH3 symmetric bending

and -CH3 asymmetric bending. The two strong peaks at 2907 cm-1 and at 2966 cm-1

correspond to symmetric and antisymmetric -CH3 stretching [6], [53].

Oxygen plasma has extensively been used to improve the hydrophilicity of PDMS sur-

face, especially for cell culture applications. The treatment of oxygen plasma on PDMS

changes the surface properties by destroying Si-CH3 groups and introducing silanol

groups (Si-OH) and alcohol groups (C-OH) [54]. In our case, we have investigated
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Figure 3.13: Raman spectra of PDMS plain surfaces at different spincoating and
after oxygen plasma treatment.

Raman spectra of PDMS thin films obtained at different spincoating (a). In (b) is
shown a sketch of surface chemistry modification of PDMS after oxygen plasma. In (c)
there are the Rama spectra of pristine and un-treated PDMS1. Raman spectra zoom is

shown in (d): 200-800 cm-1 (1) and 1200-1600 cm -1 (2) with Raman peak shift
(around 1406 cm-1)).

PDMS1 surface chemistry immediately after plasma oxygen in ICP for 1 min. At first

glance, Raman spectra shown in Figure 3.13.c demonstrate an extensive change in the

peak intensity so much as they disappear at certain Raman shift values. In the range

of 200-800 cm-1 (Figure 3.13.c.1), the peaks disappear after the treatment. For exam-

ple, Si-O-Si peak is not evident, probably as a consequence of the breaking of the Si-O
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bond and the formation of Si-Ox on the surface [55]. The peaks related to Si-CH3 sym-

metric rocking, Si-C symmetric stretching and Si-CH3 asymmetric rocking, also sharply

decrease till they blend. This could be due to the modification of the surface by the

exposure of the oxygen plasma. In the range of 1200-1600 cm-1 (Figure 3.13.c.2) the

peak at 1261 cm-1 of CH3 symmetric bending disappears whereas the peak at 1406 cm-1

for CH3 asymmetric bending is shifted by almost 20 cm-1. This suggests a structural

rearrangement of PDMS has occurred after plasma oxygen.

To better quantify the atomic composition of oxygen plasma on the surface of PDMS1,

we performed XPS for chemical analysis after 1 min and 10 min of treatment in ICP.

XPS is a surface analytical technique which is based on photoelectric effect. It counts

the number of ejected electrons from a surface irradiated by X-rays [56]. The number

of photoelectrons of each element depends on the atomic concentration of that element

in the sample. An XPS spectrum (survey spectrum) represents the number of electrons

that escape from the material and includes a contribution from background signal and

resonance peaks corresponding to the bound states of the electrons of the atoms in the

surface [56]. Figure 3.14 shows representative XPS surveys of the pristine (red) and

plasma-activated (green) PDMS1 for 1 min at the etch time of 80 s. All the binding

energies are referenced by setting the maxima of O1s peaks of the samples to 532.9 eV.

The obtained spectra are comparable to the spectra reported in literature [57]. Among

all the elemental peaks, the O1s peak attributed to Si-O-Si presented for the plasma

treated PDMS1, indicating the high concentration of oxygen after the treatment. In

addition, no elements other than C, O and Si were found on the PDMS samples.

The atomic concentration (at. %) of PDMS1 before and after treatment was extracted

using ion gun etch cycle for eleven times (440 s) as shown in Figure 3.15.a. Each cycle

exposed a new surface during the acquisition of the XPS spectra [58]. In Figure 3.15.a.

XPS results of Si2p over an etch time of 440 s are shown. The atomic composition

data are reported as a function of etching time. Bare PDMS1 and treated PDMS1 were

compared. As mentioned before, longer oxygen plasma treatments produced cracked

surfaces attributed to the formation of a silica-like layer on PDMS. The presence of

silica is confirmed by the % of oxygen (O1s) on untreated PDMS1 and treated PDSM1 as

shown in Figure 3.15.b. O1s is almost constant for pristine material with a concentration

of about 27 at. % coherent with the stoichiometric composition [43]. For PDMS treated

for 1 min O1s was higher for the first two cycles (120 s), and it decreased until reaching
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Figure 3.14: XPS survey represented by lines of two different colors (red pristine
PDMS1 and green PDMS1 after 1 min plasma treatment). The spectra are com-

pared at the etch time of 80 s.

the value relative to the concentration of pristine PDMS. PDMS1 treated for a long time

presented a higher concentration of oxygen almost constant for all the etching cycles (∼

at 56%). On the other hand, PDMS1 treated for 1 min presented an increase in carbon

content (C1s) from 4.04 at. % to 31 at. % as shown in Figure 3.15.c . C1s found in the

first etching could include part of the adventitious carbon due to air [59]. Moreover, the

majority of carbon species on the PDMS surface can be attributed to methyl groups,

Si-CH3 (C1s binding energy ∼ 285.0 eV). Carbon significantly decreased while that of

oxygen increased, and it remained constant for all the etching levels only for PDMS1

treated for 10 min whereas in the case of PDMS1 treated for 1 min C1s starts to increase

after the second etching. This is a clear indication that the silica-like layer was thicker

for PDMS1 treated for a long time than PDMS1 treated for a short period. The Si2p

peak at ∼ 102.0 binding energy for untreated PDMS was consistent with literature [59].

The peaks for the treated samples were found to be significantly broader, and peaks

were shifted to ∼ 103.5 for treated samples according to the work reported by Owen et

al. [43]. The atomic composition of Si2p (Figure 3.15.d) started increasing in all the

samples, and it showed values of atomic composition higher for treated samples than

untreated ones (∼ 35.7 at % for untreated samples and ∼ 39.8 at % for treated samples).
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Figure 3.15: XPS surface analysis of PDMS1 before and after oxygen plasma.

(a) Segment of an XPS depth profile after eleven etches. (b),(c) and (d) O1s, C1s and
Si2p composition measured during eleven etch times.

3.3.3 Surface wettability of flat and grooved surfaces

PDMS is inherently hydrophobic because of its chemical composition (repeating monomeric

unit -OSi(CH3) and presents a contact angle in the order of 120◦ [60]. Several strategies

have been employed so far in order to modify the PDMS surface for biomedical systems

and improve cell-surface adhesion. They can be divided into two groups: 1) mechani-

cal treatments such as plasma treatment [61], UV-ozone [60] and corona discharge [62]

and 2) chemical functionalisation such as silanisation [14] and chemical stabilisation

[63]. However, PDMS shows a fast ’hydrophobic recovery’ (hours) after hydrophiliza-

tion mainly attributed to its low glass transition temperature (- 125◦), whereby low

molecular weight hydrophobic oligomers are free to migrate from the bulk to the surface

increasing the contact angle [64]. Hydrophobic recovery is also affected by a variety of

experimental conditions such as sample thickness, curing conditions, vacuum treatment
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conditions and plasma treatment time [6]. In this work, we have used an oxygen plasma

treatment of PDMS1 since it is a fast method, compatible with microfabrication tech-

niques and increases the biocompatibility[65]. Also, since the hydrophobic recovery of

PDMS is elusive, the wettability of PDMS1 has been monitored measuring the contact

angle after preparation, immediately after plasma oxygen and for 7 days. RIE and ICP

have been compared using the same exposure time but different plasma powers.

Figure 3.16: Comparison of hydrophilicity restoration of PDMS1 after RIE and ICP
treatment.

Static contact angle of 5µl water drops on flat PDMS1 before oxygen plasma and 1 day
after the treatment with RIE and ICP (a, b, c). A comparison between PDMS1
samples differently treated with oxygen plasma generated by RIE and ICP (d).

Pristine PDMS1 shows its hydrophobicity with contact angle 122.9 ± 2.36◦ (Figure

3.16.a). After oxygen plasma (day 0) the contact angle decreases to 26.3 ± 4.1◦ for

ICP and 25.73 ± 5.35◦ for RIE. These values are almost comparable at the day 0. On

the contrary, at day 1 after the treatment PDMS1 treated with ICP showed a more

hydrophilic surface with contact angle of 31.07 ± 5.35◦ in comparison to the RIE with

54.70 ± 6.30◦ as contact angle (Figure 3.16.b,c). Figure 3.16.d shows the trend of the

contact angle of PDMS1 for 7 days and apart the day 0 results show that ICP is a more

effective treatment with a lower contact angle in comparison to RIE treatment. This

means that high-power plasma process causes long-term hydrophilicity consistent with

literature[54].

When a liquid droplet is placed on a wrinkled PDMS surface with sinusoidal ripples, it

wets anisotropically with a smaller contact angle perpendicular (θ⊥) to the direction of

the grooves and larger contact angle parallel to the grooves (θ‖) [66, 67, 68]. In this work
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we have also examined the wettability of PP1 scaffolds. In Figure 3.17. a,b is shown the

schematic convention used to measure θ⊥ (position of PP1 orthogonal to the camera)

and θ‖ (position of PP1 parallel to the camera). PP1 samples have been treated using

RIE for 15 s and the contact angle has been monitored for 6 days. Before the treatment

the values of the contact angles of PP1 are comparable with 112.8 ± 6.8◦ and 104.43 ±

9.3◦ for θ‖ and θ⊥ respectively (Figure 3.17.c,d). Immediately after the oxygen plasma

(day 0) θ‖ and θ⊥ sharply drop (Figure 3.17.e,f) and θ‖ is larger (26.2 ± 2.8◦) than θ⊥

(11.5 ± 1.2◦). As shown in Figure 3.17.g θ‖ is larger than θ⊥ up to 4 days and they start

to be similar at day 5 after the treatment, but still with values lower than the untreated

substrate. After 6 days PDMS1 samples recover the hydrophobicity with θ‖ equal to

79.90 ± 10.31◦ and θ⊥ equal to 78.53 ± 6.06◦.

Figure 3.17: Contact angle measurements on PP1 substrates in two different direc-
tions (parallel (θ‖) and perpendicular (θ⊥) from the side view).

Schematic illustration of the contact angle measurements on the grooved structures in
orthogonal (a) and parallel direction (b). Shape of water droplets on perpendicular

and parallel direction before oxygen plasma (c,d) and immediately after the treatment
(e,f). In (g) contact angle measurements of PP1 samples in both perpendicular and
parallel directions as a function of time are compared. (The error bar indicates the

standard deviation of the mean value).

3.3.4 Mechanical characterisation of the scaffolds

3.3.4.1 Towards ’true’ mechanical properties of PDMS thin films

Nanondentation has been chosen as an experimental method because it can be used to

test the elastic properties of small-scale samples such as thin films. However, with this
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technique the elastic modulus can be influenced by a combination of different factors

such as the elastic and plastic effect of the substrate [69], size effects typical of polymers

[70] and sink-in and pile-up [71].

PDMS6, PDMS bulk and also PDMS with a composition 25:1 (monomer: curing agent)

were compared in order to determine the elastic properties. The latter was a good control

since it is well-known that its Young’s modulus is typically lower than PDMS with a

composition 10:1 [1]. PDMS6 was obtained by the same spin-coating process employed

for the fabrication of wrinkled scaffolds. PDMS bulk was considered as another control to

understand if the elastic modulus was comparable to the PDMS thin film with the same

polymeric composition. Samples were analysed in load-control mode with a trapezoidal

input function (Figure 3.18.a) at a constant loading rate. During nanoindentation, the

applied load can be controlled, and the penetration depth was continuously recorded.

During the dwell time, the maximum load was kept constant, and the displacement

was measured overtime (creep test). After the dwell time, the tip was unloaded. The

force and the displacement were recorded during the unloading time. Oliver and Pharr

indentation method was applied assuming the elastic unloading of the indenter based

on the classic theories of the elastic contact [72].

Typical loading-unloading (P-h) curves of the samples at the same indentation load (1.3

mN) are reported in Figure 3.18.b where in black is shown the P-h curve for PDMS

25:1, in red the P-h for PDMS6 and in blue the P-h of PDMS bulk. These curves

clearly show that PDMS10 and PDMS 25:1 have higher hysteresis than PDMS bulk

and low hmax at the same load. From these curves we expect to have a reduced elastic

modulus, Er higher and almost similar in the case of PDMS 25:1 and PDMS6 respect to

PDMS bulk. The elastic moduli of the samples, Es were calculated empirically using the

equation 3.5 (see section 3.2.4.1) that takes into account the influence of the substrate

by including a term due to the substrate with the reduced elastic modulus. With this

equation, different values of elastic moduli were extracted, and the real elastic modulus

of PDMS was obtained by extrapolating the data points at zero loads reducing the

substrate influence.

In PDMS 25:1 substrate effect is evident because the Young’s modulus linearly depends

on the substrate with a positive slope (Figure 3.18.c). Each point in Figure 3.18.c

represents the average value of Es after fifteen indentations carried out by a Berkovich

tip. A similar trend was found for PDMS6 where the substrate effect was more evident
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with the increasing of the load applied (rake angle higher than PDMS 25:1). Figure

3.18.d reports the average values of Es of PDMS6. Elastic moduli at zero load were

extracted from Es fitting and they are much higher than the expected values known

from the literature (almost 1 MPa) [22]. The elastic moduli found at zero load were 28.1

MPa, 22 MPa for PDMS 25:1 and PDMS6 respectively. For PDMS bulk a non-linear

trend was found (Figure 3.18.e), and the exact value of the elastic modulus was difficult

to predict. Considering only 2 mN and 3.5 mN as maximum loads, Es was found to be

constant with a value of almost 3.2 MPa as reported in Figure 3.18.e. The non-linearity

of the trend could be due to the heterogeneity of PDMS in the polymeric composition.

From the analysis of nanoindentation curves of PDMS thin films the elastic modulus

was found to be one order of magnitude larger than the values presented in literature.

PDMS bulk instead shows a familiar mechanical behavior comparable to results reported

in literature (0.5-3.5 MPa [30]). There are several aspects that can influence these results.

Many studies showed that creep can lead to an overestimation of the elastic modulus

[73]. Creep is an indication of the time dependent properties of the material (viscoelastic

effects). It is measured holding the maximum load for a short period of time. If the

unloading curve exhibits a nose this means that the indenter continues to sink into the

material even though the load is decreasing [22]. As shown in Figure 3.18.f there are

no noticeable changes in material properties over time and the depth of the materials

during holding time is almost constant.

On the other hand, soft thin films are coated on hard substrates that can strongly affect

the mechanical properties of thin films. Generally, substrate effects can be minimised

limiting the indentation depth to 10 % of the film thickness. However, this empirical

rule is not always reliable especially if the mismatch of the elastic moduli between the

film and substrate is very large [69]. The maximum depths found for PDMS 25:1 and

PDMS6 were 1.67 µm ±0.07 µm and 1.27 µm ±0.08 µm respectively. The 10 % of the

thickness of the film was exceeded, thus the overestimation of the Young’s modulus in

this case was strongly affected by the rigidity of the substrate.

Other possible aspects that can affect the elastic properties of the elastic films were

also verified. According to the Sneddon theory, ’m’ in the power fitting of unloading

portion of the P-h curves is generally expected to be lower than 2 in order to apply the

Oliver-Pharr model for polymers. For PDMS 25:1 and PDMS6 m was found higher than
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Figure 3.18: Plots of nanoindentation measurements.

Schematic of the trapezoidal load-time control during each experimental test(a); (b)
typical load-displacement curves for three different types of PDMS; (c), (d) and (e)

elastic moduli calculated using the Oliver-Pharr method; (f) creep displacement
measured during holding time; (d) elastic modulus of the sample vs maximum

displacement measured at 0.1 mN, 0.2 mN, 0.5 mN, 1 mN and 1.3 mN for PDMS 10:1
and PDMS 25:1 thin films and 1.3 mN, 2 mN, 4 mN and 6 mN for PDMS bulk (10:1).



Chapter 3.Microstructured 2-D hybrid platforms for aligning NRVMs 108

2 (2.8 and 3.4 respectively) and consequently the wrong elastic modulus was possibly

due to the erroneous model applied. Probably, Oliver-Pharr was not the correct model

for extracting the real values of the Young’s modulus. Moreover, in the Oliver-Pharr

method the area due to pile-up is not considered, and consequently it can underestimate

the contact area and consequently overestimates the elastic modulus [69]. In order

to estimate the pile-up effect the ratio hf/hmax was considered. The limits for this

parameter are 0 ≤ hf/hmax ≤ 1. The lower limit corresponds to fully elastic deformation

whereas the upper limit corresponds to rigid-plastic behavior [18]. If this ratio is higher

than 0.7 a pile-up effect can occur [74]. Pile-up effect is commonly observed for softer

coatings on hard substrates. This value was found lower than 0.7 (∼ 0.3) for both PDMS

thin films, so there was not a pile-up effect that influenced the wrong value of the elastic

modulus.

Another possible influence of the erroneous value of the elastic modulus is due to size

effects including roughness, adhesion and heterogeneity of the material through thickness

[70]. Increases in the hardness with decreasing indentation depth are usually related to

the indentation size effects [70]. Figure 3.19 shows the hardness of the three PDMS

samples. PDMS 25:1 thin film did not show evident size effects since the hardness

resulted in a constant at four maximum displacements (Figure 3.19.a). For PDMS6 and

PDMS bulk size effects occurred since the hardness increased at low maximum depth

(Figure 3.19.b,c) and remained constant at a high applied load, confirming the size effect

behavior.

Inaccuracy in the choice of the zero displacement position can also influence the values of

the elastic modulus. In this work the maximum displacement was measured controlling

the applied load. Indeed, for soft materials the error due to the detection of the surface

can be quite large [75].

PDMS bulk showed a well-known behavior with lower Young’s modulus and hardness.

In addition, the exponent m was found to be lower than 2 (1.4, 1.5, 1.5 at maximum

loads of 1 mN, 2 mN and 4 mN respectively) indicating that Oliver-Pharr method can be

applied for this material based on Sneddon assumption. The more elastic behavior of the

bulk is also evident in the ratio hf/hmax that was found to be much lower than thin films

with a value close to 0 (exactly 0.07). The heterogeneity of PDMS due to the difference

in the degree of cross-linking appeared in the elastic modulus trend of Figure 3.18.e

where we can see the two regions identified by Charitidis et al. [22]. The surface/near
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surface region is between 1.3 mN and 3.5 mN with 9.9 ± 0.2 µm ≤ hmax≤ 20.4 ± 0.06

µm. From 4 mN a bulk region of the sample is detected with a low elastic modulus. For

PDMS bulk the elastic moduli are in the expected range and the evaluation of the real

values is mainly affected by the heterogeneity of the material. Many models have been

applied so far to solve this issue (e.g correction factor [76]), but still there are critical

factors associated to the application of nanoindentation to soft polymers such as PDMS

[77].

Figure 3.19: Hardness of PDMS 25:1, PDMS6 and PDMS bulk at different maxi-
mum depths averaged on fifteen indentation points.

Table 3.4 shows all the characteristic parameters extrapolated at the same maximum

load. The table also shows the elastic recovery defined with the coefficient η calculated

as (hmax-hf)/hmax. From the table we can see more elastic behavior of PDMS bulk than

thin films with an elastic recovery of about 95 %.

Results obtained from the nanoindentation tests clearly show a difference in the elastic

behavior between thin films and bulk. Liu et al. suggested that the spin-coating can

affect the elastic properties of the material because during spin coating process, random

coiled polymer chains present in PDMS solution can be subjected to shear forces due

to the relative motion between the spinning wafer substrate and the viscous PDMS
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Table 3.4: Values extracted from nanoindentation tests at maximum load of 1.3 mN.

Sample m hmax (nm) hf/hmax Elastic
recovery(%)

H (MPa) Es

(MPa)

PDMS 25:1 2.8a 4000.3±88.0 0.30 69.6 ±1.9 3.9± 0.2 30.4±1.3

PDMS6 3.4a 3112.8± 76.8 0.33 67.1±2.6 5.3±0.3 62.7±2.2

PDMS bulk 1.4a 9882.1±167.8 0.05 95.0±1.5 1.3±0.2 4.0±0.1
a
Power low exponent found on the averaged curves;

mixture and the material can become more crystalline [48] (more ordered polymeric

chains). From this hypothesis and from the issues related to the nanoindenter we moved

to another technique to see if there is any effect in the elastic modulus of PDMS when

spin coated.

Even though different mathematical models have been applied to correctly determine

the Young’s modulus from a variety of nanoindentation methods, AFM resulted the

most appropriate nanoindentation technique to adopt [78]. Therefore, the mechanical

properties of the PDMS were tested at different thicknesses. In Figure 3.20 a,b,c,d,

some representative force-distance curves of different films are shown. Force-distance

curves showed strong adhesion forces (from 27 to 56 nN), especially in the unloading

part (pull-off force), that appeared to be influenced by the probe state. Herein, the

same experimental evidence made by Kroner et al. were observed [79]. In fact, during

the first contact the adhesion force was lower than the second contact maybe because

some free oligomers that were pulled out from the sample and transferred on the tip [79].

Based on the force-distance curves obtained, the DMT model was the most appropriate

model to apply for evaluating Young’s modulus [80]. Table 3.5 reports all the mean

values extracted from force-distance curves. Data demonstrated that spin-coating did

not influence the elastic properties of the PDMS and the values of the Young’s moduli

were close to the expected value (almost 1 MPa) for all the samples.

Table 3.5: Parameters derived from force-distance curves.

Sample ∆Z (nm) Fn(nN) ∆D (nm) δ(nm) Fa(nN) Fa/R E (MPa)

PDMS bulk 77.75±9.76 11.62±0.74 58.09±3.72 19.66±6.50 45.45±5.90 0.0091 1.06

PDMS1 163.49±2.71 23.32±0.33 111.61±1.65 51.88±3.30 26.48±5.60 0.0053 1.04

PDMS4 161.56±8.60 23.42±0.60 117.11±1.28 44.45±7.90 55.76±13.0 0.0111 2.23

PDMS6 177.45± 4.64 24.8±0.31 123.97±1.57 53.48±4.33 35.42±3.75 0.007 1.22
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Figure 3.20: Representative force-distance curves acquired during indentation tests
for PDMS bulk (a) and PDMS thin films (b-d).

3.3.4.2 Mechanical properties of hybrid Parylene C/PDMS composite films

Repeatable load-displacement curves were obtained using the Oliver-Pharr method at

different loads with very low scattering. Typical curves of Parylene C at a maximum load

of 0.9 mN (Figure 3.21.a, black curve), PDMS at 1mN (Figure 3.21.a, red curve) and

composite Parylene C/PDMS (Figure 3.21.a, blue curve) are reported. The comparison

of the curves obtained for the three materials showed that the Parylene C had a less

elastic behaviour than PDMS and Parylene C/PDMS6. Also, the PDMS6 constructs

and the bilayer Parylene C/PDMS6 showed very similar behaviour. The maximum

displacement (hmax) at maximum load, the permanent depth (hf) when the indenter

was unloaded, and the Young’s modulus were also extracted. Parylene C also presented

an anomalous behaviour when Young’s modulus vs load was plotted. A polynomial fit

was found for all applied loads as shown in Figure 3.21.b. This was possibly due to

the heterogeneity of the polymer. The Young’s modulus of Parylene C drops sharply at

loads between 0.5 mN to 3 mN, and it starts to increase from 4mN to 6mN. The linear

fit was obtained using loads ranging from 0.5mN to 1.8mN, and the effective Young’s

modulus at zero loads was evaluated to be 4.85 GPa. The value of the Young’s modulus

of the sample extracted using the equation 3.5 with the reduced Young’s modulus is
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also reported. It was estimated to be 4.35 ± 0.38 GPa. Thin PDMS6 was also tested as

showed in detail in the previous section in order to compare the three materials. PDMS6

was softer than the Parylene C since the curve shows a high maximum displacement of

almost 2.9 µm at 1 mN. The reduced Young’s modulus was found to be 53.34 ± 2.1

MPa, and the value of the elastic modulus based on the equation 3.5 was 22 MPa. This

value was obtained with a linear fit of the Es at different loads considering the best fit

with R2 equal to 0.99 at 0.5 mN, 1 mN and 1.3 mN.

Nanoindentation tests on the composite material displayed a maximum displacement

close to the only PDMS and Young’s modulus two times higher than the sole PDMS.

Results demonstrated that Parylene C was influenced by the elasticity of PDMS in a

composite construct found more elastic than the only Parylene C. The trend of Young’s

modulus at different loads is shown in Figure 3.21.c. A linear fit with a positive slope

(R2 = 0.97) was obtained indicating that the elastic modulus strongly depends on the

load applied and on the substrate.

From nanoindentation curves hf/hmax was used to determine the prevalence of pile-up

or sink-in effect. It was suggested that the amount of pile-up would become obvious as

the ratio of hf/hmax becomes larger than 0.7 [81]. Parylene C showed values below 0.7

for loads ranging from 0.5mN to 1.8mN and higher than 0.7 (pile-up effect) at 2.5mN

and 6mN respectively demonstrating a plastic deformation. At 1.3mN and 1.8mN the

ratio hf/hmax was constant and the higher value closed to 0.8 was found at maximum

load of 6mN.

The elastic behavior of Parylene C/PDMS6 was evident not only from the values of the

Young’s modulus (59.33 ± 2.4 MPa and 47.3 MPa with and without the effect of the

substrate), but also in the ratio hf/hmax that was found to be lower than 0.7 (Table 3.6).

When the load increased the plasticity of the beneath Parylene C started to influence

the elastic behavior of the PDMS6 top layer as demonstrated from the ratio hf/hmax

ranging from 0.26 at 1 mN (Table 3.6 ) to 0.43 at 6 mN. The elastic recovery was found

to be 0.43, 0.66, 0.74 for Parylene C, PDMS and Parylene C/PDMS6 respectively. The

lowest value of Parylene C indicated that the Parylene C was not totally plastic but

elasto-plastic recovering the original depth by almost 50%.

The elastic work (WE) was given as elastic recovery of the material during the unloading

whereas the plastic work (Wp) was evaluated as the difference between the area under
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Figure 3.21: Mechanical parameters of Parylene C, PDMS6 and Parylene
C/PDMS6.

(a) Comparison of the load-displacement curves of Parylene, PDMS and composite
material at maximum load of 1mN and loading/unloading rate of 0.2mN/s.(b) Elastic
modulus trend of Parylene C at different loads. (b)Elastic modulus trend of Parylene
C/PDMS6 composite at different loads. (d) Creep of the tree samples during dwell

time.

loading and unloading curves. WE and Wp for Parylene C at 0.9 mN resulted 0.05 ±

0.005 nJ and 0.13 ± 0.05 nJ respectively. The WE of PDMS and Parylene C/PDMS

samples at 1mN resulted in almost the same equal to 0.6 nJ, confirming the elastic

behaviour of PDMS and of the composite Parylene C/PDMS.

Also, creep analysis (Figure 3.21.d) showed that the time-dependency was not so evident

for the three constructs and the creep was not affecting the results. Also, PDMS6 and

Parylene C/PDMS6 showed a slight difference in creep under the same load demonstrat-

ing that a similar behaviour between the samples.
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Table 3.6: Values extracted from nanoindentation tests.

Material hf (nm) hmax (nm) hf/hmax Es E

Parylene C 256.04a±18.4a 446.31±89.4a 0.57a 4.35± 0.4 GPaa 4.85 GPa

PDMS6 895.90±93.4b 2815.84±72.2b 0.33b 55.46±1.9 GPab 22 MPa

Parylene
C/PDMS6

723.33±184.4b 2818.25±60.8b 0.26b 59.33±2.4 MPab 47.3 MPa

a
Values for 0.9 mN; bValues for 1 mN

3.3.5 Application of the scaffolds with cells

3.3.5.1 Effect of hybrid scaffolds on NRVM alignment

After materials characterisation, the application in alignment of NRVMs was investi-

gated. Cells were cultured on HH, PP1 and PP2 scaffolds. HH scaffolds were used as

control since they have been reported in previous studies as good scaffolds for NRVMs

alignment [7]. However, the elasticity of HH scaffolds is not close to the elastic modulus

of the natural extracellular environment. This is the reason why PDMS was employed

as scaffolding material. Parylene C was mainly used as mask and supporting material

to pattern PDMS.

At first glance fluorescence images showed that cells were well-aligned only on HH and

PP2 scaffolds (Figure 3.22.a,b,c). PP2 scaffolds instead revealed more successful cell

alignment with cells forming a monolayer in comparison to cells seeded on PP1 scaffolds

where cells were more randomly distributed forming structures like clusters (Figure

3.22.d). Cells on HH scaffolds presented a more tubular morphology with sarcomere

striation whereas cells seeded on PP2 presented less striation with elongated myofibrils.

Since the topography of HH and PP2 scaffolds was almost the same, results suggested

that the cells behaved in a similar manner on such similar topographies. Moreover, the

alignment of NRVMs on these scaffolds did not reveal a significant difference, as shown

in Figure 3.22.d (average values of nuclei alignment of NRVMs on HH is 27.82 ± 6.36◦

and 37.74 ± 8.23◦ for PP2).

Cells seeded on the PP1 scaffolds (Figure 3.22.e) showed a random orientation with an

angle of 39.98 ± 10.7 ◦. This evidence can be attributed to the structures of the sur-

face. Results reported in literature demonstrate that myocytes can sense the microscale

topography developing an alignment in the preferential direction even if it is a wrinkled

PDMS surface [82]. According to the work of Lam et al. myotubes on wrinkled PDMS
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Figure 3.22: Cell alignment on engineered hybrid constructs.

In a) there are representative fluorescent micrographs of NRVMs aligned on HH
constructs at two different magnifications (4x and 40x), in b) cells aligned on PP2 and

in c) NRVMs randomly distributed on PP1. In d) an immunofluorescence image of
cells cultured on PP1 that forms a blob. In e) the moduli of angle of nuclei from mean

axis, aspect ratio and area is shown for the three scaffolds. Notes: white arrow:
direction of the pattern; white scale bar: 50 µm; yellow scale bar: 50 µm; green

labelling: Cx43 expression; * p ≤ 0.05; ** p ≤ 0.01.

with ripples of 1.7 µm height and wavelength 12 µm can show high orientation angles

rather than cells growth on shallow waves (300 nm deep) and lower wavelength (∼ 3

µm).

The general way to report cardiomyocyte morphology is the aspect ratio. This value

for cardiomyocytes typically ranges from 1.3 to 5 in vitro depending on the stiffness

of the substrates [83]. The aspect ratio reported in Figure 3.22.e evaluated on 25 cells

confirmed that NRVMs on PP1 scaffolds have a lower elongation with a lower aspect

ratio. Cells on HH and PP2 showed greater elongation and wise spreading in comparison

to cells on PP1.

Cell area was also investigated, and results reported an average value of 323.22 ± 161.90

µm2 for HH scaffolds and 242.05 ± 108.67 µm2 for PP1. Cells on PP2 revealed an area

of 354.83 ± 213.17 µm2 higher in comparison to cells seeded on HH and PP1. Cell

area distribution was more negatively skewed across the average value for HH and PP1

scaffolds than PP2 ones.

The behaviour of cells on PP1 scaffolds was more investigated changing the adhesion fac-

tor (fibronectin instead of collagen)with the aim to improve cell topography interaction.

However, our results revealed that cells still had a random orientation with the tendency

to form clusters. Figure 3.23.a,b shows two immunofluorescence images taken from cells
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seeded on PP1 coated with collagen and on PP1 scaffold coated with fibronectin. The

difference of the angle of nuclei alignment between the two scaffolds was not significant.

Nevertheless, cells on fibronectin-coated samples had a nuclei alignment slightly higher

as reported in the histogram of Figure 3.23.c.

Figure 3.23: Immunofluorescence images and nuclei alignment of cells on PP1 coated
with collagen and fibronectin. (* p ≤ 0.05)

3.3.5.2 Cell function

Calcium transient analysis for cells on HH, PP1 and PP2 scaffolds was performed to

study whether alignment and elasticity of PP2 scaffold affect significantly the calcium

transient properties of these cells especially in comparison to HH scaffolds. Within the

heart, adult human cardiomyocytes are elongated and aligned parallel to one another.

This organisation facilitates electrical signal propagation and then cell contraction. Also,

cells seeded on soft samples (stiffness in the range of 1 MPa) tend to exhibit better

contractile properties. Therefore, in this work cells seeded on PP1 substrates were

expected to show a fast beating. However, results revealed that stiffness and topography

did not affect cell function and cells did not show any difference in kinetic properties (Tp,

T50, T90) of the calcium transients (Figure 3.24). Likewise, there was no difference in the

rates of whole cell calcium release for all the substrates. Cells seeded on PP2 scaffolds
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show a slightly high value of Tp and T90 reuptake, but not significant. Furthermore, the

normalised baseline signals were constant for all the substrates.

Figure 3.24: NRVMs culturing on scaffolds coated with fibronectin and collagen.

Immunofluorescence images of cells on scaffolds coated with collagen (a) and
fibronectin (b). Cells in both scaffolds present similar random nuclear alignment (c).

(White scale bar: 50 µm)

3.4 Summary

In this chapter, a new technique to fabricate hybrid scaffolds using Parylene C as a mask

to pattern PDMS was described.

Furthermore, the mechanical properties of PDMS and Parylene C were benchmarked

using the nanoindenter and the AFM. AFM was revealed to be the most appropriate

technique to mechanically characterise PDMS. Plasma oxygen was used to hydrophilic

the surface of PDMS. The effect of oxygen plasma on PDMS surface chemistry was

investigated monitoring the wettability. ICP at the power of 1000 W was shown to

render a more effective hydrophilic surface than RIE at 200 W . The wettability of PDMS
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samples with uniaxial wrinkled surface was also studied, demonstrating a recovery of

hydrophilicity in almost 6 days similar to flat PDMS surfaces.

Finally, the scaffolds were seeded with NRVMs to study cell alignment and function.

Wrinkled scaffolds induced a random distribution of cells with high orientation angle in

comparison to the other two scaffolds where cells were well-aligned with a mature mor-

phology. Hybrid scaffolds with hydrophilic PDMS and hydrophobic Parylene C demon-

strated a slightly better alignment of cells in comparison to sole hydrophilic/hydrophobic

Parylene C. In conclusion, wrinkled PDMS topographies need more investigation to be

applied for NRVM in vitro models. Whereas micro grooved hybrid scaffolds might be

useful in engineering cardiac tissue in to make models with a more realistic architecture.
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Chapter 4

Effect of patterned

polyacrylamide hydrogel on

NRVM cultures

4.1 Introduction

P
olyacrylamide hydrogel is a very promising material to fabricate scaffold for cardiac

cells. Importantly, the mechanical properties of PAm are close to the extracellular

matrix of the heart, and can be controllable during the synthesis. However, because the

chemical composition, cells typically adhere poorly to the surface of PAm hydrogel, and

the functionalisation with adhesion proteins is necessary. Patterning synthetic hydrogels,

especially PAm is not so straightforward. In this chapter, this problem is tackled by

using Parylene C masks fabricated as described in Chapter 3.

Firstly, the advantages of using Parylene C in comparison to elastomeric masks such

as PDMS are shown. The topography of the hydrogel after patterning is investigated

demonstrating that it is the topography of Parylene C is transferred on the replica with

well-defined features.

Secondly, protein pattering of PAm hydrogel using Parylene C is also reported demon-

strating that protein was faithfully patterned onto the hydrogel.

Finally, the applicability of this technique to fabricate PAm scaffolds was proven with

NRVMs. Collected data on cell morphology, elongation and orientation confirm that a

129
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significant cell elongation is induced on anisotropic architecture mimicking the distribu-

tion of cells in the native cardiac tissue.

4.2 Materials and Methods

4.2.1 Collagen IV preparation

5 mg of type IV human placenta collagen (Sigma-Aldrich, C7521) was reconstituted in

5 mL of sterile 1 X phosphate buffered saline (PBS) and mixed on a roller shaker for 3

hours. The solution was then split into 5 aliquots of 1 mL and stored at -20 ◦C.

AlexaFluor480 (5mg/mL) was added to a solution of 500 µl of collagen (1mg/mL).

Reactions were allowed to progress on a tube roller for 1h 15min at room temperature.

Unreacted dye was removed by centrifugal filtration at 3000 RCF, using 10000 MWCO

spin filters. The protein was washed three times with water. Dye conjugated collagen

was collected from the filter surface after dismantling the filter apparatus by immersion

in 1ml PBS for 5minutes under agitation (tube roller). Green-labelled protein transferred

on HH masks and PAm hydrogels was detected using a fluorescence confocal microscope

(Zeiss Axiovert 200). Fluorescent micrographs of micro patterned FITC-labelled protein

were analyzed by using ImageJ software to extract the intensity profiles.

4.2.2 PAm hydrogels preparation and patterning

Polyacryalmide is synthesised by chemical free radical polymerisation of a monofunc-

tional monomer, acrylamide (CH2=CH-CO-NH2) and a bifunctional crosslinker N,N-

methylene-bis(acrylamide) (CH2=CH-CO-NH-CH2-NH-CO-CH=CH2). The polymer

chain grows by the addition of monomeric units that occurs in the presence of a free radi-

cal initiator, ammonium persulfate ((NH4)2S2O8, APS) responsible of production of free

radicals. After the formation of free radicals, it transfers its activity to the vynil group

(CH=CH2) of the acrylamide molecule, which reacts with the vynil group of a second

acrylamide molecule. This process is repeated thousands of times and is catalyzed by

the presence of N,N,N’,N’-tetraetilendiammide ((CH3)2N-CH2-CH2-N(CH3)2,TEMED)

under an oxygen free environment. Bisacrylamide is a popular crosslinker used in the

synthesis of polyacrylamide hydrogel , because it facilitates the formation of a three

dimensional networks rather than only the linear polyacrylamide chains. Atmospheric
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oxygen is an inhibitor of the polymerisation since it removes free radicals from the solu-

tion and so it inhibits the chemical polymerisation. Figure 4.1 describes the cross-linking

reactio that occurs to form PAm hydrogel from acrylamide

Figure 4.1: Polymerisation of polyacrylamide with chemical cross-linking using a
bifunctional cross-linker (methylenebisacrylamide) [1].

The fabrication of isotropically patterned polyacrylamide platforms (FPC) relied on the

copolymerisation of collagen IV into the gel during the direct contact of the acrylamide

precursor mix with a protein-activated Parylene C films. To prepare Parylene C masks,

glass coverslips (13 mm in diameter) were washed in acetone, isopropanol and deion-

ized water and then dried using nitrogen gun. Parylene C films (6-7 µm thick) were

then deposited on the coverslips (Figure 4.2.a) by chemical vapor deposition using a

commercially available parylene coater (PDS2010). The silane 3-trimethoxysilylpropyl

methacrylate (A174) was used to improve the adhesion of the Parylene C film on the

glass. Samples were treated with O2 plasma for 1 min and 40 s using ICP (OPT 100

ICP 380, Oxford Instruments Plasma Technoogy) (Figure 4.2.b). Plasma was generated

at pressure of 1.33 Pa, flow 100 sccm, 1000 W source power and 20 W bias generator

power. The time of exposure to plasma was identical to the one used for preparing the

patterned Parylene C masks with hydrophobic/hydrophilic regions described in Chapter

3. 10 µl of protein solution were then spread on the activated Parylene C films and masks

were let dry under a fume hood for 30 min (Figure 1.c). 5 mL polyacrylamide hydrogel

precursor with a total polymer content of 8.48 % (w/v) and cross linker concentration

of 5.66 % (w/w) was prepared. The solution was degassed for 1 h in order to remove all

the dissolved gas that could limit the free radical polymerisation. To initiate gelation,

3 µl of 10 % w/v ammonium persulfate (APS, Sigma-Aldrich, A3678) was added to 300

µL of gel precursor solution followed by 0.3 µL of N,N,N,N-Tetramethylethylenediamine

accelerator (TEMED, Sigma-Aldrich, T9281). A 60 µL of gel precursor mix was gently
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pipetted on activated glass coverslips and sandwiched with protein-functionalized Pary-

lene C masks (Figure 4.2.e). Gels were then left to polymerise at room temperature for

1 h (Figure 4.2.f). After polymerisation, masks were then removed and the gels were

stored in PBS at 4 ◦C.

Figure 4.2: Isotropically and anisotropically patterned polyacrylamide process and
cell culturing.

PAm hydrogel anisotropically patterned with collagen (GPC) were fabricated following

the same procedure described above. Instead of plain Parylene C, hydrophobic/hy-

drophilic (HH) masks were used as a stamp. HH masks (Figure 4.2.g) were fabricated

as described in Chapter 3. Briefly, 58 µm thick Parylene C was deposited on 6-inch

borosilicate glass wafers succeeded by a spin coating of 1.3 µm thick positive photoresist

(S1813, Microchemicals). Wafers were then soft baked at 110 ◦C for 60 s and exposed to

UV light (EVG 620 Mask Aligner) for 2s through the chrome-plated glass mask consist-

ing of 10 µm-wide and 10-µm spaced features. The samples were developed in MF319

(Microchemicals) and water for 40s. The etching of Parylene C was conducted using an

O2 plasma as described previously (Figure 4.2.h). The etching time was 1 min and 40 s

for ∼ 1µm deep grooves. To functionalised the mask with protein, 13-mm glass coverslips

were oxidised using oxygen plasma. HH masks were put upside down on the function-

alised glass slides, and 10 µl of protein was spread at the entrance of trenches (Figure

4.2.i) hollowed in Parylene C. With this procedure HH masks selectively patterned with

collagen (HHC) were obtained (Figure 4.2.j). 60 µl of polyacrylamide solution was pipet-

ted onto the silanized coverslips (Figure 4.2.k), and HH and HHC masks were directly

printed on polyacrylamide solution still liquid (Figure 4.2.l,m). After 1h, the gelation of
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PAm was completed, HH and HHC masks were removed (Figure 4.2.n,o) having grooved

polyacrylamide hydrogel (GP) (Figure 4.2.p) and grooved polyacrylamide functionalised

with collagen (GPC) (Figure 4.2.q). GP and GPC were washed in water and stored in

1 X phosphate buffer saline (PBS) solution at 4 ◦C.

Before cell culturing, FPC and GPC constructs were transferred to a sterile tissue culture

petri dish covered with a cell culturing medium (Figure 4.2.r,s).

4.2.3 Contact angle measurements

Parylene C (6-7 µm) was deposited, as described previously, on glass coverslips of 13

mm of diameter. PDMS was spin coated at 6000 rpm (∼ 8 µm) on a glass coverslip

of 13 mm of diameter and cured in an oven at 75 ◦C for 1 hour. 10 µl droplets of

deionized water were gradually engaged on the surface of Parylene C and PDMS to

measure the static contact angle. A Drop Shape Analysis System (DSA 30 Kruss Co.,

Germany) was employed for the calculation of the contact angle. A polynomial function

was fitted to the two-3-phase sections of the profile in the region of the baseline. One

measurement per three samples per each category was performed, and the average values

were extrapolated. Samples were blown with nitrogen gun before each measurement.

Samples were stored at room temperature (22 ◦C) and low humidity level (35 %).

4.2.4 Topographical characterisation of the grooves

The average values of the height of the ridges, grooves and of the pitches transferred on

PAm gel in hydrated condition were obtained using an optical microscope (Zeiss Axio

Lab, with objective lenses covering a magnification range from 5 X to 50 X).

Surface topography of samples in dry condition was analysed by AFM (Multimode

Nanoscope V, Veeco) in tapping mode. Al-coated Tap300 Al-G Si tips (Budget Sensors)

with resonance frequency 204-497 Hz and force constant 10-130 N/m were used. 50

µm x 50 µm height images were captured with scan rate of 0.6 Hz and 512 scanning

lines. HH masks and GP were analyzed on glass fixed on AFM support discs. Surface

topography was quantitatively evaluated capturing three height images in three different

areas of the same sample and three samples per each category are evaluated. The

corresponding average height profiles were traced along the direction perpendicular to
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the orientation of the grooves and ridges, grooves and depth of the pattern was extracted.

The average height of pattern of the mask and of the corresponding gel in dry condition

was normalised to the average height of the features (hy(x)) for both the stamp and the

replica on the hydrogel.

4.2.5 Mechanical characterisation at the nano-scale

Flat polyacrylamide samples were prepared using the polymerisation between two acti-

vated coverslips as described elsewhere [2]. The experimental setup for measuring the

mechanical properties is a hybrid system made of a commercial head (SMENA, NT-

MDT) with home-built electronics. Hydrogels were tested both in water and in PBS.

A spherical tip of 5 µm of diameter (sQUBE, CP-CONT-BSG-A) was used to minimize

the indentation. Cantilever stiffness calibration was done following the work of Sader et

al. [3] and it was estimated to be 0.2 N/m with an error of 10 %. Samples were placed

in a petri dish of 35 mm of diameter filled with water. The approach/retraction rate

used was 400 nm/s. Since the hydrogels showed a negligible adhesion, we have analysed

the force-distance curves using the Hertz model to determine the Young’s modulus as

follows [4]:

FN =
4ER

1
2 δ

3
2

3(1− ν2)
(4.1)

Where FN is the maximum force applied, E is the Young’s modulus, R is the radius of

spherical tip, δ is the indentation depth and ν is the Poissons ratio (0.48 [5]).

4.2.6 NRVM isolation and culture

NRVMs were isolated from Sprague-Dawley rats two days after birth in compliance with

the Home Office regulations detailed in the Animals (Scientific Procedures) Act 1986

as described previously 24. The isolation technique has been described previously [6].

Briefly heart ventricles were minced and enzymatically digested. After the digestion the

tissue was centrifuged to produce a cell suspension which was filtered to remove any

non-digested tissue. Cells were then suspended again in 25 ml NRVM medium (67%

Dulbeccos modified Eagle medium (DMEM), 16 % Medium 199, 10 % Horse serum

(Gibco), 4 % foetal bovine serum (FBS) (Gibco), 2 % HEPES (4-(2-hydroxyethyl)-1-
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piperazineethanesulfonic acid) buffer and 1 % penicillin-streptomycin). The suspension

was then plated in T75 flasks for 1 hour at 37 ◦C to remove fibroblasts. NRVMs were

collected and counted using a hemocytometer. NRVMs were plated on FPC and GPC

substrates and they were successively incubated (37 ◦C, 5 % CO2). The NRVM medium

was replaced every 2-3 days. All experiments were performed 3-4 days post seeding.

4.2.7 Immunostaining

Monoclonal anti α-actinin antibody (Sigma, A7811), deoxyribonucleic acid labelled with

fluorescent 4’, 6 - diamidino-2-phenylindole (DAPI) (Invitrogen) staining were used to

quantify cell alignment. Fluorescent images were obtained using an inverted Zeiss LSM-

780 confocal microscope with X40 oil-immersion lens (Carl Zeiss).

4.2.8 Quantification of cellular alignment, morphology and orientation

Each cell was approximately fitted with an ellipse whose minor (Dmin) and major axis

(Dmax) were defined as the length and the width of individual myocyte. Dmax of each

cell was selected relative to the horizontal axis of the image field. Elongation was

described through the elongation factor (Dmax /Dmin -1) that describes the extent of

the equimomental ellipse lengthened or stretched out [7]. The values of the elongation

factor were determined from each scaffold on almost n = 15 cells randomly selected from

each sample. Cell area and circularity were analysed to study cell morphology using a

dedicated software, ImageJ. Circularity is defined in the equation 4.2 [8]:

Circularity =
4πA

P 2
(4.2)

where P is the perimeter and A is the cell area, quantified using ImageJ. Circularity

index equal to 1 indicates a non-elongated cell. The cell orientation angle (θ) was mea-

sured manually using Image J software package as the lack of deviation between the

major elliptical axis and the reference axis of a single cell. For alignment of cells on

grooved substrates, the direction of the pattern (preferential mean axis) was considered

as reference axis, whereas for alignment of cells on the flat substrates an arbitrary axis

of alignment was chosen. The minimum alignment value close to 10◦ denotes paral-

lel alignment with the direction of the pattern, and the maximum value close to 90◦
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represents perpendicular alignment. Cells with an orientation angle less than 10◦ were

counted as aligned cells [9]. Orientation angles are reported in polar plots obtained

using ready-made routines in MATLAB. Nuclei orientation was quantified as described

previously via conversion of the DAPI channel images into binary images using ImageJ

[6] to recognize any ellipse (nuclei) present with the size set to 10-50 µm. Alignment

was defined as the lack of deviation in the axis of an individual nucleus from the mean

axis of all individual nuclei [6]. The ellipses were only counted if they were between the

set range to exclude non-nuclei or composite structures from the analysis. At least 90

cells were randomly selected for each category of scaffolds to determine cell shape and

orientation. Each analysis was performed on fluorescence images (three images per each

scaffold) at the same magnification.

4.2.9 Ca2+ transient measurements

Fluo-4-acetoxymethyl ester (fluo-4 AM) (Invitrogen, ThermoFisher Scientific) was used

to visualise the intracellular calcium transients. NRVMs were loaded with 4 µl fluo-4 AM

(prepared as: 50 g Fluo-4 AM dissolved in 50 µL DMSO) in 1 mL DMEM and placed

in the incubator at 37 ◦C for 20 min [10]. The DMEM was refreshed and the cells were

returned to the incubator for a further 20 minutes for de-esterification of the dye. The

constructs were mounted on the stage of an upright Nikon eclipse FN1 microscope or an

inverted Nikon eclipse TE2000 microscope in a glass bottom dish (MatTek corporation)

and observed through a 40x water immersion or 40X oil objective respectively. Calcium

transients in cardiomyocytes were studied by field stimulating the cells at 1 Hz to induce

rhythmic depolarization and line scans were recording. A custom made MATLAB code

was used to calculate the normalised amplitude as f/f0, time to peak (Tp), times to 50

% (T50) and 90 % declines (T90) in the transients [11].

4.2.10 Statistical analysis

All the described experiments were repeated at least three times. With regards of

topography, a non-parametric analysis was carried out amongst samples in order to

statistically evaluate the significance difference between ridges and grooves of the mask

and the gel, respectively. A Mann-Whitney test was also performed to compare the two

groups and the significance was fixed at 1 %. For statistical analysis of cell elongation,
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morphology and orientation, three different images were acquired for each sample to

analyze at least 80 cells for statistical analysis. The Mann-Whitney test was employed

for evaluating cell elongation, circularity and area whereas nuclei alignment and calcium

transient was performed using an unpaired t-test. Cell area and circularity are presented

as box plots and each box is composed of whiskers indicating the lower extreme and upper

extreme of the data, while the top part and the bottom part of the box are the first

and third quartiles. The line inside the box is the median. In the plots, * indicates p

< 0.05 and ** indicates p < 0.01. The statistical analysis and graphic presentation was

performed using OriginPro v.8 SR2 software and Prism 7 software (GraphPad software

Inc.). All data are expressed as mean ± standard error of the mean.

4.3 Results and Discussion

4.3.1 The advantage of using Parylene C as a mask

Compared to PDMS, Parylene C was preferred for patterning PAm hydrogels for three

main reasons. Firstly, Parylene C mould preparation does not require complicated mi-

crofabrication steps. Secondly, Parylene C has a lower oxygen permeability than PDMS

[12] and this allows an efficient preparation of PAm, whose polymerization is inhibited

by the presence of free oxygen radicals. Finally, micro-contact printing via elastomeric

stamps can collapse during printing, creating undesired contact of the features of the

stamp with the underlying surface [13].

Parylene C has also the advantage to restore slowly the hydrophobicity in comparison

to PDMS [14]. An anisotropic pattern on PAm was obtained using a capillary-based

approach [15] thanks to capillarity of the pre-polymer solution in the hydrophilic vertical

channels created in Parylene C masks. The feature height on the hydrogel strongly

depends on the contact angle, hydraulic radius of the capillary and the viscosity of the

pre-polymeric solution [15]. The contact angle was monitored for flat Parylene C and

PDMS with the same thickness ( ∼ 7 µm) after treatment in ICP and RIE. An ICP

treatment was used to hydrophilize Parylene C for 1 minute and 40 seconds and RIE

was used to treat PDMS with oxygen for 15 sec. The time of exposure and the kind

of treatment were decided according to the fabrication process that was employed for

the two materials. Figure 4.3.a and Figure 4.3.b show 10 µl water drop on Parylene C
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and PDMS immediately after plasma treatment. The contact angle of Parylene C and

PDMS before plasma oxygen are 84.2 ± 7.6◦ is 117.4 ± 2.8◦ respectively. Parylene C

restore its hydrophobicity slower than PDMS and we found that after 6 days the contact

angle for Parylene C and PDMS was 36.07 ± 1.66◦ and 64.97 ± 6.72◦ respectively. In

Figure 4.3.c the measurements of the contact angle for six days are shown.

Figure 4.3: Contact angle measurements.

In (a) and (b), images of 10 l DI water droplets on Parylene C and PDMS at day 0,
immediately after the plasma treatment. In (c) the graph reports contact angle

measurements as a function of days.

4.3.2 Patterning of PAm hydrogel

The topographic pattern on PAm was obtained by the combination of the pressure of

the mask and the capillarity of the liquid into the mask. The pattern of the gel in wet

conditions was evaluated using optical microscopy (Figure 4.4). The average values of

the ridges and the grooves were found to be 7.85 ± 1.24 µm and 10.12 ± 1.0 µm in
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comparison to the values of the ridges and grooves of the mask that were 6.32 ± 0.1µm

and 6.88 ± 0.6 µm respectively.

Figure 4.4: Optical micrographs of micro-patterned hydrated PAm hydrogel.

AFM measurements in dry conditions were taken on HH masks, and PAm hydrogel

is demonstrating the transfer of the features of the HH masks (Figure 4.5.a) on GP

substrates (Figure 4.4.b). The corresponding average height profiles of HH moulds and

GP hydrogels were plotted alongside the features, and they are shown in Figure 4.4.c,d.

Measurements were carried out thrice, and no significant differences were found between

the samples. The average height of the features of the HH mask measured by AFM

was found to be 974.18 ± 0.1 nm, and the average height of the features of the GP was

found to be 88.12 ± 15.1 nm. The height of the features cannot be compared since in dry

conditions the gel deswell losing water. The average values of the ridges of the mask and

the grooves of the gel were compared, and there was no significant difference between

them with p-value greater than 0.05 (5.85 ± 1.4 µm for the mask and 5.45 ± 3.0 µm for

the gel). Either the grooves of the mask and the ridges of the gel were compared with

the corresponding values of 8.6 ± 1.6 µm and 5.4 ± 2.9 µm respectively. The height

profiles were normalized for the average height for both the gel and the mask as shown

in Figure 4.4.e in order to evaluate the trend of the pattern of the mask and the gel.

The maximum value of hy(x) is equal for both the mask and the hydrogel with a value

of almost 1.3. With these results, the patterning process is shown to be repeatable and

the features of the mask are successfully transferred on the hydrogel.

The hydrophobic/hydrophilic selectivity of Parylene C was studied previously and it was

revealed that protein can be absorbed only in hydrophylic channels for capillary effect
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Figure 4.5: AFM images of Parylene C HH mask and GP replica with relative
averaged profiles of the grooves.

AFM measurements of the mask (a) and of the hydrogel (b) are compared with the
correspondig height profiles averaged on the same image (c,d). The normalised height

profiles of HH mask and of GP are compared (e) in order to demonstrate that the
micro-grooves of the gel follow the same trend of the mask.

[10]. Herein, this property was used to pattern collagen IV on Parylene C mould and

subsequently pattern PAm hydrogel. Parylene C masks were demonstrated to be ap-

propriate to transfer proteins directly onto the PAm hydrogel avoiding any complicated

strategy reducing the steps normally used in PDMS-based micro contact printing [16].

During the gelation the protein could be entrapped into the gel since the mask is printed

directly on the gel still liquid which could have hydrophilic interaction with the protein.
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Due to the stiffness and the impermeability property of the Parylene the gel does not

stick on the mask. The mask was evaluated before (Figure 4.6.a) and after the printing

(Figure 4.6.b ) by fluorescence microscopy. The mask showed bright fluorescence before

printing (Figure 4.6.a), and it resulted almost completely dark after the printing (Figure

4.6.b). Indeed, collagen fluorescent lines are clearly visible in Figure 4.6.c where it is

evident that the protein was patterned on the hydrogel. The averaged intensity profiles

plotted along the direction normal to the grooves clearly showed how the fluorescence

intensity reached its highest ( ∼ 70k a.u.) on the grooves in the mask before printing

(Figure 4.6.d), whereas the maximum intensity was around 28k a.u. in the patterned

gel with the transferred protein (Figure 4.6.f). Reasonably, the fluorescence was very

low (up to 8k a.u.) on the mask after printing (Figure 4.6.e) meaning that there was

not much protein left on the mask.

Figure 4.6: Fluorescence images of protein patterned Pam hydrogel and averaged
intensity profiles.

Collagen patterned on Parylene C HH masks (a), no protein on the mask after the
patterning (b) and protein totally transferred in PAm gel. All the images were

captured at the same exposure time (200 ms).

4.3.3 Elastic properties

Nanoindentation tests were performed on flat PAm samples as illustrated in Figure 4.7.a.

These tests were necessary to quantify the Young’s modulus of the substrates, impor-

tant parameters for cell elongation and function [2]. They cannot be carried out on

microstructured substrates since the radius of the AFM tip was comparable with the
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width of the grooves. As already mentioned sharper tips would induce plastic defor-

mation on such soft materials. In any case the contact area between an AFM tip and

a steep ridge can never be defined due to the geometry of the system. Typical load-

displacements curves for PAm show a region of negative load in the unloading portion

due to the adhesion between tip and sample (Figure 4.7.b and Figure 4.7.c). Measure-

ments under water and PBS presented negligible adhesion force values. Neither curve

shows a jump to contact, but a linear elastic behavior. Thus in both cases the Hertzian

model can be applied. The E value was found to be 37.1 kPa for PAm measured in

water and 22.9 kPa for PAm measured in PBS. The difference might be due to local

changes in the gelification process. However the two values fall in the desired range for

our application.

Figure 4.7: Elastic modulus evaluation.

Sketch of the AFM indentation in liquid (a) and force-indentation curves (b-c)
obtained from flat PAm samples under PBS (b) and water (c).
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4.3.4 Cell morphology and alignment

Polyacrylamide without collagen treatment resulted in cytotoxicity for NRVMs and as

expected, cells on substrates without adhesion protein display an apoptotic behavior be-

cause of non-adhesiveness properties of PAm hydrogel [17]. Therefore, adhesion protein

is necessary for improving cell adhesion. With the proposed technique it was demon-

strated that protein is completely transferred from selectively hydrophilized Parylene

C mask onto the hydrogel. In this way, a more biocompatible polyacrylamide based

scaffolds can be obtained using a simple and no-toxic technique . These fundings were

supplemented with the application of this technique towards NRVM culturing. PAm

hydrogels are widely used as scaffold in cell biology especially for cardiomyocytes since

it has mechanical properties close to the extracellular matrix of the heart. However,

most of the techniques used to pattern this hydrogel are toxic and not easy to carry

out. For this reason, the application of this technique to develop scaffolds for cardiac

tissue engineering was considered. The comparison between isotropic and anisotropic

substrates was performed to demonstrate the effects that these platforms render on the

cell morphology, orientation and activity. For each cell a best-fitted ellipse was outlined

with a minor and major axis. A certain orientation (θ) of the major axis with respect

to the reference axis was considered as shown in Figure 4.8.a.

Cellular alignment plays an important role in the functional and physical characteristics

of many tissues especially for the heart. In order to demonstrate the application of our

substrates on cell elongation quantitative data were extracted. The elongation factor

is commonly used to quantify cellular alignment in tissue engineering. Generally this

parameter assumes a 0 value for a perfect circle and 1 for an ellipse with an axis ratio

of 1:2 [18]. The results shown in Figure 4.8.b clearly demonstrate the efficiency of GPC

scaffolds in promoting the elongation of NRVMs. The elongation factor is significantly

higher for cells seeded on GPC with an averaged value of 3.75 ± 1.5 in comparison to

cells seeded on FPC that have a lower value (0.70 ± 0.7). These results prove that

collagen-patterns have significant influence on NRVMs behavior. Cell morphology was

quantified by cell area and circularity. Figure 4.8.c shows the distribution of cell areas

on FPC and GPC. Cell areas on FPC are more positively skewed with more dispersed

values. The mean value of the area of cells on FPC was found to be 558.0 ± 428.3

µm2 in comparison to the area of cells seeded on GPC (average area: 480.0 ± 160.0

µm2). The evaluation of the cell circularity is reported in Figure 4.8.d. Cells on FPC
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were more circular as presented in a whisker plot where the data are negatively skewed

with an average value of 0.85 ± 0.1. Cells on GPC present a less circular morphology

and data dispersion is narrower and slightly positively skewed with an average value of

0.50 ± 0.1. The distributions of circularity denote a significant decrease when cells are

seeded on patterned substrates (p-value lower than 0.05).

Figure 4.8: Cell morphometric analysis.

Definition of the cell morphology and orientation along the collagen stripe (a). Dmax

and Dmin are the long and short axis, θ the angle of orientation of the cells. Cell
elongation is quantitatively evaluated through the elongation factor (b). A significant
elongation between the two types of samples is evident in (b). Box plots of cell areas

(c) and scatter box plots of circularity distributions (d) are shown in the bottom panel.
A significant difference was found in cell circularity between cells seeded on FPC and
GPC. Notes: * p < 0.005, each box has its ends at the quartiles and the band within

the boxes is the median of the distribution ((c), (d)).

Cellular orientation alongside the direction of the anisotropic pattern was evident from

optical images. We confirmed and quantified the orientation of cells using polar plots

in order to show the difference in orientation of NRVMs in the two types of samples.

In the polar plots, the azimuth ranges from -90◦ to 90◦, and the 0◦ corresponds to the

elongation direction of the pattern. A perfectly circular cell would be at the origin, and

long and thin cells are far from the origin. Cells on FPC showed a random distribution
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(Figure 4.9.a) with more dispersed values close to the origin of the graph as reported

in the graph of Figure 4.9.b, whereas cells on GPC have the preferential orientation

alongside the pattern (Figure 4.9.c). In the polar plot of Figure 4.9.d there are no points

close to the origin, confirming that cells on GPC are more elongated. The percentage of

cells with angle values 15◦ < θ < 15◦ on FPC is 8.7 % less than on GPC where it was

found to be 77.6 %. In addition, cells with a random distribution in uniform samples was

50.6◦ ± 23.4◦. On collagen-patterned surfaces, the value of the angle was 11.7 ◦ ± 9.9◦.

The modulus of the angle of the nuclei was also measured using DAPI staining. Results

revealed that the modulus of angle of nuclei from mean axis was smaller for cells seeded

on GPC (31.7◦ ± 4.2◦) than cells seeded on FPC (44.7◦ ± 0.8◦) with a considerable

alignment to the direction of the pattern as shown in the histogram of Figure 4.9.e.

The bright field image in Figure 4.10.a shows the direction of the lines (red arrow) and

also the considerable tendency of the cells to follow the pattern. These results also

demonstrated that the cells alignment is strongly governed by cell-ECM interaction so

effectively that cells follow the ridges functionalised with collagen (Figure 4.10.b) or they

bridge across the ridges (Figure 4.10.c) to create focal adhesions. Immunostaining for

connexin43 (Cx43) showed that gap junctions in sarcomeric -actinin were aligned along

the perimeter of the elongated cardiomyocytes cultured on GPC, resulting in a spatial

distribution of Cx43 primarily oriented parallel to ridges (Figure 4.10.d), versus a more

random distribution in glass control (Figure 4.10.e). Cx43 expression on aligned cells

is indicative of well-formed intracellular contact [19], [20]. Herein, Cx43 showed also a

random membrane distribution typical of neonatal cardiomyocytes [20].

4.3.5 Ca2+ transient of cells

Different patterning techniques have been employed to improve Ca2+ cycling in NRVMs

[6, 10]. It has been shown that microgrooved substrates can increase the diastolic and

systolic Ca2+ dynamic properties [21]. Many studies have also revealed that the sub-

strate stiffness can influence the electrophysiology activity of the cardiomyocytes [22]

.

In this work Ca2+ cycling properties of NRVMs was studied by fixing the stiffness of

the scaffolds and comparing two groups: unpatterned (FPC) and patterned (GPC)

constructs. No significant differences were found in the amplitude (f/f0), time to peak
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Figure 4.9: Immunofluorescent staining images, analysis of cell and nuclei alignment
on FPC and GPC.

Representative immunofluorescence staining of sarcomeric -actinin (red) and nuclei
stained with DAPI (blue) on FPC (a) and GPC (c). Relative polar plots of orientation

angle of cells on FPC (c) and GPC (d) are also reported. In these polar plot the
distance from the origin, R, is the elongation factor, each point is a single cell (81 cells
for FPC and 85 cells for GPC) and the angle to the horizontal, θ, is the angle the long
axis of the cell makes with the reference axis. In (e) is shown the modulus of angle of

nuclei alignment on uniformly covered and collagen-patterned polyacrylamide with **p
< 0.01.

(Tp) and time to 50% transient decay (T50) between cells cultured on flat and grooved

substrates (Figure 4.11.a,b,c), but there was only significant increasing for the 90 % time

decay (T90) with p <0.05 (Figure 4.11.d).

Ca2+ amplitude remained the same (1.03 ± 0.02 in FPC and 1.04 ± 0.02 in GPC) by
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Figure 4.10: Cell tendency to bridge across the anisotropic pattern.

Bright field image of NRVMs aligned on GPC (a) and a sketch of cells aligned
alongside the features (yellow circle, (b)) and bridges across the lines (green circle, (c)).
Immunofluorescence images of cells aligned on GPC and glass control with expression

of connexin43 (green) are shown in (d) and (e) respectively. (White scale bar: 50 µm).

fixing the stiffness and improving cell alignment Ca2+, but Ca2+ diastolic decay slightly

increased on GPC constructs. Since the amplitude in the NRVMs was found to be the

same, there were no significant changes in the sarcoplasmic reticulum (SR) function [21]

and the calcium releasing through ryanodine receptors (RyR) [22]. The amplitude and

the time to peak can also be attributed to the peak force generated by the cells on the

substrates [23]. Since the stiffness of the substrates was fixed, cells generated the same

force on the substrates with time to peak equal to 45 ± 15.5 ms for FPC and 45.12 ± 5.9

ms for GPC. The significant decrease of T90 for cells plated on GPC samples (317.98 ±

61 ms) instead suggested that there was an increase in diastolic Ca2+ levels [24]. Slower

calcium transients can augment the contraction as myofilaments are exposed to Ca2+

for a longer period [25].
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Figure 4.11: Ca2+ transient amplitude (f/f0), time to peak (Tp), 50% time to decay
(T50) and 90% time to decay (T90) of of NRVM cultured on unpatterned (FPC)

and patterned (GPC) substrates.

In (a) Ca2+ signal is shown as f/f0 with fluorescence intensity (f) normalized to the
minimal intensity (f0) measured between 1 Hz contractions. In (b) time to peak of

Ca2+ release in FPC and GPC. In (c) and (d) transient decay times (T50 and T90)
are shown, *p<0.05.

4.4 Summary

Mimicking the native extracellular matrix of cardiac cells is one of the most important

step to design in vitro models. The goal of the research proposed in this chapter is to

demonstrate the possible application of polyacrylamide scaffolds patterned via Parylene

C masks. A simple method was employed to fabricate flat and grooved constructs

showing that Parylene C was a more appropriate mask than PDMS.

Grooved surfaces were topographically characterized demonstrating how the pattern was

faithfully transferred onto the hydrogel. Protein was also transferred on PAm hydrogel
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using the selective hydrophobic/hydrophilic pattern created on the surface of Parylene

C.

NRVMs behaviour on isotropic and patterned substrates was quantified. The elonga-

tion and orientation of cells confirmed that a significant cell elongation was induced on

the anisotropic architecture mimicking the distribution of cells in native cardiac tissue.

These results, even if preliminary, are promising for creating simple in vitro platforms

necessary to study the effect of drugs for different cardiac pathologies.
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Chapter 5

Exploring electro-responsive

hydrogels for cell culturing

applications

5.1 Introduction

Responsive hydrogels adaptable to an electronic platform for dynamic stimulation of cells

were invetigated. It was crucial to find the ideal hydrogel with the following properties:

(i) spin-coatable, (ii) compatible with microfabrication processes, (iii) biocompatible,

and responsive to low voltages (less than 1 V) to avoid electrolysis of water.

Firstly, partially hydrolysed polyacrylamide (hPAm) was synthesised for electrostimula-

tion. It is easier to synthesize, and it is commonly used in cell culture laboratories. The

chemical and physical composition of the hydrogel were monitored during the synthesis.

Results demonstrated that hPAm could be electro-stimulated at 1 V, but it is not con-

trollable in shape during the hydrolysiation. The main issue is that it not spin-coatable

and stable on substrates during the preparation, limiting the integration of this material

in electronic platforms.

Secondly, aqueous suspensions of nanogels sensitive to temperature, pH and/or electric

field were considered for spin-coating. Nanogels made from hydrogels based on PNIPAm

or double interpenetrated network (IPN) of PNIPAm and PAAc were considered more

153
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promising for spin-coating. Three colloidal suspensions with nanoparticles of two dif-

ferent diameters (500 and 90 nm) were synthesised and assembled on glass substrates.

In this Chapter, it is demonstrated that uniform films with different thicknesses can be

controllable by varying spin speed. PNIPAm films were more controllable in thickness

than IPN showing a heterogeneous surface. However, the films were not stable to wash-

ing. A grafting method based on thiol-ene click chemistry was developed to graft the

films on glass. This strategy showed that the process of synthesis could permanently

anchor the films to the glass.

Finally, the films were tested for biocompatibility showing reduced cell viability in com-

parison to control glass. Therefore, further improvements on the biocompatibility of the

films are necessary for cell culture applications.

5.2 Electro-actuation of partially hydrolyzed PAm

5.2.1 Experimental section

5.2.1.1 Preparation of partially hydrolyzed polyacrylamide (hPAm)

The PAm hydrogel was prepared by the standard free radical polymerisation [1] as

described in Chapter 4. Briefly, 2 mL of a pre-polymeric solution of acrylamide/bisacry-

lamide was degassed for 1 h in a beaker of 2 cm of diameter. 20 µl of 10 % w/v

ammonium persulfate (APS) and 2 µl of N,N,N’,N’ Tetramethyleth-ylenediamine accel-

erator (TEMED) were added to the solution. The solution was then left to polymerise

within 30 min. After the polymerisation, solid hydrogels with a cylinder shape (2 cm

diameter, 1 cm height) were obtained. They were succesively washed several times in

water in order to remove the unreacted monomer. Preparation was carried out in trip-

licate. Immediately after the gelation, hydrogels were removed from the beakers and

washed several times in water in order to remove the unreacted monomer. Then the

samples were wighed and measured in size.

PAm hydrogel was prepared anionic and electro-responsive by hydrolysis in 2 M NaOH

(pH 11.5). Soaking PAm hydrogel in NaOH converts the gel from non-ionic to a poly-

electrolyte state increasing the internal osmotic pressure of the hydrogel. This method
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has been proposed by Tanaka et al. [2] and more recently by Bassil et al. [3] and Glazer

et al. [4] to obtain electro-active artificial muscles.

When the hydrogel is placed in NaOH solution, amide groups (-NH2) are converted in

acrylic acid groups (-COOH) that are successively ionised in water.

Hydrogels are hydrolyzed i NaOH for 5 days[4], then the gels were washed in water for

8 days by changing water daily.

According to the protocol above reported, approximately 20 % of -CONH2 groups are

converted in -COO- groups on the polymer chain, and the reactions that occurs are

reported below [5, 6]:

R− CONH2 +H2O → R− COOH +NH3 (5.1)

R− COOH +NH3 → −COO- +H+ (5.2)

The schematic structure of the hPAm is illustrated in Figure 5.1, where -COO- groups

are fixed on the hydrophilic chains, and neutralised inside the gel by Na+ counter ions.

Figure 5.1: Illustration of the structure and swelling of hPAm.

During the hydrolysis PAm swells in NaOH and water due to the lower chemical
potential of water within the hydrogel than that of surrounding solution. The swelling

pressure arises from polymerwater mixing, elastic force of the cross-linked network,
and osmotic pressure of ionisable groups.



Chapter 5. Exploring electro-responsive hydrogels for cell culturing applications 156

5.2.1.2 Swelling kinetics

The swelling in NaOH and water was determined by applying the gravimetric method-

ology [4]. The degree of swelling was monitored over time, and the swelling ratio at time

t (Qt (%)) was calculated as follows:

Qt =
mt −m0

m0
× 100 (5.3)

where m0 is the mass of the hydrogel immediately after the preparation in a swollen

state, mt is the mass of the hydrogel at time t.

The swelling mechanism can be also evaluated using a fractional factor (F) related to

the dry mass of the hydrogel md, and defined as:

F =
mt −md

md
(5.4)

Hydrogels were removed from the solution every 24 hours, dried with filter paper, and

then accurately weighed and replaced into the same bath solution.

5.2.1.3 Raman spectroscopy

Raman spectra were recorded for hydrolyzed and not hydrolyzed hydrogels in order to

verify the chemical changes in polyacrylamide post-treatment .

Raman measurements were performed using a custom-built Raman microscope. The

system is built around a Nikon Eclipse Ti-E inverted microscope, with a camera, spec-

trometer and laser. Spectra were acquired at 785 nm, exposed for 2 s with 42 mW laser

power at the sample.

5.2.1.4 Electro-actuation measurements

A piece of dry hydrogel was swollen in PBS for 2 days. The swollen hydrogel was cut

into 4 mm x 2.5 mm blocks using a scalpel and fixed in the petri dish using a thin layer

of super glue. The cutting operation was performed quickly to minimise exposing the

hydrogel to air and thus avoiding deswelling.
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Pt wires were fixed in a 35 mm petri dish as illustrated in Figure 5.2.b, positioned to

follow the edge of the dish and to be in front of the edges of the gel.

Figure 5.2: Sketch on the electro-stimulation system.

(a) hPAm strip positioned with the major axis perpendicular to the electrodes when
the electric field is off (EOFF), and asimmetric swelling when EON. (b) Sketch of the
set-up used to monitor the electro-actuation. (c) Real set-up used for monitoring the

hydrogel when the electric field was generated at 1 V DC.

The assembled dish with electrodes and gel were then positioned under an optical mi-

croscope, and PBS was replaced with fresh solution. Figure 5.2.a,b shows the sketch of

the actuation configuration used and of the set-up. The hydrogel movement was moni-

tored using an optical microscope (Nikon Eclipse LV100) as shown in Figure 5.2.c. The

hydrogel was focused with a 5x objective, and a 250 µm square grid was created on

the camera image using the embedded software. The gel was brought into focus (x=0

at t=0, Figure 5.6.b) and electro-stimulation at 1 V DC was started. 180 frames were

acquired at 0.05 fps.
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5.2.2 Results and Discussion

5.2.2.1 Characterisation of hPAm

The hydrolysis occurs over time demonstrated by the change of pH during the reaction

(Table 5.1). In fact, the pH of NaOH solution progressively decreased, even after 8 days.

Table 5.1: Parameters monitored during hPAm preparation.

Day Solution pHa Weight a(g) Diameter (cm)b Qt (%)

0 None 7.9 ± 0.4 2.4± 0.05 2 0

1 NaOH 11.8± 0.08 4.0 ± 0.52 2.1 68.9

2 NaOH 11.7 ± 0.04 4.7 ± 0.25 2.2 99.9

3 NaOH 11.5± 0.06 5.1± 0.15 2.2 99.9

4 NaOH 11.4± 0.14 5.2± 0.10 2.4 99.9

5 NaOH 11.4± 0.03 5.4 ± 0.15 2.4 99.9

1 Water 11.4± 0.1 8.5± 1.24 2.6 44.0

2 Water 11.3± 0.1 13.3± 2.80 3.4 161.8

3 Water 10.9 ± 0.13 20.7± 2.42 4.3 362.6

4 Water 9.7± 0.10 26.2 ± 0.65 4.6 556.6

5 Water 8.4± 0.40 40.6± 1.04 4.7 645.4

8 Water 8.3± 0.14 40.1 ± 0.99 6.4 638.8
a

measure taken on three samples; b measure taken only on one cylindrical hydrogel

In addition, during the hydrolysis the swelling of the hydrogel increased. The swelling

is due not only to the pH, but also to the chemical nature of the network. In particular,

it is affected by the osmotic pressure of the ionic groups [7]. During the synthesis the

hydrogel retained its structural integrity as indicated by the well-defined shape. The

diameter of hPAm hydrogel upon preparation was typically 2 cm (Figure 5.3.c, left panel)

increasing to 2.43 cm after hydrolysis (Figure 5.3.c, right panel). After washing in water

the diameter increased dramatically from almost 4.28 cm at day 3 to 6.45 cm at day

8, when shielding counterions are almost completely removed. The physical properties

of the hydrogel changed significantly, becoming more brittle and thus more difficult to

handle. Figure 5.3.d shows photographs of the hydrogel after 3 days (left panel) and 8

days (right panel) during water soaking, indicating the high degree of swelling over this

period of time.

The weight of the hydrogel used to calculate the swelling ratio (Qt) and the factor F is

in accordance with the change of the geometry of the cylindical hydrogels. It sharply

increases from 2 g at the preparation time to 40.1 g at the end of the preparation.
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Upon immersing the hydrogel in water a concentration gradient of the Na+ counterions

is established. Na+ are impeded from moving along this concentration gradient, and

water moves into the hydrogel instead. Only a small amount of Na+ ions can escape to

bulk solution, as determined by the Donnan equilibrium. Figure 5.3.a shows the swelling

kinetics of hydrogel immersed in NaOH for 6 days. The swelling ratio increases up to

between 3 and 5 days, where it remains almost constant. The slight increase of factor

F between 3 and 5 days indicates that the hydrolysis is still occurring. A sigmoidal

fit (Boltzmann fit) showed in Figure 5.3.b was found for the hydrogel immersed in

water attributed to the superposition of the process of removal of the excess of salt

under non-equilibrium condition [8]. The trend is characterised by an initial portion of

relatively slow water uptake followed by an accelerated phase observed just before the

establishment of the swelling equilibrium [9]. The faster phase observed immediately

before the equilibrium has been attributed to the disruption of a cooperative physical

cross-linking caused by the hydrogen bonds between the carboxylate groups and amide

groups of the hydrogels in an almost neutral solution [10].

Figure 5.3: Hydrolysis process of PAm

Swelling curves of PAm in NaOH (a) and in water (b). (c) Photographs of PAm
hydrogel at day 0 and day 5 during the hydrolysis in NaOH; (d) hPAm equilibrium in

water at day 0 and day 8. The swelling ratio is expressed as a function of time
measured in day. Notes: D0 is the diameter of the hydrogel at the day of the

preparation; D is the diameter of the hydrogles after preparation; red scale bar: 1 cm.
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The geometrical structure of the hydrogel is reported in Figure 5.4. In particular, Figure

5.4.a shows the material swollen immediately after the preparation.

After swelling in water hydrogels were dried in air for three days presenting a mass of

0.246 g per each cylindrical hydrogel. Dry hPAm (one cylinder) is illustrated in the

Figure 5.4.b. When hPAm was dried it did not retain its geometrical structure breaking

into fragments.

The process of hydrolisation was also tried with thinner hPAm of almost 30 µm in

thickness. The film was fixed on glass with a working (W.S.) solution [1] as described in

the Chapter 4 (Figure 5.4.c). The hydrogel fixed on glass was placed in 2M NaOH for

1 day. The hydrogel detached because of breaking of -NH2 during the base hydrolysis

(5.4.d). This result confirm that PAm cannot be adopted as thin film using the hydrolysis

with NaOH solution.

Figure 5.4: Swelling of hPAm in bulk and as film.

Photographs of hPAm in swollen state (a), dried (c), PAm fixed on glass (d) before
hydrolysis and hPAm detached from glass after the first day of NaOH treatment. (Red

scale bar: 1 cm)

The chemical structure of PAm and hPAm are reported in Figure 5.5.a,b. The Raman

spectra reported in Figure 5.5.c,d show several changes between the two hydrogels. The

1665 cm-1 peak is attributed to the amide I band C=O stretching vibration. The intense

peak at 892 cm-1 corresponds to the symmetric vibration of C-C groups [11]. This peak is
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higher for hPAm than PAm, and it is attributed to the vibration of carbons of carboxyl

groups formed after hydrolysis. The band at 998 cm-1 has been assigned to the C-

NH2 wagging mode [11], typical of PAm, and which disappears in the hPAm spectrum,

confirming loss of -NH2 groups after hydrolysis. Comparing the results with literature

[11], we can confirm that the hydrolysis of PAm was successful.

Figure 5.5: Chemical characterisation of PAm.

Chemical formula of polyacrylamide (a) and hydrolyzed poly-acrylamide (b).
Representative Raman spectra ((c) 500 - 1100 cm-1 and (d) 1200 - 3300 cm-1).

5.2.2.2 Proof-of-concept of electro-actuation

hPAm with a rectangular shape was positioned with the long axis parallel to the electric

field. When an anionic gel with a rectangular shape is placed with the short axis parallel

to an electric field, it will swell asymmetrically towards the anode [4]. The swelling speed

of the hydrogel with the side facing the anode was calculated by recording the movement

of the hydrogel in the x-direction and dividing this value for the time the electric field

was applied. The electro-actuation was repeated with three independent experiments.



Chapter 5. Exploring electro-responsive hydrogels for cell culturing applications 162

The distribution of the data (displacement over time) was not normal, and the median

was calculated in order to find an averaged value of the displacement along the x-axis.

After 1 hour of elecro-actuation the median of the displacement along the x-axis was

found to be 81.57 µm with the upper limit of the distribution of the data equal to 126.10

µm and lower limit equal to 69.86 µm. The same side of the gel was also monitored

immediately removing the electric field. The hydrogel returned to its prior state very

slow with an approximate velocity of 8 nm/s. These results showed that the hydrogel

could be controlled in swelling alongside x-direction at low actuation voltage, avoiding

local pH changes and consequently the hydrolysis of water.

However, hPAm presented some drawbacks that limited its use with cells: (i) not spin-

coatable, (ii) the strong base hydrolysis was not compatible with microfabrication tech-

nique and (iii) not controllable in shape (not stable and brittle) during the preparation

and electro-actuation.

Figure 5.6: Images of the hydrogel side facing the anode when the electric field is
not yet applied (time t = 0) and at later time (t = 1 h).

A grid is created on the microscope camera image (b) as a reference to measure the
movement in x-axis. We find x=0 (a-c) and after 1 h the hydrogel shows it had swelled

in the x direction 69.7 µm (b-d). The experiment was repeated in triplicate.
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Considering the drawbacks revealed from the experiments of hPAm, nanogels suspended

in colloidal solutions were considered to form thin films by spin-coating. With colloidal

solutions it was avoided the problem related to the fast gelation of PAm and the insta-

bility of this hydrogel during hydrolysation.

5.3 Soft colloids as thin films for cell culturing

5.3.1 Materials and Methods

5.3.1.1 Synthesis of PNIPAm-based nanogels

Nanogels were synthesised by free-radical precipitation polymerisation [12] with PNI-

PAm as the main monomer, acrylic acid as a co-monomer and bisacrylamide as crosslinker.

PNIPAm is a neutral amphiphilic polymer that dissolves in cold water, but it transits

from a coil-to-globule structure and precipitates in solution when the temperature in-

creases beyond an LCST [13]. Generally, this kind of polymerisation consists in an initial

homogeneous system with an utterly soluble monomer and crosslinker in a mixture of

porogenic solvent generally a surfactant [14]. Particle size can be controlled by varying

the surfactant and initiator concentrations.

PNIPAm nanogels were synthesised by solubilization of the monomer N - isopropylacry-

lamide (NIPAM), crosslinker (BIS) and emulsifier (Sodium dodecyl sulphate, SDS) in

water. The solution was then transferred in a four-necked jacked reactor equipped with

a condenser and mechanical stirrer. The solution is deoxygenated by bubbling nitrogen

and then heated at 70 ◦C. Potassium persulfate (KPS) is successively added to initiate

the polymerisation, and the reaction is allowed to proceed for about 16 hours under

nitrogen atmosphere.

With this procedure, two types of PNIPAm were synthesised: PNIPAm6 and PNIPAm10

with nanoparticles with diameter of 557 ± 24 nm and 91.1 ± 1.7 nm respectively. The

weight concentrations of the microgel dispersion that we have studied were 3 % and 1 %.

The diameter of the nanogels and the colloidal stability were controlled by changing the

concentration of emulsifier (Sodium dodecyl sulphate, SDS) added earlier to the reaction

[15].
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However, PNIPAm is typically thermoresponsive, but the addition of a polyelectrolyte

could render the material electroresponsive. One of the most common co-monomer that

can be added is acrylic acid (AAc) that has pKa of almost 4.25 [16]. Two strategies

were used to bind PAAc to PNIPAm: (i) random copolymerisation and (ii) formation of

interpenetrating polymer networks. The first method leads to the formation of PNIPAm-

co-PAAc nanogels made of a single network of both monomers NIPAm and acrylic

acid (AAc). In the second case, an interpenetrated (IPN) hydrogel is formed by two

polymeric networks that are physically entangled but not covalent bonds. During the

synthesis of IPN nanogels, the polymerisation of AAc primarily occurs within every single

nanoparticle and, while the reaction proceeds, every single particle acts as a skeleton for

the polymerisation of acrylic acid. At the end of the reaction, the nanoparticles present

a core-shell structure characterised by a highly dense core of inter-penetrated PNIPAM

network and PAAc, surrounded by a shell made of a low-density PAAc chain [17].

Copolymer nanogels behave differently than IPN since their properties depend on the

monomer ratio as well as on the organisation and sequence of the monomer [18]. For

example, it has been noticed that they exhibit a shift of LCST to higher values in

comparison to that of the sole PNIPAm [19]. On the other hand, IPN nanogels respond

to the pH and temperature like two independent homopolymeric networks [17].

The diameter of PNIPAm-co-PAAc and IPN nanogels was measured by DLS and they

were 8.9 ± 3.2 nm and 458 ± 27 nm respectively.

5.3.1.2 Modification of the substrates

Glass coverslips of 13 mm diameter were treated with a different solution to improve the

attachment of PNIPAm, PNIPAm-co-PAAc and IPN films.

For PNIPAm, glass coverslips were treated with hot NaOH (10 % w/w) solution three

times for 5 min, and then the glass was rinsed in water and dried with nitrogen flow.

Glasses were also treated with APTES, that eas previously used to fix PAm hydrogel

(description in Chapter 4).

For PNIPAm-co-PAAc and IPN, glass coverslips were firstly rinsed with acetone, iso-

propanol and distilled water. Then, they were cleaned in a freshly prepared ’piranha’

solution (a mixture of 96 vol % sulfuric acid and 30 vol % hydrogen peroxide heated at
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120 ◦C ) for 5 min. The treatment with piranha is generally important before any silani-

sation because it removes all the inorganic and organic residues that can obstacle the

success of the silanisation. The glasses were then extensively rinsed with distilled water

and dried with nitrogen flow. Glass were then silanised with 3-(trimethoxysilyl)propyl

methacrylate (TMSPMA) solution (100 mL deionised water, 10 µL acetic acid and 2 wt

% TMSPMA) overnight at 70 ◦C and finally washed with ethanol three times and dried

with nitrogen flow.

5.3.1.3 Ene-functionalisation of nanogels

Thiol-ene click chemistry was used as a straightforward strategy to graft the polymer

chains of the nanogels and also to attach the films on glass previously silanised with

TMSPMA. Thiol-ene reaction involves the addition of thiols (S-H) bonds by free rad-

ical or ionic mechanism [20], [21]. Figure 5.7 shows the principle of thiol-ene reaction.

The thiol-ene reaction is generally activated by thermal heating which guarantees a

homogeneous distribution of cross-links in the hydrogel film [22], [20].

Figure 5.7: Scheme for the thiol-ene click reaction

This strategy was optimized from the work of Li et al. [22]. PNIPAm-co-PAAc and IPN

were firstly ene-functionalised by adding allylamine in the presence of N-hydroxysuccinimide

(NHS), and 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) that are crosslinker

agents used to couple carboxyl groups to primary amines creating amine-reactive NHS-

esters. The ratio AAc/allylamine/EDC/NHS is set equal to 1/2/2/2 as described in the

work of Li et al.[22]. In Figure 5.8 is illustrated the reaction with allylamine for the ene

functionalisation of PNIPAm-co-PAAc and IPN.

PNIPAm-co-PAAAc ene and IPN-ene were obtained by partial amidation of COOH

groups with allylamine in the presence of EDC and NHS as reaction promoters. The

modified nanogels were purified and the final product was characterised by 1H NMR.

PNIPAm-co-PAAc-ene was made from 89.47 (% mol) of PNIPAm10, 9.55 (% mol) of

PAAc and 0.98 (% mol) of allylamide groups. IPN-ene was made from 56.71 (% mol) of

PNIPAm10, 41.25 (% mol) of PAAc and 2.04 (% mol) of allylamide groups.
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Figure 5.8: Schematic of ene-reactive hydrogels.

5.3.1.4 Spin-coating of the nanogels

60 µl of PNIPAm6 and PNIPAm10 were spin-coated at different spin speeds onto glass

coverslips treated with NaOH using two steps. The first step was set to 500 rpm for 30

s and was fixed for all the spin-coating processes whereas the second step ranged from

2000 rpm to 5000 rpm. R1,R2, R3 and R4 corresponds to 2000 rpm, 3000 rpm, 4000

rpm, and 5000 rpm respectively. The nanogels, the corresponding spin speeds and the

glass treatment used so far are listed in Table 5.2.

Table 5.2: Characteristics of nanogels and spin speeds used.

Nanogel Diameter (nm)a Spin speed Glass treatment

PNIPAm 6 557 ± 24 R1, R4 NaOH

PNIPAm10 91.1 ± 1.7 R1, R2, R3, R4 NaOH

PNIPAM-co-PAAc 8.9 ± 2.9 R4 NaOH

IPN 458 ± 27 R4 NaOH

PNIPAm-co-PAAc-ene 11.5± 3.2 R4 TMSPMA

IPN-ene 485 ± 36 R4 TMSPMA
a
Measurements performed at 20 ◦C by using Dynamic Light Scattering (DLS) with samples diluted at 0.02 % wt.

PNIPAm-co-PAAc-ene and IPN-ene were mixed with dithioerythritol(DTT). Dithioery-

thriol has the structure of two thiols on one moelcular, which makes it work as a bridge
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to connect the polymeric chains by covalent bonds through thiol-ene reaction [22]. 60 µl

of PNIPAM-co-PAAC-ene/DTT and IPN-ENE/DTT mixtures were spin-coated on the

TMSPMA-modified cover glasses. Spin-coating was performed using two steps: step 1,

30 s at 1000 rpm, step 2, 60 s at 5000 rpm.

Thermal heating was used in order to activate the thiol-ene reaction [22], [20]. Films

were annealed in a vacuum after spin-coating at 120 ◦C for 16 h. They were successively

washed with ultra-pure water, sonicated for 1 min, and dried with nitrogen flow. The

annealing time is crucial to activate and complete the thiol-ene reaction. Short time can

result in detachment of the films from the substrates, decreasing of the thickness of the

film or the inhomogeneity of the film [22]. Figure 5.9 shows an overview of the process

used to form hydrogel films using spin-coating and click chemistry.

5.3.1.5 Topographical and chemical characterisation of the films

AFM imaging of PNIPAm films was performed in air using a Multimode Nanoscope V

instrument in tapping mode. Commercial Al-coated tips (Budget Sensors) with reso-

nance frequency about 300 Hz and force constant 10-130 N/m were used.

The thickness of IPN-ene films was measured in air using a commercial MikroMash

HQ:NSC35, and a home-made system made of a commercial head (SMENA, NT-MDT).

The thickness was evaluated creating a step on thermal annealed and washed films.

To obtain further quantitative information on the adsorption of the hydrogel thin films

onto the glass surfaces, high-resolution XPS measurements were carried out. Measure-

ments were performed using a Theta Probe system (thermos Fisher Scientific INc.,

Loughborough, England) with Al Kα X-ray (photon energy = 148.6 eV) set to illumi-

nate a spot of 400 µm in size, and the vacuum chamber was pumped to 10-9 Torr. During

the measurements, an electron flood gun was used to prevent sample charging. Survey

spectra and high-resolution spectra were obtained with a pass energy of 50 eV and a step

size of 1 eV. Spectra were analysed using Thermo Fisher Advantage software (Thermo

Fisher Scientific Inc., Waltham, UK). Elemental composition was obtained from the

survey spectra after smart background subtraction and peaks were deconvoluted after

a background subtraction using Lorentzian/Gaussian mix fitting. Spectra were also ac-

quired three different points of each sample in order to check the homogeneity of the

film.
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Figure 5.9: Cartoon of the preparation of films of PNIPAM-co-PAAc-ene and IPN-
ene.

5.3.1.6 Scaffold preparation

For cell culture experiments, cell activity was evaluated on PNIPAm10, PNIPAm-co-

PAAc-ene and IPN-ene spin-coated at 5000 rpm. Glass treated with TMSPMA was

used as control. Samples were sterilised under UV light (254 nm) for 1h in the class

I laminar flow hood. After, they were washed with 0.5 mL of warm (around 37 ◦C)

ethanol 70%, and subsequently washed 3 times in 0.5 mL of warm PBS. Samples were

then place in 24-well plates and 0.3mL of Dulbecco’s Modified Eagle’s medium (DMEM)
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(Lonza) supplemented with 10 % fetal bovine serum (FBS) (Invitrogen) and 1 % peni-

cillin (P) and streptomycin (S) antibiotic (Lonza) was added per each well. Samples

were maintained in a humidified incubator at 37 ◦C and 5 % CO2.

5.3.1.7 Cell culture

C2C12 cells (company name) were cultured for 3 days in T125 flask (Corning, Sigma

Aldrich) up to 70 80 % confluence. In order to split the cells, they were incubated with

2 µg/ml collagenase (Lonza) in serum free DMEM (Lonza) media for 45 minutes in the

humidified incubator at 37 ◦C and 5% CO2. Then the collagenase was removed, the

cells were washed with PBS (2 times, 10 ml PBS each time) and the trypsin (1X, 7ml)

(Lonza) was added and incubated for 5 min in the incubator. Then 23 ml of DMEM,

10 % FBS, 1% P/S was added in order to inactivate the trypsin and the cell suspension

was centrifuged at 1100 rpm for 5 min. The cells were responded in 10 mL DMEM, 10%

FBS, 1% P/S and were counted by using a hemocytometer.

5.3.1.8 Cell adhesion and activity assay

C2C12 were seeded at a density of 2000 cells/cm2 on the 5 scaffolds placed in 24 well

plate. Cell proliferation and adhesion on glass, glass/TMSPMA, glass/PNIPAm-co-

PAAc-ene, glass/PNIPAm10 3% and glass/IPN-ene was assessed monitoring the cells for

5 h, 24 h and 72 h. A Live/Dead cell viability assay was used for cell viability examination

using Cell Tracker green (CTG) and ethidium Homodimer-1 (EH-1). After cells were

seeded on scaffolds for 24h, wells were washed and the media was removed. Reagents

were subsequently added according to the manufacture protocol (Life Thenology). A

solution of 300 µL of 10 µg/ml CTG, 5 µg/ml EH-1 in serum free DMEM media was

added to each well and placed in the incubator for 1.5 hrs. The well plate was then

removed from the incubator and the media was replace with DMEM media and incubated

for 45 min. Then the cells were washed, fixed in PFA and imaged.

Images from scaffolds were taken using an inverted microscope (Nikon Eclipse, Nikon

UK, Surrey, UK), equipped with a fluorescence filter. Cell adhesion and spreading was

evaluated capturing images in bright-field at two different magnification (4x and 20x).

Cell analysis was done using ImageJ. Cell density was evaluated using ImageJ (NIH,

Baltimore) and processing images at 4x magnification. The background of each image
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was subtracted and cells were counted automatically using the Analyse particles plugin.

Cell spreading area was measured using the same software for 20x images, and and

outline was drown manually around each cell. The fluorescent staining was imaged at

10x magnification using two filters red (Ex 530-560 nm, Em 570-640 nm) and green

(Ex 450-490 nm, Em 500-550 nm) were counted manually using ImageJ. Three images

per each sample were taken in different areas and three samples per each category were

analysed.

5.3.2 Results and Discussion

5.3.2.1 Preparation of films with PNIPAm10 and IPN-ene

The thickness of hydrogel films depends on the polymer concentration [22]. For non-

colloidal solutions has been demonstrated that the thickness can range from nanometres

to micrometres using spin-coating technique [22].

In this work, colloidal solutions with suspended nanogels with different diameter were

used. The study of the topographies of the films was necessary to find the condition

where a continuous and uniform film was formed.

PNIPAm6 was spin-coated at two different concentrations and two different spin speeds.

PNIPAm6 1% at R1 and R4 conditions (see Table 5.2) presents nanoparticles that

tend to be agglomerated and distributed in multilayers. Figure 5.10.A shows 10 µm

x 10 µm AFM images with the corresponding height profiles. The nanoparticles can

be well-identified and are more densely agglomerate at high spin speed, and also they

present a more deformed shape in comparison to the nanoparticles spin-coated at 2000

rpm. Multiple peaks of the height profiles are an indication of the presence of particles

distributed at different heights.

PNIPAm6 more concentrated (3% wt) does not show the agglomeration of nanoparticles,

but it presents nanoparticles homogeneously distributed with the rounded shape when

spin-coated at R1. PNIPAm6 3% at R4 has deformed nanoparticles but more uniformly

distributes as shown in Figure 5.10.A.

PNIPAm10 has nanoparticles smaller than PNIPAm6. PNIPAm10 at a concentration

of 1% at two spin speeds (R1 and R4) appears as a discontinuous film with holes depth

of almost 1 nm (2µm x 2 µm AFM images Figure 5.10.B)
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PNIPAm10 3% films look like continuous with roughness almost of 1 nm. Figure 5.10.B

to the right lower panel reports also an optical image of a scratch made on PNIPA10

3% spin-coated at R4. This image clearly shows the presence of a continuous film on

the glass.

Figure 5.10: AFM images of PNIPAm6 and PNIPAm10 after spin-coating.

In A and in B AFM images with the corresponding profiles of PNIPAm6 and
PNIPAm10 at two different concentrations and different spin speeds are reported.

AFM images of PNIPAm6 are 10 µm x 10 µm whereas for PNIPAm10 2 µm x 2 µm
areas were taken.

The thickness of PNIPAm10 3% films at different spin speeds were measured forming a

step on the film using a scalpel (Figure 5.10.a). An average height profile was extracted

from each image to obtain a curve thickness vs spin speed. The best fit curve illustrated

in Figure 5.10.b R2 0.9701) is a power fit similar to the general trend of the spin-coating
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Figure 5.11: Topographic AFM image in air, the step profile and thickness vs spin
speeds.

In (a) a typical 50 µm x 50 µm AFM image and the corresponding profile (b). The
dependence of PNIPAm layer thickness as a function of spin-coating speed (c).

process. The film thickness results inversely proportional to the spin speed. For example,

at R1 the thickness was equal to 289.0 ± 1.0 nm and at R4 was equal to 150.7 ± 11.5

nm. The values of the curve were averaged on three areas of the same sample. The

thickness was also evaluated considering three images on three different samples and in

the case of R1 thickness was equal to 245.4 ± 57.7 nm and in the case of R4 equal to

149.0 ± 28.8 nm.

The same experimental conditions were also used to coat glass with IPN-ene using R1

and R4 conditions. With IPN-ene a continuous film is formed at R1 and R4. In Figure

5.12 the step profiles are shown. We can see that IPN-ene has a thickness of almost

110 nm at R1 (Figure 5.12.a,b), whereas the thickness at R4 dramatically decreases

becoming of almost 20 nm (Figure 5.12.c,d).
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Figure 5.12: AFM image with the relative step profiles in air of IPN-ene spin-coated
at R1 and R4 annealed and not washed.

5.3.2.2 Stability of the films on glass

The morphology of PNIPAm10 and IPN-ene films in dry condition was evaluated after

spin-coating. In order to test the stability of the films, the topography was studied after

washing the samples in water at room temperature. The desorption was observed for

both PNIPAm10 and IPN-ene. Two different treatments of glass were compared: (i)

working solution (W.S.) and (ii) NaOH. Nevertheless, the material was partially washed

away in all cases. Figure 5.13 shows the AFM images of IPN spin-coated at R4 before

and after washing in water.

Thiol-ene click chemistry was used as an alternative to the standard silanisation following

the work of Li et al. [22]. XPS analysis was then performed to confirm the deposition of

a stable uniform film of PNIPAm10 3%, PNIPAm-co-PAAc-ene and IPN-ene grafted on

glass treated with TMSPMA. The XPS spectra were considered at the etching time of

20 s in order to remove the signals of adventitious carbon. Also, all the binding energies

referenced the peak of the C-C set to 285.0 eV [23]. The stability and the uniformity of

the films were investigated acquiring the spectra before and after washing the samples,

and in different points of the same sample.
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Figure 5.13: AFM images of IPN films fixed on silanised glass before and after
washing.

In (a) and (b) there are topographical images of the IPN fixed on glass treated with the
working solution. In (c) and in (d) the images of IPN fixed on NaOH-treated glass.

PNIPAm10 films were coated on glass treated with NaOH in absence of any stabilization

by click chemistry. Figure 5.14.a shows the carbon (C1s) spectrum of glass treated with

NaOH and of PNIPAm10 thin films coated on glass treated with NaOH and washed

after coating. The peaks of C1s are assigned to C-C/C-H, C-N and C=O typical of

PNIPAm as reported in [24]. The most prominent peak corresponds to the C atom at

the binding energy of of 284.83 eV assigned to C-C and C-H, value slightly shifted in

comparison to the value reported in literature [24]. The peak at 286.13 eV corresponds

to C atom in C-N of PNIPAm chains and the binding energy of 287.85 eV is associated

to the C atom in carbonyl group. The peaks at 282.6 eV and 279.3 eV can be attributed

to a surface contaminations that generally come from environmental air [25]. PNIPAm

10 washed and PNIPAm10 unwashed are also compared in Figure 5.14.b. where Si2p

peak (102.4 eV) associated to glass appears also for samples PNIPAm 10 washed.This is

a clear indication of the desorption of PNIPAm10 from glass. Figure 5.14.c depicts the

comparison of N1s spectra of glass, PNIPAm10 unwashed and washed. There is only

an evident peak for PNIPAm10 not washed (N-H) at the energy of 399.4 eV. For O1s

spectra (Figure 5.14.d), both glass and PNIPAm 10 washed have the same peak with

binding energy of 532.4 eV (O atom in O-Si bond). However, PNIPam 10 not washed
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have a low intensity peak with a binding energy at 531.5 eV that can be attributed to

C=O bonds of PNIPAm chains [24]. These results clearly indicated that PNIPAm10

was not well-adsorbed on the glass surface activated with NaOH after rinsing by water.

Figure 5.14: High resolution XPS spectra of: glass treated with NaOH, PNIPAm10
film not washed and PNIPAm10 washed after spin-coating on glass.

In (a) XPS C1s spectrum of PNIPAm10 grafted on glass. The fitting shows aliphatic
hydrocarbon (C1), secondary amine (C2) and amide (C3). In (b), (c) and (d) Si2p,
N1s and O1s spectra of glass treated with NaOH, PNIPAm10 film-not washed and

PNIPAm10 film-washed are compared.

The thicknesses of IPN-ene and PNIPAm-co-PAAc-ene spin-coated at R4 were also

evaluated after annealing and washing, and they were found to be almost 10 nm. XPS

technique can probe nanometric layers with standard penetration depth of ∼ 5-10 nm

[22],[26], so it was also considered as a technique to study the chemical composition and

the stability of thinner films.

The spectrum relative to C1s of PNIPAm-co-PAAc-ene not washed reported in Figure

5.15.a. Five peaks within the high resolution spectrum are fitted. The location of the

C1s peaks at binding energies of 285.42, 284.35, 288.14, 283.48 eV were assigned to the

chemical bonding of C-C/C-H, C=C, C=O and C-Si [27], [28], [29], [30]. C1s spectrum

of PNIPAm-co-PAAc-ene washed is reported in Figure 5.15.b.
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Figure 5.15: XPS spectra of PNIPAm-co-PAAc-ene.

In (a) high resolution C1s spectrum of PNIPAm-co-PAAc-ene film coated on glass
(treated with TMSPMA) before washing. In (b) XPS spectrum of C1s of

PNIPAm-co-PAAc-ene film after washing. In (c) the comparison of Si2p spectra of
glass treated with TMSPMA, PNIPAm-co-PAAc-ene film before and after washing. In
(d) a bar graph with elemental composition (%) of PNIPAm-co-PAAc film grafted and

rinsed in different points (a,b and c) is reported.

The peak at 286.87 was attributed to C-N/C-S related to the C atom of PNIPAm and

the graft of the polymer to the glass via thiol groups. The peaks at 286.2 eV and 286.5

eV were attributed to C-N[29] and C-S [31]. These two peaks are overlapped in the XPS

spectrum of Figure 5.15.b. The C1s spectrum of the same sample after washing was

also obtained. The C1s constituent peaks at binding energy of 284.80, 282.78, 286.03,

287.30 and 288.20 eV were attributed to C-C/C-H, C-Si, C-N/C-S, N-C=O and O-C=O

[26], [27], [31]. In this spectrum the two peaks N-C=O and O-C=O can confirmed the

presence of the copolymer after washing. On the other hand, the peak associated to

C=C groups disappears after washing (comparison between Figure 5.15.a and Figure

5.15.b). This phenomenon could be due to C=C that have not reacted with DTT

and the click chemistry was not completely activated (the peak of C=C disappeared

after washing). It is possible that there could be multiple layers of PNIPAm-co-PAAc

(nanogels assembled in two levels), but only the bottom layer was well-bond onto the
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glass whereas the upper film not well-assembled with the bottom layer was washed away

after rinsing. Si2p peaks related to the signal of SiO2 are also compared in Figure 5.15.b.

The attenuation of the Si peak for the copolymer before and after washing confirms that

part of the film remained on the glass. The homogeneity of the film was detected by

considering the atomic composition of carbon, oxygen, silica, sulfur and nitrogen in

different points of the same sample. S2p peaks were slightly evident in the surveys and

they were located at the binding energy of 164.0 eV corresponding to thiol (R-SH) peak

[32]. The bar graph depicted in Figure 5.15.d shows that the atomic composition of

PNIPAm-co-PAAc significantly change in three different points before and after rinsing.

Figure 5.16: XPS spectra of IPN-ene.

In (a) and (b) high resolution spectra of C1s spectrum of IPN-ene film before and after
washing are reported. In (c) the comparison of Si2p spectra of glass treated with

TMSPMA, IPN-ene coated film before and after washing. In (d) is illustarted a bar
chart of element composition of three points of the same sample before and after

washing.

Details of different carbon functionalities at the surface were also determined for IPN-ene

before and after washing fitting the peaks for the high-resolution C1s spectrum (Figure

5.15.a,b). The C1s spectra for the unwashed and washed films were deconvoluted into five

component peaks for the unwashed polymer and six peaks for the washed polymer. The

peaks for IPN-ene washed were 285.10, 286.42, 287,65, 283,20, 288.54 eV corresponding
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to C-C/C-H, C-N/C-S, N-C=O, C-Si and O-C=O [27], [30]. For the unwashed IPN-ene

the peak for O-C=O is evident in comparison to the copolymer where this peak appears

only in the washed sample.

The peaks for the washed IPN-ene are the same with an additional peak related to C-O

that can be associated to the hydroxyl carbon (C-OH) of the PAAc [27]. The peaks of

Si2p of IPN-ene washed and unwashed were also compared in Figure 5.16.c. The atomic

composition of all elements significantly changed between different points before and

after washing as shown in Figure 5.16.d The atomic composition of S2p also changed

on the same samples,suggesting that S-H groups were not uniformly distributed on the

films.

5.3.2.3 Cell culture on PNIPAm, PNIPAm-co-PAAc and IPN

C2C12 were cultured on PNIPAm 10, PNIPAm-co-PAAc-ene (here called COPOL) and

on IPN-ene (here called IPN) using glass treated with piranha and glass treated with

TMSPMA as controls. Cell proliferation was monitored for 5 h, 24 h and 72 h and

analyzed by microscopic examination and viability assessment. According to microscopic

observation (Figure 5.17), cell proliferate over time on glass, TMSPMA and PNIPAm

whereas they show less proliferative activity on COPOL and IPN. The number of cells is

comparable for glass, TMSPMA and PNIPAm and it decreases dramatically for COPOL

and IPN as shown in Figure 5.18.a. The cells were fully spread on controls and PNIPAm

but they did not display the same behaviour on COPOL and IPN. However, on IPN

cells show a more spread morphology with a significant increase of the area over time in

comparison to COPOL (Figure 5.18.b).

Results of live/dead assay revealed that cells were alive on the controls and PNIPAm

and they mainly died on COPOL. Also IPN films were found not homogeneous and

there were some areas where cells prefer to live. It was hypothesized that cells prefer

to stay thin areas than thick areas. Indeed, cells fill the underlying glass on thin areas

where they shown a better proliferation and spreading. However, results did not reveal

any significant difference in cell viability among COPOL and IPN. Figure 5.20 shows

the fluorescent images of live and dead cells with the corresponding histogram with the

percentage of cells.
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Figure 5.17: Bright-field microscopy images of C2C12.

Images of cells cultured for 72 h on (a) glass treated with piranha, (b) glass treated
with TMSPMA, (c) PNIPAm 10, (d) PNIPAm-co-PAAc-ene, (e) IPN-ene. Red scale

bar: 100 µm

A significant change in cell proliferation between glass and PNIPAm samples was ex-

pected according to the results reported by Dzhoyashvili et al. However, the results

showed here are in disagreement with this work.

Figure 5.18: Cell proliferation and spreading at three different incubation time 5h,
24h, 72h.

In (a) the number of cells is illustrated and in (b) cell area. Data are mean ± standard
error of mean, ∗ p < 0.5, ∗ ∗ ∗ p< 0.001.

Cells did not proliferate, spread and survive significantly on PNIPAm samples and on

glass. Also, the findings related to the behavior of cells supported the results of XPS,

demonstrating that PNIPAm films that are not bond on glass were completely dissolved

after washing and cells seeded on PNIPAm samples behave in the same manner of the

cells seeded on glass. The heterogeneity of IPN was also in agreement with XPS results,
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and cells presented more spread areas close to the edges than the centre of the sample.

These areas were also found on films dip casted on glass. The disomogeneous surface of

of dip casted films presented thick areas on the same samples.

Cell cultured on dip casted films showed an anomalous behavior. There preferred to

leave in thinner areas rather than thick areas as reported in Figure 5.19. In the figure,

the heterogeneity of IPN-ene dip coated on glass is shown. AFM topographies and

cell culturing clearly show that cells prefer to leave on thin areas rather then bulky

areasThese preliminary results can be in line with the finding of Dzhoyashvili et al.

hypotizing the influence of the thickness of the films on cell viability [33].

Figure 5.19: Images of dip coated hydrogel on glass coverslips with AFM topogra-
phies of thin and thick areas

In (a) a picture of the dip coated IPN film in swollen state. In (b) and (c) the
corresponding AFM topographies of step created in thin and thick areas of the sample.

In (d) bright field and the corresponding fluorescent image (DAPI) (e) of C2C12
seeded for 24 h at density of 2800 cells /cm2 (Red scale bar: 100 µm).

However, the absence of hydrogel in some areas where cells proliferate cannot be ex-

cluded.

5.4 Summary

Electro-responsive hydrogels were investigated for integration in miniaturised platforms

to stimulate cells. It was crucial to find the ideal hydrogel with the following properties:

(i) spin-coatable, (ii) compatible with microfabrication processes, (iii) biocompatible,

and responsive to low voltages in the range of 1 V. Herein, two syntheses of EAHs for

application in cell culture have been proposed.
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Figure 5.20: Live/dead assay images for cell viability for cells grown on glass (con-
trol), TMSPMA (control), PNIPAM, COPOL and IPN.

In (a), (b), (c), (d) and (e) fluorescent live/dead assay images representing cell
viability. In (f) statistical analysis of number of cells died and number of cells alive is

reported. Data are mean ± standard error of mean, ∗ p < 0.5, Red is for died cells and
green for live cells. Initial cell-seeding density 2000 cells/cm2 and incubation time 24 h,

red scale bar: 50 µm.

Firstly, hPAm was synthesised and chemically characterised monitoring all the steps of

preparation using gravimetric measurements and Raman spectroscopy. The proof-of-

concept of a planar electro-actuation of the hydrogel was also shown. Results demon-

strated that the actuation of the hydrogel was mainly due to the electrostatic interac-

tions that occur in the hydrogel when an electric field is applied. The main drawbacks

that limit the integration of hPAm hydrogel in miniaturised platforms are related to its

preparation. Indeed, the hydrolysis does not allow the control in the size and shape

of the hydrogel in bulk because of the high percentage of swelling. Also, the hydroly-

sis obstacles the graft of the hydrogel on substrates because of the hydrolysis of amide

groups that typically stabilise the material on the surfaces. All these aspectes limited

the integration of this hydrogel in miniaturised platforms .



Chapter 5. Exploring electro-responsive hydrogels for cell culturing applications 182

Secondly, colloidal suspensions of nanogels made of PNIPAm and PAAc were considered

more promising for spin-coating. Three colloidal suspensions based on PNIPAm were

synthesised and compared. It was demonstrated that uniform films with different thick-

nesses can be obtained varying the spin speeds. PNIPAm films were more controllable in

thickness whereas IPN showed more heterogeneity surface. The main issue of these films

was related to their dissolvability after soaking in water at room temperature. Their

instability and dissolvability after spin-coating and washing were demonstrated. There-

fore, the functionalisation of the substrates and the suspended nanogels using thiol-ene

click chemistry was crucial to improving the stability of the films. This method showed

successfully the control of the hydrogel synthesis and a better anchorage of the materials

to the glass substrates.

As a final step, the biocompatibility test was performed with muscular cells showing

scarce cell viability with the need for additional modification strategy of hydrogel surface.
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Chapter 6

Conclusions and Future Work

6.1 Overview of the project and contributions

Within this project, simple and versatile strategies to pattern static and dynamic scaf-

folds for cardiac in vitro models were developed. Microfabrication techniques were im-

plemented and optimised to produce 2 D anisotropic patterns on the surface of soft

polymeric thin films. In particular, Parylene C was demonstrated to be an excellent

masking material to anisotropically pattern PDMS and polyacrylamide (PAm) hydrogel

scaffolds. Among them, scaffolds based on PAm hydrogel promoted a better alignment

of NRVMs. On the other hand, in this project was also taken in account the possibility

to fabricate and integrate electro-responsive constructs for dynamic stimulation of cells.

Among a large variety of electro-active hydrogels, nanogels based on PNIPAm and PAAc

suspended in colloidal solutions were demonstrated to be more appropriate and com-

patible with microfabrication techniques to obtain homogeneous thin films deposited on

glass substrates.

Chapter 3 presented the work on the fabrication and characterisation of hybrid con-

structs made from Parylene C and PDMS. All these scaffolds were fabricated mimicking

the architecture of the heart with grooves of 1 µm depth and 10 µm width. Two type

of scaffolds were fabricated using two different strategies, but both with Parylene C

used as masking material. The first scaffolds were fabricated by spin coating PDMS on

grooved Parylene C, and the second scaffolds were fabricated with a hybrid topography

that presented hydrophobic raised strips made from Parylene C and hydrophilic chan-

nels made from PDMS. PDMS of the first scaffolds showed a corrugated topography,

187
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and the height of the wrinkles was controllable by changing the velocity of the spin

coating. With this strategy, it was possible to have a composite material that presented

a corrugated topography very similar to the topography of the heart tissue. It was also

assumed that the process of spin coating could affect the elastic properties of PDMS,

and nanoindetation was carried out to evaluate the elasticity of thin PDMS films and

on hybrid Paryelene C/PDMS constructs. It was observed that PDMS did not change

the mechanical properties with the spin coating, and also Parylene C underlying PDMS

(hybrid material Parylene C/PDMS) did not affect the Young’s modulus of PDMS.

PDMS was treated with oxygen plasma in all the scaffolds to improve the adhesion of

cells. Therefore, it was also necessary to investigate the effect of oxygen plasma on thin

films PDMS since this material is well-known to restore the hydrophobicity very fast.

Two techniques such as ICP and RIE commonly used in microfabrication were used to

treat PDMS with oxygen plasma. The wettability was monitored overtime showing that

the hydrophilicity lasted longer on PDMS samples treated with ICP at 1000 W rather

than RIE at 200 W. Scaffolds were interfaced with NRVMs in order to study the effect

of the topography on the alignment of cells. Scaffolds with wrinkled PDMS induced

a random distribution of cells with high orientation angle in comparison to the other

scaffolds where cells have been aligned with a mature morphology. Hybrid scaffolds

with hydrophilic PDMS and hydrophobic Parylene C demonstrated a significant align-

ment of cells in comparison to sole hydrophilic/hydrophobic Parylene C. These results,

demonstrated and confirmed that the strategies to obtain hybrid topographies with hy-

drophobic areas and hydrophilic areas are more effective to align cells that typically

prefer to grow in the hydrophilic channels. However, with this strategy is not possible

to evaluate the effect of the topography on cell alignment since cells are forced to be

aligned in the hydrophilic channels. On the contrary, corrugated PDMS scaffolds that

are totally hydrophilic on the surface could be applied to investigate the effect of the

topography on cell alignment.

A new technique was proposed in Chapter 4 to pattern PAm hydrogel. Parylene C

with hydrophilic channels and hydrophobic raised strips was employed as a template for

patterning PAm hydrogel through micro-contact printing. The topographic pattern of

Parylene C was demonstrated to be successfully transferred on the hydrogel with well-

defined features. Proteins patterned in the hydrophilic channels of Parylene C masks

were also successively transferred on PAm hydrogel demonstrated by fluorescence anal-

ysis. PAm scaffolds obtained with this technique were also studied with cells Results on



Chapter 6. Conclusions and future work 189

cell morphology, elongation and orientation confirmed that a significant cell elongation

was induced on anisotropic architecture mimicking the distribution of cells in the native

cardiac tissue.

For the dynamic scaffolds, the choice of a proper material to use was crucial in this work,

and two approaches were adopted as described in Chapter 5. Firstly PAm hydrogel was

hydrolised revealing good electroactuation properties in bulk condition. But, this mate-

rial was not compatible microfabrication for several reasons: (i) not spin-coatable and

thus not controllable in thickness, (ii) the preparation of the electro-active hydrogel hy-

drolised the groups that attached the material on glass substrates , and (iii) the material

changed the shape during the hydrolysis becoming more brittle and difficult to handle.

On the other hand, nanogels made from PNIPAm and PAAc suspended in colloidal

solutions were synthesised and spin coated on glass substrates. These nanogels allowed

to obtain uniform films with thickness ranging between 150 nm to 300 nm demonstrat-

ing that are more compatible with microfabrication techniques. A straightforward and

versatile strategy was also developed to covalently graft the films on glass substrates in

order to stabiilse the films in water. The biocompatibility of the films was unknown and

live/dead assays were performed with muscular cells. Results demonstrated that the

films were not biocompatible with high percentage of dead cells. Based on these obser-

vations, further investigations would be necessary for applying the films in cell culturing

platforms.

In conclusion, Parylene C with hydrophobic/hydrophilic surface was found to be ex-

cellent for patterning scaffolds based on PDMS and polyacylamide hydrogel. Scaffolds

fabricated with Parylene C has been shown to promote the alignment of cells apart

the scaffolds with corrugated PDMS where cells were randomly distributed. On the

other hand, more biorealsitic materials were considered to dynamically stimulate cells.

Electro-responsive nanogels were proposed in this project as excellent platform for cell

culturing, but they still represent a cutting-edge research, and there is poor literature

on the application of these materials in tissue engineering. In fact, nanogels are mainly

applied in drug delivery systems rather then as colloidal suspensions to form thin films.

The outcomes of this project gave a remarkable contribution indicating that these mate-

rials are compatible with microfabrication, can form homogeneous and stable thin films

and can be interfaced with cell culturing. However, more studies are necessary in the

direction of biocompatibility and practical application with cells.
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6.2 Future work

Different ideas have been left for further experiments:

• Corrugated PDMS scaffolds are more realistic than the squared ones, but

they require more investigation on the surface treatment in order to be applied

for cardiac in vitro models. Different wavelengths and depths of the waves could

be compared for studying the effect on the alignment of cells. In addition, the

biocompatibility of the PDMS can be improved trying chemical treatments and

other attachment factors to improve cell adhesion.

• Polyacrylamide hydrogel-based scaffolds could be patterned using different

geometries to control cell shape and the mechanotransduction. Calcium activity

could also be evaluated by varying the stiffness of the hydrogel.

• For the electro-active hydrogels, the stability of the films could be controlled

by: (i) changing the concentration of the colloidal solutions, (ii) varying the pH,

the ionic concentration, and the temperature under physiological conditions, and

(iii) activating the click chemistry by using UV and selectively pattern the films

to obtain anisotropic architectures.

• The biocompatibility of the thin film hydrogels could be improved. For

example, protein patterning on the surface of the hydrogels could be afforded

towards Parylene C masks or by using UV cross-linking.

• Electroactive hydrogels could be integrated into electronic platforms

after solving the issues related to the two points above mentioned. A new design

of the platform will be necessary for this purpose. The hydrogel films could be spin-

coated on bottom electrodes and patterned via UV. The electro-actuation could be

generated by applying an electric field in different directions based on the design

of the electronic platform. During the electro-actuation, electro-active hydrogels

might change the stiffness locally due to the re-arrangement of the orientation of

the polymeric chains in the hydrogel. The elasticity will change at the nano-meter

scale, and it could be probed by nanoindentation (using AFM in liquid). The local

control of the stiffness might be obtained by changing the intensity of the electric

field. Experiments in this direction will be essential to build up in vitro models
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for cardiac tissue engineering to mimic the stiffness of the heart in different stages

such as pathology and ageing.
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Appendix A

AppendixA

The most popular EAPs are within the electronic category in the field of robotics.

However, to interface EAPs with biological systems, in particular in TE, ionic EAPs are

very interesting, because their chemical structure is close to biological tissues and their

actuation is based on charge or mass transport. In addition, they present low Y oung′s

modulus and are actuated by low voltages. In Table A.1 and in Table A.2 are classified

the EAPs actuators with their characteristic parameters. These tables have been created

to summarize the significant parameters that are in general associated to an actuator,

and should be important for mechanical stimulation of cells.
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Appendix B

AppendixB

In the figure below the topography of thick Parylene C and PDMS spin coated at 1000

rpm and 2000 rpm on microgrooved Paryelene C are shown. PDMS was spin coated

on microgrooved at different spin speeds in order to find the height of the structures of

almost 1 µm.
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Figure B.1: AFM images of Parylene C 25 µm thick (a) and PDMS spin coated on
microgrooved Parylene C at 1000 rpm (b) and 2000 rpm (c)

Parylene C 25 µm thick has a roughness of 12.4 ± 0.78 nm (averaged on three areas of
the same sample). Skewness is positive and close to 0 (0.063 ± 0.06) meaning Parylene

C has a planar surface. PDMS In (b) and (c) holes on the material are shown. This
means that PDMS is not continuous and it breaks after spin coating.
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