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This thesis showcases a printable cell culture platform compatible with most large-scale 
fabrication and surface modification techniques. It is a low-cost, easy-to-manufacture 
device that encourages the use of state-of-the-art technologies, while remaining accessible 
to conventional cell biology tools. Inside the human body, the native surroundings dictate 
cell behaviour. Understanding cell fate is key to elucidating mechanisms behind health 
and disease states of the human body. However, there is a growing struggle in research 
translation. Traditional cell culture does not mimic the physiological environment of cells 
while newer approaches have a steep learning curve and high-costs, often lacking high-
throughput or reproducibility. The benefit of the printable cell culture platform is the 
higher versatility for surface modifications than traditional methods. Printing and coating 
techniques can be used to tailor the surface for the study of cell behaviour. As a proof-
of-concept, this thesis used wax printing and mineral coatings for cell growth. Lastly, 
the printable cell culture platform was used to assess papermaking for the support of 
cancer cell cultures. Ultimately, the goal was to enhance the in vitro assessment of cellular 
interactions by improving biological relevance through a simple approach, which remains 
compatible both with laboratory studies and industrial scale production.
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Abstract

Cell-decision making is a highly complex and tightly regulated process that de-

pends on the extracellular environment. In their native conditions, cells sense

the immediate surroundings and collect cues from the fluid environment and

the extracellular matrix, including surface properties such as roughness, poros-

ity, topography, and chemistry, in order to determine their fate. In contrast,

researchers traditionally culture cells on flat plastic surfaces that lack most, if

not all, of the extracellular cues. As a result, a large gap and inconsistency ex-

ist between laboratory results and clinical translation, often leading to costly

failures and delayed therapeutics. Alternatively, animal models are used to pre-

dict human response; however, no animal is biologically identical to a human.

Surface engineering provides an invaluable opportunity to elucidate mechanistic

insights behind cell behaviour and disease progression by replicating already at

the in vitro stage the physiological and pathological environments of humans.

The first step of this ambitious vision is to expand the traditional cell culture

platforms to a device suitable for surface engineering approaches.

This thesis proposes a printable cell culture platform compatible with most

large-scale fabrication and surface modification techniques. The approach en-

courages the use of numerous state-of-the-art technologies available through

functional coating and printing, while remaining accessible to conventional bio-

logical assessment and imaging techniques. In addition, the presented printable

cell culture platform is a low-cost and simple device, widely available to re-

searchers who have access to a desktop cutter and a hydrophobic printer. Plat-

form compatibility with coating and printing technologies is a useful element

within the future of cell biology. It promotes an interdisciplinary integration of

advances in surface modification and biomaterials to regulate and control cell

behaviour in vitro, while ensuring translation to mass production.

As a proof-of-concept, the printable cell culture platform was used in this

thesis to assess wax printing as a tool for contact guidance and mineral-fibroblast

interactions. Wax printing was effective for the low-resolution contact guidance

ix



of fibroblasts; and when coupled with laser ablation, patterns of high-resolution

(down to 10µm) were achieved. However, high-resolution patterning requires

further optimisation as cell preference over the surface was inconsistent through-

out the preliminary trials. In the case of mineral-fibroblast interactions, the

platform enabled the assessment of direct and indirect interactions due to its

sandwich-like structure. Mineral pigments are highly versatile materials used in

materials and biomedical sciences to modify and control the physicochemical

properties of surfaces among other applications; thus, minerals have the po-

tential to aid in the overall biomimicry of the cellular environment. The study

of the same minerals throughout different experimental settings highlights the

restrictions of commonly used platforms and the importance of extensive evalu-

ations through novel approaches when dealing with biomaterials. Furthermore,

minerals were used in papermaking to successfully create a 3D environment for

cancer cell growth within the printable cell culture platform.

Future studies should focus on improvements in the overall configuration

of the printable cell culture platform. The inclusion of microfluidics and a 3D

printed case would already greatly improve the ease of use of the platform. In ad-

dition, functional printed sensors can be added for electrochemical stimulation,

detection, and monitoring during cell culture. From a research perspective, there

are three major opportunities to be exploited in the printable cell culture plat-

form: (a) co-culture environments, (b) time-dependent release of drug-loaded

porous biomaterial coatings, and (c) papermaking for cell culture. This thesis

already explores briefly papermaking for cell culture and its advantage to con-

trol the cellular environment in paper-based 3D cancer models. Ultimately, the

goal is to enhance the in vitro assessment of biomaterials by replicating physi-

ological conditions through a simple approach, which remains compatible both

with laboratory studies and industrial-scale production. Such a goal will bring

research a step closer to understanding the intrinsic yet convoluted interplay

among biological interactions.
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Svensk sammanfattning

Alla de beslut som celler dagligen gör, allt fr̊an celldelning till apoptos, är pro-

cesser som är mycket komplexa och extremt noggrant reglerade. För att göra

de optimala besluten, utnyttjar cellerna signaler fr̊an den extracellulära miljön,

s̊a som miljöns styvhet, porositet, topografi och kemi. Trots att celler är s̊a

beroende av den extracellulära miljön, odlas de av forskare traditionellt p̊a plana

plastytor som saknar de flesta, om inte alla, extracellulära signaler. De stora

skillnaderna mellan klassisk 2D in vitro cellodling och hur celler fungerar in

vivo har lett till m̊anga dyra och misslyckade kliniska försök. Ett alternativt för

att förbättra laboratoriestudier är genom att man använder djurmodeller för att

förutsp̊a den mänskliga responsen, dock är inget djur biologiskt identiskt med

människan och flera problem kvarst̊ar. För att mera efterlikna fysiologiska och

patologiska miljöer hos en människa, borde cellernas odlingsyta in vitro justeras

enligt behov, vilket skulle ge en mera korrekt insyn i hur cellernas cellsignaler-

ing och mekanistiska processer p̊averkas av den extracellulära miljön. Det första

steget för att förverkliga denna ambitiösa vision är att förändra de traditionella

cellodlingsplattformarna till s̊adana som mera efterliknar cellens in vivo extra-

cellulära miljö.

Denna avhandling beskriver en tryckbar cellodlingsplattform som är kompat-

ibel med de flesta storskaliga tillverknings- och ytmodifieringstekniker. Metoden

möjliggör användningen av funktionella beläggnings- och trycktekniker, sam-

tidigt som den förblir tillgänglig för konventionella biologiska bedömnings- och

avbildningstekniker . Dessutom är den presenterade tryckbara cellodlingsplat-

tformen billig och enkel att använda; den är allmänt tillgänglig för forskare som

har tillg̊ang till skrivbordsskärare och en hydrofobisk printer. Plattformskom-

patibilitet med beläggnings- och trycktekniker är en nyckelfaktor inom cell-

biologins framtid. Plattformskompabilitet gynnar den tvärvetenskapliga inte-

grationen av framsteg inom ytmodifiering och biomaterial för att reglera och

kontrollera cellbeteende in vitro, samtidigt som det säkerställer möjlighet till

massproduktion.
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För att bevisa hypotesen har jag i denna avhandling valt vaxtryckning som

ett verktyg för att studera cellvägledning och interaktioner mellan mineraler

och fibroblaster. Vaxtryckning visade sig vara effektiv för cellvägledning och

uppn̊adde cellodlingsmönster med storleken 50µm, men i kombination med

laserablation uppn̊addes mönster med ännu högre upplösning (ned till 10µm).

Tack vare plattformens sandwichliknande struktur kunde b̊ade direkta och indi-

rekta interaktioner mellan mineraler och fibroblaster studeras. Mineralpigment

är mycket m̊angsidiga material som används inom olika vetenskaper för att mod-

ifiera och kontrollera de fysikalisk-kemiska egenskaperna hos ytor. Mineraler har

potentialen att hjälpa till i den övergripande biomimiken av den cellulära miljön.

Genom att studera samma mineraler i olika experimentella förh̊allanden med

den tryckbara cellodlingsplattformen, kunde begräsningarna hos vanliga cel-

lodlingsplattformar belysas. Resultaten kan variera drastiskt beroende p̊a exper-

imentuppsättningen, vilket gör det viktigt att utföra omfattande utvärderingar

när biomaterials biokompabilitet studeras. Därutöver användes mineraler inom

papperstillverkning för att framg̊angsrikt skapa en 3D-miljö för cancercelltillväxt

inuti den tryckbara cellodlingsplattformen.

Framtida studier bör fokusera p̊a förbättringar av den övergripande sam-

manställningen av den tryckbara cellodlingsplattformen. Cellodlingsplattformen

kunde även avsevärt förbättras genom införandet av mikrofluidik och ett 3D-

utskrivet fodral. Dessutom kunde funktionellt tryckta sensorer läggas till för

elektrokemisk stimulering, detektion och övervakning under cellodlingen. Ur

ett forskningsperspektiv finns det tre stora möjligheter där den tryckbara cel-

lodlingsplattformen kunde utnyttjas: (a) samodlingsmiljöer, (b) tidsberoende-

frisättning av läkemedelsladdade porösa biomaterialbeläggningar och (c) pap-

perstillverkning för cellkultur. Denna avhandling utforskar kortfattat papper-

stillverkning för cellodling och den kontroll den ger över cellens extracellulära

miljö i pappersbaserade 3D-cancermodeller. I slutändan är m̊alet att förbättra in

vitro-bedömningen av biomaterial genom att imitera fysiologiska förh̊allanden

genom ett enkelt tillvägag̊angssätt, som är kompatibelt b̊ade med laboratori-

estudier och produktion i industriell skala. Den här avhandlingen kommer att

föra forskningen ett steg närmare först̊aelsen för det invecklade samspelet mellan

biologiska interaktioner.
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Introduction

Cell fate depends strongly on the extracellular environment as cells modulate

their decision-making by sensing the surface properties and chemical signatures

in their vicinity. Properties, such as porosity, stiffness, topography, viscoelastic-

ity, and dimensionality,[1–3] may influence cell adhesion, differentiation, growth,

proliferation, and death.[4–8] In this sense, surface engineering provides an in-

valuable opportunity to replicate such physiological and pathological environ-

ments.

Traditionally, mammalian cellular research in vitro takes place on flat plastic

surfaces made of polystyrene that little resemble the native cellular environment.[9]

The use of polystyrene for the cultivation of cells started in the 1960s-1970s

and since then, injection moulding followed by oxygen plasma treatment is the

preferred technology for mass production of cell culture plates. These long-

established surfaces provide optical clarity, low-cost production, and ease of

manufacture. However, as basic cell culture platforms, they lack the versatility

of customisation, and their functionalisation is frequently limited to liquid sur-

face deposition or energetic surface activation. As a result, there is an increasing

gap between research and clinical outcomes that repeatedly leads to the failure

of biomaterials, biomedical implants and novel drugs during translation.[10]

Current research trends highlight the need for a cell-instructive platform that

would not only mimic better the extracellular environment, but also influence,

manipulate, and monitor cell behaviour. Research on the rise includes 3D print-

ing, biosensors, microfluidics, surface patterning, biomaterials, and paper-based

cell culture. Unfortunately, most large-scale fabrication techniques for these

methods are incompatible with the conventional cell culture plates, preventing

their mass production and widespread usage. Thus, platform compatibility with

coating and printing technologies is a key element for the surface engineering of

the extracellular environment in cell culture. This work proposes an alternative

prototype to tackle those challenges. The printable cell culture platform encour-

ages the inclusion of numerous state-of-the-art technologies through functional
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coating and printing, while remaining compatible with conventional biological

assessment and imaging techniques and accessible to other researchers.

Interdisciplinary approaches to surface modification for cell growth often in-

clude changes to surface topography such as patterning, roughness, or porosity;

changes to the surface physicochemical properties, such as hardness, elasticity,

wettability, surface energy and charge, and introduction of microfluidics.[11–13]

The interaction between cells and these novel surfaces often unveil new con-

cepts and understandings in cell biology that would otherwise have remained

unknown through traditional cell culture platforms. Cellular contact guidance,

for example, refers to the alignment of cells in the presence of an anisotropic

topographical or biochemical microenvironment. It was first defined first by

Paul Weiss,[14] in the context of the orientation of cells along fibres; and it is

widely studied nowadays through different microfabrication technologies.[15–20]

Regulation and comprehension of contact guidance is of high relevance for tis-

sue engineering approaches where cellular organisation may define proper tissue

functioning, for instance, in cardiovascular regeneration.

In this thesis, wax printing was used as a straightforward and novel ap-

proach to study the contact guidance of cells in the printable cell culture plat-

form. Printing of wax solid inks through a commercial printer is an inexpen-

sive, fast and simple micropatterning method widely used for the fabrication of

paper-based microfluidic devices.[21] In cell biology, more specifically, wax print-

ing is used as a hydrophobic barrier in the making of paper-based cell growth

platforms.[22–24] Furthermore, paraffin wax has been used for micropatterning

cell environments on glass and cell alignment was observed on the non-printed

areas. However, the inkjet printing device was one specialised for research, with

high-temperature units for the melting of the wax, and drop-on-demand print-

head.

Biomaterials are an alternative way of engineering the extracellular envi-

ronment. The use of biomaterials, historically, increased with the medical need

to replace damaged organs.[25] First generation biomaterials included various

off-the-shelf metals, ceramics, and few polymeric materials. Since then, mate-

rials have been explicitly manufactured for biomedical applications. Modern

biomaterials include silicones, polyurethanes, hydrogels, poly(ethylene glycol),

poly(lactic-glycolic acid), hydroxyapatite, titanium, and bioglass. The interdis-

ciplinary research of biomaterials promotes their use in cancer therapies, drug

delivery, invasive sensors, biomedical implants and tissue regeneration. How-

ever, the definition and understanding of biomaterial biocompatibility remain a

challenge due to the complexity of biological interactions.
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Originally, biocompatibility concerned to the ability of an implant to remain

safely within an individual for a long period of time. In time, the definition

expanded so that materials with the lowest reactivity were preferred to pre-

vent host response. Biocompatibility is a concept that continuously evolves as

mechanistic insights behind biological interactions are unveiled. The latest in-

terpretation of biocompatibility includes three factors: (a) biomaterial response

is specific from one application site to another, (b) some biomaterial applica-

tions require intentional interactions with the surrounding tissues, and (c) some

biomaterial applications require slower or faster degradation over time. These

factors suggest that biocompatibility can not be defined by the material char-

acteristics alone, but also needed to consider its particular application. In all

considerations, David F. Williams re-defined biocompatibility as:

“Biocompatibility refers to the ability of a biomaterial to perform its desired

function with respect to a medical therapy, without eliciting any undesirable local

or systemic effects in the recipient or beneficiary of that therapy, but generat-

ing the most appropriate beneficial cellular or tissue response in that specific

situation, and optimising the clinically relevant performance of that therapy.”

– David F. Williams, 2008.[26]

From a basic research perspective, care is required when claiming the bio-

compatibility of a biomaterial, because frequently there is no specific and unique

application in consideration while research models lack biological relevance. The

limitations of traditional cell culture platforms often lead to ambiguous results

that do not translate to clinical settings. Furthermore, biomaterial applications

have expanded beyond implantable devices and novel methods for the system-

atic assessment of biological interactions are needed at research level. This thesis

utilises a printable cell culture platform to assess the direct and indirect influ-

ence of minerals on cell behaviour. The study of the same minerals through-

out different experimental settings highlights the restrictions of commonly used

platforms and the importance of extensive evaluations through novel approaches

when dealing with biomaterials.

Research objectives

This thesis aimed to develop a cell growth platform compatible to current print-

ing and coating technologies for the assessment of biomaterial–cell interactions.

The functionality of the device was demonstrated with the inclusion of pattern-

ing and mineral coatings to influence cell behaviour. Overall, the printable cell
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growth platform serves as a foundation for biologically relevant in vitro studies

with biomaterials to overcome the challenges of traditional platforms. In order

to achieve the main objective, the research project was divided into the following

tasks and related sub-objectives:

(i) Engineer a device compatible with printing/coating techniques, and with

common methods in cell biology (Paper I). The compatibility with tech-

niques that traditional platforms are lacking was of the highest importance

in this task.

(ii) Utilise wax printing for hydrophobic patterning in the printable cell growth

platform. The use of wax printing for contact guidance of cells demon-

strates the functionality of the printable platform (Paper II).

(iii) Formulate mineral coatings and assess their influence on cell behaviour

using the printable cell growth platform (Paper IV). Screening of a wide

range of mineral pigments and their influence on cell behaviour was nec-

essary prior to coating formulation (Paper III). Overall, this task demon-

strated the utility of the developed device to study biomaterial–cell inter-

actions.

Overview

This thesis is the result of four publications addressing the proposed research

objective and project tasks. Chapter 1 provides a brief overview of current cell

culture platforms with a focus on patterning and mineral pigments, and the

principles behind biomaterial–cell interactions. Chapter 2 describes the general

materials and methods utilised for characterisation and assessment throughout

the project. Detailed descriptions are in the attached publications. Chapter 3

summarises the results and discussion of the research project, including future

perspective and followed by concluding remarks.

The research took place at Åbo Akademi University under the supervision

of Prof. Martti Toivakka. The preparation and characterisation of substrates

took place mainly in the Research Group of Paper Coating and Converting led

by Prof. Martti Toivakka while the cell biology experiments were conducted

at the Research Group of Cytoskeletal and Survival Signalling led by Prof.

John Eriksson. Imaging was conducted at Turku Bioscience, supported by Turku

Bioimaging and Euro-Bioimaging. The project was part of the former Centre of

Excellence in Functional Materials at Biological Interfaces, and fostered collab-

orations with its members. Lastly, there were also international joint research
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collaborations with Prof. Magnus Engholm from Mid Sweden University and

Prof. Tiffany Abitbol from RISE Research Institutes of Sweden.

5





Chapter 1

Literature Review

This chapter gives a brief overview of the concepts and topics necessary for the

discussion of the results presented in this thesis. This thesis is interdisciplinary

and an attempt is made to cover the most relevant research from the scien-

tific fields involved. However, whenever possible, suitable up-to-date literature

reviews are referenced.

1.1 Cell culture of mammalian cells

Cell culture of mammalian cells is a relatively new application field that has

exponentially grown in the past decades. This method became popular by the

1950s with the availability of the first cell lines:[27] mouse L cells and human

HeLa cells. However, it was only by mid-70s that cell culture became widely

accessible with commercially treated polystyrene vessels at hand. Glass was the

original surface for cell culture, but required extensive cleaning procedures and

coatings to improve cell attachment and growth. Therefore, glass was rapidly re-

placed by polystyrene vessels. Polystyrene vessels are disposable, easy to mould

into different well plate configurations, it has optical clarity and it is easily

sterilised by irradiation. The downside was that polystyrene is a hydrophobic

polymer, which is a challenge for cell attachment. This drawback was quickly

overcome by treating the moulded polystyrene surfaces to become hydrophilic

either through corona discharge or gas plasma. In their review, Lerman et al.[9]

describe in detail the evolution of polystyrene vessels for cell culture.

As research developed, more and more limitations of polystyrene surfaced.

Polystyrene is ultimately a flat plastic surface that lacks most, if not all, of the

components of the native extracellular environment. As such, results obtained

on polystyrene surfaces are insufficient to understand the biological complexity
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of human physiology and pathology. This section highlights the main compo-

nents of the extracellular environment influencing cell behaviour, and the latest

methods of cell culture.

1.1.1 The extracellular environment

Mammalian cells determine their fate according to what they sense in the ex-

tracellular environment. Depending on the cues in the surroundings, cells may

proliferate, differentiate, suppress growth or die. Hence, the importance of un-

derstanding and replicating the extracellular environment. Inside the human

body, the extracellular environment is mainly composed of a fluid environment

and extracellular matrix (ECM).

The fluid environment includes body fluids such as water within and outside

the cells, and interstitial and transcellular fluid. In this category are included

blood plasma, nutrients, non-protein substances, and cellular waste products.

The rest of the extracellular environment is composed of ECM, a highly complex

and variable 3-dimensional network aimed at supporting cells and tissues.[28]

Collagen, proteoglycans, glycosaminoglycans, elastin, elastic fibers, laminins,

and fibronectin are some of the building blocks of this ever-changing archi-

tecture. The ECM is in constant remodelling and is the main source of feed-

back on changes in physiological conditions.[29] Collagen organisation, for ex-

ample, determines the biomechanical function of tissues; while fibril thickness

increases to ensure tensile strength of tendons or decreases for optical clarity

in the cornea. Overall, the ECM proteins form the mechanical structure that

supports and ultimately translates physical cues to the cells; mainly porosity,

stiffness, topography,[1] viscoelasticity,[2] and dimensionality.[3] In addition, ex-

tracellular vesicles have been defined as key components and modulators of the

ECM;[30, 31] however the underlying mechanisms are still under research. Fig-

ure 1.1 exemplifies the main differences between cells growing on traditional cell

culture surfaces vs the extracellular environment.

1.1.2 Influence of the extracellular environment on cell

behaviour

ECM is at the centre of cell fate influencing a variety of behaviours from motility

to gene expression and more.[4–8] This thesis focuses on how the interacting

environment affects the following cell behaviours: cell adhesion, alignment, and

morphology.
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Figure 1.1 Schematic representation of cells growing on a 2D surface and cells
growing embedded in the native extracellular environment. Created with BioRen-
der.com

1.1.2.1 Cell adhesion

Figure 1.2 shows the three main stages of cell adhesion: (I) sedimentation,

(II) initial attachment and spreading, and (III) stable adhesion.[32] Sedimen-

tation of rounded cells is driven by gravity and at this stage, electrostatic forces

govern the interaction with the solid surface. Next, cells initiate integrin bonds

with the surface and slowly start spreading on the surface, which increases re-

sistance to detachment. Integrins are the main transmembrane receptors that

bind to ECM.[33–35] The final stage is stable adhesion, and here cells form focal

adhesion sites and are fully spread and flattened on the surface. In this stage,

cells achieve their final morphology.

Inside the human body, cell adhesion is crucial for tissue integrity and or-

gan function.[36] Moreover, cell-matrix adhesion is a dynamic process that often

determines the biological applicability of biomaterials. Stable cell adhesion is

assumed so that the cells and the ECM are interlinked in a way that no se-

paration takes place even under mechanical forces. Cytoskeletal dynamics are

the key of this cell-matrix interfacial contact. The main intracellular structures

of the cytoskeleton interacting with the ECM are actin, microtubules and in-

termediate filaments. They are in charge of mechanosensing the environment

for cell-decision making. Actin filaments are often seen in 2D culture systems

in stress fibres and are generally associated with focal adhesion sites, the last

stage of cell adhesion. Focal adhesion sites are points of direct contact between
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Figure 1.2 Schematic representation of the main stages of cell adhesion: (I) sed-
imentation of rounded cells driven by gravity, after protein adsorption; (II) initial
attachment and spreading with the initiation of integrin bonds with the surface;
and (III) stable adhesion to the surface with the formation and reinforcement of
focal adhesion sites. Created with BioRender.com

the cells and the substrate, which can trigger signalling pathways that regu-

late cell behaviour.[37] Labelling any protein within the focal adhesion complex,

such as vinculin, is a common way to quantify cell adhesion, which is an early

assessment of the biocompatibility of materials and surfaces.[38]

Generally, surface topography and physical chemistry, including surface free

energy, are the main factors challenging cell adhesion.[39] Often, increased rough-

ness has been linked to higher cell adhesion and proliferation. For example, after

stable adhesion, fibroblasts are able to adapt their alignment and morphology

according to the topographical features of the surface.[40] Throughout the years,

numerous methods have been developed to modulate cellular adhesion to bio-

materials, including the surface coating with bioadhesive ECM macromolecules,

micro- and nanopatterning, and the direct use of ECM-like biomaterials.[41]

1.1.2.2 Cell alignment

Cell alignment is important for the maintenance of organ functions (Figure 1.3).[42]

In the vascular tissue, vascular smooth muscle cells align themselves according

to the oscillatory strain induced by the pulsatile blood flow; while endothelial

cells align parallel to the vessel longitudinal axis. The resulting cell polarisation

facilitates vascular remodelling, permeability and anti-thrombogenic properties.

In striated muscle tissues, muscle cell patterning is necessary for the correct

function of heart beating, muscle stretching and contraction. In corneal tissue,

fibroblast orientation and guided migration speeds wound healing.[43] The final

example of cell alignment in human physiology is in nerve tissues. Once periph-
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eral and central nerves are injured, neural cells tend to align in the direction of

aligned Schwann cells to induce axonal regeneration.[44, 45] Moreover, the dis-

ruption of cell alignment in any of these instances leads to serious pathologies

and, therefore, a need to recapitulate and modulate the spatial arrangement of

cells.

Figure 1.3 Schematic representation of cell alignment inside the human body.
In the vascular tissue, vascular smooth muscle cells align according to the oscil-
latory strain and endothelial cells align parallel to the vessel’s longitudinal axis.
In striated muscle tissues, muscle cells align parallel to the muscle fibres. In the
injured peripheral and central nerves, neural cells align in the direction of aligned
Schwann cells. Created with BioRender.com

Current methods to engineer cell alignment in vitro include mechanical

stretching, cell culture under flow, surface patterning, surface chemical treat-

ment and electrical stimulation.[42] As of now, quantification of cell alignment

is limited to the processing of microscopy images of cultured cells, where cell

elongation and/or orientation can be analysed.[46] Orientation of cytoskeletal

components or the nuclei are also parameters defining cell alignment. However,
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the underlying mechanisms and signalling transduction leading cell adhesion

to cell alignment depending on the external topographical cues are yet to be

understood.

1.1.2.3 Cell morphology

Cell morphology is closely connected to the mechanisms of cell adhesion through

cell spreading. Cell morphology is greatly affected by extracellular matrix plas-

ticity and it is key in processes such as wound repair and embryonic development.[47]

A cell can sense within a minute the rigidity of a surface and change its shape

and size accordingly.[48] Even after stable attachment, cells are constantly mod-

ifying their shape through edge activity, formation of new adhesion sites and

sensing the surroundings during motility.

Cells interacting with a surface go from suspension to a spreading state

through different stages. Figure 1.4 is a graphical representation of the morpho-

logical changes in cells from the moment of initial attachment to a surface. A

suspended rounded cell sediments onto a surface and initiates the formation of

integrin clusters. Then, if there is a traction force, actin filaments polymerise.

In the absence of, or with an inadequate, traction force, podosome-like adhe-

sion sites are formed on the cells which then transition into apoptosis (cell

death).[49] Podosomes are actin-rich structures with conical shapes protruding

from the plasma membrane of mammalian cells.[50] On a rigid surface, actin

polymerisation together with myosin starts protrusion-contraction cycles until

maximum spreading is achieved. At this point, cells reinforce and stabilise ad-

hesion sites and proceed to continue with the cell cycle. Alternatively, if the

interacting surface is too soft, no cellular forces are supported nor generated,

initial adhesion sites are disassembled and the cell eventually shifts towards an

apoptotic state.[51]

The molecular processes behind the translation of physical cues, from the

extracellular matrix or neighbouring cells, into biological response are known as

mechanotransduction.[52] Often, stiffness gradients are used to study mechan-

otransduction, as it is a feature of certain physiological and pathological condi-

tions. In the case of fibroblasts, stiffness showed to be a stronger driving force of

cell fate than chemistry and wettability,[53] controlling phenotype activation.[54]
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Figure 1.4 Schematic representation of changes to cell morphology depend-
ing on the surface rigidity, including mechanotransduction steps. Adapted from
Wolfenson et al. 2019.[51] Created with BioRender.com
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1.1.3 Engineering the extracellular environment for cell

culture

Figure 1.5 summarises the evolution of mammalian cell culture. This graphical

representation showcases the increasing need for physiologically relevant models

to study cell biology. The trend is an integrative multidisciplinary approach

to engineer better environments for cell culture.[11–13] However, 2D approaches

remain the gold standard in research and in the pharmaceutical industry due

to their ease of use and compatibility with the current screening methods. Any

other methods, including 3D cultures or microphysiological systems, are far

from widely adapted as they often have a steep learning curve, require expensive

reagents or equipment, and lack standardisation, validation and quality controls.

Figure 1.5 Evolution of cell culture methods since the 1950s. Created with
BioRender.com

1.1.3.1 Coatings in cell culture

Coating of ECM components was the first method used to improve and influence

cell behaviour in vitro.[55] Drop casting is the most common method of deposit-

ing ECM components on traditional cell culture platforms. It is a simple and fast

technique that does not require any special equipment. Drop casting basically

consists of depositing the desired material on a surface, followed by evaporation

of the solvent. Many times, complete evaporation is not necessary, and instead,
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the excess solvent is removed. The downside to this technique is the variability

of the drop-casted surfaces, often lacking uniformity and leading to coffee ring

effects.[56] In addition to drop casting, very few other methods are widely used

to coat cell culture surfaces. In comparison, in other scientific fields, there are

numerous ready-to-scale and controllable coating and printing techniques: spin

coating, doctor blading, screen coating/printing, inkjet printing, flexographic

printing, spray coating, slot-die coating, curtain coating, slide coating, knife-

over-edge coating, gravure coating, and other roll-to-roll techniques.[57, 58] The

challenge is that most of these techniques are not compatible with traditional

cell culture platforms and require a flexible film as a substrate. Furthermore,

coatings in cell culture, while an improvement from traditional surfaces, are

still a limited representation of the native 3D architecture of the extracellular

matrix.

1.1.3.2 Patterning for contact guidance

Contact guidance refers to the process in which cells orient or align in a certain

direction influenced by the topographical features of a surface. Contact guidance

was first defined by Paul Weiss in 1961,[14] and it is now a concept related to can-

cer metastasis[59] and tissue engineering scaffold design.[60] In fibroblasts, con-

tact guidance is mediated by the cell’s ability to sense the anisotropy of mechan-

ical resistance.[61] While the underlying mechanism of this organisational step

remains unknown, an entropy-driven force has been suggested. This means that

cells modify their shape according to the topography in a way that maximises

their morphological entropy.[62] Some of the methods used to generate nano

and microtopographical features for contact guidance are soft lithography,[15]

UV-based patterning,[16] degassing-assisted patterning,[17] plasma stencils,[18]

3D microcontact printing,[19] and the guided microfabrication of hydrogels.[20]

1.1.3.3 Paper-based cell growth platforms

For a long time, paper was used in biomedical research as a diagnostic and sepa-

ration tool.[63] Paper is a low-cost, highly available, thermally stable, portable,

and easily engineered material. It is also tunable and flexible in nature and

intrinsically compatible with microfluidics and high-throughput technologies.

Nowadays, paper is also used to culture cells.[22–24] These paper platforms are

often used in combination with gels that provide additional support for cell

growth.[64] However, all approaches to paper-based cell growth platforms are

limited by the use of commercial papers in their assembly, and a myriad of
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possibilities remains untouched within papermaking for cell culture. The closest

attempt is the 3D printing of nanocellulose scaffolds for cancer models.[65]

1.2 Biomaterial – cell interactions

Biomaterials have played a key role throughout history in the development of

biomedical implants. Nowadays, understanding the biomaterial-cell interactions

is crucial for the creation of the next generation of materials for biological

applications.[66] Traditionally, the definition of biocompatibility was focused on

materials that would not harm the surrounding tissues once inside the body.

This definition has evolved in the last fifty years and now the aim is to as-

sess the biological performance of materials depending on specific use.[26, 67] As

such, today biomaterials are made with the intention to exert biological activity

once implanted. It is hard to define general methods to assess biocompatibility

as the definition itself is constantly evolving.[68] The best research can do is a

widespread assessment of biomaterial-cell interactions to increase the available

knowledge on the various mechanisms underlying cell responses to biomaterials.

1.2.1 Protein adsorption to biomaterials

Protein adsorption to biomaterials is probably the most important phenomenon

at the interface with the biological environment.[69] Adsorption refers to the

adhesion of molecules to a solid surface. Inside the body, in the case of implants,

protein adsorption occurs from body fluids. In the laboratory, during in vitro

studies, the source of proteins is the cell culture media. Protein adsorption

happens within seconds of interaction and paves the surface for the consequent

interaction with cells. In principle, the surface coverage of proteins improves

the attachment of cells. However, this is not always the case as the surface

properties of the biomaterial may generate detrimental conformational changes

to the adsorbed proteins. In any case, the initial cell-decision making will be

determined by the interfacial protein layer as integrins sense specific sites of

interaction on proteins.[70]

Once a biomaterial enters a biological environment, water molecules bind to

the surface and promote the adsorption of low molecular weight solutes, then

ions, and lastly protein molecules. Protein molecules are complex 3D struc-

tures comprised of amino acids in different combinations with hydrophobic,

hydrophilic, polar, and apolar regions.[71] Therefore, protein conformational

changes are key to their bioactivity. When a protein molecule adsorbs to the bio-
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material surface, a cascade of intermolecular interactions modifies the structural

stability of the protein, including Van der Waal forces, Lewis acid-base forces,

and hydrophobic interactions.[72–74] After adsorption, proteins can take up to

several hours to reach conformational stability, as low and high-affinity proteins

may exchange places (Vroman effect, Figure 1.6),[75] and some may even irre-

versibly attach to the biomaterial surface.[69] There are mainly five approaches

to studying protein adsorption to biomaterials: (1) optical methods, such as

ellipsometry[76, 77] and surface plasmon resonance;[78] (2) spectroscopic meth-

ods, such as fluorescent[79] and infrared adsorption;[76, 80–82] (3) atomic force

microscopy[83, 84]; (4) radiolabelling;[85, 86] and (5) quartz crystal microbalance.[87, 88]

Figure 1.6 Graphical representation of protein adsorption in time according
to Vroman effect. Adapted from Puleo and Bizios 2009.[89] Proteins in different
conformations adsorb immediately after a surface interacts with a biological so-
lution. Then, protein conformation changes in time, as represented by the green
protein. In addition, proteins of low affinity (orange protein) are slowly replaced
by larger proteins with higher affinity to the surface (red protein). Created with
BioRender.com

1.2.2 Relevant biomaterial properties to cell behaviour

The main biomaterial surface properties directly affecting protein adsorption

are surface chemistry, topography, surface charge, and wettability.[89, 90] This

section briefly describes those surface properties assessed throughout this thesis

and their relationship to protein adsorption.

1.2.2.1 Surface chemistry

Biomaterial composition determines the type of interactions possible between

the protein molecules and the biomaterial surfaces.[89] Surface chemistry compo-

sition provides information regarding negatively- or positively-charged surface

functional groups on the biomaterial, and their capacity to interact with pro-

teins. Furthermore, assessing composition before and after exposure to a biolog-
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ical environment can be used as a tool to study protein adsorption. In specific,

Attenuated Total Reflection mode of Fourier transform infrared spectroscopy

(ATR-FTIR) is an ideal method for this purpose. Data from ATR-FTIR identi-

fies proteins by their specific amide bond vibrations. Upon further analysis, the

changes in the biomaterial spectra can also identify orientational changes in the

secondary structure of proteins.[91]

1.2.2.2 Topography

Surface roughness and topological features on a biomaterial define the available

surface area for protein interactions.[89] However, the relationship between these

properties and protein adsorption varies depending on the protein of interest.[92]

Surface roughness alone is not enough to dictate protein adsorption. In general,

it is believed that increased surface roughness enhances protein adsorption. How-

ever, it is also known that certain changes in surface roughness restrict the wet-

tability of a surface and consequently limit protein interactions.[93] Topological

features, on the other hand, are tightly related to protein anisotropy and may

influence the geometrical packing of the proteins.[94–97] For example, fibronectin

selectively adsorbs on the ridge boundaries of micro-grooved surfaces, where cells

will later form focal adhesion sites.[98]

1.2.2.3 Wettability and surface free energy

In principle, hydrophobic biomaterials adsorb more protein molecules; while

hydrophilic biomaterials prevent adsorption. Similarly, surfaces attract more

proteins of opposite charges; while similar charges repel each other. However,

in reality, proteins are flexible and complex chains with localised regions of

positive or negative charges that may be exposed during conformational changes.

Therefore, it is challenging to predict the outcome of protein adsorption based

on wettability and charge alone.[89]

A previous study showed that when assessing surfaces ranging from super-

hydrophilic to hydrophobic (0–106 ◦), fibroblasts attached to all surfaces; how-

ever, cell spreading was much higher on the hydrophilic surfaces.[99] In addition,

it was shown that the proteins fibronectin and albumin preferred hydrophilic

and hydrophobic surfaces, respectively.[99, 100] Protein adsorption was possibly

guided by the surface wettability, which in turn, affected cell attachment and

spreading. Other cells, such as endothelial cells, are more sensitive to changes

in wettability.[101] This is because different cell types interact in specific ways

even with the same protein layer in their extracellular environment.
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Fibroblast spreading has also been related to surface-free energy. In specific,

cell spreading correlates to the polar component of the surface free energy in a

proportional manner.[102] The polar component of the surface free energy was

related to cell attachment and spreading before with the definition of the term

fractional polarity.[103] Basically, fractional polarity is calculated as the polar

component of the surface free energy divided by the total surface free energy.

Optimal fractional polarity for improved cell adhesion seems to be cell-specific

and is only a guide as there are many factors to be accounted for in the biological

environment. In fibroblasts, a fractional polarity of 0.3 has been recorded for

surfaces with expected favourable cellular adhesion.[104]

1.3 Mineral pigments: versatile tools from materials to
biological sciences

Mineral pigments are chosen in this thesis as a proof of concept for utilisation of

the stacked cell culture platform. The stacked cell platform is a layered device

designed throughout this thesis to be compatible with printing and coating

technologies, and will be described in detail in the following chapters. Figure 2.1

shows a graphical representation of the printable cell culture platform and its

layers.

Throughout history, mineral pigments have been in common use in the paper

industry thereby providing extensive knowledge of them. A wide range of scal-

able coating techniques is available to apply the mineral pigments as coatings

on surfaces. Mineral pigments have also been used for biomedical applications

within the past century, especially in the form of inorganic cement for bone tis-

sue engineering or as haemostatic agents for wound healing.[105] In many cases,

mineral pigments are widely considered non-toxic and suitable for biological

performance. However, the use of mineral pigments in the biological sciences

still does not compare to the extent of their use in materials sciences. Mineral

pigments are unexploited versatile tools that can potentially be used to engineer

cell culture surfaces.

Customisation of surface properties is a key requirement within the paper

industry as different applications need specific mechanical, physical, and chem-

ical characteristics.[106, 107] Mineral pigments are the main tools to fulfill these

requirements as mineral coatings control surface topography, stiffness, rough-

ness, porosity, wettability, and surface energy. These are the same properties

that directly influence protein adsorption and consequently, cell behaviour. In

papermaking, mineral pigments are often fillers that can also modify the me-
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chanical properties of paper.[108] However, in general, coating composition and

application technique engineer the resulting surface. In this context, mineral pig-

ments are the major component of paper coatings, while traces of binders, rhe-

ology modifiers, and other additives are used to improve their performance.[109]

Particle size, morphology, porosity, surface chemistry, and crystallography are

the principal characteristics of mineral pigments affecting the resulting surface

properties of paper.[110]

The most commonly used mineral pigments in the paper industry are cal-

cium carbonate and kaolin. The use of other minerals, such as calcium sul-

phate, talc, titanium dioxide, and silica minerals, is mostly limited to specialty

papers as their dispersibility, runnability in a high-speed coating process or

cost efficiency can be challenging. In a coating formulation, latex, starch, car-

boxymethylated cellulose and polyvinyl alcohol (PVOH) are often the preferred

binders and may also act as rheology modifiers for the coating suspension. Cel-

lulose nanofibrils are an emerging additive in the paper industry due to their

unique properties.[111, 112]

The following sections will briefly describe the mineral pigments assessed

within this thesis and summarise their known applications in the biological

sciences. Known crystal structures are given for each of the mineral classes;

however, within this research, minerals are utilised under wet conditions. When

exposed to water, the mineral surface can undergo changes such as dissolution

into ions or adsorption of molecules, which is expected to modify the surface

chemistry of minerals. When exposed to cell culture media, the degree of com-

plexity expands with events such as competitive adsorption of proteins and

time-dependent interactions, leading to even further surface chemistry changes.

Thus, the crystal structure of minerals under biological conditions might differ

significantly from those shown in this chapter.

Other additives used in coating formulations were selected based on the

availability of previous studies on their biological interactions. For example,

latex (synthetic polymer dispersion) coating has been shown to promote prolif-

eration of various cell types, including fibroblasts.[113–115] Polyvinyl alcohol is a

known component of hydrogels and implants due to its low protein adsorptiv-

ity and chemical resistance.[116, 117] Lastly, nanocellulose is an emerging envi-

ronmentally friendly biomaterial with an increasing number of applications in

wound healing and drug delivery.[118–120] TEMPO-oxidised cellulose nanofibrils

is a promising form of nanocellulose as it promotes the attachment of fibroblasts

and can be 3D printed for cancer model systems.[65, 121]
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1.3.1 Calcium carbonate

Calcium carbonate, CaCO3, is a mineral pigment insoluble in water at neutral

and alkaline pH, and considered nontoxic as it is used in food and pharmaceuti-

cal applications.[122] Ground calcium carbonate is extracted from nature (chalk,

limestone, and marble) and finely ground for further use. Ground calcium car-

bonate exists mostly in the crystalline structure of calcite (Figure 1.7) and has

irregular morphology. Alternatively, precipitated calcium carbonate can be pro-

duced synthetically for particles with controlled properties, such as specific sur-

face area and internal absorption capacity.[123] The morphologies of precipitated

calcium carbonate include needle-like, rhombohedral, prismatic, scalenohedral,

and spherical. Aragonite and vaterite are the alternative crystalline structures of

calcium carbonate (Figure 1.7). In general, calcium carbonate particles can be

easily dispersed at high dry solids content, up to 75%. However, the solubility

of calcium carbonate is pH-dependent, and highly increases below its isoelectric

point (pH 8.5) where the mineral decomposes through a chemical reaction.[124]

Calcium carbonate, similarly to calcium phosphate,[128] is relevant for bone

engineering.[129] Often, calcium carbonate and phosphates are mixed in biomed-

ical cement for bone regeneration.[130] In addition, calcium carbonate microcap-

sules can encapsulate biomacromolecules and are therefore used as carriers.[131]

Calcium carbonate nanoparticles are emerging as a potential choice of mate-

rial for bone substitution and drug carriers.[132, 133] In addition, biomimicry of

amorphous calcium carbonate is a growing focus for the manufacture of new

materials in biological systems.[134]

1.3.2 Calcium sulphate

Calcium sulphate exists in three different forms, depending on the amount of

water per molecular unit (Figure 1.8): dihydrate commonly known as gypsum

(CaSO4 ·2H2O), hemihydrate commonly known as bassanite (CaSO4 ·0.5H2O),

and anhydrite (CaSO4). The hydration state affects the hardness, solubility,

crystal size and effective surface area. Gypsum is the most used version of cal-

cium sulphates, and it has an orthorhombic crystalline structure that results

in particles of low aspect ratio, around 3-4.[124] Similarly to calcium carbon-

ate, calcium sulphate particles can be synthetically manufactured in order to

generate mineral particles of controlled morphology and properties. In terms of

solubility, calcium sulphate minerals are highly soluble (2mgmL−1 at 20 ◦C),

irrespective of the pH. The high solubility of calcium sulphates into calcium and
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Figure 1.7 Crystal structures of calcium carbonate in the form of aragonite,[125]

calcite,[126] and vaterite.[127]

sulphate ions can destabilise other components of an aqueous dispersion, which

is why it is rarely used in paper coating nowadays.

Calcium sulphate has a wide range of clinical applications in bone treatment,

dentistry, and the pharmaceutical industry as it is able to evade significant

inflammatory responses.[138–140] The main advantage is its resorbability and

bone compatibility. Nowadays, due to its solubility, calcium sulphate is loaded

with antibiotics and used as implant in the treatment of chronic osteomyelitis

or infections associated with orthopedic surgeries.[141, 142]
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Figure 1.8 Crystal structures of calcium sulphate dihydrate,[135]

hemihydrate,[136] and anhydrite.[137]

1.3.3 Silica

Silica minerals are in two forms: natural silica (diatomite) and synthetic sil-

ica nanoparticles (silicon dioxide, SiO2). Biosilica (diatomite) can be extracted

from living or fossil diatoms as diatoms frustules are made of hydrated silica.

The frustule has a highly ordered and hierarchical porous structure ranging

from micro to nanoscale, thus ideal for surface functionalisation and smart de-

livery of drugs and genes.[143–145] There is a large variety of morphology within

diatomite depending on the specie, and their shape can be generally classified

into two different groups according to the type of symmetry (Figure 1.9): centric

diatoms (radial symmetry) and pennate diatoms (bilateral symmetry). Due to
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their origin, silicas are considered biosafe, although as they are not officially

approved, the use of natural silica for biomedical applications remains limited

to research.[146] Furthermore, commercial biosilica is often extracted from de-

posits through mining and processing, which leads to inconsistent/broken frus-

tule structures.

Figure 1.9 Representative images of commercial diatomite in its two shapes:
centric diatoms and pennate diatoms. Crystal structure of quartz.[147]

In contrast, commercial or manufactured silica can range from tens of nanome-

tres to several micrometres in size, depending on the fabrication method.[148]

Resulting size and morphology can affect the inherent physicochemical proper-

ties of the silica particles; therefore, particles can easily be tailored to possess

specific characteristics and surface functionality.[149] Silica particles are highly

porous and often have a high specific surface area, up to 25-50 times higher than
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other mineral pigments.[124] The most commonly studied crystal structure of sil-

ica is quartz (Figure 1.9). Silica nanoparticles are mainly used as nanocarriers

of therapeutics in which the controlled release is either through spatiotemporal

control or bioactive modulation mechanisms.[150] Some silica nanoparticles have

reached clinical trials with promising results in terms of biosafety and targetted

efficacy.[151, 152]

1.3.4 Kaolin

Kaolin, a hydrated aluminosilicate clay mineral, is one of the primary pigments

within the paper industry and mainly consists of kaolinite (Al2O3 · 2SiO2 ·
2H2O). Kaolin has a low surface charge, relatively low surface area, chemical

inertness over pH 4-9, and a unique highly platey particle shape with hydrophilic

nature.[153, 154] The crystal structure of kaolinite (Figure 1.10) has stacks of

alternating layers of octahedral crystals of aluminum hydroxide and tetrahedral

crystals of silicon dioxide bound by covalent bonds in the common oxygen atoms.

Individual crystalline units of kaolinite interact through bonds between the OH

groups and SiO groups. Kaolinite layered structure results in hexagonal platy

particles with a higher aspect ratio than the rest of mineral pigments. This

means a larger ratio of particle diameter to thickness, usually between 5 and 40

for kaolinite depending on the mineral source. The platy morphology influences

the rheological characteristics of kaolin in suspension, but also the packing of

kaolin particles during coating as the OH groups in the surface provide the

particles with high surface energy and hydrophilic character.[124] Furthermore,

the surface charge/chemistry of kaolinite is pH-dependent. Below the isoelectric

point (around pH 3.96[155]), the edges of the particles are cationic, while the

faces are anionic. At higher pH, or with the addition of dispersing agents, the

edges of the particles can be neutralised or changed to be negatively charged.

In terms of health, kaolin is a procoagulant haemostatic agent, which means

that it accelerates blood clotting during injury.[159] Briefly, the interaction be-

tween kaolin particles and plasma components of the blood leads to the contact

activation of the intrinsic coagulation cascade. In addition, the net negative

surface charge of the kaolin particles triggers the activation of the coagulation

factors XII and XI, prekallikrein, and cofactor HWK-kininogen.[160] Therefore,

kaolin expedites haemostasis and is the primary dressing used to treat trau-

matic injuries and haemorragic bleeding in the battlefield (QuikClot® Com-

bat Gauze). Current research focuses on the fabrication of composites including

kaolin for effective hemostasis and antibacterial wound dressing applications.[161–163]
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Figure 1.10 Crystal structure of kaolinite,[156] zeolite,[157] and talc.[158]

1.3.5 Zeolite

Zeolite, similar to kaolin, is a hydrated aluminosilicate mineral and can be rep-

resented by the formula xSiO2 · y[Al2O3(Ca,Na2)O], disregarding the water

molecules it contains. Zeolite is structurally different from other silicates (Fig-

ure 1.10) as the framework forms a ”sieve” of uniformly sized pores that can

actively separate molecules according to size.[164] Only those molecules small

enough to fit inside the pores are adsorbed. Furthermore, these molecular cages

entrap a variety of positively charged ions that can interact with physiological

components or be used as gas adsorbents in papermaking.

Due to its molecular structure and characteristics, zeolite accelerates the

coagulation cascade and the concentration of coagulation factors from haemor-
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ragic blood through electrostatic interactions.[165] Therefore, zeolite is known

as a factor concentrator haemostatic agent. The mechanism of action relies on

the cage-like cavities inside zeolites that entrap positively charged ions to be ex-

changed for other cations inside the blood.[160] Zeolite as haemostatic agent was

commercialised as granular powder by QuikClot until the potential risk of ther-

mal injury and necrosis due to the exothermic reaction was observed.[166] Newer

zeolite haemostats tackle this concern and are also alternatively researched as

biosensors and drug carriers for controlled release.[167, 168]

1.3.6 Talc

Talc is a mineral composed of hydrous magnesium silicate, with the structural

formula Mg3Si4O10(OH)2. The mineral structure has composite sheet arrange-

ments parallel to a common plane.[169] The laminar crystalline units are held

together through Van der Waals forces that can be easily broken apart result-

ing in a highly platy particle morphology (aspect ratio between 20-25).[124] The

crystal structure of talc consists mainly of three crystalline layers: a magne-

sium hydroxide layer between two silica layers (Figure 1.10). It is the layered

features and their easy displacement that provides the smoothness associated

with talc. Overall, talc has a hydrophobic surface, which delays the dissolution

of the mineral particles. However, mineral processing, such as grinding, mod-

ifies the surface free energy of talc and hydrophilic areas may appear on the

talc surface.[170] Compared to kaolin particles, talc has low surface energy, a

hydrophobic character, and an aerophilic surface that often requires both dis-

persion and wetting agents for its dispersibility in aqueous systems, such as in

paper coating.[124]

Talc is one of the most controversial mineral pigments for biological use.

Historically, it was deemed safe for food products, pharmaceutical tableting,

cosmetic formulations, and body powders.[171] However, it has been associated

with ovarian cancer and potential pulmonary toxicity.[172] The mechanism un-

der which topical talc application may lead to malignant diseases is not yet

understood, and it is believed that purified talc is still safe and effective.[173]

Current application in focus are talc composites for controlled drug release[174]

and the reinforcement of bioceramic coatings[175].

1.3.7 Titanium dioxide

Titanium dioxide, TiO2 is part of the metal oxide nanoparticles family and

was commercialised first in the early twentieth century. Traditionally, titanium
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dioxide was manufactured through costly physicochemical methods, yet newer

environmentally friendly methods of fabrication have expanded the use and

applicability of these particles.[176] Titanium dioxide exists in various crystalline

forms, including anatase, brookite, and rutile (Figure 1.11), and the crystalline

structures differ in the size of the unit cell. Generally, titanium dioxide has

irregular morphology and high hardness due to the tight covalent bonds within

its structure. This mineral is insoluble in water, and easily agglomerates during

dispersion.[177]

Figure 1.11 Crystal structure of titanium dioxide in the form of anatase,[178]

brookite,[179] and rutile.[179]

Titanium dioxide is unique due to its photocatalytic activity under ultravi-

olet light,[180] with emerging applications in electronic sensors, photodynamic

cancer treatments, drug delivery, and coating of implants.[181–184] As nanoma-
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terial, titanium dioxide has a high specific surface area and surface-to-volume

ratio, which increases the surface interactions with the interacting media.[185]

Although it is deemed safe, it is possible that specific nanoparticle characteristics

may lead to detrimental effects such as cytotoxicity, genotoxicity, and immune

and inflammatory response.[186]
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Chapter 2

Materials and Methods

This chapter summarises all the materials and methods related to the research

project. Further details, experimental and image analysis protocols can be found

in the attached scientific articles (Papers I-IV).

2.1 Printable cell culture platform

The printable cell culture platform integrates multiple layers of a flexible print-

able film assembled in a sandwich-like structure as shown in Figure 2.1. The

inner layers include well-like areas through cutting and serve as support for

the whole structure. The outer layers (base and cover) incorporate printed hy-

drophobic boundaries to restrain the liquid media into wells between these two

layers. The intention is that the liquid remains isolated from the inner layers.

Herein, polyester film Melinex® OD (DuPont Teijin FilmsTM) with a thickness

of 125 µm was used as the flexible printable film and wax ink as the hydropho-

bic material. The polyester film was washed with soapy water, deionised water,

and 70% ethanol before use. Patterns for printing and cutting were designed

in vector graphic editors Adobe Illustrator CC (Adobe Systems) or Inkscape

(The Inkscape Project). Desktop cutters, Silhouette CurioTM (Silhouette) or

Silver Bullet (ThymeGraphics), were used to cut each of the layers. Lastly, the

commercial wax printer ColorQube 8570 (Xerox®) was used to print the hy-

drophobic areas.

2.2 General surface characterisation techniques

Surface properties, unless otherwise stated, were analysed utilising the methods

described herein and further information can be found in the respective arti-
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Figure 2.1 Graphical representation of the printable cell culture platform and
its layers, including a side view representation to scale of a single well of the
device. This figure is originally from Paper I.

cles appended to this thesis. UV-Vis-NIR spectrometer (Perkin-Elmer Lambda

900 or ISR-2600Plus UV-2600, Shimadzu Corporation), with integrating sphere

attachment whenever necessary, was used to collect haze, total transmittance,

reflectance, and/or UV-Vis spectra from surfaces. Wetting properties were as-

sessed using a CAM 200 goniometer (KSV Instruments), and quantified us-

ing the Young-Laplace equation for contact angles, and the Good, van Oss

and Chaudhury approach for surface free energy. ATR-FTIR NicoletTM iS50

spectrometer (ThermoFisher Scientific) with a diamond ATR crystal (2.03 µm
depth of penetration at 1000 cm−1) was used to characterise surface composition

through attenuated total reflectance - Fourier transform infrared spectroscopy

(ATR-FTIR). Visualisation of samples was done through transmission electron

microscopy (TEM, JEM-1400 Plus TEM, Jeol) or scanning electron microscopy

for surface morphology (SEM, GeminiSEM 450, Carl Zeiss Microscopy GmbH)

and crosssections (Leo 1530 Gemini, Carl Zeiss Microscopy GmbH). The study

of film cross-sections required embedding in epoxy resin (Epoxy Embedding
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Medium Kit, Sigma-Aldrich), followed by automatic grinding and polishing.

Details regarding grinding and polishing are in Paper IV.

2.2.1 Characterisation of the wax printed surfaces

Wax-printed patterns were made using commercially available wax solid inks

(Xerox®) including cyan (C) magenta (M), yellow (Y), and key/black (K).

Black ink was used exclusively for the hydrophobic boundaries in the device.

Other patterns were printed on the cell culture areas of the device with the inten-

tion of outlining channels of different widths and curvatures on the non-printed

regions. Figure 2.2 shows the printed features and dimensions in the experimen-

tal model. In summary, the configuration aimed for channels of 100, 200 and

300 µm width parallel and perpendicular to the print direction. UV/Vis and in-

frared spectra of both cleaned and wax-printed areas on the film were assessed,

including haze and total transmittance measured with an integrating sphere at-

tachment. Wetting properties were measured before printing, after printing, and

after contact with liquids relevant to cell culture (details in the section for cell

culture): deionised water, Dulbecco’s phosphate buffered saline (PBS, Biowest),

serum-free cell culture media (SF), and complete cell culture media (DMEM)

for the black ink. Furthermore, contact angles against deionised water, ethylene

glycol (Fluka Analytical), diiodomethane (Sigma-Aldrich), and DMEM were

measured for all inks to determine changes to the surface wetting properties.

Three types of samples were considered for this purpose: (a) untreated wax-

printed film, (b) wax-printed film with overnight contact with DMEM under

cell culture conditions, and (c) wax printed after washing away DMEM from

the surface with deionised water. Finally, cross-sections were imaged and print

layer thicknesses were quantified using Fiji/ImageJ 2.1.0/1.53c.[187, 188]

2.2.1.1 High-resolution surface patterning (laser ablation)

Preliminary studies towards high-resolution patterning on wax printed surfaces

were done using a 355 nm nano-second pulsed laser ablation system allowing for

a spatial resolution in the order of 10µm. Laser ablation of samples was done in

collaboration with Prof. Magnus Engholm from the Department of Electronics

Design at Mid Sweden University (Sweden). Prior to laser ablation, black ink

wax printed films were heated in an oven to melt the wax ink lines together and

generate a homogeneous surface. Laser ablated patterns for cell culture included

channels of 10, 20, 50 and 100 µm in width.
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Figure 2.2 Graphic design for each type of layer used for the study of wax
patterns, including dimensions in millimetres. Wax-printed areas are represented
in black and cut areas are filled with dark blue. This figure is originally from
Paper II.

2.3 Surface functionalisation with mineral pigments

Mineral pigments of different sizes, hydration states, origins, and chemistry were

selected for this research, including calcium carbonates, calcium sulphates, nat-

ural silica (diatomaceous earth), synthetic silica, kaolin, talc, zeolite, and tita-

nium dioxide. Table 2.1 describes each mineral used and additional information
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regarding commercial name and supplier is in Table 1 in Paper III. However,

other additives, such as dispersing agents, may have been added to the com-

mercial mineral pigment grades which can potentially affect cell behaviour. The

minerals were therefore characterised as particles prior to coatings. From the

screening of the influence of mineral particles on cellular response, only four

representative minerals were selected for coating formulations: calcium carbon-

ate (CCHC90, Omya), calcium sulphate dehydrate (CS2H2O, Sigma-Aldrich),

anhydrous calcium sulphate (CS325M, Sigma-Aldrich), and kaolin (KABSLX,

Imerys).

Table 2.1 Labels and descriptions of the mineral particles utilised in this re-
search. Additional information in Table 1 of Paper III

Label Description
CCCARB Large ground calcium carbonate
CCOBIND Precipitated calcium carbonate
CCHC90 Ultrafine ground calcium carbonate
CCOMYA Experimental grade carbonate-based specialty pigment
CS2H2O Calcium sulphate dihydrate
CSANAL Calcium sulphate dihydrate analytical standard
CSINDUS Calcium sulphate hemihydrate industrial standard
CS325M Anhydrous calcium sulphate, 325 mesh
SYC807 Amorphous synthetic silica
DECE209 Diatomite
DEDF525 Diatomite
SYSM405 Precipitated amorphous sodium aluminium magnesium silicate
ZEIMER Experimental grade zeolite (aluminosilicate mineral)
TAC15 Finnish talc (hydrated magnesium silicate) including up to 4%

of chlorite, dolomite and magnesite
KAINT57 Kaolin (hydrated aluminium silicate) lump china clay
KABSHX Hyper-platy kaolin (hydrated aluminium silicate) with a shape

factor of 100
KABSLX Hyper-platy kaolin (hydrated aluminium silicate) with a shape

factor of 60
TDKEM Titanium dioxide

2.3.1 Mineral pigments as particles

TEM was used to characterise the particle size and morphology for each of the

mineral pigments studied. Fiji/ImageJ was used to assess the geometrical and

morphological features of the particles. In addition, minerals were immersed in

serum-free or complete cell culture media for one and three days, then washed

with deionised water with centrifugations at 2000 × g for separation, and fi-
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nally dried for further characterisation. This treatment of the minerals simulates

the environment the particles undergo during cell culture. Changes to mineral

composition and chemistry were further analysed using ATR-FTIR and zeta

potential measurements (Zetasizer 3000, Malvern Instruments).

2.3.2 Mineral pigments as coatings

Ultrasonication at 37 kHz (pulse mode) for 30 minutes was used to pre-treat the

minerals and minimise agglomeration. A high-speed mixer was used to further

disperse minerals in deionised water for 30 minutes. Coating additives included

latex (HPC26, Trinseo), polyvinyl alcohol (Mowiol 06-88, Kuraray), TEMPO-

oxidised cellulose nanofibrils (CNF-T, made in house[121]) with a surface charge

of 0.98 ± 0.04mmol g−1, and D-Sorbitol (Sigma-Aldrich). HPC26 is a commer-

cial dispersion of acrylonitrile butadiene styrene (ABS) copolymer particles of

approximately 167 nm in size and 8–10 ◦C of glass transition temperature. Parti-

cle size was measured using a Zetasizer 3000, Malvern Instruments. Altogether,

coating dispersions were formulated according to the following recipes for each

mineral:

• Recipe 1 with 40% solids content including latex (10 pph).

• Recipe 2 with 40% solids content including latex (10 pph), and polyvinyl

alcohol (2.5 pph).

• Recipe 3 with 30% solids content including CNF-T (2.5 pph), and latex

(10 pph).

pph stands for part per hundred of the dry mineral pigment. The coating

formulations were mixed in the order described in the recipe and with a high-

speed mixer for an additional 30 minutes. The exceptions were the calcium

sulphate formulations where sorbitol, a known plasticiser,[189, 190] was added to

the deionised water before the mineral. Sorbitol promotes smoothness and slows

down hydration in dental cement compositions[191].

2.3.2.1 Preparation of mineral coatings

K Control coater (RK Print Coat Instruments) was used to coat the mineral

coating formulations on the polyester films. The films were cleaned before use

with soapy water, deionised water and 70% ethanol. A pre-coating of HPC26

was needed to improve the wetting and adhesion of the mineral coating. All

coatings, including pre-coat and mineral coatings separately, were dried for five
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minutes in an oven at 80 ◦C. Alternatively, the patterned mineral coating was

achieved using stencils made of clear transparent copier films (X-10.0, folex®

imaging) during coating. The patterns were designed in Adobe Illustrator CC

(Adobe Systems), and stencils were trimmed using a desktop precision cutter

Silver Bullet (ThymeGraphics). More details regarding the stencils and their

use can be found in Paper IV.

2.3.2.2 Characterisation of mineral coatings

Wetting properties with deionised water, ethylene glycol, diiodomethane, and

DMEM were measured for each of the mineral coatings. Both contact angles

and surface free energy were quantified. Infrared spectra of the surfaces were

obtained and optical properties including haze, transmittance, and reflectance

were characterised. Surface morphology and cross-sections were visualised using

SEM. From the cross-sections, average coating thicknesses were quantified us-

ing Fiji/ImageJ.[187, 188] Topographical characterisation was done using a Dek-

takXT Stylus profilometer (Bruker) with a diamond tip considering five line

scans per sample. Topography was analysed parallel and perpendicular to the

coating direction. Experimental parameters are in Paper IV. ISO-4287 standard

was used to analyse the topographic line scans in MountainsMap® (Digital

Surf).

2.4 Mineral pigments in papermaking for cell growth

Minerals CCHC90, CCOMYA, CS2H2O, CS325M, TAC15 and KABSLX were

selected for papermaking. The additives were either cationic starch (Classic 145,

Chemigate) or cationic polyacrylamide (C-PAM, FennoPol K-3400R, Kemira).

Briefly, a pulp slurry was obtained from Whatman® qualitative filter paper

(Grade 1, Merck) in a pulp disintegrator. Paper sheets were made in a paper-

making tower with a surface area of 289 cm2. The aim was to achieve a similar

grammage to that of the original commercial filter paper (87 gm−2) and content

of 20% minerals and 2% additive. Lastly, paper sheets were dried at 80 ◦C while

pressed in a rotating cylinder for three hours. Samples are then conditioned at

50% relative humidity and 23 ◦C before characterisation and further use.

Hydrophobic boundaries on the paper samples were printed using the wax

printer. After printing, paper samples were heated at 120 ◦C for up to two min-

utes in order for the wax ink to melt and penetrate the paper completely. Then,

individual paper layers were manually cut with a craft cutter to fit the print-
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able cell culture platform. At last, samples were sterilised using UV-C irradiation

prior to cell culture.

2.4.1 Characterisation of the paper sheets

Commercial filter paper and handmade paper without minerals were used as

reference samples. The thickness of the paper samples was measured using an

L&W micrometer (Lorentzen & Wettre). Paper samples of defined dimensions

were cut and weighed in order to calculate the grammage. Mineral weight can

then be calculated by subtracting the grammage of the handmade reference sam-

ple from the final grammage of each sample. L&W Air Permeance Tester SE 166

(Lorentzen & Wettre) was used to measure the air permeance of the paper sam-

ples following the test SCAN P 26:78. Ash content was measured in a furnace at

525 ◦C according to the standard TAPPI T 211. Finally, Fiji/ImageJ[187, 188] was

used to assess wax spreading on the paper samples, from images after printing

a set of lines of various thicknesses and orientations (Figure 2.3).

Figure 2.3 Design for the assessment of wax spreading in paper samples, in-
cluding lines of 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1200, 1400,
1600, 1800 and 2000 µm and in 0, 45 and 90 ◦C in direction.
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2.5 Culture of human cell lines

Human Dermal Fibroblast cells (HDFs, PCS-201-010TM, ATCC®) were ob-

tained from the laboratory of Prof. John Eriksson at Åbo Akademi Univer-

sity. Complete cell culture media for HDFs (DMEM) consisted of Dulbecco’s

Modified Eagle’s Medium (Sigma-Aldrich) and was supplemented with Foetal

Bovine Serum (10% FBS, Biowest), penicillin-streptomycin (100 units/µg/mL,

Sigma-Aldrich), and L-Glutamine (2mM, Biowest). Cell culture conditions in-

cluded 37 ◦C, 5% CO2 and 95% relative humidity. Furthermore, HDFs were

subcultured approximately at 80–90 % confluency and kept below passage 15.

HDFs were selected as the main model in this research due to their relevance

in dermo-epidermal interactions and, consequently, wound healing and tissue

engineering.[192]

Alternatively, Prostate Adenocarcinoma cells (PC-3, CRL-1435TM, ATCC®)

were used in the studies of papermaking for cell growth. PC3 cells were used

because of their high metastatic potential[193] and were cultured using RPMI

1640 (Biowest) supplemented with 10% Foetal Bovine Serum (FBS, Biowest),

penicillin-streptomycin (100 units/µg/mL, Sigma-Aldrich), and L-Glutamine (2mM,

Biowest). This cell line was provided by the laboratory of Prof. Lea Sistonen

at Åbo Akademi University and was kept at 37 ◦C, 5% CO2 and 95% relative

humidity.

2.6 Culture of HDFs in the printable cell growth
platform

All the parts of the cell growth platform were washed with 70% ethanol, dried

and UV-C radiated prior to assembly. Stitch pins made of platinum were used

to align and assemble the plastic film layers; however, other methods such as a

3D-printed case can be used as an alternative in future studies. The assembly

took place inside a laminar hood. First, the bottom layer was aligned in place

with the stitch pins, then the well areas were pre-wet with DMEM to increase

wetting and encourage protein adsorption for up to 30 minutes (duration of cell

splitting and counting). Once DMEM is removed, all inner layers are placed in

the stack, followed by cell seeding in the well areas according to the experimental

settings. Lastly, the cover layer was carefully placed on top and fastened with

the lids of the stitch pins. Hereafter, access to the wells required the temporary

removal of the top layer.
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Well areas and working volume varied according to the type of biological

assessment, including live cell imaging (50mm2, 60 µL), immunofluorescence

staining (133mm2, 140µL), and hypoxia studies (95mm2, 100µL). The follow-

ing sections describe briefly the respective experimental research in Paper I.

2.6.1 Live assessment

Cell seeding density per column was 0, 100, 200 and 300 cellsmm−2 of well area

in the device. In this setup, living HDFs were stained after one and three days of

cell culture with 5 µM Calcein AM (ThermoFisher Scientific) with five minutes

of incubation protected from light and at room temperature. Bottom layers were

scanned with a ChemiDocTM XRS+ System (Bio-Rad Laboratories) and data

was analysed in Image Lab TM Software (Bio-Rad Laboratories). Alternatively,

cells were treated with 50µM cisplatin[194] for ten hours prior to the time-

points to induce apoptosis and imaged after calcein staining using a ZEISS

Axio Vert.A1 microscope (ZEISS).

2.6.2 Immunofluorescence staining

Cell seeding density per well was approximately 225 cellsmm−2 of well area in

the device. As reference samples, cells were seeded with the same density on

13mm diameter glass coverslips (VWR) placed inside a 24-well plate (greiner

BIO-ONE). HDFs were cultured for one day on the described samples, then

fixed with 4% paraformaldehyde (PFA) in PBS for 15 minutes. Blocking, per-

meabilisation, and staining were done in a single step at room temperature for

an hour protected from light and including 10% FBS, 0.3% Triton X-100 and

1:500 ratio of Alexa FluorTM 555 Phalloidin (InvitrogenTM, ThermoFisher Sci-

entific) in PBS. Cell nuclei was stained after with 300 nm DAPI (ThermoFisher

Scientific) in PBS. Lastly, Mowiol+DABCO solution (Sigma-Aldrich) was used

to mount the samples to microscope slides with cut edges (VWR). In the case

of the plastic samples from the device, it was required to mount first from the

clean side (no cells), then add extra Mowiol+DABCO solution to mount glass

coverslips on top of the cells. 3i spinning disk microscope from the Cell Imaging

Core at Turku Bioscience was used to visualise the samples.

2.6.3 Hypoxia studies

Cell seeding density per well was approximately 160 cellsmm−2 of well area

in the device. In this setup, HDFs were cultured for a day, then treated with
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1mM CoCl2 in DMEM in order to chemically trigger hypoxia response in the

cells[195]. Untreated HDFs served as reference samples. Cells were cultured for

an additional day, then fixed with 4% PFA in PBS. Blocking and permeabili-

sation were done in a single step at room temperature for 30 minutes protected

from light and including 10% FBS and 0.3% Triton X-100 in PBS. Samples

were incubated with anti-HIF-1 alpha antibody [EPR16897] (rabbit, 1:100, ab-

cam) and 10% FBS in PBS overnight. Then, secondary staining included anti-

Rabbit IgG (H+L) highly cross-adsorbed secondary antibody Alexa FluorTM

546 (goat, 1:100, ThermoFisher Scientific) and 10% FBS in PBS for one hour

at room temperature. Cell nuclei were stained afterward with 300 nm DAPI

(ThermoFisher Scientific) in PBS. Lastly, Mowiol+DABCO solution (Sigma-

Aldrich) was used to mount the samples to microscope slides with cut edges

(VWR) as mentioned in the previous section. 3i spinning disk microscope from

the Cell Imaging Core at Turku Bioscience was used to visualise the samples.

Imaging processing was done with Fiji/ImageJ,[187, 188] where outlines of the

nuclei were obtained through median filter and Li method of threshold.

2.7 Culture of HDFs on surface patterns

Surface patterning refers to the functionalisation of the bottom layer of the

printable cell culture platform so that it included wax-printed patterns within

the well areas. HDFs were cultured directly on top of the wax-printed patterns.

Single well area was 95mm2 and working volume was 100 µL per well. Cell

seeding density per well was approximately 210 cellsmm−2 and media was re-

freshed every other day. Overall, HDFs were cultured until confluency (about

four days) in the device, at which point, the interaction was assessed. Living

cells were stained with 5 µM Calcein AM (ThermoFisher Scientific) and 50µM
Hoechst 33342 (ThermoFisher Scientific) in PBS, then imaged with a ZEISS

Axio Vert.A1 microscope (ZEISS). From these images, all cells and nuclei were

visible in addition to the final printed patterns. Fiji/ImageJ[187, 188] was used to

quantify cell orientation (plugin OrientationJ) and print quality. More details

regarding the analysis are in Paper II.

2.8 Culture of HDFs together with mineral particles

Mineral treatment density (3 µgmm−2) and cell seeding density (147 cellsmm−2)

per well was constant throughout the experiments, regardless of the type of

multi-well plate used. HDFs were seeded in the cell culture plates and left to

41



Printable cell growth platform

attach overnight. The following day, ultrasonication (20 minutes) and vortexing

were used to disperse mineral particles in serum-free DMEM (stock solutions).

Treatments of mineral pigments were made by diluting the stock solutions in

serum-free DMEM to half the calculated final concentration and adding them

to the wells which already had DMEM. Exposure to the mineral treatments

lasted up to five days, and interactions were assessed at different time points as

required by the respective study. As a positive reference, HDFs were cultured

(50% serum-free, 50% DMEM) without treatment. Alternatively, negative con-

trol wells had mineral treatments but no HDFs.

2.8.1 Live assessment

Cell-IQ® imaging system was used to monitor the experiment during the five

days of interaction. Alternatively, living cells were stained after one, three, and

five days of treatment with 5µM Calcein AM (ThermoFisher Scientific) and

imaged with the Cell-IQ® imaging system. Hereafter, Fiji/ImageJ[187, 188] was

used to process and analyse all image-related studies. GraphPad Prism 7 was

used for all statistical analyses. Further details regarding experimental descrip-

tion and analysis are in Paper III.

2.8.2 Immunofluorescence staining

HDFs were cultured in 13mm diameter glass coverslips (VWR) placed inside

a 24-well plate (greiner BIO-ONE) and treated with mineral particles as ex-

plained previously but only left to interact for three days. At this time-point,

cells were fixated with 4% PFA in PBS for 15 minutes. Blocking and permeabil-

isation were done in a single step at room temperature for 15 minutes protected

from light and including 10% FBS and 0.3% Triton X-100 in PBS. Samples

were incubated with anti-vimentin antibody (chicken, 1:2000, BioLegend) and

10% FBS in PBS overnight at 4 ◦C. The next day, secondary staining included

anti-chicken IgY (H+L) secondary antibody Alexa FluorTM 555 (goat, 1:2000,

ThermoFisher Scientific), Alexa FluorTM 488 phalloidin (1:200, ThermoFisher

Scientific) and 10% FBS in PBS for one hour at room temperature. Cell nuclei

were stained afterward with 300 nm DAPI (ThermoFisher Scientific) in PBS.

Lastly, Mowiol+DABCO solution (Sigma-Aldrich) was used to mount the sam-

ples to microscope slides with cut edges (VWR). 3i spinning disk microscope

from the Cell Imaging Core at Turku Bioscience was used to visualise cell nu-

clei, actin cytoskeleton, and vimentin filaments in the samples. Imaging process-
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ing was done with Fiji/ImageJ[187, 188], where outlines of nuclei were obtained

through median filter and Li method of threshold.

2.8.3 Toxicity-related assays

MTT (Sigma-Aldrich) and LDH (ThermoFisher Scientific) assays were per-

formed according to the instructions provided by the supplier. The selected

time-points for assessment were after one, three, and five days of mineral treat-

ments. Hidex Sense microplate reader was used for detection, then the data was

used to quantify metabolic activity/viability and cell damage/cytotoxicity of/to

HDFs.

2.8.4 Western Blotting of stress and apoptotic markers

HDFs were cultured and treated for three days in 6-well plates after which, cells

were harvested by scrapping in lysis buffer and kept on ice. Lysates were cen-

trifuged at 20000×g for ten minutes at 4 ◦C and the supernatants were used for

further analysis. Bradford assay and SDS-PAGE separation were used to deter-

mine protein concentration and to separate equal protein amounts between sam-

ples, respectively. After separation, samples were transferred to nitrocellulose

membranes for further immunoblotting against HSF1 (rabbit, SPA-901, 1:4000;

Enzo Life Sciences), Hsp27 (mouse,SPA-803, 1:4000; Enzo Life Sciences), Hsp70

(mouse, SPA-810,1:5000; Enzo Life Sciences), Hsp90 (rabbit, SPA-830 1:4000;

EnzoLife Sciences), and PARP1 (mouse IgG2a, (F-2): sc-8007, 1:1000;Santa

Cruz Biotechnology). Loading control was alpha-tubulin (mouse, 12G10, 1:1000,

Developmental Studies Hybridoma Bank). Lastly, enhanced chemiluminescence

was used to visualise the proteins.

2.8.5 Calcium ion release from mineral particles

This experimental setup concerns only the minerals known to release calcium

ions (CS2H2O, CSANAL, CSINDUS, and CS325M). HDFs were pre-conditioned

and mineral treated in the following conditions: (a) calcium-free DMEM, (b) serum-

free DMEM, or (c) 50:50 serum-free/complete DMEM. After one day of inter-

action, cell culture media of each sample was collected and calcium ion concen-

tration was measured using the Calcium Colorimetric Assay (Sigma-Aldrich)

according to the supplier’s instructions.
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2.8.6 Intracellular calcium levels

This experimental setup concerns only the minerals known to release calcium

ions (CS2H2O, CSANAL, CSINDUS, and CS325M). HDFs were mineral treated

for one day, after which, samples were washed with HEPES-buffered saline so-

lution (HBSS). Ratiometric fluorescent calcium indicator Fura-2AM (2 µM, Life

Technologies) was added for 30 minutes at room temperature, followed by HBSS

washes. Hidex Sense microplate reader was used to dispense the agonist his-

tamine (Sigma-Aldrich) and collect the calcium measurements (excitation at

340 nm and 380 nm, emission at 510 nm). Intracellular calcium levels were cal-

culated from the ratio between the calcium bound (340 reading) and calcium-

bound Fura-2AM (380 reading) at different time points.

2.9 Culture of HDFs with mineral coatings

The influence of mineral coatings on HDFs behaviour was assessed through four

experimental setups: (a) mineral coatings were placed as the bottom layer in the

printable cell culture platform for direct interaction with the cells, (b) mineral

coatings were placed as the top layer in the device at the time of cell seeding

for immediate indirect interaction, (c) mineral coatings were placed as the top

layer in the device after overnight cell attachment for delayed indirect inter-

action, and (d) mineral patterns were used as a bottom layer in the device.

Figure 2.4 shows a representation of direct and indirect mineral-cell interaction.

Single well area was 95mm2 and working volume was 100 µL per well. Cell seed-

ing density per well was approximately 53, 105 and 158 cellsmm−2 and media

was refreshed every other day. Experiments ran for up to four days, and were

studied at different time points. Fiji/ImageJ[187, 188] was used to process and

analyse all image-related studies. Furthermore, GraphPad Prism 7 was used for

all statistical analyses. Further details regarding experimental description and

analysis are in Paper IV.

2.9.1 Live assessment of mineral coatings

At day two and four of interaction, living cells were stained with 5 µM Calcein

AM (ThermoFisher Scientific) and 50µM Hoechst 33342 (ThermoFisher Scien-

tific) in PBS, then imaged with a ZEISS Axio Vert.A1 microscope (ZEISS).
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Figure 2.4 Schematic representation of (a) mineral coating as a bottom layer
(direct interaction with fibroblasts), and (b) mineral coating as a top layer (indi-
rect interaction with fibroblasts). This figure is adapted from its original version
in Paper IV.

2.10 Culture of HDFs on the handmade paper sheets

Paper sheets were placed inside the printable cell culture platform in a way that

the device still had a bottom layer, six inner layers, and a top layer. However, the

paper samples were placed so that three spacers were under, and three spacers

were on top of the sample (Figure 2.5). Reference samples in this setup were

the commercial filter paper and handmade paper without mineral particles or

additives. Single well area was approximately 95mm2 and working volume was

100 µL per well. Cell seeding density per well of PC-3 cells was approximately

160 cellsmm−2 and media was refreshed every other day. On days two and seven

of interaction, living cells were stained with 5 µM Calcein AM (ThermoFisher

Scientific) and 50 µM Hoechst 33342 (ThermoFisher Scientific) in PBS, then

imaged with a ZEISS Axio Vert.A1 microscope (ZEISS). Images were taken

from the following: (a) the top of the paper samples where the cells were initially

seeded, (b) the bottom of the paper samples to check for cell migration through

the paper, and (c) the bottom layer of the device. Fiji/ImageJ[187, 188] was used

to process and analyse all image-related studies.
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Figure 2.5 Graphical representation of the printable cell culture platform
adapted to include paper sheets (a), including a side view representation to scale
of a single well of the device (b), and cells growing inside paper (c).
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Chapter 3

Results and Discussion

Traditional cell culture platforms lack physiologically relevant features from the

extracellular environment. Hence, the cell biology field is constantly developing

new technologies to bridge the gap between in vitro and in vivo settings. This

thesis showcases a stacked platform for cell culture compatible with printing and

coating technologies. The current chapter focuses on the benefits, limitations,

and potential uses of the platform, and its versatility is demonstrated through

two applications: (a) wax printing for the contact guidance of fibroblasts, and

(b) the assessment of mineral-fibroblasts interactions.

3.1 Printable cell culture platform

The printable cell culture platform consists of a sandwich-like structure includ-

ing an upper layer (lid), bottom layer (base) and multiple inner layers. The

outer layers have wax-printed patterns that restrain the liquid into well-like ar-

eas where the cells will grow. The liquid is only in contact with these two layers

and is kept in place by surface tension, while the inner layers serve as support

or spacers to the device. The configuration enables an hourglass-like shape liq-

uid column within each well. This means that the assembled platform can be

rotated without breaking the surface tension that keeps the liquid in place. Over-

all, the device was inexpensive, easy to manufacture, assemble and use. Manual

manufacture of the platform required only a wax printer and a desktop cutter.

Both technologies are easy to scale up for mass production. Materials cost per

device was approximately 1.18EURm2; however, full cost of manufacture and

assembly requires further considerations. The platform model, including well

size, was changed according to each application, from patterning to coatings. In

this work, the device was aligned and kept together by stitching pins, yet future
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developments may include a 3D-printed holder to further facilitate the device

use.

3.1.1 Optical properties

Optical properties of cell growth platforms are key in cell biology. Microscopi-

cal observation is one of the main read-outs from experiments since it enables

real-time monitoring of cell behaviour. Furthermore, molecules inside cells can

be stained and visualised through fluorescence detection in microscopy, hence

unravelling mechanisms behind cell decision-making. Due to the benefits of mi-

croscopy, preference is often given to thin glass or polymer substrates with high

optical clarity for cell culture. Paper I characterised the main components of the

printable cell culture platform: polyester film (Melinex® OD) and black wax ink.

Transmittance was assessed between the excitation wavelengths of 400–700 nm

(Figure 3.1), which are the most commonly used in fluorescence microscopy.

Paper II extended the characterisation to all variations of the commercial wax

inks.

Figure 3.1 Total transmittance and haze of dry films, including reference sam-
ples and all variations of commercial wax inks. This figure is originally from
Paper II, Appendix.
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Results showed that transmittance of Melinex® OD (88%) is comparable,

within the measured range, to the commercial plates (90%) and glass coverslips

(91%) used in cell culture. In contrast, black wax ink has almost no transmit-

tance throughout the range, and other coloured wax inks block the passage of

light in different wavelength regions. Consequently, observation of cells trans-

mitting light through the wax is not possible. Wax ink is used, generally, to

create hydrophobic boundaries within the device and not as a cell growth sur-

face, representing no limitation. Alternatively, when the wax ink is used for

patterning of the cells, it is possible to stain the cells and observe them through

reflected light.

3.1.2 Surface chemistry

Papers I and II describe in detail the signature ATR-FTIR spectra for Melinex®

OD and commercial wax printed surfaces. Briefly, Melinex® OD showed rep-

resentative peaks for polyester films, and the commercial inks showed the most

common peaks for wax compounds. By obtaining the signature spectrum for

each of the components, it is possible to study changes to the surface chemistry

despite their unknown exact composition. After contact with cell culture media

(Figure 2, Paper I), both the polyester film and wax ink had a similar spectrum

due to the adsorption of molecules to both surfaces. This phenomenon occurred

in instances with and without serum, showing that it is not exclusive to protein

adsorption. The basal cell culture media consists of a mixture of inorganic salts,

amino acids, vitamins, phenol red, glucose, and penicillin-streptomycin. There-

fore, it is challenging to narrow down the adsorption to a specific molecule.

Moreover, changes proved to be temporary for the polyester surface, and its

signature spectrum was recovered after a few washes with deionised water. As

for the wax-printed surfaces, slight changes remained even after washing away

weakly adhered molecules (Figure 3.2. The effect was most pronounced in the

black wax ink, with an increasingly wide peak representing intermolecular and

intramolecular hydrogen bonds.

3.1.3 Surface free energy and wettability

Surface free energy and wettability are key parameters for the understanding

of solid-liquid interactions. They are also proven cues that affect cell adhesion

to surfaces, and therefore, cell behaviour. In this thesis, surface free energy and

wettability are used to understand the influence of cell culture media on the

cell growth surfaces and to calculate fractional polarity. As discussed in Chap-
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Figure 3.2 ATR-FTIR spectra of the wax printed surfaces before and after
contact with complete cell culture media (DMEM) after washing with deionised
water. Wax printed surfaces include cyan (C), magenta (M), yellow (Y) and
key/black (K). This figure is originally from Paper II.

ter 1, fractional polarity refers to the fraction of the polar component in terms

of the overall surface free energy and can be related to cell-specific response to

surfaces.[104, 196] For Human Dermal Fibroblasts (HDFs), a fractional polarity of

approximately 0.3 has shown optimal cell attachment and proliferation.[197] Fur-

thermore, low wettability surfaces are expected to prevent cell adhesion.[198–200]

Table 3.1 shows the contact angles against deionised water and complete cell

culture media (DMEM) for Melinex® OD and the wax-printed surfaces. The

surfaces were studied in the following instances: (a) untreated surface as used

in the device, (b) after overnight contact with DMEM, and (c) after washes

with deionised water. Furthermore, overall surface free energy and specific com-

ponents, including fractional polarity, were calculated using the contact an-

gles against deionised water, ethylene glycol, and diiodomethane. Overall, wax-

printed surfaces are over 20◦ more hydrophobic than the untreated polyester

surface. After contact with DMEM, all surfaces become highly hydrophilic. Pa-

per I showed that in the case of Melinex® OD, the hydrophobicity was lost only

in the presence of serum, while the wax-printed areas became hydrophilic with
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both serum-free and complete media. The reduction in contact angle was ex-

pected because of the changes in chemistry observed in the ATR-FTIR spectra.

After washing with deionised water, temporarily adhered molecules are removed,

and the contact angle increases partially for the wax inks. Black ink was the ex-

ception, where the contact angle remained the same, hydrophilic (around 20◦),

after wash. This is in accordance with the changes to the spectrum that were

preserved in the black ink. In the prototype of the printable cell culture plat-

form, wax printed boundaries are not immersed in the cell culture media and

therefore preserve their hydrophobicity to restrain the liquid into wells. How-

ever, for the efficient use of the device, a pre-wetting of the well areas with cell

culture media was necessary to increase the wettability of the polyester film and

therefore achieve an evenly distributed cell seeding.

Table 3.1 Contact angles after 20 seconds for each film with deionised water
and complete cell culture media (DMEM). Uncoated Melinex® OD film (MeOD)
was used as a reference. Contact angles were measured on the untreated surfaces,
surfaces dried after immersion in DMEM overnight in an oven at 37 ◦C (DMEM
overnight) and after subsequent washes with deionised water and drying (DMEM
washed). All drying of the surfaces was done inside a fume hood at room tem-
perature overnight. Surface free energy (SFE, in mJ/m2) and its components
were calculated with the approach of Good, van Oss and Chaudhury (acid-base
theory).[201] Fractional polarity [-] was calculated by dividing the polar compo-
nent by the overall surface free energy. Data are shown as averages with standard
deviation. Data originally from Paper II

Contact angle against deionised water Contact angle against DMEM
Surface DMEM DMEM Surface DMEM DMEM

untreated overnight washed untreated overnight washed
MeOD 78± 4 93± 2
Cyan 106± 1 20± 2 77± 11 105± 1 19± 1 74± 11

Magenta 105± 1 22± 3 38± 22 107± 1 21± 1 73± 18
Yellow 104± 1 19± 1 36± 12 108± 1 21± 2 82± 3

Key 107± 1 22± 2 19± 5 106± 1 23± 1 21± 10
Overall Fractional
SFE Dispersive Polar Acid Base polarity

MeOD 49± 6 37.59 11.52 0.10 11.43 0.23
Cyan 33± 6 30.98 1.72 0.78 0.94 0.05

Magenta 34± 6 31.12 2.41 1.02 1.39 0.07
Yellow 34± 6 31.78 2.43 0.98 1.45 0.07

Key 32± 6 30.38 1.49 0.78 0.71 0.05

As for the overall surface free energy, the polyester film had higher surface

free energy than the wax-printed areas. The major difference was the base com-

ponent, which was about ten times higher than in the wax inks. No significant

difference was observed between the different wax inks. The lack of polar com-

ponents in the wax inks led to very low fractional polarity, suggesting that the

surfaces will prevent HDFs adhesion, as also expected for hydrophobic surfaces.
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In reality, as will be discussed further ahead in this chapter, HDFs did attach

to the wax-printed patterns inside the wells. The change from hydrophobicity

to hydrophilicity in the presence of cell culture media shows a change in the

surface chemistry in cell culture conditions. Therefore, the surface free energy

of the untreated surfaces alone cannot account for the adsorption of molecules

onto the surfaces, and a study of this parameter in different conditions will

most likely result in an increase of the polar component and, consequently, of

the fractional polarity.

3.1.4 Implementation of the device for the cell culture of

HDFs

Figure 3.3 shows HDFs cultured in the printable cell culture platform. Pre-

wetting of the films prior to cell seeding promoted an even distribution of cells

and enabled the use of all the available well area. As observed, HDFs have their

characteristic spindle shape and are able to reach confluency in time. Continuous

cell culture was possible for up to three days, after which, drying of the outer

wells became significant. In this thesis, it was sufficient to manually change the

cell culture media every other day to prevent any drying effect. Small working

volumes, up to 100 µL, limit the number of nutrients available to the cells, which

are otherwise rapidly consumed, and may affect cell behaviour. Therefore, it is

not only due to drying but also for the upkeep of cells, that media should be

replenished. Lastly, oxygen availability to the cells was an important concern

due to the dimensions of the device and uneven drying (outer wells first) dur-

ing cell culture. Assessment of hypoxia, by staining for HIF-1, throughout the

different well positions in the device, compared to chemically induced hypoxia,

showed that HDFs did not undergo hypoxia inside the platform. There was no

accumulation of HIF-1 protein in the nuclei, a commonly observed feature in

hypoxic conditions.

Cell culture was monitored in real time through light microscopy. Final read-

outs were possible by removing the bottom layer, where the HDFs were grown,

and either scanning the stained living cells or fixating for further immunofluo-

rescence imaging. The fluorescence scanning of the base layer showed a linear

relationship between mean intensity and the number of living cells inside each

well, resulting in a fast and efficient way of tracking cell proliferation in future

studies. In contrast, in immunofluorescence microscopy, imaging of cells through

the polyester film resulted in the loss of imaging resolution, and required modi-

fications in the traditional sample preparation method to fix this issue. Despite
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Figure 3.3 Human Dermal Fibroblasts growing in the printable cell culture
platform. (a) Human Dermal Fibroblasts stained with Calcein AM at different
cell seedings after one and three days of cell culture (Scale: 500µm). (b) Fluores-
cence scanning and quantification with a linear fit of Calcein AM stained HDFs.
(c) Spinning disk microscope images of HDFs stained for nucleus (blue) and actin
filaments (red) with the objective size in the bottom right corner (Scale: 50 µm)
and a schematic representation of the imaging setup. This figure is originally from
Paper I.

similar thickness to coverslip glass, Melinex® OD has lower spectral transmis-

sion, higher refractive index (over 1.6), and haze of 0.4%. In a system that has

been optimised for imaging through glass, such differences have a high impact

on the imaging quality. Therefore, the polyester film was mounted on a micro-

scope slide with a coverslip glass, so that the cells were between the film and
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the glass. In this case, the imaging occurs through the glass, and there is no

significant loss in imaging resolution. Future modifications of the printable cell

culture platform may include the substitution of the polyester film for a thin

flexible glass substrate capable of matching directly the imaging needs in the

field.

3.2 Wax patterning for contact guidance of HDFs

Wax patterns were printed inside the well areas of the printable cell culture

platform in order to promote contact guidance of HDFs. Channels of 100, 200

and 300 µm width were created parallel (vertical) and perpendicular (horizontal)

to the print direction by printing all the negative space with the wax inks.

Figure 3.4 shows the printed features and all the parameters that were quantified

in order to characterise the patterns and the print quality. Parameters included

horizontal channel inner width, horizontal channel outer width, vertical channel

width, perimeter at the start of the ink lines, perimeter at the end of the ink

line, ink line width, and thinnest ink line width. Overall, results showed that

printing of commercial solid wax inks is an effective and inexpensive method to

orient fibroblast growth. The print resolution obtained herein is naturally printer

model specific, and higher resolution can be obtained with e.g. functional inkjet

printers. This section will discuss the main observations of using wax printing

for low-resolution patterning from Paper II: the extent of reach and challenges.

3.2.1 Characterisation of surface patterning

The mechanism behind commercial solid wax printers is based on thermal trans-

fer where the wax is heated up and dots are melted together which can then be

transferred to any surface. The melting of the dots results in ink lines that were

observed in the print direction with light microscopy and in the cross-sections

from electron microscopy (Figure 3, Paper II). Deposited ink films had an av-

erage of 12 µm thickness. Ink lines can be fused together by further melting

the wax-printed areas either on a hot plate or in an oven (Figure 3.5) without

immediately affecting the wetting properties of the wax surface significantly.

After a certain temperature and heating time (150 ◦C, 5 minutes), the wax ink

reacts and separates into agglomerations visible under microscopy observation.

Once this occurs, the contact angle with water decreases. Furthermore, the melt-

ing of the ink lines also increases the spreading of the wax and, consequently,

decreases the resolution of the patterns (non-printed areas). Instead, the topo-
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Figure 3.4 Print quality parameters including (a) horizontal channel inner
width, (b) horizontal channel outer width, (c) vertical channel width, (d) perime-
ter at the start of the ink lines, (e) perimeter at the end of the ink lines, (f) ink
line width and (g) thinnest ink line width, usually at the edge. Parameters are
showcased in the representative microscope image of a printed design. The theo-
retical widths of the channels from the design are 100, 200 and 300 µm. All data
is shown for the different wax inks: cyan, magenta, yellow, and key/black. This
figure is originally from Paper II.

graphical features provided by the ink lines encouraged aligned cell orientation

and there was no initial need to merge the ink lines.

Regardless, wax ink lines have a direct influence on the resolution of the

printed features. Horizontal channels were the most affected ones since the ends

of ink lines were uneven, with slight or sharp curvature, due to the spreading

of the wax ink. In contrast, vertical channels were parallel to the ink lines. The

side edges of the ink lines are smooth, and, in this direction, it is the width of

the ink lines that affects the final printed channel dimensions. Overall, after-

print dimensions were smaller than the original graphic designs because of the

melting effects and printing resolution. The difference varied per solid wax ink,
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Figure 3.5 Representative images and contact angles of black wax printed
Melinex® OD film (MeOD) heated at 90, 120 and 150 ◦C with increasing periods
of heating time. Contact angles were measured on the surfaces after 20 seconds for
each film with deionised water. Wetting properties were assessed using a CAM 200
goniometer (KSV Instruments), and quantified using the Young-Laplace equation
for contact angles.

yet correlations were found for each of them. With the correlations shown in

Table 3.2, it is possible to predict after-print dimensions and adjust pattern

proportions. However, these correlations can only be applied to Melinex® OD,

and the use of other substrates requires reassessment.

3.2.2 Influence of patterns on HDFs behaviour

Figure 3.6 shows HDFs cultured on the printed patterns, for the various wax

inks and in the channels of different directions. HDFs attached to both wax-

printed and non-printed surfaces, regardless of the original hydrophobicity of the

wax inks. This is most likely due to the changes in surface chemistry triggered

by the cell culture media, which then favours fibroblast adhesion. In terms of
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Table 3.2 Parameters of linear correlation between the channel graphic design
proportions versus the measured dimensions after printing. Horizontal channels
refer to channels perpendicular to the print direction and vertical channels are
parallel to the print direction. Data originally from Paper II.

Horizontal (inner) Horizontal (outer) Vertical
Slope Intercept Slope Intercept Slope Intercept

Cyan 0.66 -55 0.51 28 0.66 -12
Magenta 0.68 -16 0.54 53 0.70 -1
Yellow 0.71 -27 0.56 51 0.76 -12

Key 0.62 9 0.49 82 0.70 -1

orientation, HDFs align according to the pattern. Preference is observed in the

direction parallel to the ink lines (print direction) and it can be visualised by

the narrow distribution of HDFs orientation within these channels.

Figure 3.7 shows the distribution of HDFs for each of the channels and all of

the inks, according to the degree of cell orientation. In comparison, cells in the

horizontal channels had a wider distribution, especially in the thinnest channels

(100 µm width). Within these channels, the edges of the ink lines obstruct the

channels, and multiple layers of cells can be observed, which is not characteristic

of HDFs. The first layer maintains a cell alignment parallel to the horizontal

channel. The second layer, on top, tries to bridge the edges of the ink lines and

instead prefers the ink line orientation (print direction). Therefore, wax printing

as it is can be used for the contact guidance of HDFs with the most advantage

from designs parallel to the print direction due to the topographical features.

However, this approach is limited to low-resolution patterning, and channels

under 50 µm are not possible to reproduce.

3.2.3 Achieving high-resolution through laser ablation

In order to tackle the resolution limitations of wax printing, laser ablation was

used as an alternative method. Preliminary results are shown here, but further

optimisation and repetitions are required to better understand the approach.

Briefly, the fully wax-printed polyester film was heated to fuse together the ink

lines. Channels of 10, 20, 50 and 100 µm were carved from the wax through laser

ablation. The laser ablation settings (number of scans, for example) are crucial

in this step, since they may lead to remnants of the ablation on the surface

which may be toxic or prevent visualisation of the cells (Figure 3.8).

Cell culture of HDFs on the laser-ablated patterns showed that cells aligned

themselves inside the channels. Moreover, the alignment of individual cells was
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Figure 3.6 Representative cell culture images of Human Dermal Fibroblasts
growing on the wax patterns, including (a) horizontal channels (perpendicular to
print direction), and (b) vertical channels (parallel to print direction). Orange
markings highlight the width of the channels. Scale bar: 100 µm. Figure is origi-
nally from Paper II

optimal in the channel of 20 µm width (Figure 3.9,a). However, cell behaviour

of HDFs on the laser ablated surfaces was inconsistent, possibly due to a combi-

nation of the following: (a) laser ablation parameters need further optimisation

and remnants might be toxic to HDFs, (b) heating of the wax may induce un-

favourable changes to the surface chemistry, and (c) batch to batch differences

in the solid wax inks. Whichever the reason, attempts were made to homogenise
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Figure 3.7 Distribution of Human Dermal Fibroblasts orientation in (a) hori-
zontal channels (perpendicular to print direction), and (b) vertical channels (par-
allel to print direction). Distribution is plotted in terms of degree of orientation
of the cells. Curves are shown for three biological replicates with three technical
replicates each. Figure is originally from Paper II

the surface through atomic layer deposition (ALD) of a thin film of alumina

(Al2O3) on the laser-ablated samples. Figure 3.9,b shows that ALD worked and

cells attached everywhere on the surface. However, the contact guidance was

lost. In some cases, a few cells were observed inside the channels, yet there
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Figure 3.8 Representative images of laser ablated wax surface with a different
number of scans.

was still a secondary fuller layer of cells growing in all directions. Despite the

setbacks, laser ablation of wax-printed surfaces is an open opportunity for the

study of the high-resolution alignment of cells and may have future applications

in single-cell research.

Figure 3.9 Representative images of Human Dermal Fibroblasts growing on
laser ablated samples. (a) Brightfield (left) and stained living cells (right) images
for channels of different widths and varying curvature at the entry of the channel.
(b) Cells on laser-ablated patterns coated through atomic layer deposition with
alumina, with a close-up of the channels with double layers of cells.
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3.3 Screening of mineral particles

Mineral pigments were selected from those with shared applications between

the paper industry and applied biological sciences. Minerals included calcium

carbonates, calcium sulphates, commercial silica, diatomaceous earth, kaolin,

talc, titanium dioxide, and zeolite (3.10). These minerals were screened and

categorised according to the resulting HDF behaviour from their interaction.

From the screening, just a few representative minerals were selected for fur-

ther functionalisation of the printable cell culture platform and assessment of

biomaterial-cell interactions. This section focuses on the influence of minerals

as particles on fibroblast behaviour.

CCCARB CCOBIND CCHC90 CCOMYA

SYC807 DECE209 DEDF525 SYSM405

CS2H2O CSANAL CSINDUS CS325M

KAINT57 KABSHX KABSLX ZEIMER

TAC15 TDKEM

2 µm 2 µm 2 µm200 nm

2 µm 2 µm 2 µm2 µm

5 µm 2 µm 2 µm2 µm

2 µm 1 µm 2 µm500 nm

200 nm2 µm

1 µm

50 nm 50 nm

Figure 3.10 Representative TEM images of the mineral particles. Figure is
originally from Paper III.

3.3.1 Characterisation of minerals as particles

Morphology of minerals was described according to the general shape, equiva-

lent circular diameter at the cumulative area 10, 50 and 90 % and aspect ratio
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obtained from the TEM imaging (Table 2, Paper III). In addition, information

on the mineral’s specific surface area was retrieved from the supplier whenever

possible. Paper III describes in detail the observations regarding mineral mor-

phology and ATR-FTIR spectra. Overall, the minerals used included particles

of various sizes and broad or narrow distributions, chemistry and specific surface

area. All of these parameters can influence cell behaviour, yet no direct correla-

tion was observed between these properties and the resulting HDF behaviour.

Regardless, particle size, shape, surface area, and porosity play a key role in

the surface-induced conformational changes of proteins and other molecules ad-

sorbed to the minerals.

The influence of the cell culture media on the mineral particles was ob-

served through changes to the ATR-FTIR spectra of minerals and the zeta

potential of the mineral particles. The spectra were acquired after immersion

in serum-free and complete cell culture media (Figure 3.11). Half of the min-

erals exhibited new peaks in representative regions for proteins. The change

was only present after interaction with complete cell culture media. In contrast,

unmodified calcium carbonates showed no interaction with the cell culture me-

dia, while calcium sulphates with a hydrated state interacted exclusively with

serum-free media. Further study of these changes may unravel surface-induced

conformational changes to proteins that influence many cellular processes.

Zeta potential was measured in the same conditions as the ATR-FTIR spec-

tra (Table 3, Paper III). Results showed that after three days of interaction

with complete cell culture media, almost all mineral particles had shifted to a

zeta potential of approximately −20mV regardless of the starting value. Zeta

potential of −20mV was in accordance to that of native BSA in cell culture

conditions[202] and reaffirmed the adsorption of proteins to the mineral parti-

cles. Dihydrated calcium sulphates were the exception, possibly due to their

dissolution capabilities. Paper III extends on this discussion. Overall, the initial

zeta potential of the mineral particles may only be a key player in the adsorption

of proteins and only indirectly influence cell behaviour.

3.3.2 Influence of mineral particles on cell behaviour

Mineral particles were classified according to the observed and quantified biolog-

ical interactions (Figure 3.12). Observations focused on apparent proliferation,

cell shape, and co-localisation of the cells with the mineral particles. Quanti-

fied behaviours included the analysis of metabolic activity, cytotoxicity, and the

confluence of cells at different time points of interaction. Further assessments in
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Figure 3.11 FTIR spectra for the minerals before (No Aut) and after (Aut)
autoclaving, and after one (D1) and three (D3) days of immersion in serum-free
DMEM (SF), or complete DMEM (CM). Orange and magenta arrows indicate
the changes after immersion in the serum-free and complete DMEM, respectively.
Figure is originally from Paper III.

Paper III focused on stress and apoptotic responses of HDFs to the minerals.

Based on the time-dependent cellular response, most minerals induced an initial

decrease in proliferation after one day of interaction, followed by the actual re-

sponse from cells. Group 1 was comprised of minerals that enhanced fibroblast
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proliferation with fast recovery. Minerals in Group 2 also enhanced proliferation

after prolonged interaction (slow recovery). Both Groups 1 and 2 resulted in

thinner elongated fibroblasts so that more cells were packed within the same

area of growth after five days of interaction. Group 3, comprised exclusively of

calcium sulphates, enhanced HDFs proliferation yet it also induced significant

cell vacuolisation. Minerals in Group 4 inhibited HDFs growth, where cells did

not overcome the initial adaptation period to the particles. This group con-

cerned nanoparticles or minerals with nanoporosity, possibly leading to particle

internalisation by the cells. Lastly, Group 5, including platy kaolin particles,

induced cytotoxicity to HDFs. The very platy particle shape, with a thickness

of less than 50 nm, was most likely the cause of toxicity. Live monitoring of

the cells interacting with the minerals showed a high affinity of HDFs to the

kaolin particles which led to fibroblast agglomerations. Furthermore, imaging

revealed that larger particles physically obstructed pattern formation by HDFs,

and instead, cells concentrated around the minerals.

Overall, this study showed that there is no single particle property that

governs mineral-fibroblast interactions. Instead, the classification according to

induced behaviour was the result of a combination of factors. Moreover, the

classification suggested possible uses for minerals depending on the group. For

example, Groups 1 and 2 enhanced proliferation without visible harm to the cells

and may be studied as carriers to deliver treatments, in dressings or implants.

In contrast, Group 4 may only be considered for short-term applications or

whenever growth inhibition is desired. If nothing else, this study highlights the

importance of time-dependent evaluation of each biomaterial-cell interaction,

without generalising over biocompatibility traits. The challenge of biomaterial

use, specially of particles, arises due to the lack of understanding of how their

physicochemical properties may interact or interfere with the biological environ-

ment. Further studies on biomaterial research need standardisation to minimise

potential safety concerns.

3.3.3 Calcium sulphate minerals induced vacuolisation

Imaging revealed morphological changes in HDFs induced by the calcium sul-

phate minerals. The features appeared to be cytoplasmic vacuolisation, yet no

relation to cell death was observed as would be expected. [203, 204] The features

were also similar to lipid droplets, and the possibility of induced differentia-

tion of HDFs towards adipocytes was explored by staining for lipid droplets.

None of the features were stained, while immunofluorescence staining suggested
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Figure 3.12 Classification of minerals based on the investigated biological in-
teractions, and representative cell culture images of one mineral per group after
one, three, and five days of interaction. Figure is originally from Paper III.

that the vacuoles were inside the cells surrounded by vimentin filaments (Fig-

ure 3.14,a). The morphological change was not exclusive to HDFs, and treatment

of primary osteoclasts with calcium sulphate minerals showed similar behaviour

(Figure 3.13). Furthermore, vacuolisation was very extensive often occupying

most of the cytoplasmic area and close to the nucleus. In many instances, the
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morphological changes were to an extent that the cell nucleus was deformed.

Deformation of the nucleus is not necessarily detrimental to the cells due to its

viscoelastic properties.[205] However, it may be a sign of changes to the osmotic

pressures within the cells.

Figure 3.13 Representative spinning disk images of primary osteoclasts treated
with different concentrations of CS325M. Staining shows nuclei in blue and vi-
mentin structure in green. Vacuolisation in osteoclast is highlighted in orange.
Scale bar: 100 µm

3.3.4 Extracellular and intracellular calcium

Calcium signalling is one of the most important elements in cell biology as

calcium ions are involved in most cellular processes.[206] Minerals such as cal-

cium sulphates are able to release calcium ions in solution. Therefore, in Pa-

per III, extracellular and intracellular calcium levels in the presence of calcium

sulphate minerals were studied (Figure 3.14,b-e). The assessment was done in

different cell culture media: (a) calcium-free, (b) serum-free and (c) 50:50 serum-

free/complete combination. Additionally, minerals were added in three different

concentrations to the cellular environment. Overall, the presence of calcium sul-

phates increased significantly calcium concentration and may even be used as

a source of extracellular calcium to the cells. Interactions with serum slightly

reduced the solubility of calcium sulphates, yet it remained significantly in-

creased compared to no minerals. Despite the spike in extracellular calcium ions

available to the cells, no changes were observed in the intracellular calcium lev-

els. Intracellular calcium levels are most of the time tightly regulated within the

cells. Therefore, the study of these calcium ions releasing minerals might benefit

from other cell lines that are more sensitive to changes in the extracellular cal-

cium levels, such as osteoblast-like cell lines[207] or even cancer cells,[208] which

possess the extracellular calcium-sensing receptor.
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Figure 3.14 Assessment of calcium sulphate minerals. (a) Representative im-
munofluorescence images showing Human Dermal Fibroblasts (HDFs) treated
with CS2H2O and CS325M (150µgmL−1) with arrows highlighting vacuolisa-
tion inside the treated cells. (b) Extracellular calcium ion concentration after
one day of calcium treatments at different concentrations in calcium-free, serum-
free, and 50/50 serum-free/complete DMEM. (c-e) Intracellular calcium levels in
HDFs analysed with the fluorescent calcium indicator Fura-2 AM after one day
of calcium sulphate treatments. Figure is originally from Paper III.
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3.4 Surface functionalisation with mineral coatings

After screening the mineral particles, representative minerals of interest were

chosen to be assessed as mineral coatings for HDF growth. The selected miner-

als were: calcium carbonate CCHC90 (Group 1), calcium sulphates CS2H2O and

CS325M (Group 3), and platy kaolin KABSLX (Group 5). Pre-coating of latex,

HPC26, was used to improve the wettability of the polyester film. HPC26 was

also used as a binder during coating formulation to prevent dissolution or separa-

tion of the coated layers when immersed in cell culture media. Polyvinyl alcohol,

PVOH, or tempo-oxidised nanocellulose fibres, CNF-T, were used as alternative

additives to influence HDFs behaviour. Coating suspensions were formulated to

reach 40% solids content, except for those containing CNF-T. CNF-T has high-

water retention capacities and the highest solids content achieved was 30%. This

section discusses the characteristics of the mineral coatings, and the influence

of coating formulation and experimental features on HDFs behaviour. Detailed

information has been published in Paper IV.

3.4.1 Characterisation of mineral coatings

Representative images of the coating surfaces are in Figure 3.15. Pre-coating

with HPC26 resulted in a uniform yet slightly textured surface. As a binder,

HPC26 partially covered the mineral particles, which was confirmed by the

ATR-FTIR spectra of the mineral coatings (Paper IV, Appendix, Figure A.2).

This means that whatever cell behaviour resulted from interactions with the

mineral coatings, the outcome is partially due to HPC26. HPC26 has been cul-

tured with HDFs and no detrimental effect was observed, in many instances,

it even promoted cell proliferation.[114, 209] Mineral coatings with CCHC90 and

KABSLX covered all the surface available, while calcium sulphate had incom-

plete coverage. Parameters such as mineral particle morphology and coating

formulation influence the resulting topography. Platy kaolin leads to a smooth

surface as particles align during coating due to their anisotropic shape. Large

calcium sulphate particles are difficult to stabilise and can lead to agglomera-

tions. Furthermore, calcium sulphate may interact with CNF-T as the particles

can dissociate to calcium and sulphate ions. Calcium ions increase the stiffness

of CNF-T through cross-linking.[210] Overall, the addition of CNF-T increased

particle agglomeration and, consequently, apparent surface roughness, as ob-

served in the cross-sections of the films (Paper IV, Appendix, Figure A.4). All

surface observations were corroborated by the topographical characterisation
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(Paper IV, Figure 3), where KABSLX had the smoothest profile and CS325M

the roughest. Moreover, the addition of CNF-T increased surface roughness more

than particle morphology or size.

Figure 3.15 Representative SEM images of the sample surfaces. (a) Reference
surfaces, including uncoated polyester film, and pre-coating of HPC26 (LTX).
(b) Surfaces for all mineral/additives combinations. Scale bar: 15µm. Figure is
originally from Paper III.

Changes to surface topography may directly affect wettability. Therefore,

contact angles and surface free energy were measured for all coatings, includ-

ing uncoated Melinex® OD film as a reference (Table 3.3). Wettability was
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assessed against deionised water, and complete cell culture media (DMEM). As

discussed previously, the polyester film had low wettability, in this case, the

lowest. However, pre-coating with HPC26 was sufficient to significantly increase

wettability. In contrast, the mineral coatings had similar contact angles for both

liquids assessed except for CS325M with HPC26 as an additive. This coating

was not wettable in either of the conditions, and was also the surface with the

highest roughness. Altogether, surface topography, wettability, and surface free

energy influence cell behaviour; hence, the importance of their characterisation.

Mineral coatings with CNF-T had a fractional polarity of around 0.3, suggesting

to be favourable surfaces for the adhesion of fibroblasts. Mineral coatings with

PVOH had the opposite effect, where the fractional polarity was increased so

much by the additive that it may be detrimental to cells. However, in a complex

and heterogeneous system such as the one studied in this project, there is an

interplay of interactions between the minerals, additives, proteins, and cells that

cannot be summarised to the influence of a few properties of the bulk surface

alone. Therefore, surface characterisation may only provide an initial assessment

under cell culture conditions. Throughout this project, cell culture surfaces were

pre-conditioned with DMEM prior to cell seeding. This means that by the time

cells are added to the system, proteins have already been adsorbed onto the

surfaces.

At last, characterisation of optical properties, such as transmittance and

haze, reveals compatibility or limitations to methods like microscopy. Optical

properties were measured for dry films, and wet in contact with PBS, and com-

plete DMEM (Paper IV, Appendix, Figure A.4-6). In general, wet conditions

reduced the haziness of the mineral coatings. Furthermore, data showed limited

transmittance around 310 nm, which is close to the excitation wavelength of

many nuclear staining agents used in fluorescence microscopy.

3.4.2 Direct influence on fibroblast behaviour: Mineral

coating as a bottom layer

Mineral coatings were placed as a bottom layer in the printable cell culture de-

vice for direct interaction with fibroblasts. In this sense, after pre-condition with

complete DMEM, HDFs were seeded and cultured directly on the surfaces of

the mineral coatings. As cell behaviour may differ depending on the cell density,

three different amounts of cells were seeded in this experimental setting. After

two and four days of cell culture, cell density and confluency were quantified

(Figure 3.16). Overall, low cell seeding on the coated samples reached at most
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Table 3.3 Contact angles after 20 seconds for each film with deionised water
and complete cell culture media (DMEM). Uncoated Melinex® OD film (MeOD)
and pre-coating with HPC26 were used as a reference. Surface free energy in
mJ/m2 was calculated with the approach of Good, van Oss and Chaudhury
(acid-base theory).[201] Fractional polarity [-] was calculated by dividing the polar
component by the overall surface free energy. Data are shown as averages with
standard deviation. Data originally from Paper IV.

Contact angle against deionised water Contact angle against DMEM

MeOD 82± 3 93± 2
HPC26 66± 1 65± 2

Coatings HPC26 PVOH CNF-T HPC26 PVOH CNF-T
CCHC90 74± 1 38± 1 59± 1 77± 2 45± 5 55± 1
CS2H2O 73± 1 25± 4 72± 4 68± 2 29± 6 70± 2
CS325M 92± 6 31± 4 69± 2 90± 3 29± 3 65± 1
KABSLX 77± 1 54± 5 67± 5 72± 2 49± 1 55± 2

Surface free energy Fractional polarity

MeOD 47± 6 0.25
HPC26 57± 5 0.65

Coatings HPC26 PVOH CNF-T HPC26 PVOH CNF-T
CCHC90 59± 7 99± 7 77± 7 0.20 0.51 0.34
CS2H2O 62± 7 112± 6 57± 6 0.25 0.65 0.27
CS325M 43± 6 123± 7 71± 7 0.04 0.60 0.31
KABSLX 42± 5 70± 6 54± 6 0.32 0.47 0.30

60% confluency, almost 20% lower than the reference (uncoated Melinex® OD

film). Scarce cell populations challenge adaptation to the new environment. In

contrast, high cell seeding led to the same confluency as the reference sample

in time, suggesting the differences in growth surface were irrelevant, except for

KABSLX with PVOH where cells did not recover. When assessed as particles,

KABSLX induced toxicity on HDFs;[211] however, depending on the additive,

as coating, this mineral was able to support the growth of HDFs. PVOH as

an additive proved detrimental for HDFs showing the lowest cell density and

confluency in all time points and coatings. Representative images from high and

low cell seeding are in (Paper IV, Appendix, Figure A.7-8).

At medium cell seeding (Figure 3.17), variations between HDFs-mineral

coatings interactions appeared more clearly. In terms of minerals, the response

was similar to their assessment as particles.[211] In time, CCHC90 and CSH2O

promoted HDF growth, while KABSLX and CS325M prevented it. One of the

major differences was that in the presence of calcium sulphates, HDFs growth

was disorganised, and previously observed vacuolisation was present only in a

few cells. This effect might be the result of the increased surface roughness

shown by the calcium sulphate coatings or the dissolution of minerals into ions.

As for the additives, CNF-T was the most suitable for HDFs culture, followed
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Figure 3.16 Cell density and confluency quantification for direct mineral-cell
interactions. Cell density stands for the number of cells per area available nor-
malised to the uncoated film (100%). The figure is originally from Paper IV.
Detailed information, including representative images and standard error of the
mean values, are in Paper IV, Appendix, Figures A.7-8, and Tables A.7-8.

by HPC26. CNF-T masked the detrimental effects of KABSLX and encouraged

cell alignment parallel to the coating direction. The cell alignment was possibly

due to the aggregation of cellulose nanofibrils generating a topographical fea-

ture during the rod coating process, as no alignment was observed during stencil

coating of patterns (Paper IV, Appendix, Figure A.9). PVOH, as discussed, re-

duced cell growth. Figure 3.18 shows HDFs cultured on the additives HPC26

(LTX), PVOH, and CNF-T and showcases their own influence on cell growth.

3.4.3 Indirect influence on fibroblast behaviour: mineral

coating as a top layer

Mineral coatings were placed as a top layer in the printable cell culture device

for indirect interaction with fibroblasts. In this sense, after pre-condition with

complete DMEM, HDFs were seeded and cultured directly on the uncoated

Melinex® OD film. The mineral coating film was added as a lid to the system
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Figure 3.17 Representative images at medium cell seeding density for coatings
as the bottom layer (direct interaction). Human Dermal Fibroblasts are stained
with Calcein AM 5 µM. Figure is originally from Paper IV.
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Figure 3.18 Representative images from various initial cell seeding densities
of HDFs cultured on surfaces coated with individual additives: low (5000 cells
per well), medium (10000 cells per well), and high (15000 cells per well). The
coatings were placed as the bottom layer (direct interaction) of the printed cell
culture platform. Human Dermal Fibroblasts are stained with Calcein AM 5µM.
The surfaces included are uncoated Melinex® OD film (MeOD), HPC26 coated
surface (LTX), polyvinyl alcohol coated surface (PVOH), and TEMPO-oxidised
cellulose nanofibrils (CNF-T).

simultaneously with cell seeding (day 0) or after the HDFs had attached (day 1).

This experimental approach ensures indirect interactions as only the cell culture

media is shared between the coated films and the HDFs. As cell behaviour may

differ depending on cell density, three different amounts of cells were seeded in
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this experimental setting. Cell density and confluency were quantified at dif-

ferent time points for these experimental settings (Figure 3.19). Representative

images of HDFs in all conditions for medium cell seeding are in Figure 3.20.

Figure 3.19 Cell density and confluency quantification for indirect mineral-
cell interactions. Cell density stands for the number of cells per area available
normalised to the uncoated film (100%). The figure is originally from Paper IV.
Detailed information, including representative images and standard error of the
mean values, are in Paper IV, Appendix, Figures A.11-12 and Tables A.7-8.

Similarly, as in the direct interaction studies, low cell seeding prevented cell

recovery and generated a larger gap between the confluency of the reference

sample and the mineral coatings after four days. High cell seeding also led to

confluency regardless of mineral/additive combination. However, in this experi-

mental approach, both calcium sulphates with PVOH had the lowest cell density

and confluency for all conditions when the interaction starts at the same time

as cell seeding. Since there is no physical contact, the dissolution of the coat-

ing components must be the driving force of the detrimental effect on HDFs.

This detrimental effect and its relationship with dissolution are discussed in

detail in Paper IV. Briefly, the PVOH used in this research (Mowiol 06-88)

is a partially hydrolysed grade (86.7–88.7 %) with low viscosity (5–6 mPa s−1

at 4% aqueous solution). A low degree of hydrolysis is related to increased

75



Printable cell growth platform

Figure 3.20 Representative images at medium cell seeding density for coatings
as the top layer (indirect interaction). Human Dermal Fibroblasts are stained
with Calcein AM 5 µM. Figure is originally from Paper IV.
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dissolution, hydrophobic acetate groups, and residual acetyl groups. In conse-

quence, the interaction between PVOH and water molecules increases while the

inter- and intramolecular H-bonds in PVOH are reduced due to steric hindrance.

ATR-FTIR spectra of PVOH and CNF-T coatings after prolonged immersion

in deionised water (Paper IV, Appendix, Figure A.13) suggested the partial

dissolution of PVOH. The immersion was done in the stacked device, with the

additive coating as a top layer, and an uncoated film at the bottom. Analysing

the ATR-FTIR data of both the coated and uncoated layer showed that the

same peak that decreased on the PVOH coating appears as a new peak in the

uncoated bottom film. In contrast, no changes were observed in the CNF-T

samples. Furthermore, the dissolution of PVOH appeared detrimental only in

the calcium sulphate coatings, which means that it must interact with the min-

erals, mineral ions or sorbitol in the coatings. Sorbitol can reduce the hydrogen

bonding between PVOH chains.[189, 190] In addition, both calcium and sulphate

ions, as kosmotropes, directly affect protein adsorption.[212] However, calcium

ion concentration did not increase in the calcium sulphate samples with PVOH,

when compared to other additives.

As all of these interactions occur simultaneously, it is a challenge to identify

the key factor behind the resulting cell behaviour. Cell adhesion is a highly

regulated cellular process with three main stages: sedimentation, attachment,

and cell spreading and stable adhesion.[32, 213] Since the detrimental effect is

only observed when interaction starts at day 0, it suggested that the disruption

takes place in the initial cell adhesion process. Once cells adhere to the surface,

they are capable to adapt to the new environment.

Another important observation was the lack of detrimental effects of KAB-

SLX coatings. When studied as a particle, KABLSX induced toxicity in HDFs.

As a mineral coating, KABSLX with PVOH was also detrimental to cells. How-

ever, no visible harmful effect on cell growth was observed when KABSLX coat-

ings were used as a top layer of the stacked cell culture platform. This result

highlights the importance of assessing materials in direct and indirect interac-

tions. In this case, the toxicity to HDFs is most likely a contact-dependent one,

as is the promotion of cell growth by CNF-T.

3.4.4 Assessment of calcium ion release from calcium

sulphate coatings

Calcium ion concentration was measured for both experimental settings in this

study: coatings as a top and as a bottom layer in the device. Overall, concentra-
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tion was measured after four days of cell culture. In addition, for those coatings

as top layers where interaction started at day 0, calcium ion concentration was

measured after one day of cell culture. Figure 3.21 shows the quantification of

calcium ion concentration. Calcium ion concentration in reference samples corre-

lated to the measurements for complete DMEM after HDF cell culture (3mM).

More variation was observed for the measurements with direct interaction, as

cell culture media was refreshed one additional time for those experiments with

coatings as the top layer. The additional exchange may have served as a buffer

for the changes in calcium ion concentration. Overall, additives had an increased

influence on calcium sulphate dissolution when HDFs were grown directly on

the coatings. When used as a top layer, calcium sulphate coatings increased cal-

cium ion concentration with peaks at different time points. CS2H2O increased

the most after one day for a fast dissolution; while CS325M kept the high-

est concentration after four days regardless of the additive. These results show

the capability of calcium sulphate coatings to release calcium ions in a timely

manner, and become potential biostimulators for wound dressings.[214]

3.5 Papermaking for cell culture

The emergence of paper-based cell culture platforms was highlighted in Chap-

ter 1. Most of the studies use commercially available paper sheets and are

thereby intrinsically limited by their properties. Papermaking is an ancient sci-

ence first recorded in China and later brought to Europe by the 11th century.

Since then, science has been continuously refined and optimised to control the

desired resulting properties of paper. Therefore, by taking advantage of the ex-

isting knowledge in papermaking, it is possible to create a next-generation of

paper-based cell culture devices. In this section, papermaking for cell culture

is explored, utilising minerals as fillers to modify the internal structure of the

paper and alternating between cationic starch (CS) and cationic polyacrylamide

(C-PAM) as additives. All results hereafter are preliminary and unpublished.

3.5.1 Characterisation of paper sheets

Figure 3.22 shows the measured properties of the resulting paper sheets. Com-

mercial paper was used as a reference, also paper made with no minerals and no

additives. Overall, the average thickness of the handmade papers was approx-

imately 228µm, which is about 31% thicker than the commercial paper and

14% thinner than the handmade paper with no additives. Differences between
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Figure 3.21 Calcium ion concentration measurements from the different exper-
imental setups of calcium sulphate coatings. Measurements were done on samples
with an increasing amounts of cell seeding density: 5000, 10 000 and 15 000 cells
per well. Figure is originally from Paper IV.

the reference samples are due to the sheet-forming process. While the handmade

reference has no additives and uses disintegrated commercial fibres, the fibres

might arrange in a different way during the papermaking process as settings,

such as the type of mesh used, are different. Overall, the aim was to obtain

handmade sheets with a grammage of approximately 87 gm−2, comparable to

that of commercial paper. The addition of minerals and additives makes the

sheets denser, and thinner sheets were expected. Variations in the measured
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grammage can be the result of defects in the mesh, agglomeration or uneven

mixing during papermaking. Moreover, some pigments may be flushed during

papermaking if uncaptured by the fibre net, even in the presence of retention

agents.

Figure 3.22 Characterisation of paper sheets, including thickness, grammage,
air permeability and ash content.

The addition of minerals increased air permeability, indicating increased

porosity in comparison to the reference. Porosity is of high importance in paper-

based cell culture platforms as cells grow within the porous areas of the paper,

and it determines the path for cells to move through. If necessary, calender-

ing can be used to reduce the thickness and porosity/permeability of the paper

sheets in a dry state, yet the original uncalendered paper structure may re-

cover under wet conditions. KABSLX is a very platy mineral and can increase

tortuosity if it aligns in between the fibres, leading to lower air permeability.

TAC15 is a hydrophobic mineral, and its arrangement withing the positively

charged additives may affect porosity. Among the minerals, calcium sulphates

had the highest air permeabilities and lowest grammages among the samples,

due to the dissolution of the mineral particles during the papermaking process.

Calcium sulphate solubility plays a larger role in papermaking than in the coat-

ing process since the proportion of minerals to water during the preparation

step is lower. Solubility for calcium sulphate dihydrate is 2mgmL−1 at 20 ◦C.

Dissolution of calcium sulphate particles during papermaking should have been
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expected and larger amounts of minerals, in addition to stabilisers, would be

needed to successfully make paper sheets containing calcium sulphate minerals.

Ash content measurements showed that calcium sulphate minerals were absent

in the final sheets, in addition to grammage, which was close to 20% lower for

the calcium sulphate sheets. Lastly, ash content measurements also showed that

CS provided better retention for calcium carbonates and C-PAM for silicates.

Therefore, the formulation in papermaking must be carefully revised.

3.5.2 Wax printing of paper

Wax printing is commonly used in paper-based platforms to create hydrophobic

boundaries. Therefore, wax printing and spreading were characterised in the

handmade paper sheets (Figure 3.23). Overall, handmade papers with minerals

had lower wax spreading. Since these samples had higher air permeability, it

may suggest higher porosity and therefore, more wax is needed to fill in the

pores resulting in less spreading.

No significant difference was observed between the different print directions.

Furthermore, data before heating showed that the addition of minerals up to

20% was not enough to improve print resolution. This is because mineral parti-

cles are distributed throughout the paper samples. If improving print resolution

is the goal, then coating the mineral pigments would be necessary. In any case,

the data before heating can be used to determine a trend line and predict the fi-

nal print dimensions of any graphic design. This can be useful in the engineering

of future devices.

After heating, handmade reference samples had the most lateral spreading

of wax, followed by the calcium sulphate samples. This is expected, as charac-

terisation showed that they lacked the mineral particles. The largest difference

between the commercial and handmade references comes from how much wax

spread to the bottom of the paper. Here, thickness and permeability play the

most important role. In general, wax prints below 300µm were insufficient to

spread throughout the thickness of the paper sheets.

Although wax printing was possible on the paper sheet with CCOMYA,

wax spreading was very limited, as visualised in Figure 3.24. In fact, CCOMYA

sheets with CS had no spreading at all. CCOMYA is a special mineral with

high porosity and ordered structure (internal porous structure with external

lamellae). Therefore, the minerals are either blocking the spreading of the wax

or the wax is running out before filling the minerals’ complex structures.
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Figure 3.23 Quantification of lateral (spreading) and vertical (wax through)
wax spreading in the paper samples. (a) Measurements parallel to the print direc-
tion. (b) Measurements perpendicular to the print direction. (c) Measurements
of prints at 45◦.
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Figure 3.24 Representative scanned images of the printed side (left) and non-
printed side (right) of the wax printed paper sheets for the quantification of wax
spreading through the paper.

3.5.3 Cell culture on handmade paper sheets

Cell culture of PC-3 cells on handmade paper sheets was successful and cells

were alive as shown in Figure 3.25. Paper sheets were tested using the printable

cell culture platform in a way that the paper was placed in between the inner

layers (spacers). Cells were assessed at the top and bottom of the paper sheets,

and also in the bottom polyester layer of the device, to determine if any cells

went fully through the paper and attached at the bottom.
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Figure 3.25 Representative microscope images of PC-3 cells on paper sheets
after seven days of cell culture. Unless ”brightfield” is stated, fluorescence images
were acquired. Cells were stained with Calcein AM to image viable cells. Top
refers to images taken to the top side of the paper sheets (printed side), where
cells are initially seeded. Bottom refers to images taken to the bottom of the
paper sheets, where cells would migrate to. MeOD refers to the polyester film at
the bottom of the printable cell culture platform. Scale bar: 500 µm.

The commercial paper had the most cells through as it was the thinnest

paper. As for the rest, cell penetration through the paper correlated to air per-
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meability results as it relates to the porosity of the samples. The sheets originally

made with calcium sulphate minerals had more cells moving through the paper,

as they had higher porosity. KABSLX and TAC15 sheets were less permeable

and therefore, hindered the movement of cells. In terms of additives, cells reacted

more to CS as cells remained in clusters on the surface of the paper rather than

moving through. The difference between C-PAM and CS is most likely related

to the degree of cationicity and further studies accounting for the degree of sub-

stitutions should be considered. Cells have a mostly negatively charged surface,

and electrostatic interactions can play a major role. However, once in contact

with cell culture media, most surfaces get covered by the adsorbed proteins.

Consequently, the effect might not be a direct result of interactions between the

cells and the cationic polymers. Instead, the cationic polymers might modify

how proteins adsorb onto the surfaces.

In a general perspective, the differences among the handmade paper sheets

show that in the future we can potentially change and control parameters such

as the penetration or clustering of cells. While this study represents only a proof-

of-concept, the approach provides many opportunities through the modification

of fibres and the use of various additives. In continuation, longer cell culture

times and stacking of paper sheets are encouraged to study cancer cell migration

through them.
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This thesis presents a printable cell culture platform in order to investigate the

influence of surface modification on biomaterial-cell interactions. The device is

a successful alternative to traditional polystyrene-based cell growth plates. It is

compatible with coating and printing technologies during manufacture, and with

most used biological techniques. Fabrication is simple, personalised, and could

be scaled up for mass production. It requires multilayer stacks of a transpar-

ent flexible printable substrate, such as the polyester film that was used in this

research. The outer layers have wax-printed features that serve as hydrophobic

barriers to confine the liquid media into wells. The inner layers assist the struc-

ture as spacers and can be potentially exchanged for porous materials such as

membranes, or cut into different patterns for modified experimental approaches.

A commercial wax solid ink printer was used for all wax printed areas, and a

desktop cutter was used for cutting all the layers. Graphic design, manufacture

and assembly can be achieved within less than an hour in any laboratory with

these technologies, and without previous knowledge required. Large-scale mass

production can be achieved with a combination of high-speed digital printers

and laser cutting. Overall, while the platform facilitates the usage of a broad

range of printing and coating techniques in cell culture, it still has limitations

such as the lack of 3D representation of the native extracellular environment.

The potential of the printable cell culture platform was demonstrated through

two applications: (a) wax printing for the contact guidance of fibroblasts, and

(b) the assessment of mineral-fibroblast interactions. Wax-printed patterns were

a simple, low-cost and straightforward method to induce contact guidance. It

is a technology compatible with both laboratory and industrial scale. Commer-

cial solid wax inks are difficult to characterise completely, and often differ from

batch to batch; however, this work defined fingerprint spectra to those inks

utilised. Furthermore, a linear correlation was established to predict printed

channel widths accurately. Channel widths were overall narrower than the de-

signed dimensions due to the spreading of the melted wax ink during printing,
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and possibly ink droplet size, both of which are restricted by the commercial

wax printer.

During cell culture, fibroblasts attached to both the printed and non-printed

areas, regardless of the original hydrophobicity of the wax ink. This is due to

the biological interactions of the cell culture media with the printed ink surface,

mainly protein adsorption, as shown by ATR-FTIR spectroscopy of printed

inks exposed to cell culture media. The primary direction of fibroblast align-

ment was parallel to the print direction. Perpendicular to the print direction,

cellular orientation was affected only in the widest channels, where bridging be-

tween the ink lines by the cells was not possible. Regardless, contact guidance

was successful. The major limitation was the resolution, where channels only

down to 50 µm were achieved in the print direction. This is, however, enough for

the application of wax printing for contact guidance within the fabrication of

biomedical devices. Applications, such as single-cell alignment, requires higher

resolution. Preliminary data showed that channels of 20 µm in width were opti-

mal for this purpose. This was achieved by first heating up a fully wax-printed

area so that the ink lines were melted together. Then, laser ablation was used

to carve channels of different widths. In this case, orientation did not depend on

the print direction, and cells aligned exclusively within the channels. The chal-

lenge for this approach was to obtain consistent results with cells, and further

optimisation of the laser ablation parameters is needed.

Mineral-fibroblast interactions were assessed. Mineral pigments were initially

selected from those most commonly used for the control of surface properties

within the paper and converting industry, and in biomedical applications. The

first requirement ensured the compatibility of this research with large-scale tech-

nologies. Minerals included various types of commercially available calcium car-

bonates, calcium sulphates, silica, silicates, and titanium dioxide. The experi-

mental setup for the primary screening included minerals as particles interacting

with fibroblasts for a period of five days using a traditional cell culture platform.

Fibroblast’s response to all the minerals was similar initially, then separated

into different groups. Minerals were grouped according to their influence on fi-

broblasts, including (a) enhanced proliferation, (b) enhanced proliferation with

induced cytoplasmic vacuolisation, (c) growth inhibition, and (c) cell damage.

The zeta potential of the mineral particles was governed by the adsorption of

proteins onto their surfaces, which occurs briefly after interaction with the cell

culture media. Therefore, mineral properties such as size, solubility, and chem-

ical composition, together with surface-mediated conformation changes to the

adsorbed proteins, play a major role in the interactions.
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Following the mineral classification according to the fibroblast response, min-

eral pigments from each category were selected for further studies in the printed

cell culture platform. The study of the same minerals as coatings provided fun-

damental insights into the influence of additives and experimental features on

the assessed interaction to fibroblasts. The chosen minerals were calcium car-

bonate, calcium sulphate dehydrate, anhydrous calcium sulphate, and kaolin.

Mineral coatings were formulated using three different additives: (a) dispersion

of acrylonitrile butadiene copolymer particles, (b) TEMPO-oxidised cellulose

nanofibrils, and (c) polyvinyl alcohol. The additives functioned both as binders

for the mineral particles and also aided in the application of the mineral coatings

through traditional coating techniques otherwise out of reach for the traditional

platforms. Additives are also key in the use of biomaterials with the current

biomedical engineering technologies.

In this part of the project, the printable cell culture platform enabled both

a direct and an indirect study of the influence of mineral coatings on fibroblast

behaviour just by choosing the placement of the coated layer. Direct interac-

tion required the coating to be the bottom layer so that the cells were seeded

and attached directly on top of the mineral coating. In contrast, the placement

of the coating layer on the top allowed the diffusion of released molecules into

the cell culture media without any direct contact with the cells. These alterna-

tive settings provided insights regarding contact-dependent cellular responses.

In both cases, besides the cell seeding density, the coating formulation played

a major role in defining the fibroblast behaviour during interaction. Additives,

regardless of their low proportion, dominated the response; either encouraging

proliferation even with the mineral possessing long-term toxicity, or inducing a

detrimental effect on growth regardless of the mineral. In addition, the place-

ment of the coated layer showed contact-dependency of the toxicity of some of

the materials, elucidating whether the toxicity is a result of a soluble factor or

a topographical feature. However, it is important to highlight that biomaterial-

cell interactions are a complex system difficult to interpret. In this situation,

minerals are interacting simultaneously with the additives, fibroblasts, and pro-

teins within the cell culture media, and the influence of the minerals cannot be

simplified in a straightforward manner. As such, the current prototype under-

lines the importance of expanding the systematic assessment of biomaterial-cell

interactions already during basic research.

Future studies should focus on improvements in the overall configuration of

the printable cell culture platform. The introduction of microfluidic channels

within the inner layers would ease fluid handling for nutrient repletion during
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long-term studies. Furthermore, the design of a reusable 3D-printed case would

remove the need for alignment pins and speed assembly. Lastly, functional print-

ing of sensors, such as thin, organic and large area electronics (TOLAE) tech-

nologies, would be of high benefit. Electrochemical detection during cell culture

would enable the monitoring of cells in real-time, and provide invaluable data

when assessing cellular responses to different stimuli.

From a research perspective, preliminary studies showed that co-culture en-

vironments are easily incorporated into our device. This would be a straight-

forward next step to improve the biological relevance of the system, beyond

the study of various biomaterial-cell interactions. Another open opportunity,

regarding biomaterials, is the assessment of biomaterials as carriers for the con-

trolled delivery of drugs. Drug-loaded porous biomaterials can be studied as

particles or coatings within the developed technology, leading possibly to dif-

ferent time-dependent release profiles of the drugs. Lastly, this thesis showed

a brief proof-of-concept into papermaking for cell culture. This is unexplored

territory that can be easily integrated to the printable cell culture platform and

expand its application to 3D cancer models.

In summary, the printable cell culture platform encourages the integration of

state-of-the-art surface engineering and technologies to in vitro research and fa-

cilitates their widespread use by researchers in biological sciences. The intention

with future studies shall be to enhance the in vitro assessment of biomaterials

by replicating physiological conditions, through a simple approach, yet compat-

ible with laboratory and industrial scale. Such a goal will bring research a step

closer to understanding the intrinsic yet convoluted interplay among biological

interactors.
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O. Castaño, and E. Engel, “Wound
healing-promoting effects stimulated
by extracellular calcium and calcium-
releasing nanoparticles on dermal fi-
broblasts,” Nanotechnology 29, 395102
(2018).

104

http://dx.doi.org/10.1152/ajpcell.2001.280.2.C382
http://dx.doi.org/10.1152/ajpcell.2001.280.2.C382
http://dx.doi.org/10.1152/ajpcell.2001.280.2.C382
http://dx.doi.org/10.1152/ajpcell.2001.280.2.C382
http://dx.doi.org/10.1152/ajpcell.2001.280.2.C382
http://dx.doi.org/10.1016/j.yexcr.2009.03.003
http://dx.doi.org/10.1016/j.yexcr.2009.03.003
http://dx.doi.org/10.1016/j.yexcr.2009.03.003
http://dx.doi.org/10.1016/j.yexcr.2009.03.003
http://dx.doi.org/10.1016/j.yexcr.2009.03.003
http://dx.doi.org/10.1039/c9tb01958h
http://dx.doi.org/10.1039/c9tb01958h
http://dx.doi.org/10.1039/c9tb01958h
http://dx.doi.org/10.1039/c9tb01958h
http://dx.doi.org/10.1039/c9tb01958h
http://dx.doi.org/10.1038/s41578-021-00385-x
http://dx.doi.org/10.1038/s41578-021-00385-x
http://dx.doi.org/10.1038/s41578-021-00385-x
http://dx.doi.org/10.1016/j.colsurfb.2018.04.013
http://dx.doi.org/10.1016/j.colsurfb.2018.04.013
http://dx.doi.org/10.1016/j.colsurfb.2018.04.013
http://dx.doi.org/10.1016/j.colsurfb.2018.04.013
http://dx.doi.org/10.1016/j.cis.2010.12.007
http://dx.doi.org/10.1016/j.cis.2010.12.007
http://dx.doi.org/10.1016/j.cis.2010.12.007
http://dx.doi.org/10.3390/ijms160818149
http://dx.doi.org/10.3390/ijms160818149
http://dx.doi.org/10.3390/ijms160818149
http://dx.doi.org/10.3390/ijms160818149
http://dx.doi.org/10.3390/ijms160818149
http://dx.doi.org/10.1088/1361-6528/aad01f
http://dx.doi.org/10.1088/1361-6528/aad01f
http://dx.doi.org/10.1088/1361-6528/aad01f
http://dx.doi.org/10.1088/1361-6528/aad01f
http://dx.doi.org/10.1088/1361-6528/aad01f




Diosángeles Soto Véliz

Printable Cell Growth
Platform for the Assessment 
of Biomaterial-cell Interactions
A Focus on Patterns and Mineral Pigments

D
io

sáng
eles So

to
 V

éliz /
/ Printab

le C
ell G

row
th Platfo

rm
 fo

r the A
ssessm

ent o
f B

io
m

aterial-cell Interactio
ns /

/ 2
0

2
3

ISBN 978-952-12-4260-1

Diosángeles Soto Véliz

Printable Cell Growth Platform for the 
Assessment of Biomaterial-cell Interactions
A Focus on Patterns and Mineral Pigments

This thesis showcases a printable cell culture platform compatible with most large-scale 
fabrication and surface modification techniques. It is a low-cost, easy-to-manufacture 
device that encourages the use of state-of-the-art technologies, while remaining accessible 
to conventional cell biology tools. Inside the human body, the native surroundings dictate 
cell behaviour. Understanding cell fate is key to elucidating mechanisms behind health 
and disease states of the human body. However, there is a growing struggle in research 
translation. Traditional cell culture does not mimic the physiological environment of cells 
while newer approaches have a steep learning curve and high-costs, often lacking high-
throughput or reproducibility. The benefit of the printable cell culture platform is the 
higher versatility for surface modifications than traditional methods. Printing and coating 
techniques can be used to tailor the surface for the study of cell behaviour. As a proof-
of-concept, this thesis used wax printing and mineral coatings for cell growth. Lastly, 
the printable cell culture platform was used to assess papermaking for the support of 
cancer cell cultures. Ultimately, the goal was to enhance the in vitro assessment of cellular 
interactions by improving biological relevance through a simple approach, which remains 
compatible both with laboratory studies and industrial scale production.
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