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Abstract

This thesis consists of three chapters which can be split into studies of (1) the
impact of length scale, surface adhesion and heterogeneity on the mechanical charac-
terisation of soft biomaterials, (2) the effect of non-covalent cross-linking chemistry
on the mechanics of CMC hydrogels and (3) analytical characterisation of the interfa-

cial mechanics of liquid-liquid interfaces.

The mechanical properties of soft materials used in the biomedical field play
an important role on their performance. In the field of tissue engineering, it is known
that cells sense the mechanical properties of their environment, however some mate-
rials, such as Sylard 184 PDMS (poly(dimethylsiloxane)), have failed to elicit such
response. It was proposed that differences in the mechanical properties of such soft
materials, at different scales, could account for these discrepancies. Indeed, the varia-
tion in the elastic moduli obtained for soft materials characterised at different scales
can span several orders of magnitude. This called for a side-by-side comparison of the
mechanical behaviour of soft materials at different scales. Here we use indentation,
rheology and atomic force microscopy nanoidentation (using different tip geometries)
to characterise the mechanical properties of PDMS, poly(acrylamide) (PAAm) and
carboxymethyl cellulose (CMC) hydrogels at different length scales. Our results high-
light the importance of surface adhesion and the resulting changes in contact area, and
sample microstructural heterogeneity, in particular for the mechanical characterisation

of ultra-soft substrates at the nano- to micro-scale.

Next the impact of inorganic divalent cationic and organic cationic polyelec-
trolyte cross-linkers on the rheological and adhesive properties of CMC hydrogels was

studied. The inorganic cations used in this study were Sr?* and Ca?* resulted in no



significant change in the bulk rheological properties and apparent chain collapse, but
an increase in the adhesive strength. The introduction of organic polyelectrolytes
caused complex coacervation with the CMC polymer chains. Some CMC chain bridg-
ing occurred, but the interactions between the polyelectrolytes and CMC chains
caused complexes to form, resulting in polymer rich complexes to form within a more
dilute matrix. The introduction of organic polyelectrolyte cross-links failed to increase
the bulk mechanical properties studied by rheology but did increase the adhesive

strength.

Finally the impact of protein adsorption on interfacial mechanics was studied.
The interfacial mechanics was studied by interfacial shear rheology and interfacial
nanoindentation by AFM, and PLL, BSA and lysozyme were the proteins chosen for
this study. Proteins adsorbed at the interface resulted in a significant increase in the
interfacial shear moduli, however this was not seen by nanoindentation. By modelling
the interfacial mechanics as the superposition of the film forces and the interfacial
surface tension forces we showed that when testing by nanoindentation changes in
surface tension and surface potential have a significant impact on the interfacial me-
chanics. The addition of protein films was shown to have a surfactant effect on inter-
faces essentially softening them, this results in the films essentially having soft sub-
strates and is proposed as the main cause of discrepancies between interfacial rheology

and nanoindentation by AFM.
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“You know what I think? I think that we're all in our private traps, clamped in them,
and none of us can ever get out. We scratch and claw... but only at the air, only at

each other, and for all of it, we never budge an inch.”

Norman Bates, Psycho, 1960
Dir. Alfred Hitchcock

“The passage of time

Is flicking dimly up on the screen

I can’t see the lines

I used to think I could read between

Perhaps my brains have turned to sand”
Brian Eno, Golden Hours, 1975

“To stay apart when others have fun,

But being happy all the time,

Gladly carrying out the most sacred task,

Renouncing in a noble way one’s personal desires,
Living in darkness from the sun but shining like a star,

That is the art that only one whose soul is bent on heaven can understand”
Miss Juliet, Land of Silence and Darkness, 1971
Dir. Werner Herzog
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and mineral oil + PBS — PBS + lysozyme interfaces respec-
tively, formed at pH 7.4 with benzoyl chloride and lysozyme
concentrations of 0.1 and 10 mg/ml respectively and d) box-
plot summarising the distribution of the interfacial stiffness of
the mineral oil systems, showing the spread in data for the
plain mineral oil — PBS interface, mineral oil + [s] — PBS and
mineral oil + [s] — PBS + lysozyme interfaces. A minimum of
three samples for each condition were tested, three Imm X
1mm areas on each sample were tested with 100 indentation
curves taken at each location. The colloidal AFM tip used had
a diameter of 20mm. All the data is significantly different with
p < 0.01 unless labelled not significant (n.s.).

Summary of the interfacial stiffness of the mineral oil systems,
showing the average stiffness of the plain mineral oil — PBS
interface, mineral oil + [s] — PBS and mineral oil + [s] — PBS
+ lysozyme interfaces. A minimum of three samples for each
condition were tested, three 1mm X 1mm areas on each sample
were tested with 100 inden-tation curves taken at each loca-
tion. The colloidal AFM tip used had a diameter of 20mm.All
error bars are stand-ard errors and all the data is significantly
different with p < 0.01 unless labelled not significant (n.s.).

Representative pendent droplet images of fluorinated oil drop-
lets in PBS and PBS in mineral oil with and without surfactant.
The surfactant used for the fluorinated and mineral oil were
PFBC and benzoyl chloride respec-tively at concentrations of
0.01 mg/mL and 0.1 mg/mL respectively. The image of the
fluorinated oil — PBS droplet has a representative fit (red line)
used to characterise the surface tension.

Representative pendent droplet images showing the impact of
protein absorption on the drop profile initially, t = 0, and after
14 h allowing for the films to fully deposit. For the fluorinated
oil PFBC and PLL were used as the sur-factant and protein
respectively at concentrations of .0.01 mg/mL and 0.1 mg/mL
respectively. For the mineral oil 0.1 mg/mL benzoyl chloride
was used as the surfactant and 10 mg/mL lysozyme was used
as the protein.



Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Summary of the surface tension values obtained for the min-
eral and fluorinated oil - PBS interfacial systems char-acter-
ised, where the surfactants and proteins are PFBC and benzoyl
chloride (at concentrations of 0.01 mg/mL and 0.1 mg/mL re-
spectively) and PII (0.1 mg/mL) and lysozyme (10 mg/mL) for
the fluorinated and mineral oil systems respectively.

Schematic showing the initial contact assumptions for interfa-
cial nanoindentation by AFM using a pyramid indent-er (left)
and a colloidal probe (right).

Schematic of the AFM probe — interface mechanics during
nanoindentation experiments

a) graph of the disjoining pressure against interfacial separa-
tion for varying surface potentials, b) and c) force against pi-
ezo crystal motion with varying surface potentials, and Debye
length respectively with details of the values used to model the
data shown in table 4.2 and 4.3

Comparison between representative experimental Force — Pi-
ezo movement AFM curves to modelled results using the anal-
ysis outlined for, a) Fluorinated Oil — PBS, b) Fluorinated Qil
+ [s] — PBS, c) Mineral QOil - PBS and d) Mineral Oil + [s] -
PBS interfaces. Red lines show representative curves for the
upper quartile for each of these conditions, green for the lower
quartile and blue the average. The modelled data is shown by
the black dotted line with yellow error bars showing the stand-
ard error of the estimate. Details of the values for the variables
used for the numerical model are shown in table 4.4.

Normalised stress relaxation profiles for the lysozyme (on
mineral oil) and PLL and BSA (on fluorinated oil) films used
to model their viscoelasticity in ABAQUS

Comparison between representative experimental data (blue
line) and the theoretical viscoelastic response of film mem-
branes to colloidal indentation for a) and b) PLL and BSA
films deposited on fluorinated oil at 0.1 and 1 mg/mL concen-
tration respectively with PFBC as the surfactant at 0.01 mg/mL
and c) lysozyme (10 mg/mL) on mineral oil with 0.1 mg/mL
benzoyl chloride

Comparison between representative experimental data for a)
PLL, b) BSA and c) Lysozyme to the modelled re-sponse,
where the modelled response consists of the superposition of
the film forces obtained from FEA modelling with the theoret-
ical interfacial surface tension forces obtained using the
method outlined is section 4.3.4. Red lines show representative
curves for the upper quartile for each of these conditions, green
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Figure 4.21

Figure 4.22

Figure 4.23

for the lower quartile and blue the average. The modelled data
is shown by the black dotted line with yellow error bars show-
ing the standard error of the estimate. Details of the values for
the variables used for the numerical model are shown in table
4.5. Note: for PLL the upper quartile is not included as the
overlap between the average and the upper quartile made it
difficult to read the graph.

Effect of changing the interfacial surface tension on modelled
data for a) PLL b) BSA and c¢) Lysozyme protein films depos-
ited at oil-PBS interfaces (mineral oil in the case of lysozyme
and fluorinated oil for BSA and PLL). The orange curves here
are the same as the fits shown in figure 4.21 and the blue and
green curves show theoretical values with varying surface ten-
sion according to the legend.

Effect of changing the surface potential on modelled data for
a) PLL b) BSA and c¢) Lysozyme protein films depos-ited at
0il-PBS interfaces (mineral oil in the case of lysozyme and
fluorinated oil for BSA and PLL). The orange curves here are
the same as the fits shown in figure 4.21 and the blue and green
curves show theoretical values with varying surface potential
according to the legend.

Effect of changing the shear moduli used in the FEA on mod-
elled data for a) PLL b) BSA and c) Lysozyme protein films
deposited at 0il-PBS interfaces (mineral oil in the case of ly-
sozyme and fluorinated oil for BSA and PLL). The orange
curves here are the same as the fits shown in figure 4.21 and
the blue and green curves show theoretical values with the
modulus increased or decreased by 20% respectively.
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Chapter One

Introduction

This thesis consists of three chapters covering a broad range of topics, with some
through narratives and themes. It is split into studies of (1) the impact of length scale,
surface adhesion and heterogeneity on the mechanical characterisation of soft bio-
materials, (2) the effect of non-covalent cross-linking chemistry on the mechanics of
CMC hydrogels and (3) analytical characterisation of the interfacial mechanics of lig-

uid-liquid interfaces.

Soft materials are ubiquitous in the field of bioengineering, human tissue varies
from having moduli in the range of kPa, like brain tissue, to MPa in the case of carti-
lage. Furthermore tissue often have high performance properties arising from their
heterogeneous structure. Beyond soft heterogeneous materials occurring frequently in
nature, current thinking with respect to in vitro cell culture and tissue engineering
shows a relationship between cell spreading, adhesion and fate and the mechanics of
their substrate. As a result being able to reliably characterise soft materials both mac-
roscopically and on length scales relevant to what cells sense is clearly very important.
In the first experimental chapter of this work the agreement between frequently used
macroscale (rheology and microindentation testing) and local (nanoindentation) me-
chanical testing methods is investigated on a series of materials with differing struc-

ture and properties across a range of stiffnesses.

The motivation for the third experimental chapter is similar to that mentioned for

the first experimental chapter, however here the mechanics of interfaces occurring
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between two immiscible fluids is considered. Recent research within the Gautrot la-
boratory has shown how cells can proliferate at liquid-liquid interfaces. Considering
the obviously weak bulk mechanics of oil droplets this finding is quite striking. Hence
the desire to fully understand what is being sensed at by cells at these interfaces and
how the localised mechanical strength is being derived. As such understanding the

shear and in plain mechanical response at these interfaces is studied.

Finally, carboxymethyl cellulose (CMC) is a very commonly used polysaccharide
hydrogel, particularly as a denture adhesive. Denture adhesives have quite specific
design criteria, needing to last for around 12 h securely, while remaining easily re-
movable and easy to clean. As a result being able to tine the mechanics of CMC gels
Is important to ensuring they can be best utilised effectively as denture adhesives and
other potential uses. The use of ionic crosslinks to tune hydrogels in this context is
particularly interesting as these are non-permanent bonds and hence can be broken
with relative ease. The use of ionic crosslinks can result in numerous different struc-
tures forming, from inter-chain crosslinking in an egg-box model to phase separating
chain clustering like in coacervates. Hence studying the impact of divalent cationic

crosslinkers on CMC gels mechanics and structure is of great interest.

The literature on these subjects will now be considered in an extensive literature
review. Here we aim to give an overview and outlook on current opinion on: the tech-
niques and models used to characterise the mechanics of soft biomaterials; the design
and characterisation of hydrogels utilising non-covalent cross-linking; the current ex-
perimental methods used to mechanically characterise liquid-liquid interfaces and the

models used to understand interfacial mechanics.

16



1.1 Multiscale Mechanical Properties of Soft Biomaterials

Interest in the study of mechanical properties of soft materials in the field of bio-
medical engineering has grown significantly in recent years. It has been studied across
many applications including, tissue engineering® 2, drug delivery? 3, wound healing?®
45 and cell culture substrates for in vitro studies®®. However, typical engineering
methods for mechanical characterisation are tuned for use with traditional engineering
materials, where the moduli is typically in the range of MPa — GPa. As a result the
mechanical characterisation of soft biomaterials is not trivial, both in terms of the
measurement of mechanical data and the interpretation of the data. In terms of meas-
urement, it can be difficult to grip soft materials without damaging them, and further-
more materials like hydrogels can be difficult to machine into specific sample shapes
used for testing, like ‘dog bones’. The materials themselves also often have complex
structures making the interpretation of data more challenging, for example, consisting
of two phases (a solid phase and a liquid phase)®, having a heterogeneous structure!®-

12 or displaying strong time scale dependent properties®? 14,

The complexity of the mechanics of soft biomaterials also has a significant impact
on their application. This is particularly striking with respect to cell culture, where cell
spreading, fate and differentiation are strongly influenced by the mechanical micro-
environment. To illustrate the importance of soft biomaterial mechanics the impact of
cell microenvironment mechanics on cell culture will now be explored in greater de-

tail.

1.1.2 Impact of Biomaterial Mechanics on Cell Culture
The cells which make up the tissue of complex organisms are normally found

embedded within a fibrous extracellular matrix (ECM). The matrix provides not only
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structural integrity to cells allowing them to withstand daily stresses, but also plays a
part in the regulation of numerous cellular functions, including cell spreading, migra-
tion, proliferation and stem cell differentiation'®>*’. The ECM therefore plays an im-
portant role in many biological processes such as embryonic development, adult tissue

homeostasis and pathogenesis of diseases such as fibrosis and cancer® 17-1°,

There has been much work showing that substrate mechanics play an important role
in determining cell behaviour, however the techniques to study this phenomenon all
have their limitations. The most immediate problem faced is the fact that changing the
stiffness of the matrix often results in changing one or more other material properties,
like surface chemistry, topography or the availability of adhesive ligands. As a result
it is not convincingly demonstrable to claim that the stiffness is exclusively responsi-

ble for the observed effects®.

The most prominent adhesions found in cultured cells are focal adhesions ar-
eas of the cultured cells which have strongly adhered to the underlying ECM through
the plasma membrane, as shown in figure 1.1. The recruitment of actin microfilament
bundles, or stress fibres, at the cytoplasmic interface is enabled by focal adhesions.
Focal adhesions are made up of numerous large protein complexes of transmembrane
adhesion receptors and cytoplasmic proteins, and the main proteins involved are talin,
vinculin, paxillin and a-actinin and these link the adhesion receptors to the actin cy-
toskeleton?® 2, Focal adhesions play a vital role in providing the tools for actomyosin
contractility which is essential for cell migration. The focal adhesions bridge across
the cell membrane such that the integrins can bind to ligands, like the ECM protein
fibronectin, allowing for the transmission of forces between the cells and their micro-
environment. This allows for cells to integrate both biochemical and mechanical sig-
nals to control the organisation of their cytoskeleton.
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Figure 1.1 Diagram showing the structure of focal adhesions??

The interactions between cells and the ECM appear to be of significant influ-
ence on cell behaviour. Along with cellular interactions with soluble molecules and
cell-cell interactions, physical stimuli have been shown to be very important with re-
spect to cell structure and function®®. The determination of stem cell function appears
to be particularly influenced by the cell microenvironment. More recent studies on the
influence of physical parameters on cell fate have focused on the effect of cell shape,

substrate stiffness and surface topography® *°. These factors are explored next.

Physical Parameter Effects on Cell Behaviour
Influence of cell shape on behaviour

The shape cells take within their natural microenvironment depends upon the
type of cell and its function. Connective tissue cells provide a clear example of this
phenomenon, as they all derive from a single mesenchymal stem cell (MSC) precursor
but their shape is varied based upon the lineage they differentiate into, in order to serve

their specific function and to promote their multicellular organisation. Other examples
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of how cells take a certain shape in order to optimise for their specific function include
adipocytes which take a spherical shape to offer maximum storage capacity as they
specialise in storing energy as fat, and osteoblasts which in order to promote the dep-
osition of ECM spread, take on a cuboidal shape which is essential for the remodelling
of bone?®. The difference in cell morphology is determined at the early stages of stem
cell commitment where the fate is decided and results in changes in the expression of

integrins, cadherins and cytoskeletal proteinst®.

Despite having been known for a long time that cell morphology is affected
by differentiation, it is only recently that studies on the effects of cell shape on stem
cell determination have been executed. Studies have been performed on numerous cell
types to see what affect cell shape has on lineage and cell function. The effects of cell
shape on cell function have been studied using micro-patterned substrates using dif-
ferent sized adhesive islands?*. The results showed that cells are forced into a circular
shape on smaller islands, between 5 and 10um in diameter, causing apoptosis, while
on larger islands cells spread and hence proliferation is induced. Further studies on
cell shape affects have shown that human MSCs cultured in a mixed media that pro-
motes both fat and bone differentiation will result in osteoblasts if given the space to
flatten and spread on their substrate but will become adipocytes if there is no room to

spread?>.

The effects of cell shape on terminal differentiation, with respect to human
skin cells, has also been studied?®. Cell shape was controlled by patterning single cells
onto different sized adhesive islands, on large islands the cells spread, whereas on the
small islands adhesion was restricted and cells took a more rounded shape. This study
showed how cell shape also triggers terminal differentiation as the rounded cells ex-
hibited inhibition of DNA synthesis and the differentiation marker involucrin and
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hence the cell shape triggers terminal differentiation in keratinocytes. The aforemen-
tioned studies have shown how changes in cell shape have a direct influence on cyto-

skeleton and mechanotransduction apparatus on numerous different types of cells.

Studies have also been performed to look at the effects of cell symmetry, cell
polarisation, and the spatial distribution of ECM molecules on cell migration and stem
cell determination?” 28, The effects of geometrical constraints on architectures and tis-
sues containing numerous types of cells have also been examined. Studies on how
tissue geometry can determine organ morphology have been performed using micro-
patterning to reproduce the initial three dimensional structure of mouse mammary ep-
ithelial tubules in culture, showing that tubule geometry directs the position of

branches®.
Influence of substrate mechanics on cell behaviour

When culturing cells outside of tissue, the cells need to be supported by a sub-
strate. The cells will need to be able to anchor and pull on this substrate to make de-
cisions based on the mechanotransduction. The anchorage transduction of cells to their
substrate is dependent on actomyosin-based contractility, transcellular adhesion me-
diated by the integrin and cadherin classes of molecules, as well as focal adhesion
proteins and focal adhesion kinases'®. Tissue cells also sense the mechanical re-
sistance of the substrate, as opposed to merely transmitting force to the substrate, and

depending upon the mechanical response organise their cytoskeleton accordingly®.

Within their natural environment, cells mechanically interact with materials
across a wide range of stiffness, from very soft ~100 Pa, like fat tissue or brain, to

stiffer ~ 10 kPa, like muscle, to very stiff ~100 kPa, like cartilage or collagenous bone.
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To perform in vitro studies on the effects of substrate stiffness on cell response, tune-
able materials with elastic moduli covering the range of natural tissue are needed.
Materials that are frequently used for this purpose include PDMS, PAAm, poly(eth-
ylene glycol) (PEG), and alginate®23, Many studies have shown how substrate stiff-
ness plays an important role in cell differentiation and the development of tissue and
organs. This is of great practical importance as ECMs that have abnormal stiffness
could play an significant role in the development of diseases like cancer®*. Therefore
having a greater understanding of mechanotransduction will not only give a useful
insight into in vitro cell culture but could also help progress the field of regenerative
medicine. One issue with much research in the field is the use of substrates that are

far stiffer than that which cells would experience in their natural environment.

The first gels used to study the effects of substrate mechanics on cell behaviour
were based on natural ECMs, like collagen and fibrin. These proteins self-assemble
into nanofibrous structures which can mimic cells’ natural microenvironment. The
studies on these systems showed that increasing the substrate stiffness impacts integ-
rin signalling and actomyosin mediated cellular tension, parameters which impact on
tumour growth®” 34, Normal cells have also been shown to regulate their differentia-

tion and proliferation based on the stiffness of their protein gel substrate”.

PAAmM substrates with stiffness from 1-100 kPa have been used to study the
effect of substrate stiffness on rat kidney epithelial cells by Pelham et al.*°. The study
showed how on soft substrates, stiffness ~1 kPa, the cells formed scattered and dy-
namic adhesions whereas on stiffer substrates (~30 kPa to 100 kPa) stable focal adhe-
sions are found as shown in figure 1.2. The adhesions were traced by microinjecting
the cells with fluorescently labelled vinculin. The more stable adhesions formed on
stiff substrates coincided with an increase in tyrosine phosphorylation on multiple

22



proteins. The study also found that the motility of fibroblasts varies with substrate
stiffness, on soft substrates cells migrate ten time faster than those on stiff substrates.
This is due to the lack of stability of the focal adhesions and hence the ability of the
cells to exert force onto the substrate. Immunostaining was also performed and
showed an increase in F-actin organisation and stress fibres with increased substrate
stiffness. This study showed how cells have the ability to control their adhesion struc-

tures and motility as a result of the mechanical response of the microenvironment.

Figure 1.2 Focal adhesion formation in normal rat kidney epidermal cells on PAAm substrates of differing stiff-
ness. Distribution of vinculin on A) stiff and B) soft substrates®°.

Further studies on the role of substrate stiffness have shown how cells organise
by mechanotaxis, by culturing endothelial cells and fibroblasts on PDMS substrates
patterned with micrometer-scale regions of compliant and stiff material. The results
showed that both these cell types preferred accumulation on stiffer areas®?. AFM has
been used to show the direct relationship between the cell and the substrate mechanics.
The study demonstrated how fibroblasts alter their own stiffness to match that of the
substrate, where the substrate stiffness was varied from 0.5 to 20 kPa, hence highlight-

ing changes in the cytoskeletal tension®.

Beyond cell spreading and cytoskeletal changes, substrate stiffness also has a major
influence on cell lineage. Engler et al. have studied the effects of substrate stiffness
on MSC lineage selection’. MSCs can develop into numerous different cell types, in-

cluding neurons, myoblasts and osteoblasts, depending upon their anchorage to the
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substrate. On soft substrates, with an elastic modulus similar to brain tissue, the MSCs
spread disparately into cells resembling primary neurons after a week. While on stiffer
substrates, with a modulus similar to muscle, they developed into cells similar to my-
oblasts and on the stiffest substrates, resembling the stiffness of a cross-linked colla-
gen network, the cells developed into cells resembling osteoblasts. When left to cul-
ture for several weeks these cells committed to the lineage specified by the matrix
stiffness’. Work on cell lineage in 3D hydrogels does not corroborate with work on
2D substrates as it has been shown that cell fate does not correlate with matrix stiff-
ness. The matrix stiffness does, however, direct integrin binding and hence, on the

nanoscale, controls organisation of adhesion ligands®®.
Influence of substrate surface topography on cell behaviour

The substrates which cells interact with within their natural environment, often
have a fibrillary nature and show topographical features on the nano to micrometer
length scale. Collagen is a regularly occurring ECM protein and a single collagen
molecule is around 300 nm in length and 1.5 nm wide. When collagen fibres undergo
self-assembly they can reach lengths of up to tens of micrometers, and widths of up

to 410 nm, as has been shown on bovine tendons®’.

A clear example of the influence of nano topography is given when consider-
ing in vivo cell adhesions with basal membranes. The large range in surface topogra-
phy of the basal matrix is thought to be a driving force in the determination of cell
lineage. The influence on cells of the underlying substrate topography has been de-
scribed as the phenomenon of contact guidance. Cells reacting to the surface topogra-
phy of the substrate has been shown by studies on anisotropic topographic features,

where the cells will migrate in the direction of the anisotropy38-4°,
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The most extensively studied topographies on 2D substrates are nanograting,
nanopost and nanopit arrays*! as shown in figure 1.3 below. It has been shown that
cells take the shape of the substrate topography they are cultured on, Teixeira et al.*°
showed human epithelial cells cultured on a substrate patterned with grooves and
ridges, similar to nanograting, elongated along the length of the features, while cells
cultured on a plane substrate took a rounded shape. The cell elongation coincided with

an alignment of actin filaments and FAs in the direction of the anisotropy*.

)
-

Schematic b) SEM

Nanopost Nanograting

Nanopit

Figure 1.3 Schematic (a) and SEM images (b) of commonly studied nano-topographies for cell culture*!

It is clear that cell shape, substrate mechanics and substrate topography, along
with the interplay between these three parameters, play a crucial role in the develop-
ment, lineage and spreading behaviour of cells. Understanding the relationship be-
tween cells and their mechanical environment is therefore very important in order to
gain a full understanding of cell behaviour. It follows that having thorough and robust
methods for mechanically characterising the cellular microenvironment is essential to

understand these relations.
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Engineered materials to study the effects of cell shape and matrix mechanics on cell
behaviour

The effects of the physical microenvironment on cell behaviour, as discussed,
are clearly very important. Hence, understanding the types of materials used in the
study of cells and how they are used will inform the question of how we should char-
acterise these materials. As a result in order to be able to perform useful in vitro ex-
periments on substrate effects on cells, it is clearly very important to develop materials
that allow for functional and mechanical diversity and robust reproducible tools for
cell study. Some materials and patterns currently employed for cell study will now be

examined.
Microcontact printing on substrates

Two common ways of patterning substrates with molecules are, via soft li-
thography*? and microcontact printing*®. Microcontact printing is commonly used to
create patterns on a sub-micron length scale and is simple, quick and inexpensive. In
microcontact printing self-assembled monolayers, like peptides, are deposited onto
the substrate using a topographically patterned elastomeric stamp as shown in figure
1.4% % The steps followed for microcontact printing shown in figure 1.4 are as fol-
lows, (a) a master is created by generating a mask to be reproduced using lithography
or other methods. (b) PDMS is poured onto the pattern and cured, (c) then peeled
away. (d) The stamp is then inked with molecules, (e) and then brought into contact

with the surface (f) to transfer the molecules leaving the desired pattern®.
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Figure 1.4 Schematic of microcontact printing adapted from#*

Microcontact printing allows for substrate surfaces to be patterned with com-
plex organic functional groups in a specific pattern. The functional groups would in-
clude ligands for protein recognition, attachment point for proteins, peptides, carbo-
hydrates and other relevant groups that allow biosensors to function. Microcontact

printing thus gives excellent control over surface properties at a molecular level*.
Polymer brushes

The use of polymer brushes to coat substrates allows for control over the sur-
face chemistry, topography and physical properties making them extremely useful for
biotechnology. Polymer brushes are essentially an assembly of polymer chains that
are covalently bound to a desired surface from one end*. The polymer chains are
forced to stretch out away from the surface due to the dense packing of the chains in
order to avoid physically interfering or overlapping with each other*’. Polymer
brushes can have functional groups easily introduced into their structure, are mechan-
ically robust and have both high molecular weight and low polydispersity. There are
many ways to synthesis polymer brushes, one widely used, robust method to produce
brushes of well-defined thickness, composition and grafting density is surface initi-

ated atom transfer radical polymerisation (ATRP)*. ATRP is in essence a catalytic
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process in which a transition metal complex reversibly activates the dormant polymer

chains via halogen atom transfer reaction.

Polymer brushes with non-fouling properties are frequently utilised for bio-
medical and bioanalytical uses as they exhibit suppression of non-specific protein ab-
sorption and cell adhesion®®. When compared to self-assembled monolayers, brushes
which have been used show more prolonged stability, improved surface coverage and
protein resistance®l. By microcontact printing ATRP initiators to the surface of sub-
strates, brushes can then be used to pattern islands of ECM proteins onto substrate
surfaces. This allows control over cell shape and position on substrates in a controlled

chemical environment®°,
Elastic substrates

The ability to generate substrates with easily and precisely controlled mechan-
ics and surface properties is essential to study the role of substrate stiffness on cell
behaviour. Proteins that occur within cells’ natural environment, like collagen, have
been frequently been used for this application as they have similar macromolecular
propertiest” %2, The stiffness of collagen substrates can be controlled by varying its
concentration, which has been shown to influence cell function in 3D matrices®. One
problem associated with changing the collagen concentration is that this will not only
change the modulus of the substrate but also the spatial density of ligands and sub-

strate topography as shown in figure 1.5
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Figure 1.5 Schematic of structural features of protein gels (a) and synthetic hydrogels (b) showing how substrate
mechanics influence matrix and ligand density and hydrogel pore sizel’.

Using synthetic polymer hydrogels the mechanics and ligand density can be
varied independently of each other, making them potentially more useful than natu-
rally occurring ECM proteins for the study of matrix stiffness effects on cell behav-
iour. Unlike naturally occurring fibrous materials used to make gels, synthetic gels are
typically considered linear visco-elastic solids where the mechanics is considered to
be independent of deformation magnitude or rate’. Polyacrylamide (PAAm) is a hy-
drogel frequently used in the study of cell behaviour as the modulus can be changed
easily and precisely over several orders of magnitude. The stiffness of PAAm can be
varied from between 0.1 and 100kPa by adjusting the amount of base monomer and
cross-linker, similar to the stiffness of naturally occurring tissue” >*. Beyond being
easily tuneable, PAAm also offers excellent optical properties allowing observation
of the living cells via immunofluorescence with high magnifications. Finally PAAmM
is has a structure that closely resembles that of natural tissue due to its porous and

swollen nature®.

PAAmM gels can be used in conjunction with fluorescent beads to follow the

traction forces cell enact on the substrate to quantify the distribution of force at the
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cell-substrate interface®®. One problem associated with using PAAm as a substrate is
that cells do not adhere to unmodified PAAmM, however this can be overcome by con-

jugating ECM proteins to the PAAM matrix®’.

Another frequently used material for cell culture substrates is PDMS. PDMS
is particularly useful when trying to mimic stiffer naturally occurring substrates, like
blood vessel walls which have elastic moduli in the region of MPa. PDMS is much
stiffer than PAAm and can have an elastic moduli reaching up to 2 MPa. Furthermore
it is well understood how the surface of PDMS interacts with aqueous solution making
it easy to perform surface characterisation with standard techniques. One major dis-
advantage when using PDMS substrates is that it is difficult to culture cells on PDMS

over long periods due to difficulties with surface modification®.

PDMS chains are highly mobile resulting in permanent surface reorganisation
and hence surface modification with cell-adhesive molecules is not efficient. Poor
coating of the substrate with ECM proteins is, however, only problematic for long-
term cell culturing experiments (experiments lasting over 3 days). Ways to manipulate
PDMS to overcome this problem have also been developed, like using a layer-by-
layer self-assembly to alternately adsorb positively and negatively charged polymers
onto the surface, which has been shown to achieve cell growth for over a week®.
Finally PDMS is very good for studying the effects of topographical features on cell
behaviour as it can be cured in a master mould to leave the desired micro-pattern on

the substrate hence allowing for the combined study of rigidity and topography® 5,

Given the sensitivity of cells to their physical microenvironment and develop-
ments in materials used as cell substrates, it is clear that having robust and thorough

techniques to characterise the mechanics of cell culture substrates is essential to

30



properly understand cell culture work. As shown above, the materials used as sub-
strates are becoming more sophisticated and it is important that the differences be-

tween the local and bulk properties of the materials are also understood.

1.1.3 Mechanical Characterisation of Soft Biomaterials

Mechanical characterisation consists of obtaining mechanical data for the ma-
terial tested, normally in the form of force-displacement-time or stress-strain-time,
and translating this into material properties. There are many different methods and
techniques used to collect mechanical data, along with many different material models
to understand it. Here common testing techniques used to characterise soft materials
and typical models used to translate the experimental data into material properties are

discussed.

Mechanical Testing Methods

One major difficulty in the mechanical characterisation of soft biomaterials
arises from their poor mechanical strength compared to traditional engineering mate-
rials, and this is particularly striking in the case of hydrogels. Not only does this make
mechanical characterisation difficult, but it also limits their adoption in biomedical
applications®? %3, The low modulus of hydrogels coupled with the fact that hydrogels
have the properties of something that is neither solid nor liquid makes both measuring
and interpreting mechanical data non-trivial. The most immediate problem faced when
trying to get mechanical measurements is the difficulty gripping hydrogels for testing.
There is also the issue that most hydrogels have a modulus of the order of kPa while
the majority of mechanical testing rigs have been optimised to work in the region of
MPa or GPa. Hydrogels are also often very heterogeneous, especially physical gels,

and as a result the bulk material properties vary significantly from the local properties
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at any given point on the material'®?. Accurate mechanical characterisation of hydro-
gels and soft biomaterials on both a local and macroscale, and understanding the rea-
sons behind any discrepancies between the two, is essential in order to fully exploit

their potential in biomedical applications.

The apparatus and testing techniques used to analyse soft materials is essen-
tially the same as those used for mechanical analyses of typical engineering materials.
Soft biomaterials are typically polymers and hence have a time dependant mechanical
response due to the viscoelasticity of the polymer matrix, in the case of hydrogels this
is coupled with the time dependant response of the fluid flow through the solid matrix.
As a result hydrogels are very sensitive to the time scales of testing used and are typ-
ically tested in either the time or frequency domain®2. Selected methods of testing

hydrogels’ and other soft polymers’ bulk and local properties will now be analysed.

Bulk Mechanical Properties

Universal Test Frame

The universal test frame is the most common tool used for mechanical anal-
yses. They are able to carry out numerous different tests and most can operate in only
one axis, although biaxial test frames are becoming more common. The actuation of
the motion or force varies but is typically servo hydraulic or electromechanical or, less
commonly, systems driven by speaker coils. Universal test frames come in a wide
range of sizes and it is important that the rig used is optimised for the load scales
needed. Larger test frames will operate at extremely high forces often in the mega-
Newton range, whereas smaller rigs are optimised for soft biological tissue and have
load cells with a maximum load in the region of 5-10 N. These test frames can operate
in both tension and compression using different hardware at the point of sample con-

tact®?. A critical condition for good tensile testing is good gripping which is extremely
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difficult to achieve with hydrogels and soft materials due to how compliant and hy-
drated they are. There has been some work done to overcome this problem and poten-
tial solutions include the use of cardboard tabs, double sided tape and glue to achieve

sufficient gripping®*.

Compression testing can be performed using one of two different configura-
tions, confined or unconfined. Confined compression involves enclosing the sample
in a nonporous container and compressing it with a porous plate®, unconfined com-
pression involves compressing the sample between two nonporous parallel flat
plates®* %67 Confined compression is a testing set up unique to multiphase materials
as the flow of the liquid phase through the porous plate allows deformation of the

sample®?,

Both compression and tensile testing give load vs displacement data and for
tensile testing and unconfined compression this data is typically converted to stress vs
strain using basic geometric relations®®. This data can then be used to obtain the
Young’s modulus and failure strength. Tests are typically performed at a set rate and
samples tested until failure; when testing hydrogels it may also be necessary to try a

series of strain rates in order to account for their time dependant nature.

In order to obtain meaningful material properties from force-displacement-
time data, it is typically converted to stress-strain-time, where stress is the force di-
vided by the cross-sectional area it is acting over and strain is the extension divided
by the original length. The simplest interpretation of this data would be for a linear
elastic isotropic material in which the gradient of the linear slope of a stress-strain
curve, from uniaxial tensile or compression test, is taken as the elastic modulus, E.

Soft biomaterials, like hydrogels respond in a far more complex manner and as a result
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more sophisticated models are needed to interpret the data. For soft biomaterials, mod-

els include large strain elasticity and time dependant response.

The structure of polymers makes them fundamentally time dependant in their
mechanical behaviour. The ways to characterise this time dependence varies from
more simple empirical measurements to more complex models such as those that con-
sider the interactions between the solid and fluid phases in hydrogels explicitly using
the coupled equations of poroelasticity®?. However time independent models can still
be useful especially when considering highly cross-linked polymers. In the case of
highly cross-linked polymers the elastic and hyperelastic models have been used as

very good approximations in the past.

Theories of rubber elasticity can often be used to characterise the polymer net-
work of soft polymers and hydrogels. This approximation is most accurate when stud-
ying highly cross-linked gel networks to the point where the polymer network can be
considered a single molecule thanks to the level of interconnectivity. Assuming that
the polymer network can be considered a single molecule, then entropic elasticity
dominates and the elastic modulus, E (note in rubber theory this is normally denoted
by G, but E is used so as not to confuse it with the shear modulus), in the unswollen
state can be expressed as a function of the number of chains per unit volume and hence

related to the cross-link density, swelling ratio and network mesh size®-72,

This model assumes that when loaded the macroscopic deformations translate
directly to the molecular level. The most significant question of this model is whether
the assumption of affine deformation holds. This assumption has already been called

into question for polyacrylamide gels®? 7,
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When considering swollen hydrogels, the swollen modulus can be con-
sidered proportional to the unswollen modulus multiplied by the volume swelling ra-
tion to the power of 1/3. This model assumes a perfect polymer network, however for
real gels the modulus is expected to decrease proportionally to the number of defects

present. Defects are typically defined as loops and free ends®?.

Within rubber elasticity theory the force displacement relationship is typically

given in terms of true stress, z and stretch, A, where

1= lcurrent [1-1]
loriginal
T=E(A2 - 1"1) [1.2]

Using the relationship between true stress and stretch, rather than the standard
engineering stress, o and strain, ¢, is useful when considering materials with very large
deformations to failure. The equation of engineering stress, as shown in equation 1.6,
is quite different to that of true stress and upon closer inspection is clearly Hooke’s
law when the stretch is small. The most significant difference between rubber elastic-
ity and elasticity theory is the fact that within rubber elasticity there is only one con-

stant, E, whereas within elasticity theory there are two, E and the Poisson’s ratio, v.

o=EQA—172) [1.3]

The biggest issue with using elastic and hyperelastic models is the fact that
these models ignore the time dependence of the mechanical response. The elastic mod-
ulus is an equilibrium modulus and to approximate it, for time dependant polymer and

gel materials, compressive or tensile tests must be performed at very low strain rates.
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To study the intrinsic time dependence of polymers gels, due to both the viscoelastic-
ity of the polymer network and the fluid flow through the network, different mechan-

ical models must be used.

The viscoelastic model is essentially the same as the elastic model, but the
elastic constants are replaced with time dependant functions’®. A common assumption
in viscoelasticity is that volumetric deformation is independent of time and only the
shear modulus is time dependant, G(t). The simplest models of viscoelasticity assume
the mechanical response can be characterised by the lumped characteristics of springs
and dashpots. A more general model characterises polymer viscoelasticity using
summed exponential functions, known as a Prony series, to describe the time depend-

ant mechanical response.

The most common material characteristics obtained from these models are the
instantaneous, E(0), and equilibrium, E(o), modulus and the time constant. Taking
the ratio of the instantaneous and equilibrium modulus values, /=E(0)/E(x), gives a
useful parameter for determining the elasticity of the sample, where if f=1 the sample
is a perfectly elastic solid and if f=0 it is a perfectly viscous liquid. The stress/strain
history also has an effect on the modulus obtained and for samples that have under-
gone complicated loading histories then Boltzmann superposition or hereditary inte-

grals can be used to characterise samples more precisely®? 74,

Viscoelastic models can also be used to characterise samples in the frequency
domain, using testing set ups like Dynamic mechanical analysis (DMA)’, and Rhe-
ometry’®. Simple spring-dashpot models can be utilised to interpret data in the fre-
quency domain or more sophisticated approaches like fractional derivative models™

have been used. It has been shown how viscoelastic data can be translated between

36



the frequency and time domains as the physical functions are the same in each, de-
scribing a single viscoelastic response’®. However it is very uncommon to see conver-
sion of data from the frequency to time domain or vice versa. Frequency dependant
data obtained via rheology or DMA is typically exhibited as plots of the storage and
loss moduli, G’ and G’ respectively, against frequency without further analysis. At-
tempts to link the viscoelastic properties to physical properties or explicit physical

processes have had very little success to date®?,

The poroelastic, or biphasic’’, model is a time dependant model that models a
material’s time dependence due to fluid flow through the elastic, or viscoelastic solid
structure. The poroelastic model is typically used to obtain the following material
properties, the elastic properties of the solid matrix, including the shear modulus,

drained and undrained Poisson’s ratios, and the level of fluid-solid interactions.

The two major advantages of the poroelastic model compared to the viscoe-
lastic model are, first that the model explicitly accounts for the multiphase nature of
hydrated materials, and second that the material characteristics obtained directly relate
to the microstructure of the material, as opposed to being empirical fits to experi-
mental data. A good example of how the poroelastic model relates directly to the ma-
terials microstructure is intrinsic permeability which can also be calculated from first

principles based on the solid fraction and a characteristic length scale.

A major complication associated with the poroelastic model is the fact that the
governing equations are highly interlinked and as a result for the majority of mechan-
ical tests, closed form solutions which can easily fit to the data do not exist. The main

exception to this is confined compression. When using confined compression the test-
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ing conditions of either step loading or constant rate ramp loading followed by a con-
stant load hold period have relatively simple solutions where the data can be matched
to a series of summed exponentials'®. For most other mechanical tests the data will
typically need to be analysed by numerical or computational models. Indentation test-
ing has been used both successfully and frequently in recent years to obtain poroelastic

properties like the elastic modulus and intrinsic permeability!3 14.78. 79,

Dynamic Mechanical Analysis

DMA is a frequency based test where the sample is loaded with sinusoidal
actuation. DMA can be performed in a range of testing modes, including shear, tension
and bending. Samples typically must be prepared specifically for the testing method
or machine used and can be tested using numerous different types of ‘sweep’. The
most commonly used test is the frequency sweep in which the sample is tested over a
range of frequencies keeping the amplitude of oscillation or stress constant but the
frequency is varied. From these tests, the elastic (or storage) and viscous (or l0ss)
moduli are obtained, G’ and G’ respectively. Together the storage and loss moduli

make up the complex modulus, G*, defined as®? 852,
G*=G"+iG" [1.4]

DMA is also often used to investigate temperature effects on samples giving
transition temperatures, like the glass transition temperature, and additionally allow-
ing for the manipulation of time-temperature superposition which extends the scales
of frequency possible to study far beyond what is practical experimentally®? 8. 82
DMA is a method for studying solid polymers, however dynamic analysis of polymer

melts and very soft polymers is possible via rheometry. As rheometry can be used to
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study both viscous liquids and viscoelastic solids it has been used widely to study the

gelation process®? 76 82 83,

Dynamic testing methods utilising sinusoidal loading have now spread beyond
just DMA and rheology, and now have been used in sinusoidal indentation® & and
dynamic confined compression®. Micro-rheology is another field that is growing in
popularity in which embedded beads are oscillated and then motion tracked to give

the local viscoelastic properties of a material®®.

Rheology

Rheology is defined as the study of the flow and deformation of a material®
8. Rheology utilises material models to describe materials, with its foundation in the-
ories used to define ideal materials, like Hookean solids and Newtonian liquids. In
reality materials are neither ideal solids nor liquids but exhibit characteristics of both
solids and liquids behaving in a viscoelastic manner. The microstructure of soft mate-
rials gives rise to non-trivial responses to mechanical loading and as a result the rela-
tionship between stress and strain are not merely defined by elastic and viscous con-
stants, but also time scale, direction and scale of deformation. Rheology aims to offer
a method to characterise the dynamic viscoelastic response over a wide range of time

and deformation length scales®.

When looking into the fundamentals of rheology it is easiest to look at the
response and interpretation of results for ideal materials first, and then to move on to
more complex real materials. To start, ideal Newtonian solids will be considered be-
fore moving onto ideal fluids and then finally looking at the response of viscoelastic

solids.
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When elastic solids are loaded it results in a stress being applied which causes
the material to deform, or strain, proportionally to the applied stress. An example of
tension on a rectangle is shown in figure 1.6a, while the application of shear stress on
a cube is shown in figure 1.6b. The tensile stress-strain relationship is very simple,

shown in equation 1.5, while the shear stress-shear strain response is slightly more

complex, as shown in equation 1.6,
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where, E is the Young’s modulus, o is the tensile stress, € is the tensile strain, G is the
shear modulus, 7 is the shear stress, and vy is the shear strain. Under shear loading when
the stain is only small, tan o can be approximated as equal to a at which point G =
F /A,a. However in practice, and when conducting rheometry, it is seldom that shear
testing is performed on a simple block of material, figure 1.7 shows typical testing set

ups for rheometry using parallel plate geometry and cone and plate geometry.
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Figure 1.7 Schematic of a rheology set up with parallel plate geometry (a) and cone and plate geometry (b)"®

With linear elastic deformation the stress-strain relationship is independent of

time, however for fluids the stress is a function of the strain rate, such that,

T
n =

_ _T [1.7]
Va7

where, 1 is the viscosity of the fluid. Cone and plate rheometry is particularly useful
when studying the viscosity of fluids as the shear rate is constant across the sample
and is given by, y = w/f, where y is the shear rate, o is the angular velocity and B is
the plate angle. Based on the shape of the shear vs stress-shear rate or viscosity-shear
rate traces it is possible to observe several different types of behaviour as shown in

figure 1.8.
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Figure 1.8 Traces of shear-stress vs shear rate (a) and viscosity vs shear rate (b) showing different types of fluid
behaviour’®
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However most materials are not ideal elastic solids or ideal viscous liquids but
behave in a manner that combines these two models, exhibiting both an instantaneous
recoverable elastic response and a time dependant viscous response and are known as
viscoelastic solids. Rheology is a very good way of obtaining the mechanical proper-
ties of viscoelastic materials and is most frequently used to perform dynamic mechan-
ical analyses. Samples are loaded in a sinusoidal manner and the strain response is
recorded. The phase angle between the torque and the displacement, 4, is used to show
how viscous or how elastic the response is, with a phase angle of 0° representing an
ideal elastic material and a phase angle of 90° representing a viscous fluid. A typical

loading curve and strain response is shown in figure 1.9.
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Figure 1.9 Typical sinusoidal loading curve and strain response for oscillatory rheometry

Based on the strain response to displacement, the complex modulus, G*, can
be obtained. The complex modulus can be broken down into the in phase shear stor-
age, or elastic, modulus, G, and the out of phase viscous, or loss, modulus, G . Where

the G* is represented by,

" 1.8
G* - — (GIZ + iGHZ)l/Z [ ]
Ym

where, 7* is the complex shear modulus and ywm is the maximum shear strain. When
using rheology, the values of elastic and viscous moduli are normally directly output

by the machine software and very little data analysis is needed. As a result rheology
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Is not often used to get further information with respect to the material microstructure,
but is more used to get information such as the role of frequency on the stress-strain

relations.

While these methods are useful at gauging the bulk characteristics of materials
they do not give any information regarding their local (or nano-scale) characteristics.
Some materials behave very differently on a local scale compared to their bulk char-
acteristics, for example where there is small scale heterogeneity in the sample!!, and
these differences can have a significant influence in practical applications. As such

local mechanical characterisation will now be examined.

Local Mechanical Properties
Indentation Testing

In instrumented indentation testing (referred to more commonly as indentation
testing), a probe of known size and geometry is brought into contact with the surface
of a sample, pressed then retracted again and the force, displacement and time data is
recorded for material property deconvolution®. The indenter geometry is significantly
smaller than that of the sample being tested. The fact that the indenter is significantly
smaller than the sample being tested gives rise to plane strain conditions, where due
to the surrounding material fixing strain perpendicular to the direction of the indenta-
tion strain only occurs normal to the loading, and hence a very different strain field to
that observed by compression testing. Indentation tests are used most commonly to
obtain the reduced modulus, Er, and relates to the Young’s modulus by the following

equation,

[1.9]

5
|

T 1—2

where v is the Poisson’s ratio®®.
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A major benefit of indentation testing is the lack of a need of much sample
preparation. This is especially useful for testing hydrogel materials as they are difficult
to produce or machine to a regular shape. Indentation testing also removes the problem
of how to grip the specimen that is often occurs when testing hydrated samples in
tension and compression®2. Indentation testing also provides a very useful method of
obtaining local properties when studying heterogeneous or patterned materials, using
mapping techniques across the sample surface®’. Finally it is also very easy to keep

samples hydrated throughout the duration of indentation tests.

Indentation can be performed across a large range of length scales, from mm,
at the larger end®® 8 down to nm or pm, at the smaller end*# 3% 84858990 |ndentation
is incredibly malleable to different length scales as the indenter geometry and contact
area can both be tuned to match the resolution of force and displacement of the instru-

ment used®!.

The use of indentation tests at small scales, or nanoindentation as it is com-
monly known, has become increasingly popular recently for mechanical analysis of a
wide range of biomaterials®®. Atomic force microscopy (AFM) rigs are now frequently
adopted for use as nanoindentors>* 8 8 8 AFM can be utilised as indenters by actu-
ating the tip indirectly with a calibrated cantilever®?, hence the cantilever system used
by AFM nanoindentors can easily be tuned to specific samples by simply switching

the cantilever with either higher or lower stiffness.

Localised Testing Applications of Atomic Force Microscopy
Nanoindentation performed using AFM is becoming of increasing interest and
importance in the field of biomaterials and for the characterisation of soft materials.

There are three main reasons for the rise in popularity of this testing method, first, the
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loading of an indenter tip over a micro-nano length scale with constant monitoring
onto a specimen surface make it ideal for characterising the local mechanics and het-
erogeneity of non-homogenous samples. Secondly, AFM is very easy to use practi-
cally as very little sample preparation in required. And finally AFM allows for the
study of a variety of different deformation modes depending upon the time scale, in-

denter tip geometry used and loading conditions®2%2,

AFM nanoindentation can be used to either explore structural characteristics,
for example indenting a cell membrane, or to study the material properties of a single
material, essentially using AFM as a universal test frame with a local contact® *,
Indentation data by AFM is recorded, as shown in figure 1.10, as cantilever deflection,
In nA, against piezo electric crystal movement, in nm. A laser is shone against the top
of the cantilever and the reflected beam is recorded by a sensor to record the deflec-
tion, while the piezoelectric crystal is controlled. In order to convert the deflection
from nA into nm the cantilever must be calibrated against a hard material, such that
the entire piezo movement can be considered as the deflection, typically a silicon wa-
fer is used. As the spring constant of the cantilever is known the cantilever deflection
can then be converted to the force and the total indentation is simply the cantilever
deflection subtracted from the piezo movement. For each indentation test the ‘land’
(approach), and ‘lift’ (retraction) curves are recorded, a typical land curve is shown in
figure 1.10b and c. In figure 1lab the key stages of the land curve are highlighted; 1)
shows the initial approach, 2) snap into contact due to short range forces, and 3) the
indentation. The retraction would follow a similar path but both depend on the sample
— tip interaction (if adhesion is present or repulsive forces due to surface chemistry
etc.). The deflection is nA is hence the same as in nm just scaled relative to the spring

constant and deflection calibration.
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Figure 1.10 a) schematic of the experimental setup for nanoindentation by AFM b) typical land curve with the key
stages numbered 1-3 and c¢) schematic of the sample tip interactions at the 3 stages previously highlighted.

The ease of use of AFM for nanoindentation is one of the most attractive fea-
tures of this technique, however to get meaningful information from the results is not
trivial. Methods to obtain the elastic modulus working with hard elastic materials are
the best defined and have been extensively used, the Oliver Pharr method being a good
example®. The Oliver Pharr method was introduced in 1992 to obtain the elastic mod-
ulus of samples at small length scales. The method gained traction as it allowed me-
chanical properties to be obtained from load-displacement curves without the need to

image the indentation scar®.

The Oliver and Pharr® method was originally developed to obtain the hardness
and elastic modulus of a material from load-displacement data obtained by indentation
testing. The foundation of this method is the general relationship between contact area,
load and displacement developed by Sneddon®® for simple punch geometry. Based on
Sneddon’s analysis the load-displacement relationship using simple punch geometry

is given by,
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P = ah™ [1.10]
where P is the indenter load, h is the elastic displacement and o and m are
constants. The value of m is dependent on the geometry of the punch, and equals 1 for

a flat cylinder, 2 for cones and is 1.5 for spheres and paraboloids of revolution.

Introducing plasticity to the analysis makes the problem much more complex
as the constitutive equations are non-linear and more material parameters must be
known, including the yield stress and work hardening coefficient, and as a result ana-
Iytical solutions are not readily available. Hence the analysis done by Oliver and Pharr
is largely based on experimental data and finite element analysis. Tabor®”, and Stilwell
and Tabor®® performed fundamental early work examining indentation using spherical
and conical indenters, respectively, to deform metals. The importance of these exper-
iments lies in that they show that elastic solutions exist for these geometries despite
also causing plastic deformation (leaving a perturbed surface) as long as the shape of
the perturbed surface is considered in the elastic analysis as shown in figure 1.11b.
This analysis also showed that where the indenter used is non-rigid the elastic behav-

iour can be accounted for by defining a reduced modulus, Er where,

1 (1-v%) N (1-7v;% [1.11]

E, E E;

where, Ei and vj are the Young’s modulus and poisons ratio for the indenter
respectively. Finally, the work of Bulychev et al.*® showed the relationship between
the retraction slope of load-displacement data (as shown in figure 1.11a), S, is related

to the reduced modulus and contact area by the following equation,

dP 2 [1.12]
§=—r= ﬁEr\/Z
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Figure 1.11 schematics of (left) indentation load-displacement highlighting the important measured parameters
and (right) of the punch unloading highlighting the parameters that characterise the contact geometry®*

Oliver and Pharr showed that this force-displacement relationship held for nu-
merous different indenter geometries as long as the contact is elastic, however, when
studying biological material or soft gel materials it is highly unlikely that these models
will be representative of the materials being characterised. Most biological tissue or
soft gel materials exhibit time dependant mechanical response which cannot be de-
scribed using linear elastic models. The appropriate model to be used can often be
discovered by examining the load displacement data, figure 1.12 below illustrates the
appropriate models to use based on the load displacement data obtained from the

nanoindentation test®2%% %,
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Figure 1.12 Decision tree to identify the deformation mode based on the load-displacement data from nanoinden-
tation, where in the results, E stands for elastic, P for plastic, B for Brittle and V for viscous®

Another key parameter that needs to be decided before testing has begun is
what indenter tip geometry to use. This choice can have a significant effect on the
results obtained. Most AFM tips have a Berkovich indenter geometry as the ‘default’,
however by using more or less acute geometries different results will be obtained.
Using a broader tip, like a spherical tip, can reduce or eliminate any plastic defor-
mation, while using a sharper indenter tip will promote plastic or even brittle defor-
mation, thus it is important to match the tip used to the expected mechanical proper-
ties®. A schematic of some of the different tip geometries is shown in figure 1.13

below.
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Based on the load displacement data it is essential that care is taken to ensure
the correct model is used for the data analyses, otherwise the mechanical properties
obtained will not be realistic. Ensuring the best tip geometry for the material is also of
the utmost importance as in order to process the data accurately, it is essential that the

mechanical contact is well understood®?.
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Figure 1.13 Schematic of different indenter with increasing acuity (increasing from left to right), a sphere of radius
R, Berkovich pyramid, and cube corner pyramid®?

Beyond problems selecting the correct indenter tip, there are also problems
defining the contact area accurately when studying soft materials due to wetting and
adhesive effects. The three dominant models used to describe adhesion between in-
denters and surfaces are the Herztian contact model, the Johnson, Kendall and Roberts
(JKR) model and the Derjaguin, Muller and Toporov (DMT) model*%-1%3, The nature
of the tip-sample interaction can normally be seen in the force-displacement traces, as
shown in figure 1.14. The Hertzian contact model is only applicable for homogenous,
isotropic, linear elastic materials that exhibit no attractive surface forces, and assumes

a circular contact area of radius a, defined as shown in equation 1.17,

force
area

Hertz JKR ‘ DMT actual

| distanz: | . r_:n \V/

Figure 1.14 Typical force displacement curves by nanoindentation assuming Hertzian, JKR, or DMT contact'®,
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- (%)é [1.13]

where, P is the normal load, R is the radius of the sphere and K is a function of the

moduli of the two materials in contact and their respective Poisson’s ratios.

The JKR model is an adaptation of the Hertzian contact model that accounts
for adhesion between the two elastic bodies, assuming a larger contact area than the

Herztian model defined as,

a= <§ (P = 3ynR + /6ynRP + (3ynR)2)> s [1.14]

Where, y is the Dupré energy of adhesion, which represents the energy needed to com-

pletely detach a unit area of the interface.

While the DMT model also includes the adhesion between elastic bodies add-
ing to the load, it differs from the JKR model as it assumes the contact area remains

the same as in the Hertzian model*® 1°2 and is given by,

R s
a= <E (P + 27T]/R)> [1.15]

Models used to obtain the moduli of samples after indentation rely on having
an accurate value for the radius of indenter-sample contact, if there is adhesion this
contact is not easily measureable and assuming the contact radius is the tip radius will
lead to very inaccurate values for the moduli'®*. Models that are used to characterise
indentation data, like the Oliver-Pharr model®* assume Hertzian contact, which is not
appropriate for most soft materials, however there are methods to overcome this issue
like that developed by Sirghi and Rossi*?*, which takes into account adhesion at the

probe sample interface and accounts for it. What is clear is the need to make sure the
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model being used is appropriate for the indentation data obtained and that the contact
mechanics have been factored into this model in order to obtain reliable mechanical

parameters

1.2 Polysaccharide Gel Review

1.2.1 Hydrogel Microstructure

Hydrogels are highly hydrophilic polymer materials with very high water con-
tent, upwards of 70% and often over 99%. The water within hydrogels can either be
tightly bound or free to move within the polymer network. The large water content of
hydrogels gives them excellent biocompatibility'®1%’. Hydrogels were first used for
biomedical applications in the 1960s as soft contact lenses'® and have since been
developed for numerous other applications such as wound dressings'®®, drug deliv-
ery!10 111 tissue engineering®? and cell culture’ to name a few. In recent years the
scope of potential applications, and hence research into hydrogels, has expanded sig-
nificantly into fields such as tissue engineering, 3D cell substrates and nanoparticle
coatings®® 107 112114 ‘Hydrogels could have a lot of potential in studying the effects of
substrate stiffness on stem cell differentiation as many hydrogels have very easily
tuneable mechanical properties and closely mimic biological tissue® "88 Hydrogels
have been synthesised from numerous different synthetic and natural polymers, the
structure of some commonly used hydrogel monomers is shown in figure 1.15. As
hydrogels are used in so many applications it is important to understand their structure
in order to tune them for any given application. Understanding their structure and the
methods to manipulate their structure to achieve the desired characteristics is therefore

essential to effectively use hydrogels.
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Figure 1.15 Repeat units of commonly used natural, semi-synthetic and synthetic hydrogels'®

In order to understand how to tune hydrogels for given applications it is im-
portant to understand the underlying structure of hydrogel materials. Understanding
the structure and composition of hydrogels also allows for a better understanding of

how hydrogels can be utilised and manipulated for specific functions.

There are a number of ways to categorise hydrogels based on the nature of
their polymer network. These include categorisation by polymer chemistry, details of
preparation and type of polymer chemical bonding*. The three major classes of hy-

drogel based on their network origin are synthetic, natural and hybrid gels (hybrid gels
53



being made up of a combination of natural and synthetic polymers)°. Some polymers
that have been frequently used for hydrogel study include, poly(ethylene oxide)
(PEO), poly(ethylene glycol) (PEG) and poly(acrylamide) (PAAm)* 54 116 Fre.
quently studied natural polymers used for hydrogels include, protein derivatives such
as collagen®’, denatured proteins such as gelatin!® and polysaccharides like cellulose,
agar®* 6 84 and alginate!!®. Like synthetic polymers, natural polymers are also often
used as multicomponent polymers, either as grafted block copolymers, or as interpen-
etrating networks of two or more polymers®?. There are numerous ways of manipulat-
ing the polymer chemistry of gels to make them fit for given purposes, from adding
degradable cross-linkers for controlled drug delivery!!! to grafting biological recog-

nition motifs to synthetic polymers to enhance their cellular biocompatibility*2°,

The most important distinction when categorising hydrogels when considering
their mechanical properties is between the nature of the cross-links. Hydrogels can
either be chemical (or permanent) gels, where the cross-links are permanent covalent
bonds, or physical gels, where the cross-links are not permanent but are a result of
physical entanglement of the polymer network or from secondary bonding like ionic
or van der Waals bonds, as shown in figure 1.16. Chemical gels are not always per-
fectly cross-linked and often have defects, like polymer chain self-loops or free ends.
Chemical gels can also be made of interpenetrating networks where two distinct net-
works (where polymer chains only cross-link with like chains) entwine. The apparent
cross-links in physical gels arise from physical chain entanglements or non-covalent
bonding. Physical gels have also been show to cross-link through the formation of

helices, where the ionic interactions between the cations and acid chains link to form
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complex joints as shown in figure 1.16'%1. The most fundamental mechanical differ-
ence between chemical and physical gels is the mobility of the cross-links under load,

with physical cross-links being far more mobile than chemical cross-links under load.

@@
@@

Figure 1.16 Schematic of hydrogel matrices for ideal (a) non ideal (b) and interpenetrating chemical gels (c) and
entangled (d) helix entangled (e) and ionically cross-linked physical gels (f)®

Hydrogels can be thought of as essentially a molecular scale, porous, solid
network with the pore spaces filled with water!!2, Strictly speaking a hydrogel must
have the chemical network formed before it is hydrated, or swollen, in water'!°, how-
ever there are gels in which the network formation occurs in solution. There are nu-
merous ways to activate the cross-links in chemical gels, including chemical reaction,
photopolymerisation with UV or irradiation. For physical gels the cross-linking meth-
ods include setting from a polymer melt and reversible bridging reactions, for example

the use of divalent Ca* ions to bridge alginate chains!!2,

The fluid phase within hydrogels and their swelling behaviour are important
when considering gel mechanics, both under equilibrium conditions and dynamically.
The volume swelling coefficient is fundamental to hydrogel behaviour and defines

many characteristics including the mechanical and transport properties. The swelling
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properties of hydrogels are related to numerous physical and chemical factors, includ-

ing molecular weight between crosslinks and mesh size®.

The aforementioned parameters discussed are all of fundamental importance
to hydrogels and their mechanical behaviour. The swelling ratios are the most straight-
forward to determine, while the other parameters, like the mesh size and molecular
weight between crosslinks, are much more challenging to obtain. This is due to the
fact that the length scales when considering hydrogel pore size are very small, of the
order of 1-100nm. The pore size is also particularly difficult to obtain due to the liquid
phase of gels. This makes the use of techniques like scanning electron microscopy or
porosimetry which require vacuum, difficult as if the sample is dried it will affect the
mesh size. Light scattering and inference from mechanical analysis are indirect meth-
ods which can be used to determine the mesh size'°. Mechanical analysis is thus very
useful as it allows for not only the mechanical behaviour to be obtained but also the
physical properties to be inferred from the well-established structure-properties rela-
tions. When designing hydrogels for specific applications it is clear that the above
mentioned structural considerations can be critical in getting gels fit for purpose. An
overview of methods to design hydrogels for specific purposes will now be given,

with a focus on the polysaccharides.

1.2.2. CMC and other Polysaccharide Gel Review
Polysaccharides, such as carboxyl methyl cellulose (CMC), are essentially
polymers made by polymerisation of sugars into chains. They exhibit strong biocom-

patibility and are used widely in the pharmaceutical, food and cosmetic industries.

Cellulose is a naturally occurring material that is found in abundance and re-

newably. It can be synthesised into polymer gels and currently development of new
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functional cellulose based gels is occurring for use in numerous different fields. The
interest into cellulose based materials is driven by the growing demand for environ-
mentally friendly and biocompatible polymers. Cellulose based gels can be made from
pure cellulose, cellulose composites and cellulose derivatives. CMC is a hydrogel

based on cellulose derivativest® 122.123

Water soluble cellulose derivatives are often biocompatible and as a result can
be used for a vast range of applications including, thickeners, binding agents, film
formers, lubricants and stabilisers, particularly for food, pharmaceutical and beauty
products. CMC is a water soluble cellulose derivative that can be synthesised into a
gel through either chemical or physical cross-linking®® 122124 Qther similar polysac-

charides include gellan, alginate and xanthan.

Gel Preparation and Structure

CMC is a polysaccharide polymer gel that is made from native cellulose by
replacing some of the OH groups to form cellulose esters. The structure of native cel-
lulose compared with CMC is shown in figure 1.17, where for CMC the R represents
CH>COONa. The number of OH groups replaced, per repeat unit, is characterised by
the degree of substitution and lies between 0 and 3. There are numerous different cel-
lulose derivatives that can be each tailored to certain functions, however this report

will only consider CMC10% 125-129,
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Figure 1.17 Chemistry of native cellulose (a) and water soluble cellulose derivatives (b) where for CMC
R=CH2COONa'?®

Once processed from native cellulose to CMC, gels can be made by dissolving
into an aqueous solution. CMC can either be made into a physical or chemical gel
depending upon the preparation. In physical gels secondary bonds from the methyl
groups form to cross-link the gel network. The CMC chains will also form physical
entanglements that will act as cross-links when under load. Adding ionic salts to the
gel system can also assist the cross-linking of CMC by introducing ionic bonding. The
use of ionic salts to cross-link a physical gel has also been used effectively with algi-

nate gelst®® 125,

Using ionic cross-linkers in alginate has allowed for gels to be produced with
tuneable stiffness making them useful for numerous different applications, like studies
of substrate mechanics on cell behaviour?® 3% *°, The ionic cations form junctions
across polymer chains forming complexes in what is known as the egg-box model®
125 The rate of gelation when adding ionic cross-links is important as slowing the rate
of gelation leads to more a controlled reaction occurring resulting in a more uniform
gel with better mechanical properties. A frequently used ionic binder is calcium and

this is typically added by dissolving calcium chloride into the gel solution. However

58



this results in rapid and poorly controlled gelation. One way of slowing the gelation
process is to use a buffer containing phosphate which will result in the carboxyl and
phosphate groups competing to react with the cations hence slowing the rate of gela-
tion. Using less soluble calcium salts is also an effective way to slow the gelation
process. Finally by lowering the temperature, the rate of reaction can be decreased as

the reactivity of the ionic cross-linker is decreased? 3.

The use of multivalent cations can also result in the formation of coacervates
rather than giving rigid cross-links. Coacervates result from the phase separation of
polyelectrolyte complexes into a dense aqueous polymer aggregate phase within a
more dilute phase. Coacervates can be split into two main types, complex coacervates
and simple coacervates®*>¥’, Simple coacervates involve a single macromolecule
which complexes due to polymer-polymer interactions being promoted over polymer-
solvent interactions, while a complex coacervate occurs due to complexing between
two oppositely charged polyelectrolyte macromolecules'® 3¢, The formation of co-
acervates is strongly linked to the ionic strength of the solvent used. Increasing the
ionic strength of the solvent reduces the distance over which opposite charges will act
over, i.e. it reduces the Debye length, and hence reduces the potential for electrolytes
to interact within the coacervate phase!3®-13, A major consideration when designing
coacervates is how to ensure coacervation occurs, rather than polymer aggregates
simply precipitating. If the polyelectrolytes are too strong it can cause precipitation,
while increasing the solvent concentration can reduce the relative electrolyte strength,

hence promoting coacervation®,

The use of ionic cross-links to make polysaccharide gels has one major weak-
ness associated with it; when left in conditions mimicking physiological conditions it
has poor long-term stability due to the release of divalent cations into the surrounding
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medium. Depending on the application the gel is being used for, the diffused ions can
result in problems like haemostasis. In order to avoid these issues there has been a

push towards using gels with covalent rather than ionic cross-links?.

CMC has been successfully cross-linked using divinyl sulfone (DVS) as the
covalent cross-linker as shown in figure 1.18. The swelling behaviour of these gels is
highly sensitive to their environment both during and after gelation. The surrounding
pH and temperature are particularly influential. As previously mentioned the swelling
behaviour of a gel has a strong influence on its mechanics therefore the conditions in
which these gels are produced as well as the working conditions must be carefully
considered. Other materials, like PEG, have also been used to covalently cross-link
gels. The swelling behaviour of these covalently cross-linked gels can also be altered
by changing the molecular weight of the PEG or inserting spacers into the matrix when
using DVS!% 13 The problem with using many of these materials is that they are
toxic and hence cannot be used in CMC gels prepared for pharmaceutical, food or

cosmetic purposes.

Macromolecular
network

Figure 1.18 CMC macromolecular network with DVS cross-linkers and charged chains acting as contraction or
expansion devices!3®
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A significant difference between gels formed by ionic bonding rather than co-
valent bonding is the response to mechanical loading. In ionically bound gels, the
stress can relax as bonds break and reform and water leaves the gel, resulting in plastic
deformation. Whereas in covalently bound gels the bonds are permanent and cannot
break resulting in a much more elastic response (there will still be a time dependant
contribution due to the migration of water that can still occur)® 2%, The use of inter-
penetrating networks that combine a covalently bound network with an ionically
bound network have resulted in gels being produced that exhibit extremely high

toughness,

The covalent cross-linking of alginate has also been widely studied and it has
been shown that numerous polymers can be used for this purpose depending upon the
desired use of the gel. Alginate cross-linking was first investigated using poly(eth-
ylene glycol)-diamines as the cross-linker. The mechanical properties of the alginate
could be controlled by varying the cross-linking density and/or varying the weight
fraction of the PEG in the gel. The elastic modulus of alginate increases with the
weight fraction of PEG up until the point where the molecular weight between cross-
links becomes less than the molecular weight of the PEG. The chemistry of the cross-
linker also plays a role in the swelling and hence mechanics of the gel. Cross-linking
typically results in a decrease in the hydrophilicity of the gel, but by using hydrophilic

cross-linking molecules (like PEG) this can be compensated for? 10,

Recently the potential for using photo cross-linking for in situ covalent gela-
tion has gained interest. Photo cross-linking could be conducted in mild reaction con-
ditions, potentially even in contact with drugs and cells, provided appropriate chemi-
cal initiators are present. Photo cross-linked alginate gels have already been used in
vivo to seal a corneal perforation. The alginate used was modified with methacrylate
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and cross-linked via exposure to an argon ion laser for 30s in the presence of eosin
and triethanol amine. This study suggests that photo cross-linked gels have potential
for clinical use in sutureless surgery. One main issue associated with photo cross-
linking is that it often requires the use of light sensitizers or the release of acid which
are potentially harmful. Non-toxic methods of photo cross-linking are being re-

searched, however, quite successfully? 41,

1.3 Interfacial Protein Adsorption and Mechanics

Interest in the mechanics of liquid-liquid interfaces stems from the study of emul-
sions. Emulsions are commonly used for processes in both the oil and gas and bio-
chemical industries, such as two phase reactions and extraction separations. Under-
standing the stability of emulsion is key to utilising them for industrial processes. As
thermodynamically unstable systems, emulsions should separate, however in the pres-

ence of surfactants many are shown to be stable and hence dynamically stable.

The destabilisation of emulsions occurs when the continuous phase between drop-
lets drains, resulting in the droplets coalescing and hence phase separating. The
Dejaguin Landau Verwey Overbeek (DVLO) theory is used to quantify the distribu-
tion of charges in ionic solutions and explain the stability of colloidal suspensions. It
is thought that drop coalescence results from a combination of DVLO forces, like van
der Waals and electric double layer forces, and non-DVLO forces, like steric hin-

drance and hydrodynamic forces'#2.

Emulsions can be further stabilised with the addition of proteins which can bind
and unfold at the interface. The unfolding of proteins at interfaces can greatly alter

their mechanics and lead to far more mechanically stable interface forming. The im-
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pact of surface active molecules deposited at interfaces depends on a number of fac-
tors, such as, their ability to lower the interfacial surface tension, the amount adsorbed,
if they can desorb, whether they unfold upon binding, the thickness of the adsorbed
layer and the ability of adsorbed molecules to interact (or cross-link) with one an-

other®,

The characterisation of the impact of the surface active molecules on interfacial
mechanics along with understanding the interaction between colloids within emul-
sions is important to many industrial applications. Interfacial mechanics has also be-
come of interest in the field of cell biology as it has been shown that cells can adhere
and spread at liquid-liquid interfaces*4+14¢, Within these cell experiments, the stabili-
sation of the interface was shown to be extremely important to cell adhesion. The
importance of interfacial mechanics and protein deposition is clearly extremely im-
portant within numerous fields of research. As such an overview of the interfacial
mechanical characterisation methods and the mechanisms of protein deposition and

unfolding at interfaces will be given.

1.3.1 Interfacial Protein Adsorption and Emulsion Design

Proteins are biopolymers exhibiting high functional and structural variability.
Proteins are important in numerous biological functions and processes including, sub-
strate binders, structural components, and as transporters'*” 148, Proteins are made up
of sequences of amino acids, this structure and sequencing determines their function.
Each protein repeat unit is made up of polypeptide chains which can assemble into
two dimensional secondary structures which can in turn fold into three dimensional
functional proteins. These three dimensional proteins can then complex into functional

complexes!*.
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The amino acid groups of proteins can interact through secondary bonding,
such as hydrogen and ionic bonding and hydrophobic interactions!“81*°, These inter-
actions give folded proteins their stability, however in the presence of heat and pres-
sure or when deposited at interfaces the proteins can unfold, or denature, as these in-
teractions are disturbed. Proteins can be defined as globular, like bovine serum albu-
min (BSA) or lysozyme, or non-globular, or random coil, like 3-casein, although these

classifications are seen to be something of an anachronism today.

The ability of a protein to bind and unfold at interfaces depends upon a number
of factors, such as its thermodynamic stability, flexibility, amphipathicity, molecular
size and charge!#® 149 151152 The adsorption of proteins at interfaces can be broken
down into the following steps, diffusion of proteins to the interface from the solution
followed by adsorption to the interface. The proteins then undergo some form of struc-
tural changes, such as unfolding, before spreading across the interface4® 153154 Stryc-
tural changes to the protein upon adsorption are dependent on the nature of the inter-
face (be it liquid-liquid, liquid-air or liquid-solid), the conditions of the protein solu-
tion, such as pH, ionic strength, protein concentration and temperature*® 47155 and
intrinsic properties of the protein. Once deposited many proteins show extremely

strong and stable lateral interactions unfolding irreversibly®>,

Lateral interactions and bonding between deposited proteins are dependent on
their three dimensional folding and structure, particularly their degree of hydrophobi-
city and/or amphipathicity. In general higher hydrophobicity leads to faster adsorp-
tion, greater decrease in surface tension and better emulsion formation. Once proteins

are deposited the hydrophobic surfaces align onto the interface resulting in new sec-
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ondary bonding between proteins. Ultimately this can result in proteins unfolding ir-

reversibly'®* 1% and potentially forming close-packed, cross-linked structures43 1>

157

The adsorption of proteins at interfaces depends upon a number of factors,
such as the concentration of protein, the pH, temperature and the ionic strength of the
buffer. The pH of the buffer has been shown to greatly impact the adsorption of protein
films. If the buffer is at the isoelectric point, the pH at which proteins have a neutral
charge, the proteins take their most compact shape. This reduces any steric hindrance
between proteins and also prevents electrostatic repulsion, ultimately leading to faster

and denser protein adsorption® 1%,

The ionic strength of the buffer is also thought to influence interfacial protein
adsorption. It has been shown in the case of lysozyme deposited at pH 7 that increasing
the ionic strength of the buffer leads to a stronger film being formed®®. The mecha-
nism behind this is thought to result from higher ionic strength increasing the hydro-
phobicity of proteins as the charges are shielded, resulting in stronger interactions be-

tween proteins®® 1%,

Varying the concentration of protein has been widely shown to alter the ad-
sorption of protein to interfaces. Generally speaking it has been shown that increasing
the protein concentration increases the rate of adsorption!®® 156 1%8. 160 |t js thought
that the rate of deposition is proportional to the concentration and the square root of

timel61,

Clearly there are many factors that influence the adsorption of proteins at in-

terfaces and in order to properly control and design interfaces for applications they
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must be taken into account, in reference to the intrinsic nature of the protein being

deposited and the nature of the interface too.

1.3.2 Interfacial Mechanical Characterisation Methods

Interfacial Shear Rheology

One of the most commonly used techniques to probe the mechanics of proteins
adsorbed at interfaces is interfacial rheology. Interfacial rheology can be divided into
two categories, dilatational and shear. Dilatational interfacial rheology involves
changing the interfacial surface area while recording the resulting change in interfacial
tension. Interfacial shear rheology involves deforming the interface in the shear plane,
without inducing any change to the surface area, and recording the force response.
Each of these two techniques has specific issues associated with them. In the dilata-
tional case, it is difficult to separate the shear deformation when measuring the dila-
tational elasticity and viscosity. In the case of interfacial shear rheology it can be dif-
ficult to separate any viscoelastic contribution from the bulk phase from the interface

response’®2,

In recent studies, novel methods of interfacial have been used to characterise
interfacial mechanics. The use of parallel floating rods measuring the in-plane forces
acting on them under compression has been shown to be a useful technique for meas-
uring interfacial moduli, as shown in figure 1.19. This method is particularly useful as
a wide range of strains can be applied as the film is compressed between the rods.
Using this method it was able to show that the self-healing nature of globular proteins
resulted from secondary bonding rather than covalent cross-links forming at the inter-

facet63,
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Figure 1.19 Schematic of interfacial rheometry set up used to measure shear forces between parallel floating
rods!3

Another interesting method gaining in significance, moves magnetised float-
ing objects on the interface with magnetic fields. This has allowed for extremely sen-
sitive rheological characterisation to be undertaken using highly sensitive magnetic
interfacial needle rheology. However, here the influence of bulk phase drag on the
floating objects is greater than in the normal case and hence great care must be taken

to consider these effects on the interfacial moduli®*.

Finally developments in traditional interfacial oscillatory/rotational rheology,
using geometry like a Du Nodly ring, have been greatly improved in recent years and
can now measure interfacial forces with an extremely high resolution. This method
allows for a large number of tests to be performed, dynamic mechanical analysis,
creep and stress relaxation testing, and continuous flow experiments to name a few,
mining many material properties and allowing for careful monitoring of film for-

mation?%2,

However these interfacial rheology techniques are limited in that they only
probe in the shear plane and hence do not probe the contribution of surface tension

forces to the mechanical response of protein adsorbed interfaces. The normal colloidal
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interfacial forces between solid colloids and oil droplets has been studied extensively
by AFM. Here an overview of the use of AFM to study interfacial mechanics will be

given.

Interfacial Nanoindentation by AFM

DVLO theory describes the charge distribution in ionic solution and has been
shown to provide an excellent theoretical underpinning of the stability of colloidal
suspensions!®-1%7. The DVLO theory is a stabilising theory to describe the overlap
between the ionic spheres of two approaching particles. It fundamentally is a balance
between the electrostatic double layer forces and the VVan der Waals forces. The forces
between droplets in suspension are also thought to predominantly consist of DVLO
forces (van der Waals and electric double layer forces) combined with some non-
DVLO forces such as steric hindrance and hydrodynamic forces. The thrust of much
research into interfacial AFM is to be able to measure and quantify the forces acting

between colloids in emulsions®®,

The direct measurement of forces between two colloids within an emulsion is
however very difficult as they vary significantly on approach and retraction, and the
forces can vary from attractive to repulsive depending upon the distance between the
droplets'®. Since the development of AFM, the direct recording of nano-Newton
forces has been possible, allowing for more detailed understanding of interfacial me-
chanics between colloids'™. Studies of interfacial mechanics by AFM have included
studies between solid particles and liquid interfaces!™ 172, forces between two drop-
lets'”® and even forces between two bubbles'’®, as shown in figure 1.20. The forces
between two colloids as described by DVLO theory is highly dependent on the dis-
tance between the two colloids, and as a result one of the greatest challenges with
respect to interfacial AFM is that the exact film thickness (between the probe and the
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oil phase) is not known'”™. Recent studies have been performed using laser scanning
confocal fluorescence microscopy’® and reflection interference contrast micros-
copy’” in conjunction with AFM to quantitatively measure the film thickness during

the AFM experiments.
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Figure 1.20 Schematic of the general geometry used for interfacial AFM measurements'’*

While interfacial AFM has been widely used to study interfacial forces be-
tween interfaces and colloids, these studies have not been used to study the influence
of protein adsorption on the mechanical stability and strength of interfaces. The impact
of adsorbed protein films across many applications, as discussed in section 1.3.1,
makes it clear that a better understanding of the mechanical properties of protein layers

adsorbed at liquid-liquid interfaces is of great interest across numerous fields.

1.4 Summary, Aims and Objectives

Within the field of bioengineering the mechanics of soft materials is clearly of
utmost importance across numerous fields and in particular in the case of cell mechan-
ics. However mechanical testing methods are developed for much stiffer engineering
materials. Soft biomaterials also often have significant heterogeneity which lends to
their functionality. As a result we aim to develop robust protocols to accurately char-
acterise the mechanics of soft biomaterials across a range of length scales, form nm to

bulk properties. Specifically, the sample — testing geometry interface is considered

69



and the impact of factors such as adhesion and heterogeneity on both the data analysis
and acquisition are to be examined. The impact of adhesion and wetting on data ac-
quisition and how it can be compensated for when extracting material properties is of
particular interest. And how these factors vary in significance across different length

scales and on materials with different structure and chemistry.

Polysaccharide hydrogels have been widely used across a range bioengineer-
ing applications. CMC has been used extensively as a physical gel for applications
like denture adhesives. The ability to tune these gels is important to optimise them for
applications. The use of multivalent ionic cross-linkers have been used to effectively
tune the mechanics of other similar polysaccharides, either by forming rigid cross-
links or by complex coacervation. Here we aim to study the impact of ionic cross-
links on the rheological and adhesive properties of CMC gels. The aim here is to see
how ionic crosslinks affect the structure of the CMC gels and how these structural
changes impact the bulk mechanics and also the adhesive properties. The use of larger
multivalent cationic crosslinkers is compared to the use of divalent cationic salts to
probe whether different crosslinking mechanisms can be achieved by controlling the

size and charge of the crosslinkers.

Finally the study of interfacial mechanics has become increasingly important
in the study of cell biology. However the mechanics of proteins adsorbed at interfaces,
to which cells have been shown to adhere, is not well understood, particularly under
indentation testing. The contribution of surface tension forces compared with the pro-
tein film forces if of specific interest. Hence we aim to create a model to understand
the relative contributions of surface tension and film forces on the overall mechanics
of proteins adsorbed at liquid-liquid interfaces. The focus here is to understand the
interplay between the interfacial forces, arising from surface tension and DVLO
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forces, and the protein film forces when resisting deformation by indentation. As the
interaction between the protein film and the interface is not trivial as a first approxi-
mation it will be assumed that this interplay results in the superposition of the re-
sistance arising from these two phenomenon. The sensitivity of this model to varying
the different variables that impact the force response to indentation is then done to
probe the relative significance of these factors on the mechanics of these complex

interfaces.
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Chapter Two

Impact of surface adhesion and sample heterogeneity on the

multiscale mechanical characterisation of soft biomaterials

This chapter is based on the following published paper,

Megone, W., N. Roohpour, and J. E. Gautrot. "Impact of surface adhesion and sample
heterogeneity on the multiscale mechanical characterisation of soft biomaterials.” Sci-

entific reports 8 (2018).

2.1 Introduction

The mechanics of soft materials for use in biomedical applications has been
widely studied, such as for use in tissue engineering * 2, drug delivery? *, wound heal-
ing?>*® , and cell culture substrates for in vitro studies®®. In particular, the mechanics
of biomaterials has been shown to be very important in determining cell response and
for implant design. Levental et al. showed that collagen cross-linking within the ECM
and ECM stiffening was present within tumour growth and breast malignancy **. Fur-
thermore studies have shown how, for cardiac repair, the heart valve leaflet stiffness
is a key design feature, again showing the importance of the mechanics of soft mate-

rials used in bioengineering 178 179

Despite the striking changes in cell phenotype observed on poly(acrylamide)
(PAAmM) gels with varying moduli (in the range of 1 kPa to 1 MPa), we previously
reported the absence of apparent response of cells to Sylgard 184 poly(dimethyl si-

loxane) (PDMS) with moduli in the range of 0.1 kPa to 2 MPa °. However the origin

72



of this apparent lack of response remains unclear. It was proposed that, at the local
(nano- to micro-) scale and for small strains, the modulus of weakly cross-linked Syl-
gard 184 PDMS is significantly higher (up to two orders of magnitude) than what is
reported for elastic and shear moduli (Fig. 2.1 58 189-186) ‘However, the origin of such
behaviour (material stiffening at the nanoscale) is not clear and not supported by mo-
lecular modelling of polymer samples deformation®”-1%1, Similar discrepancies be-
tween mechanical characterisation at different scales have been reported by others,
although systematic studies of materials prepared in identical conditions and charac-
terised at different length scales are still lacking. In addition, multiple scale mechan-
ical characterisation of PDMS and PAAmM has highlighted a very wide range of moduli
reported for these materials, particularly for very soft samples (Fig. 2.1)%8 180-186 Howy-
ever most mechanical testing techniques are optimised for traditional engineering ma-
terials which typically have high moduli (in the region of MPa — GPa), making char-
acterisation of soft biomaterials particularly difficult®?. Hence, understanding the
origin of such discrepancies and determining which techniques are most appropriate
to use at different length scales, but also at different ranges of compliance, needs to
be urgently addressed in order to tackle important questions in the field of biomaterials

design and mechano-biology.
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Figure 2.1 Young’s modulus of Sylgard 184 PDMS samples with varying base/cross-linker ratios highlighting

the discrepancies between different testing methods, particularly at low levels of cross-linking (softer samples)®:
180-186

A number of hypotheses have been proposed to account for differences be-
tween bulk and local mechanics, such as heterogeneity within the material 1! and
adhesion between the sample and testing geometry 1% 192, Heterogeneity has been
shown to lead to an increased modulus when using localised testing methods, such as

nano indentation by AFM, however this is not reflected on the bulk mechanics °.

This phenomenon occurs when the local deformations applied for mechanical testing
occur on the same length scale as the heterogeneity. In contrast, impact of sample
heterogeneity on bulk mechanics will only be significant in cases where the filler (or
hard nanomaterial/phase) forms a percolated network, forming a connective path be-

tween the geometries used for mechanical testing2.

Importantly, previous work has shown that the chemistry of the materials
should be considered when determining a methodology for testing of a material at
different length scales. Bush et al. introduced linear-harmonic interpolation of the
Mooney-Rivlin and Boussinesq models, combined to compromise between nano and
microindentation models allowing heterogeneity to be modelled using a finite, rather
than small, strain model *°. This method was designed to correct the contact model at
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larger relative indentation depths, however this does not take into consideration any
wetting of the tip and associated adhesion phenomena. Sirghi and Rossi proposed an
altered version of the Oliver Pharr method in order to take into account adhesion be-
tween the testing geometry and sample, however this method assumes a Hertzian con-
tact which is only valid when wetting can be ignored 1%, Therefore, it appears im-
portant to investigate and quantify heterogeneity and adhesion simultaneously when

characterising soft biomaterials at different length scales.

In this study, we investigate the mechanical properties of soft biomaterials
(Sylgard 184 PDMS hydrophobic elastomers, hydrophilic PAAm and carboxymethyl-
cellulose (CMC) composite hydrogels) and quantify discrepancies observed between
moduli determined at nano- to macro-length scales, via rheology, indentation and
atomic force microscopy. In particular, we quantify the combined impacts of hetero-
geneity of the corresponding materials and adhesion and wetting between the materi-

als tested and the geometries of the instruments used for characterisation.

2.2 Methods and Materials

Materials. Toluene extra dry, 3-(Trimethoxysilyl)propyl methacrylate, Acrylamide,
Ammonium persulfate, NN’-Methylbis(acrylamide), NNN’N’-Tetramethylethylene
diamine, Hexamethyldisilazane, Sylgard 184 PDMS, Alyl Bromide, PEG Di Thiol
and all purchased from Sigma Aldrich. Aqualon Sodium CMC purchased from Ash-

land Chemicals.

PDMS Sample Preparation. PDMS samples were prepared using the Sylgard 184
elastomer Kkit. Samples with 1 wt%, 2 wt%, 3 wt% and 10 wt% cross-linker were
mixed thoroughly using a spatula before being put under vacuum to remove the bub-

bles. The samples were then cured at 60°C for 3hrs either in situ for use in rheology,
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on 13mm glass coverslips for AFM indentation, and in 35mm petri dishes for microin-

dentation.

PAAmM Sample Preparation. Stock solutions were mixed according to the ratios
shown in table 1.1. The AAm stock solutions were degassed for a minimum of 30 min
before use. Samples were then mixed with the cross-linking agents according to the
following ratios 500 ul stock solution with 2.5 uLL APS and 0.75 uL. TEMED. Samples
were then either cured in situ for use with rheology or between a 13 mm methacrylate

functionalised glass cover slip and a hydrophobised plate for testing by AFM.

Allyl CMC Hydrogel Preparation. Sodium CMC was dissolved in a 1:1 mixture of
DMF and DI water, the DMF was used in order to protonate the CMC, at a concen-
tration of 1mg/ml. Once the solution was homogenous Alyl Bromide was added at
molar ratio of 30% alyl to CMC. The solution was heated to 70°C and left overnight
for the reaction to complete. The functionalised CMC was then precipitated in Ace-
tone and dried. The final product was twice dissolved in DI water and precipitated in

acetone to purify.

Functionalised CMC samples were then prepared by dissolving 100 mg/mL
CMC in DI water and adding PEGDT and photoinitiator at the following
alyl:PEGDT:PI ratio, 4:2:1. Samples tested by rheology were cured in situ and sam-
ples for AFM indentation were cured on 13 mm functionalised glass coverslips using

UV light at 50 mW/cm? for 2 min.

Samples containing silicon microbeads were prepared using the same method,
however the microbeads were dispersed in the DI water before adding the functional-

ised CMC.
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Table 2.1 Polyacrylamide stock solution compositions

%AAM %Bis 40% AAm 2% Bis Total
(mL) vol. (mL)
1 5 0.02 1/250 | 0.625 50 pL 4.325 5
2 8 0.15 3/160 1 375 puL 3.625 5
3 20 0.375 3/160 2.5 937.5 pL 1.563 5
4 20 1.5 3/40 2.5 75 mg 2.5 5

Bulk Mechanical Characterisation by Oscillatory Rheology. Oscillatory rheology
was used to characterise the mechanics of the series of PDMS samples using a TA
Discovery HR-3 hybrid rheometer. The samples were cured in situ at 80°C for 2 h and
the gelation was monitored by an oscillating time sweep, with an oscillating frequency
of 1 Hz and an oscillating displacement of 10 rad. Once cured the samples were then
kept at room temperature for 5mins to cool and were then characterised using an os-
cillating frequency and stress sweep, and by transient stress relaxation. The frequency
sweeps were performed from 0.1-100 Hz at an oscillating displacement of 10 rad and
the stress sweeps were performed from 0.1-100 Pa at a frequency of 1 Hz. Finally

stress relaxation was performed using a shear strain of 2 % and a hold time of 300 s.

For testing of the PAAm samples the same method was used however the tem-
perature was kept at room temperature and the curing time was a maximum of 1.5 h.
The PAAm samples were also tested with and without the use of functionalising the
rheometer geometry. In order to functionalise the rheometer geometry methacrylate
functionalised glass cover slips were attached to the top and bottom geometry. The
cover slips were held in place using Loctite Super Glue Ultra Liquid Control® with a
tensile shear strength of 10 to 20 MPa (product specification). This ensures that the
shear properties of the materials tested (with moduli below MPa) are not affected, but

also enabled simple detachment of functionalised coverslip by solvent immersion (the
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glue is soluble in common organic solvents such as acetone). In order to minimise

evaporation the rheometer geometry was enclosed in a solvent trap.

Bulk Mechanical Characterisation by Microindentation Testing. Indentation test-
ing was performed using an MTS coil driven universal test frame with a 500 N load
cell. The samples were indented using a 3 mm conical flat ended punch. Indentation
was done by stress relaxation testing with an indentation depth of 10 % sample thick-
ness at an indentation speed of 1 mm/s and a hold time of 300 s. The indentation
retraction curves were fitted to the force-displacement model developed for the Oliver

Pharr method %,

Local Mechanical Characterisation by Nanoindentation by AFM. Nanoindenta-
tion was performed using an Ntegra AFM rig. Bruker 8-10 contact cantilever tips were
used with a nominal tip diameter of 15 nm. The cantilever had a nominal stiffness of
0.05 N/m. The cantilevers were calibrated to obtain the conversion of nA to nm by
doing initial indentations on Silicon wafer. Samples were tested by doing a 10X10
grid of indentation at three different location on three different samples of each for-

mulation respectively.

Wet AFM was performed with samples submerged in DI water, ethanol and

PBS for the PAAmM, PDMS and CMC samples respectively.

The indentation curves were then analysed using a custom made MATLAB
script using the Oliver Pharr %, or Sirghi 1% method depending upon whether adhesion

was present.

2.3 Results and Discussion

Macro-to nanoscale mechanical properties of PDMS hydrophobic elastomers
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We characterised the bulk mechanical properties of PDMS samples cross-
linked at different base to curing agent ratios via oscillatory rheology and microinden-
tation first. The PDMS tested is a classical Sylgard 184 grade, commonly used in mi-
crofluidics, micro-contact printing and for cell culture & #4193 1t was cross-linked
at different ratios, from 1 to 10 wt% (curing agent to base), in order to control its
mechanical properties. Oscillatory rheology was carried out over the full range of
compositions tested, but microindentation was not possible for the softest PDMS sam-
ple due to a lack of sensitivity of the load cell used. Results of bulk mechanical testing

performed on PDMS are gathered in Fig. 2.2 and 2.3.
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Figure 2.2 Bulk characterisation of PDMS by (a) Oscillatory rheology showing the frequency sweeps with fre-
quencies from 0.1 — 100 Hz at an oscillating displacement of 10 rad for PDMS samples with % Cross-linker
ranging from 1% — 10% a minimum of three repeats were conducted on each sample and (b) microindentation
showing representative stress relaxation curves, of samples strained to 10% strain at a rate of 1%/s and a hold
time of 5 min, each test was repeated three times. Error bars showing the standard deviation.

Oscillatory rheology clearly indicated a strong increase in shear modulus with
increasing cross-linker (Fig. 2.2a). This trend is also clearly observed in microinden-
tation results (Fig. 2.2b). Frequency modulated oscillatory rheology also clearly evi-
denced the viscoelastic character of weakly cross-linked Sylgard 184 PDMS (1%
cross-linker), which displayed a quasi-linear log-log relationship between shear mod-
ulus and frequency, with the modulus increasing by more than three orders of magni-

tude, from 1 Pa at 0.1 Hz to 3 kPa at 100 Hz. Such viscoelastic response was much
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weaker at higher cross-linker ratios and negligible at 10 % cross-linker. Hence our
data is in very good agreement with previously published micro-indentation data for
similar Sylgard 184 PDMS materials °, confirming the bulk mechanical properties

previously reported.
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Figure 2.3. Oscillatory rheology time sweeps monitoring the curing of PDMS at different base-cross-linker con-
centrations (indicated in the legend, the % referring to the weight % of cross-linker relative to the base). Time
sweeps were conducted at a frequency of 1Hz and with a displacement of 10 rad.

We next examined the nanoscale mechanical properties of PDMS via
nanoindentation (Fig. 2.4a, b and 2.5). Whilst we measured elastic moduli in good
agreement with bulk and shear moduli for the two stiffest PDMS formulations (elastic
moduli of 0.41 MPa and 1.27 MPa for 3 and 10 % cross-linker PDMS formulations,
respectively), strong adhesion prevented tip detachment for the softest two samples
(1 and 2 %). This suggested important fouling of the cantilever surface by the soft
PDMS formulation, a process that was clearly evidenced by in situ AFM-SEM imag-
ing (Fig. 2.6a), hence, it is clear that Hertzian approximations cannot apply to weakly

cross-linked Sylgard 184 PDMS materials.
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Figure 2.4 (a) Representative dry AFM histogram showing the spread in moduli value over three 5X5 "\m locations
with 100 indentations per location on a 10% cross-linker PDMS sample, (b) box and whisker plots showing the
Young’s moduli obtained across the range of PDMS samples tested by dry AFM and (c) comparison of the bulk
and local mechanical characterisation of the PDMS samples tested. All AFM experiments were conducted with an
indentation depth of between 500 and 1000 nm and each curve was done over 1 s. AFM experiments were con-
ducted on three different samples for each formulation and each sample tested in three different location with 100
indentations done on a 5X5 mm square.

In order to reduce adhesion to cantilevers, AFM experiments were performed
in ethanol solutions, which has been shown to reduce adhesion of silicone materials!®.
In these conditions, the adhesion component was reduced significantly, including for
the softest PDMS materials tested and tip detachment occurred within the working
distance of our instrument (Fig. 2.6b). These AFM results were again in good agree-
ment with bulk measurements for the PDMS samples tested with the highest moduli,
but displayed significantly higher moduli, for softer PDMS (in particular at 1% cross-
linker, which displayed a local modulus of 13 kPa compared to the shear modulus of

270 Pa measured via rheology) as shown in Fig. 2.4c. Fig 2.6b indicates that there is
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still significant adhesion between the sample and indenter tip for the softest PDMS

samples during nanoindentation even in wet conditions.

a) 10% PDMS b) - 3% PDMS
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Figure 2.5. Histograms showing the distributions in Young’s moduli obtained by AFM on PDMS samples tested
dry for PDMS samples with (a) 10% cross-linker by weight and (b) 3%. Each sample is tested in three 5X5um
locations with 100 indentation tests spread evenly across each location and the spread in the work of adhesion for
PDMS with (a) 10% and (b) 30% cross-linker

The work of adhesion and maximum adhesive force were then characterised
(Figure 2.6¢ and 2.7) to confirm that the level of adhesion between the sample and
testing geometry was significantly higher for the softest PDMS sample (3,400 aJ for
1% cross-linker compared to 2.7 aJ for 10% cross-linker). Hence, the increase in the
adhesion between the sample and AFM tip could explain the higher modulus obtained
as the adhesion would change the wetting of the tip and hence the contact area between
the sample and testing geometry. Furthermore, looking at the spread in Young’s mod-
uli by colloidal AFM it is clear that the spread in the data is similar across all the

samples, this suggests that the higher modulus seen for the softest PDMS is not a result
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of local heterogeneity. When looking at the Young’s modulus as a function of work
of adhesion shown in 2.7 it is also clear that the spread in Young’s modulus coincides
with increasing adhesion. Hence, our data suggest that, even in wet conditions, adhe-

sion and wetting of soft PDMS substrates is causing significant deviation between

local and bulk moduli.
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Figure 2.6 (a) SEM images, taken using an environmental SEM (Quanta 3D FEG, FEI), of AFM tip interaction
with 2% PDMS highlighting the adhesion between PDMS and Silicon Nitride AFM Tip snapping into and coming
out of contact as indicated by the arrow. Scale bar is 100um and (b) Nanoindentation by AFM retraction (lift)
curves for PDMS samples tested wet in ethanol solution. All AFM experiments were conducted with an indentation
depth of between 500 and 1000 nm and each curve was done over 1 s, each sample was tested in three different
locations and 3 samples tested per formulation giving 900 data points per formulation (c) the average adhesion
strength and peak adhesive force obtained by wet AFM

In order to correct the wetting contribution observed in PDMS materials, we
proposed to take into account the contact area between the probe and substrate, by
performing adhesion tack tests on the softest PDMS sample (1%) using a 30 mm di-
ameter probe with a plasma treated glass cover slip as the contact surface (mimicking
the surface of the cantilever). The work of adhesion from the AFM tests was then

calculated as the negative area under the force-displacement curve (i.e. the attractive
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force multiplied by distance)and the contact area assumed based on the following for-

mula,

A; _ Aprm [2.1]
Wad,i Wad,AFM

where Ajand Aarm are the contact area for the 30 mm indenter probe and AFM tip
respectively, and Wag, i and Wag, arm are the work of adhesion for the indenter probe
and AFM nanoindentation curves respectively. However this yielded contact areas for
the AFM that were similar to that calculated using the assumptions present in the OlI-
iver & Pharr method and the Sirghi method respectively. As a result nanoindentation
by AFM was repeated across all the samples in ethanol solution however with a 4 um
colloidal bead attached as shown in Fig. 2.5. Here the results followed a similar trend
as observed with the previous AFM experiments, however for the 1% PDMS the mod-
ulus was much closer to that obtained by oscillatory rheology (1.8 kPa for colloidal
AFM, compared to 13.2 kPa and 0.27 kPa for pyramidal tip AFM and oscillatory rhe-

ology, respectively).
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Figure 2.7. AFM data showing the Young’s modulus on PDMS samples with 1 — 10% cross-linker as a function
of the work of adhesion. Three repeats on three samples per formulation giving 900 points per sample. Each
individual sample is tested in three 5X5um locations with 100 indentation tests spread evenly across each location.

The analysis of colloidal AFM indentation data was carried out using the John-
son'® Force-Displacement relation, which best describes a colloidal indenter within
the linear elastic region®2. However due to the adhesion present for the 1 % PDMS the
Sirghi method was adapted using the Johnson model with a colloidal indenter, rather

than the Oliver Pharr, giving the following force displacement relation,

P =a(h—he)2 +b(h— hy) [2.2]
where, P is force, h is displacement ht is the point at which the lift curve crosses the x
axis and b is a constant. The Young’s modulus, E, is a function of the parameter a in
equation 2, as follows:

_ 4EVR [2.3]
T 3(1—-12)

a
where, R is the radius of the colloidal tip and v is the Poisson’s ratio. While the mod-
ulus obtained by this method does not exactly match that found by bulk testing meth-
ods it does offer a significant improvement. One reason for this is the significantly
larger indenter geometry, a 4 um diameter bead compared to an AFM tip with a nom-
inal tip radius of 15 nm. Furthermore the change in shape of the probe is also likely to
impact the results obtained and associated wetting and adhesion effects. Using high
acuity probes (such a native Berkovich AFM tip) generates high shear and promotes
plastic deformation, making them particularly suitable for elastoplastic deformation

on materials such as ceramics, while for more viscous samples, such as soft PDMS,

small acuity probes, such as spherical probes, are far better suited®?.

Hence our results do not suggest significant deviations between bulk and local

mechanical properties of PDMS materials, especially at higher cross-linker ratios (5%
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and 10%). We had previously reported that stem cell adhesion and fate decision was
remarkably not affected by the mechanical properties of Sylgard PDMS substrates
with an extremely wide range of mechanical properties (0.1 kPa to 2 MPa)®. This had
raised the possibility that local and bulk mechanical properties of PDMS materials
significantly differ, although no fundamental basis for such behaviour was pro-
posed®. Hence, our results demonstrate that non-biofunctionalised PDMS materials
display bulk and nanoscale mechanical properties that are in good agreement. There-
fore, the lack of cell response to the bulk mechanical properties of PDMS must have

an origin in other phenomena.

It was also previously proposed that the strain rates applied by cells were high
enough to result in considerably stiffer perceived moduli, associated with the strong
viscoelastic response observed for weakly cross-linked PDMS (1%, Fig. 2.2a)*8L. Cell
sensing of their mechanical environment is proposed to be at velocities in the range of
20-200 nm/s 1% | limited by actin flow rates typically measured in the range of 100-
200 nm/s'¥’. In comparison, displacements achieved at the periphery of the rheology
plate used (where viscoelastic effects should be maximised) are below 2 um (displace-
ment of the rheometry plate 1X10* rad which translates to 2 um linear displacement
at the edge), indicating that displacements exerted by cells should fall within a fre-
quency range below that used in rheology measurements (< 0.1 Hz), a range for which
the bulk moduli of PDMS materials still fall well below 1 kPa. Similarly, the indenta-
tion velocity used in our AFM measurements was 1 um/s, a rate that remains signifi-
cantly higher than those typically applied by cells and that correspond to shear moduli
of 30 Pa. Therefore, the viscoelastic profile of weakly cross-linked PDMS materials
does not account either for the observed cell spreading on these substrates. Instead,

we recently proposed that additives contained in Sylgard 184 PDMS, or modifications
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introduced during the tethering of extracellular matrix proteins to PDMS materials,
are responsible for the increase in nanoscale mechanical properties, at the surface of
these substrates, with which cells form adhesions. This behaviour explains, for exam-
ple, our recent observation of high proliferation of adherent cells (HaCaT epidermal
cell line) at the surface of low viscosity liquids, where bulk mechanical properties
cannot account for cell adhesion and spreading*4. In such cases, interfacial rheology
measurements gave evidence for the formation of a stiff layer of proteins assembled
at the interface between the cell culture medium and the oil used to support cell cul-
ture. Similar phenomena could occur at the surface of cross-linked Sylgard 184 PDMS
substrates, after biofunctionalisation, therefore changing the nanoscale mechanical

properties of the corresponding interfaces.
Mechanical properties of hydrophilic homogenous PAAmM hydrogels

Given the importance of hydrogels for the study of cell adhesion and the de-
velopment of degradable scaffolds for tissue engineering, multi-scale mechanical
characterisation of hydrogels is essential to fully understand interactions between cells
and these materials. For such applications, a full understanding of mechanical proper-
ties of hydrogels at multiple scales is essential, not only because of their importance
to confer structural integrity to the corresponding materials, but also because local
deformations and remodelling was shown to have an essential impact on cell pheno-
type!®® 1% Poly(acrylamide) was used as a model substrate, given its importance for
the study of mechanotransduction® 8129, Previous characterisation of PAAm gels via
microindentation had indicated that moduli ranged from 2 kPa to 231 kPa, depending
on the level of cross-linking and the concentration of monomers used® 20224, How-
ever, in the case of PAAm too, a very broad range of moduli are reported for the softest
hydrogels (between 1 and 5% cross-linker).
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Figure 2.8 (a) Bulk mechanical characterisation of PAAm by oscillatory rheometry (frequency Sweeps) giving the
shear moduli across a range of AAm and cross-linker concentrations (see Table 2.1 for details of compositions of
PAAm 1-4, as indicated in the legend), frequencies tested were from 0.1 — 100 Hz at an oscillating displacement
of 10" rad on a minimum of three repeats and (b) comparison of the Young’s modulus of the softest PAAm sample
measured moduli with and without functionalised geometry and between bulk (rheology and micro indentation)
and local (nanoindentation by AFM) testing methods. Error bars showing the standard deviation.

We first investigated further the bulk mechanical properties of this full range
of PAAm hydrogels (details of the compositions gathered in Table 1) via rheology
(Fig. 2.8 and Fig. 2.9). Indentation data was in very good agreement with previous
results reported, for the full range of compositions tested (Fig. 2.8b) ©. In the case of
rheology experiments, we generated PAAm hydrogels in situ between the two geom-

etries of the rheometer.
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Figure 2.9. Oscillatory rheology time sweeps monitoring the curing of PAAm gels with different compositions.
The legend indicates which trace corresponds to gels 1-4 (see Table 2.1). Note that gelation of samples for analysis
was allowed to continue without oscillation for 1.5 h time. Time sweeps were conducted at a frequency of 1Hz and
with a displacement of 10 rad.

Results of rheology measurements display the expected general trend of an
increase in modulus with increasing cross-linking level and are in good agreement
with the microindentation testing previously reported for stiffer samples (1.5 % cross-
linker and 20 % AAm). The moduli of the PAAmM samples also showed negligible
frequency dependence, apart from the softest sample where there was a significant
drop in modulus at frequencies above 10 Hz, this could be explained by the inertia of
the testing geometry beginning to dominate the mechanics of the samples for soft
PAAmM. However at weaker cross-linking levels, the deviation between samples is sig-
nificantly higher than for the stiffer samples when testing by rheology. Despite this
larger spread the data is still in good agreement with the indentation previously meas-

ured (moduli of 1400 Pa, compared to 2000Pa measured before).
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Figure 2.10 (a) Wet AFM data obtained on PAAm sample formulation 3 showing a histogram of the spread of
moduli values for 3 repeats of 100 indentations on a 5x5 gm sampling area and (b) box and whisker plot showing
the overall spread across the range of PAAm samples tested. All AFM experiments were conducted with an inden-
tation depth of between 500 and 1000 nm and each curve was done over 1 s, 900 repeats per formulation were
conducted with three samples per formulation.

We proposed that such discrepancy may originate from two main processes:
1. a lack of adhesion between the plate and the hydrogels generated, resulting in slip-
page, especially for weakly cross-linked and very hydrated gels; 2. differences in the
polymerisation (and gelation) efficiency measured for gels formed in situ, compared
to those formed for indentation and AFM measurements. The effect of adhesion be-
tween the rheometer geometries and the sample was investigated by intercalating two
glass coverslips functionalised with methacrylate between the geometries and the
samples being cross-linked. Rheological measurements carried out with such func-
tionalised geometries displayed a modest increase in the shear moduli measured at
low cross-linker ratio (from 990 Pa to 1400 Pa), indicating that slippage has an impact
on shear moduli measured, but that it is not the dominating factor accounting for the
discrepancies measured between indentation and rheology. The level of adhesion be-
tween the PAAmM hydrogel formed and the testing geometries are however clearly en-
hanced, as was apparent when removing the samples as they clearly detached via co-

hesive failure, as shown in Fig. 2.11.
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Figure 2.11. Adhesion between PAAmM samples (gel 1) to the rheometer geometry when coming out of contact with
(a) and without (b) methacrylate-functionalised geometries.

AFM indentation also confirmed the general trend observed between the cross-
linker ratios used and the measured elastic modulus of the corresponding materials
(Fig. 2.5b and 2.10). These measurements were in excellent agreement with macro-
scopic indentation, even in the low range of cross-linking investigated. For each sam-
ples tested, the spread of moduli measured was relatively low and gels were found to
be relatively homogenous, although we observed a more pronounced variation be-
tween samples tested, reflected in the standard deviations. Hence the PAAm hydrogels
tested were found to be relatively homogenous, in good agreement with previous re-
sults reported for PAAm and PEG methacrylate hydrogels®. Indeed heterogeneity and
pore sizes for such gels were found to be at a lower scale than that of the cantilever
tips used for our studies (nominal tip radius ~20 nm), based on analysis of stress re-
laxation profiles and the use of poroelasticity models of indentation® ° (pores below
20 nm). Therefore heterogeneity is unlikely to be the origin of the discrepancies be-
tween rheology and indentation data. In addition, very little adhesion was observed in
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AFM indentation traces at all PAAm moduli (Fig. 2.12).This is perhaps expected as
PAAmM is only very weakly adhesive and a neutral gel resulting in little sample-tip
interaction. Hence discrepancies between rheology and indentation testing is most
likely explained by the different methods of sample preparation where the quality of
the gel network is heavily influenced by any contact with oxygen during gelation.
PAAmM 1 Lift
25 PAAM 2 Lift

—— PAAm 3 Lift
PAAm 4 Lift

Dfl (nA)

-0.5
0 500 1000 1500 2000 2500

Height (nm)

Figure 2.12 Raw AFM retraction curves for the series of PAAm samples tested (see Table 1) with a 4 xm bead
attached to the AFM tip. The indentation depth was between 300 and 1000 nm was and the curves were completed
over 1s.

Mechanical properties of cross-linked carboxymethyl cellulose hydrogels

In contrast to poly(acrylamide) hydrogels that do not show significant levels
of heterogeneity and do not lead to significant adhesion with the surfaces of probing
geometries, other charged hydrogels and composite structures are often associated
with significant discrepancies between local and bulk moduli 12, We used a carbox-
ymethyl cellulose (CMC) hydrogel as a case study, for comparison to PAAm hydro-
gels previously discussed. Since CMC is not covalently cross-linked, we introduced
additional cross-links via allyl pendant chains that react with poly(ethylene) glycol
dithiol cross-linkers via thiol-ene coupling 2%. This type of reactions was of particular
interest because of its relevance for in situ cell encapsulation within 3D hydrogels 2°°,

under mild conditions and its good tolerance of moderate oxygen concentrations 207
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208 Two allyl CMC hydrogel samples were tested, both at 100 mg/mL CMC concen-
trations, with and without the addition of 5 wt% silica beads (displaying a composite
morphology with local heterogeneity). The two samples were characterised via oscil-

latory rheology and nanoindentation (Fig. 2.13 and Fig. 2.14).
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Figure 2.13 (a) Representative oscillatory frequency sweeps on 100CMC30 with and without Si beads, frequencies
of oscillation were from 0.1 — 100 Hz at an oscillating displacement of 10 rad showing no frequency dependence
(at the highest frequencies the inertia of the testing geometry dominates over the mechanics of the gel resulting in
the decrease in measured modulus) and (b) Histogram comparing the moduli of 100 CMC30 with and without Si
beads, the large spread of data with Si beads illustrating the impact heterogeneity has on local mechanical testing.
All AFM experiments were conducted with an indentation depth of between 500 and 1000 nm and each curve was
done over 1 s. (c) Summary of AFM tests performed on 100CMC30 with and without Si beads highlighting the
difference resulting from heterogeneity on mechanical testing with a black line representing the moduli of CMC
samples obtained by oscillatory rheology.

Oscillatory rheology displayed classical frequency independent elastic profiles
(up to 30-40 Hz) for both CMC samples, with and without silica beads, with very
similar bulk moduli (16.5 and 13.5 kPa, respectively). Above 40 Hz we see a signifi-
cant drop in the shear storage modulus, this could be explained by the inertia of the
testing geometry dominating the mechanics of the sample itself, as stated for the soft-
est PAAm, however as these samples are significantly stiffer than the softest PAAmM
it is likely to be a combination of this with some shear thinning or perhaps the contact

between the sample and testing geometry breaking down.
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Figure 2.14 Representative AFM lift curves for CMC gels with and without Si beads mixed into the sample. The
indentation depth were kept between 500 and 1000 nm and each indentation was carried out over 1s.

Despite the rheology data on the two CMC gels being in good agreement,
when characterised by AFM indentation, they displayed significantly different behav-
iours as shown in Fig. 2.13. The CMC gel incorporating silica beads displayed a sig-
nificantly higher modulus (45 kPa) compared to that of the same gel without any added
beads (10 kPa). In addition, the spread in the modulus within one sample was signifi-
cantly broader for the composite hydrogel, clearly indicating a high level of heteroge-
neity (Fig. 2.13). Therefore, rheology and AFM data are in excellent agreement for
the CMC gel investigated, but display significant discrepancy for the composite hy-
drogel. This is thought to arise at low loading levels of fillers, for which a percolated
network has not been achieved yet, hence resulting in a negligible impact on bulk
mechanical properties whilst the local modulus of the sample at or close to silica beads

will appear significantly higher than that of the surrounding soft material.

2.4 Conclusions

When comparing the mechanical characterisation data obtained across the
three systems studied, we clearly observe very good agreement between bulk and local
mechanical testing methods for the stiffest samples. However this agreement breaks

down when testing soft materials (moduli of the order of kPa), in particular for the
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soft PDMS samples. Our results clearly identify potential origins for the discrepancy
between local and bulk mechanics. Wetting and adhesion cause fouling of the local
testing geometry when performing nanoindentation. This results in an increase of the
contact area and therefore a decrease of the true stress applied to the sample. We pro-
pose that this phenomenon explains the apparently stiffer modulus measured for 1%
cross-linked Sylgard 184 PDMS when tested by AFM indentation. Despite reducing
the amount of adhesion between the AFM tip and the PDMS sample by performing
the tests in ethanol solution, adhesion between the geometry and the sample could not
be totally eliminated. This phenomenon was not as prevalent in the case of hydrogels
such as PAAmM, owing to the hydrophilicity and neutral charge of these materials. It is
therefore important to consider the tip sample interaction when deciding the best

method for mechanical testing.

Heterogeneity was also found to have a significant effect on the mechanical
properties obtained when using local testing methods. This phenomenon was high-
lighted within the allyl CMC loaded with silica nanoparticles, where local stiffening
was observed by AFM. However the dimensions of phases required to have an effect
on the measured modulus should be comparable to the probe size. This contrast with
the impact of heterogeneity on viscoelastic and poroelastic profiles, which can be
sensed by AFM indentation even in the case of features orders of magnitude smaller

than the probe diameter!4,

In conclusion, the characterisation of soft materials at multiple scale can be
influenced by a number of factors that should be examined in order to validate the
methodology used for such comparisons. Adhesion and heterogeneity in particular,
alongside potential differences between sample preparations, have been highlighted
as possible causes of discrepancies between bulk and local mechanical testing. These
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phenomena are, however, not universal and the characterisation of soft biomaterials

should involve the analysis of the impact of such factors to validate the methodology

selected.

2.5 Appendix
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Figure A2.1. (a) Raw AFM retraction curves for PDMS at varying cross-linker con-

centrations tested in ethanol solution with a 4 um bead attached to the AFM tip. The
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indentation depth was around 500 nm and each curve was done over 1s. For the softest
sample adhesion is still observed. (b), (¢), (d) and (e) histograms of the Young’s mod-
uli obtained for the PDMS samples with 1%, 2%, 3% and 10% cross-linker respec-
tively. Each sample is tested in three 5X5um locations with 100 indentation tests

spread evenly across each location.
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Chapter Three

Impact of non-covalent cross-linking chemistry on the rheological be-

haviour of CMC Hydrogels

3.1 Introduction

Carboxymethyl cellulose (CMC) is a polysaccharide synthesised from native
cellulose by replacing OH groups on the cellulose ester with CH,COONa as shown in
figure 3.1. As cellulose is an abundantly found naturally occurring material it is a very
appealing material due to the drive for environmentally friendly, biocompatible poly-
mers'® 125129 CMC is currently used for numerous applications such as thickeners,
binding agents, film formers, lubricants and stabilisers, particularly for food, pharma-
ceutical and beauty products® 2512 CMC can be utilised in gels with either physical
or chemical cross-links and has similar properties to other polysaccharides such as

gellan, alginate and xanthan®* 125299,

HOCH, I. aqueous NaOH

2 .= 2.CICH,COONa

" HO

OCH,COONa

HO
cellulose sodium carboxymethyl cellulose

R = H or CH, COONa

according to DSy

Figure 3.1 Chemical reaction to generate CMC from cellulose where R = H or CH2COONa and the degree of
separation is determined by the number of R groups that are replaced by CH.COONa per repeat unit?2°,

CMC gels are also used extensively as denture adhesives® 211212 For this
application it is necessary that they have suitable mechanical properties, both in terms

of the bulk mechanics and also adhesive strength. In practice dentures must withstand
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complex loading as during mastication they will be loaded cyclically in both shear and
normal directions. However dentures are also removable so the adhesive should not
cause discomfort to the customer when being removed. Clearly there is something of
a balancing act here to make gels that have the requisite mechanical and adhesive
strength but are also temporary and easy to remove and clean away. Furthermore there
is the issue of comfort for the user, which is a by-product of the mechanics, micro-

structure and composition of the gels?132%°,

The solution properties (hydrodynamic diameter, viscosity) of CMC, its chem-
istry and the structure and mechanics of CMC-based gels have been well characterised
105, 125, 128, 216, 217 It has also been shown that the use of ionic cross-linkers can
strengthen the polymer network of CMC solutions increasing the viscosity!®. Simi-
larly it has been shown that other similar polysaccharides can be strengthened with
the addition of cationic binders forming gels with ionic cross-links, for example algi-
nate has been shown to have tuneable properties with the addition of ionic binders*
131 "as have xanthan?'® and gellan?®. It is thought that the addition of cationic binders
to CMC gels has a similar effect and allow for careful tuning of the mechanics of
CMC gels for use as denture adhesives. As CMC polymer chains have negatively
charged hydroxyl and carboxylate groups it is thought the addition of cationic binders
may form cross-links between chains in an ‘egg box’ model as shown in figure 3.2.
Although this is well accepted for alginate-based gels, cationic cross-linking of CMC
gels seems less efficient, presumably as the distribution of carboxylate moieties is
randomly distributed along the polymer backbone, unlike the chemical structure of

alginate? 130220,
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Figure 3.2 Schematic showing the association of divalent calcium ions with the negatively charged carboxylate
and hydroxyl groups of a CMC chain according to the egg box model*?>,

Carboxylated polysaccharides cross-linked by multivalent cations typically
lead to rigid local cross-links, with some level of heterogeneity, at the molecular
scale®> 221, However systems relying on soft cross-links, as in coacervates, have also
been proposed. For example Hawker et al. have shown that by combining PEG based
bloc copolymers with oppositely charged end caps it is possible to obtain a coacervate
system with clusters of entangled polymer chains within a larger loosely cross-linked

system, as shown in figure 3.3,
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Figure 3.3 Schematic showing the formation of a coacervate hydrogel resulting from the combination of two block
copolymer solutions with oppositely charged end caps. The coacervate domains then act as physical cross-links
within the hydrogel system!®,

CMC is made of a rigid glucose repeat units and as a derivative of cellulose
has inherited many of its structural characteristics. CMC has an extended confor-
mation coming from the structural rigidity of the C-O-C bonds. The large OCH.COO"
side groups prevents CMC from forming parallel associations, like those in native
cellulose, due to steric hindrance and electrostatic repulsion. However, intramolecular
and intermolecular hydrogen bonding is still possible between OH groups??2. The de-
gree of substitution of CMC is defined as the number of CH>COOH groups attached
to the hydroxyl groups on each repeat unit, hence a theoretical maximum of three,
although in practice it seldom exceeds two'? 222, The CH,COO" are accepted to be
randomly distributed across the CMC backbone!?® 222 223 The structure of CMC

makes it a very interesting biomaterial for a plethora applications.

The numerous carboxyl groups on CMCs backbone make it a negatively
charged polyelectrolyte which can form hydrogel complexes in the presence of posi-

tively charged polyelectrolytest® 222224225 |t has been reported that CMC forms ho-
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mogenous polyelectrolyte polymer complex membranes when combined with chi-
tosan in the presence of a cationic solution??®. When being used as films CMC has
been shown to ionically cross-link with polyvinylamine maintaining film integrity in
the presence of water, however does not improve the dry modulus of the films?2?. In
these films the CMC chains cross-link primarily through hydrogen bonding while the

electrolyte solution promotes CMC to complex??.

The polyelectrolyte structure of CMC has been utilised to form interpenetrat-
ing gels when mixed with chitosan, another polyelectrolyte polysaccharide, as shown
in figure 3.4. These gels have been weakened in the presence of ionic salt solutions as
the salts interfere with the ionic bonding between chains weakening the overall gel
network??*, It is evident that CMC can be utilised for many applications and can be

tuned for specific purposes with careful design.

OH OH N
OH
KM, NH,
Cs !
OCH,CO0Na H,COONa )
0,
] o
OH OH

Glutaraldehyde

NaCMC
CS e——= (ross-linked by GA
—— - CMC - Hydrogen bond

@2  Electrostatic interaction
Figure 3.4 Schematic showing the formation of Chitosan/CMC interpenetrating network hydrogels??.
Polysaccharide complexes occur typically as a result of electrostatic interac-
tions between oppositely charged macromolecules. Soluble complexes can continue
to aggregate until insoluble in order to reduce the free energy of the system. A coac-

ervate then forms as a result of a liquid-liquid phase separation giving discrete liquid
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coacervate droplets coexisting within a more dilute phase. The end product is a two

phase system consisting of a coacervate phase within a solvent rich sub-phase!32-37,

The phenomenon of coacervation can be split into two types; complex coacer-
vation and simple coacervation. A simple coacervate consists of a single macromole-
cule where polymer-polymer interactions are promoted over polymer-solvent interac-
tions, by something like a dehydrating agent. A complex coacervate results from op-
positely charged macromolecules complexing®®> %€, Coacervation is an entropy
driven occurrence allowed by low translational entropy of the polyelectrolyte, gain in
entropy from the release of counter-ions and the restructuring of water molecules
around the charged electrolyte during the complexation of the macromoleculest®: 13,
The formation of coacervates is strongly affected by the salt concentration of the so-
lution as increasing the salt concentration reduces the Debye length, or the distance
two opposite charges will interact over, hence reducing the interactions between elec-
trolyte blocks within the coacervate'**1*8, The reduction in interaction strength allows
the polyelectrolyte blocks to remain suspended in the non-coacervate phase. Further-
more the increase in ionic strength of the solution reduces the entropic gain of releas-
ing counter —ions into the solution, which results in higher water content within the
coacervate, a decrease in the interfacial energy and hence a reduction in the amount

of coacervate phase formed*® 1%

One of the main design considerations when making coacervates is how to
promote polyelectrolyte phases to form dynamic coacervates rather than solid static
precipitates??”228_ If the polyelectrolyte solutions are too strong it restricts the polymer
chain movement resulting in precipitation. Increasing the salt concentration in the sol-

vent can reduce the electrolyte strength promoting coacervation®,
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Similarly, it has been shown that the addition of ionic cross-links to charged
hydrogels can result in chain collapse and/or the formation of micelles which reduce
the interactions between polymer chains within the gel system. In this study, we ex-
plore how altering the chemical structure of cationic cross-linkers alters the mechani-
cal performance of CMC hydrogels. The use of inorganic divalent cations, as well as
multivalent organic cations and block copolymers with charged endcaps will be ex-
amined. The aim here is to correlate molecular structure and changes in shear modulus

and adhesive strength of the CMC gels, as shown in figure 3.5.

a
b E

Figure 3.5 Schematic showing the cross-linking of CMC in the presence of a) block copolymer with cationic
charged end caps and b) cationic inorganic salt solution.

3.2 Methods and Materials

Materials

Calcium Chloride, Strontium Chloride, Diethyl Triamine (DETA), Pentaethylenehex-
amine (PEHA), PEG-di-p-tosylate (average Mn 3,500), 2-ethyl-2-oxazoline and Hy-
drochloric Acid (HCI) were all purchased from Sigma Aldrich. Sodium Carboxyme-

thyl Cellulose (CMC) (250,000 Mw) was purchased from Ashland Chemicals. The
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end capped PEG — Polyoxazoline block copolymer was synthesised by Dr Pei Tang

as outlined in the sample preparation. Sample Preparation

Sodium CMC was mixed in the ratios shown in table 3.1, 3.2 and 3.3 with
deionised water and the desired salt solution. The CMC and the salt solutions were
prepared separately and once both were completely homogenous, they were mixed
together. If the salts were added as a powder to the dissolved CMC, they resulted??
in localised precipitation and a relatively heterogeneous mixture, so ensuring the CMC
and salt solutions were completely homogenous prior to combining the two proved
essential. In the cases where HCL was used these were prepared with the salt solutions

before being added to the CMC solutions.

Initial tests were carried out on PEG — CMC samples with varying amounts of
salt. In these initial tests the wt% of CMC and PEG were 3% and 1.5% respectively
and were characterised by oscillatory rheology. As these samples were still very fluid
later experiments were done on 12.5 wt% CMC gels allowing for adhesion testing to

be performed.

Once the CMC and salt solutions had been mixed and appeared homogenous
they were centrifuged at 4000 rpm for 2 min to remove bubbles. If the bubbles were
not removed after the first centrifuging this was repeated until a clear homogenous

sample was obtained.

Where PEG and CMC were used together the solid PEG and CMC were mixed
before being dissolved in deionised water and then mixed with the appropriate salt
solution. The PEG and CMC powders were mixed in this way as the PEG and CMC

solutions, both relatively viscous, were relatively difficult to mix otherwise. Hence, in
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order to achieve homogenous samples, it was decided to mix these materials dry prior

to their hydration.

Samples prepared for light scattering measurements were significantly more
dilute, however were mixed according to the same protocol as for the preparation of
hydrogels, for improve comparison of results. The hydrodynamic diameters of mate-
rials were characterised at the same ratio of CMC to cross-linker as for hydrogels (see

tables 3.2 and 3.3), however the concentration of CMC was only 0.05 wt%.

The polyoxazoline end capped PEG block copolymers were synthesised by Dr
Pei Tang for these experiments. Two variations of the block copolymers were pro-
duced, one with 10 PEtOx repeat units on each end and one with 35 PEtOXx repeat
units, referred to as bloc 10 and bloc 35 respectively. The PEtOx-PEG-PEtOXx
(10:1:10) was produced with the following procedure, 0.205 g PEG-di-p-tosylate
(0.07mmol), 0.142 g 2-ethyl-2-oxazoline (1.42 mmol) and 2 mL anhydrous acetoni-
trile were added to a pre-dried microwave vial. The vessels were then and placed in a
microwave synthesizer. The reaction solution was then heated to 160 °C over 30s and
held for 10 min at this temperature. The vessels were then cooled to room temperature
under gas flow. The reaction solution was next heated to 80 °C for 12 h. After the
acetonitrile was evaporated the polymer was dissolved in chloroform. The solution
was washed three time in an aqueous saturated sodium bicarbonate solution three
times followed by being washed three times in brine. Finally the solution was dried
with potassium sulfate and filtered before evaporating any leftover solvent under vac-
uum. The PEtOX-PEG-PEtOx (35:1:35) was synthesised using the same protocol,

however 0.497 g of 2-ethyl-2-oxazoline was used.
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The PEtOx-PEG-PEtOx block co polymers were then hydrolysed by dissolv-
ing 0.1 mmol in 12 mL 0.5 M HCI in a one neck flask under reflux and kept at 120 °C
overnight degassed in nitrogen. Finally the acid solution was removed under reduced

pressure.

Oscillatory Rheology

Oscillatory rheology was performed using a Discovery Hybrid Rheometer 3
(DHR3) from TA Instruments. The tests were performed using a steel 20 mm parallel
plate top geometry and a steel Peltier plate as the bottom geometry. Samples were
tested using the following protocol, first, a frequency sweep was conducted with an
oscillating displacement of 10 rad from 0.1 — 100 Hz. This was followed by an am-
plitude sweep at an oscillating frequency of 1 Hz from 10 to 10 rad. All tests were
performed at room temperature and a 30 s dwell time was allowed between tests. A

minimum of three repeats on each sample was carried out.

Lap Shear Testing

Lap shear testing was performed using an Instron 5943 Universal Testing Sys-
tem with a 500 N load cell. The following protocol was used to test the samples: 2 g
of material was placed at one end of a PMMA slide. The gel was then covered by an
overlapping slide, with an overlapping area of 25 by 25 mm. The sample is then com-
pressed between the two slides with a force of 90 N force for 5 s. The load is then
removed and the sample is left to relax for 5 min before being loaded with 90 N force
again for 5 s. The sample is then mounted and the test started as quickly as possible.
The sample is deformed at a rate of 50 mm/min until failure. A minimum of 5 repeats

per sample were performed.
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Zetasizing

Light scattering measurements of hydrodynamic diameters were carried out
using a Malvern Instruments Nano-ZS Zetasizer. 1 mL of sample was added to a 2.5
mL VWR Cuvette and measurements were carried out using the following protocol:
first, a 1 min dwell time was allowed once the sample was loaded. Next scans were
repeated 3 times per sample with 13 scans per repeat with a wavelength of 632.8 nm
and a back scattering angle of 173 °. A minimum of three samples were tested for each
set of conditions. Data analysis was performed by the equipment software and the
hydrodynamic particle size determined using the Stokes-Einstein equation??,

D _ kT kT
H=f 7 3mD

Where k is the Boltzmann constant, f is the particle frictional coefficient, n is
the solvent viscosity, T is the absolute temperature, and D is the translational diffusion
coefficient. The nanoparticles were assumed to be spherical, monodisperse, non-in-

teracting.

3.3 Results and Discussion

3.3.1. Impact of Inorganic Cross-linkers on PEG-CMC Gels

We initially set out to examine the impact of combining inorganic divalent
cations with PEG-CMC gels. It was thought that this would result in the formation of
ionic cross-linking and hence strengthen the gel network. The gels mechanics were
characterised by oscillatory rheology to investigate the impact cations had. PEG-CMC
was chosen initially as they are commonly used together in commercial denture adhe-
sives. The composition of the PEG-CMC gels used are shown in table 3.1. Figure 3.6

collects the results obtained in these experiments.
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Table 3.1 PEG-CMC and ionic salt ratios for initial experiments

Samble Name CMC Concentra- PEG Concentra- lonic Salt Molar Ratio
P tion /wt% tion /wt% (CMC:Salt)
NaCl-5000 3 1.5 NaCl 5000:1
NaCl-500 3 1.5 NaCl 500:1
NaCl-50 3 1.5 NaCl 50:1
NaCl-5 3 1.5 NaCl 5:1
CaCl»-5000 3 1.5 CaCl; 5000:1
CaCl,-500 3 1.5 CaCl 500:1
CaCl;-50 3 1.5 CacCl, 50:1
CaCly-5 3 1.5 CaCl 5:1
SrCl,-5000 3 1.5 SrCl, 5000:1
SrCl-500 3 1.5 SrCl, 500:1
SrCl>-50 3 1.5 SrCl, 50:1
SrCl-5 3 1.5 SrCl 5:1
HCL-10000 3 1.5 HCL 10000:1
HCL-1000 3 1.5 HCL 1000:1
HCL-100 3 1.5 HCL 100:1
HCL-10 3 1.5 HCL 10:1
HCL-1 3 1.5 HCL 1:1
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Figure 3.6 Representative Frequency Sweeps carried out via oscillatory rheology on PEG-CMC gels with 3 wt%
CMC and 1.5 wt% PEG and varying (a) NacCl, (b) CaCl2, (c) HCL and (d) SrCI2, at concentrations as shown in
table 1. Frequency sweeps were carried out at room temperature with an oscillating displacement of 10 rad from
0.1-100 Hz.
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From figure 3.6 we can see that all the PEG-CMC gels, with and without in-
organic cross-linkers, behave similarly with moduli strongly frequency dependent.
This is expected from physical gels with large water contents, leading to viscoelastic
and poro-viscoelastic mechanical properties?®® 2% 21 The observation of frequency
dependent moduli is common to physical gels as the gel stability comes from the phys-
ical entanglement of polymer chains which when strained at high frequency will lock
together giving a stronger network, while when strained at lower frequency the chains
will have more time slide past one another and hence behave as a weaker network.
This has been shown to be the case for CMC gels?% and chitosan/poly(vinyl alcohol)

gels?,

However, from these initial experiments it is clear that the shear modulus of
the corresponding PEG-CMC gels is not sensitive to the concentration of the inorganic
cross-linkers selected. While this was expected with the addition of NaCI?*® as this is
a monovalent ion and so would only be able to interact with a single chain at a time it
was expected that the divalent cations would have had a strengthening effect as in the
case of alginate? 130 220.232 gng gellan®'® 233, This implies that the ionic interactions
between the negative pendant charges on the CMC backbone and the divalent salts are
not resulting in efficient cross-linking between chains. Alternatively, it may also be
proposed that local sample cross-linking results in some heterogeneity, and the for-
mation of isolated “hard” hydrogel pockets that do not contribute to strengthening of
the mechanical properties of the corresponding hydrogels. The dual PEG network may
also be influencing the efficacy of the ionic cross-linking by chelating and hence com-
peting with cationic binding?*. The chelation may also give rise to localised com-
plexes forming contributing to sample heterogeneity. CMC with a high degree of sub-

stitution (< 1.2) has also been shown to aggregate in dual polymer networks as a result
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of hydrogen bonding, hence the cationic electrolyte solution may be contributing to

the formation of complexes rather than forming cross-links®%,

The impact of PEG on CMC gel mechanics was also characterised, with the
mechanics of native PEG gels also investigated, as shown in figure 3.7. Native PEG
gels with wt% from 0.13% to 6.25% were studied and PEG — CMC gels across the
same range of PEG concentrations combined with 12.5 wt% CMC to see what im-
pact the PEG was having on the CMC gel network. The influence of Pluronic on the

mechanics of CMC gels was also investigated to compare with the results for PEG.
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Figure 3.7 a) Frequency sweeps on PEG gels with weight concentrations from 0.13% to 6.25% and b) comparison
of the impact of PEG and Pluronic on the shear moduli of CMC gels, measured by oscillatory rheology, with wt/wt
concentration of PEG/Pluronic ranging from 1% - 50% compared to the wt concentration of CMC. The concen-
tration of CMC was kept at 12.5 wt%. All error bars are standard deviations.

From figure 3.7a it can be seen that as the concentration of PEG increases the
moduli of the gel increases. The frequency sweeps also show a strong frequency de-

pendence of PEG gels particularly at low PEG concentrations. From figure 3.7b we
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can see that the addition of PEG to CMC gels increases the moduli of the gel, however
this is not seen in the case of Pluronic. This suggests that the PEG is forming an inter-
penetrating network with the CMC resulting in an increased modulus while the Plu-
ronic is more acting as a surfactant. The formation of an interpenetrating network be-
tween PEG and CMC may increase the likelihood of competition between the PEG

and CMC when cationic salts are added as cross-linkers?3*.

3.3.2. Impact of Inorganic Cross-linkers on Hydrodynamic Diameter of CMC Gels

To gain further insight on the impact of inorganic cations on the molecular
structure of CMC hydrogels, we next examined the effect of these analytes on changes
in hydrodynamic diameter of dilute CMC solutions (therefore focusing on individual
polymer chains). It was thought that the addition of inorganic cationic crosslinkers
would result in cross chain crosslinking, however, as will be shown it in fact seemed
to result in a coacervate like structure with the chains crosslinking with themselves
and collapsing, as shown in figure 3.8. We first examined the evolution of hydrody-
namic diameter and viscosity as a function of CMC concentration (Figure 3.9). Vary-
ing the concentration of CMC solutions from 0.001 to 0.1 wt%, it was observed that
the hydrodynamic diameters measured initially increased steadily (below 0.01 wt%),
before reaching a plateau®® at higher concentrations. In parallel, the viscosity of so-
lutions increased monotonically as the polymer concentration increased, even after the
hydrodynamic diameter plateau was reached. As the pH of these solutions was kept
constant, this indicates that CMC chains gradually assemble into small aggregates,
reaching stable sizes above 0.01 wt%. However, it should be noted that the light scat-

tering set up used, and the 632.8 nm wavelength of the light source, are not as adapted
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for particles/polymers with hydrodynamic diameters above 500 nm, as secondary scat-

tering events are potentially occurring and are ignored by the data processing proto-

C0|235, 236.

Figure 3.8 Schematic showing the result of the addition of inorganic divalent cationic crosslinks on CMC gels.

Varying the concentration of two inorganic cations, CaCl. and SrCl, had a
strong impact on the conformation of polymer chains in dilute solutions. Hence hy-
drodynamic diameters decreased rapidly as the concentration of these two cations in-
creased. This occurred faster in the case of Ca?*. Such trend implies that CMC chains
(and aggregates) are complexed by divalent cations and partially collapse, as a result
of intramolecular cross-linking. It could also be argued that divalent cations dissociate
aggregates seen at higher concentrations, perhaps as they compete with carboxylic
moieties and associated hydrogen bonding. It has been shown that polyelectrolytes in
the presence of oppositely charged nanocolloids form micelles, where polyelectrolyte
chain collapses due to ionic interactions with the oppositely charged nanocolloids?®’.
Similarly increased ionic strength has also been shown to result in a decrease in the
hydrodynamic diameter of sodium hyaluronate?® a worm like charged polysaccha-
ride. Hence our results confirm the strong impact of divalent inorganic cations on

CMC chain conformation and molecular bonding. This implies that the lack of change
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in rheological profiles observed in PEG-CMC hydrogels results from the lack of me-
chanical coupling between densely cross-linked and collapsed nodes, rather than the

absence of interactions between divalent cations and CMC molecules.
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Figure 3.9 a) Particle sizing and viscosity measurements of CMC solution from 0.001 — 0.1 wt% CMC, b) particle
sizing of 0.05 wt% CMC gels with 1% to 100% mol/mol inorganic cationic cross-linkers relative to the molar
concentration of CMC and c) particle sizing of 0.05 wt% CMC gels with 1 to 50 wt/wt% PEG or Pluronic relative
to the weight concentration of CMC. All error bars are standard deviations.

The influence of PEG and Pluronic on the particle sizes of PEG-CMC gels was
also investigated. Here the results show that increasing the PEG concentration causes
a decrease in the particle size, from 590 nm at 1% PEG to 260nm at 20%, plateauing
at PEG concentrations above 20 wt/wt%. This shows that the PEG chains are interact-
ing with the CMC network forming aggregates, similar to what is seen with polysac-
charide/protein coacervates. The interpenetrating network formed by the PEG does
however interact across aggregates as shown by the increase in the moduli of PEG-

CMC gels with increasing PEG. The Pluronic shows a less significant trend which
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corresponds well with the rheological data where the Pluronic has negligible effect on

the mechanics of the Pluronic-CMC gels.

As a result of this data, it was decided that the experiments would be repeated
in the absence of PEG and at higher CMC concentrations (more relevant for denture
adhesive applications and in an effort to increase chain density and cross-linking). In
addition, as gels were stiffer, they also proved adapted for adhesive testing by lap
shear assay, as the gel would not significantly flow under the weight of the slides

alone.

3.3.3. Impact of Inorganic Cationic Cross-linkers on CMC Gels
The CMC concentration and molar ratios of inorganic cations used are shown
in table 3.2. Results from the oscillatory rheometry, lap shear testing for these condi-

tions are shown in figure 3.11a-c.

Table 3.2 CMC gel and ionic salt concentrations tested

sample cMmC Ct?n- lonic Mola.r Ra-
Name centration Salt tio

/wt% (CMC:Salt)
CaCl-20 12.5 CaCl 20:1
CaCly-5 12.5 CaCl 5:1
CaCl2-2 12.5 CaCl, 2:1
CaCl-1 12.5 CaCl; 1:1
SrCl-20 12.5 SrCl, 20:1
SrCl,-5 12.5 SrCl, 5:1
SrCl2-2 12.5 SrCl 2:1
SrCl,-1 12.5 SrCl, 1:1

We found that, at the highest concentrations of ionic salt added, we began to
see slight precipitation, as shown in figure 310. This was assumed to be the result of

the CMC chains collapsing in the presence of the inorganic divalent cations, resulting
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in the formation of denser complexes and increasing the heterogeneity of the corre-

sponding hydrogels.

Figure 3.10 Image of CMC gels with a low (20:1 CMC: CaCl2) salt concentration added on the left and a high
(1:1) salt concentration on the right. It is clear that at high salt concentration the CMC begins to precipitate out
and becomes heterogeneous, hence the cloudy appearance of the gel.

Precipitation at high salt concentration is also observable in the lap shear pro-
files, particularly for the CMC-CaCl, samples, for which we observed an initial in-
crease in the adhesive shear strength as the salt concentration increased, before a drop

at the highest concentration as shown in figure 3.11b.
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Figure 3.11 Characterisation of CMC gels with varying concentration of inorganic divalent cations by a) and c)
oscillatory rheology showing a summary of the moduli at the different salt concentrations at 1Hz (the orange line
showing the modulus of native CMC) and representative frequency sweeps at a salt concentration of 20% respec-
tively, b) summary of the lap shear data showing the peak adhesive force for CMC gels as a function of cation
molar concentrations (with respect to the carboxylic acid moiety molar concentration); orange line showing the
average peak of native CMC gel), and A minimum of three samples per experiment were tested. All error bars are
standard deviations.

Figure 3.11 gathers results from the oscillatory rheology and lap shear testing
carried out on CMC gels in the presence of divalent cations Ca?* and Sr?*, as shown
in table 3.2. From the frequency sweeps, in oscillatory rheology, it is clear that the
shear moduli of CMC gels with and without ionic salts have a strong frequency de-
pendence, this is again expected due to the microstructure of the CMC gels, being
physical gels with high water content, leading to strong viscoelastic or poro-viscoe-
lastic properties'* 12, Furthermore, the increase in moduli with increasing ionic salt
concentration seen with the addition of CaCl, implies that ionic bonds between CMC
chains are being formed which are strengthening the gel network. This phenomenon
has been shown in other similar polyelectrolyte polysaccharides such as alginate?®

and xanthan?*®. Furthermore ionic cross-links in CMC solutions have been shown to
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increase the viscosity implying some degree of bridging between CMC chains?. Fur-
thermore the strong frequency dependence of soft physical gels is expected in the

presence of ionic cross-links# 2%,

The increase in shear moduli with increasing CaCl; ions is in good agreement
with the lap shear data, with increasing peak force at increasing ionic strength. How-
ever in the lap shear data the peak force begins to decrease again at the highest salt
concentrations (1:1 molar ratio) whereas shear moduli remain stable at these concen-
trations. Furthermore, the trend in the rheology data as a function of CaCl, concentra-
tion was not reproduced with the addition of SrCls, although the lap shear data is in
good agreement between these two samples. The addition of ionic cross-links to gellan
gum has been shown to result in a significant increase in the ultimate tensile strength
despite not increasing the Young’s modulus?*, similar to what has been found in our
study where the peak adhesive force is increased by ionic cross-links while the shear
moduli is unaffected. This could imply that the ionic cross-links add an energy dissi-
pation method which increases the ultimate tensile strength of the gel, however does

not significantly influence the Young’s moduli.

To gain further insight in the behaviour of the gels at increasing ionic strength,
we analysed light scattering data for CMC solutions in the presence of these two cat-
ions (figure 3.9b). As noted above, we had observed that, as the salt concentration
increased, the hydrodynamic diameter of polymer chains decreased. This implies that,
in the presence of divalent cations, CMC chains are collapsing rather than forming
bridges between chains, as would be expected at such high dilutions. Increases in shear
moduli observed at higher Ca?* concentrations may indicate that these ions, at such

higher CMC concentrations (and in the absence of PEG chains) are able to bridge

119



macromolecules and clusters of macromolecules, contributing to the mechanical prop-
erties of the macroscopy network. However, Sr2+, displaying weaker interactions
with CMC molecules (Figure 3.11) and associated changes in hydrodynamic diame-
ters, do not lead to such strengthening, and in fact may shield interactions between
carboxylic groups, resulting in a slight decrease. Hence, as clusters of polymer within
the soft matrix arise, in lap shear tests, Sr2* ions may limit the propagation of disloca-

tions and fractures, and allow to delay sample failure.

The idea that the CMC chains are collapsing in on themselves is also suggested
by the visible precipitation that occurs at high concentration of electrolytes. It is there-
fore believed that the addition of divalent cations does not only generate cross-links
between chains, but also result in chain collapse and the formation of isolated “hard”
clusters that do not contribute mechanically to the macroscopic mechanical properties
of the materials. Hence, two opposing effects impact on CMC hydrogels macroscale
mechanics. Therefore, we proposed that polymeric cross-linkers that display terminal
cationic “handles” would allow simultaneous complexation of CMC chains, as well
as acting as tethers between the resulting hard cores, to strengthen hydrogel mechan-

ics.

3.3.4. Impact of Organic Cationic Cross-linkers on CMC Gelation

Given the results obtained for the addition of divalent cationic salts on CMC
gel mechanics, appearing to cause chain collapse, the impact of longer chain length
organic cationic cross-linkers was investigated. Using longer chain length crosslinks
it was thought could promote interchain crosslinking, however again the results sug-
gest something different. As will be shown in this case while the multivalent organic
crosslinkers result in some inter-chain crosslinking there is also still chain collapse as
shown in figure 3.12.
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Figure 3.12 schematic showing the impact of multivalent cationic organic crosslinkers on CMC gels, promoting
chain collapse alongside some inter-chain crosslinking.

Here the cross-linkers studied were DETA, PEHA and two end capped poly-
oxazoline block copolymers, shown in figure 3.13, therefore displaying cationic “han-
dles” with different chain lengths. The cross-linkers used and their concentrations are
shown in table 3.3. The DETA and PEHA are not charged at neutral pH, so HCL was
added to the corresponding solutions, at ratios of 3:1 and 6:1 respectively (HCL:

DETA/PEHA) molar ratio. DETA and PEHA were also used without HCL as a con-

H H
N N
HO 0 OH
n 71 n

Figure 3.13 Chemical structure of the PEtOx-PEG-PEtOx block copolymers, where n = 10, for bloc 10, and n =
35 for bloc 35, with cationic tertiary amine groups on the end caps

trol.

The synthesised PEtOx-PEG-PEtOx block copolymer consists of positively
charged end caps on a PEG backbone. Two variants of the block copolymer have been
used, bloc 10 and bloc 35, where n = 10 and 35 respectively for the number of repeat
units of each end cap. These two block copolymers were chosen to investigate the
impact of oppositely charged polyelectrolytes, with varying molecular weights, on the

hydrodynamic diameter and mechanics of CMC gels.
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Table 3.3 CMC gels and organic cross-linker concentrations tested

cmc Cc.m- lonic  Molar Ratio (CMC:
Sample Name centration Salt X-Linker: HCL)
/wit%

bloc 10 - 20 12.5 bloc 10 20:1:0
bloc 10 -5 12.5 bloc 10 5:1:0
bloc 10-2 12.5 bloc 10 2:1:0
bloc10-1 12.5 bloc 10 1:1:0
bloc 35 - 20 12.5 bloc 35 20:1:0
bloc35-5 12.5 bloc 35 5:1:0
bloc 35 -2 12.5 bloc 35 2:1:0
bloc35-1 12.5 bloc 35 1:1:0
DETA - 20 12.5 DETA 20:1:0
DETA -5 12.5 DETA 5:1:0
DETA -2 12.5 DETA 2:1:0
DETA-1 12.5 DETA 1:1:0
PEHA - 20 12.5 PEHA 20:1:0
PEHA -5 12.5 PEHA 5:1:0
PEHA - 2 12.5 PEHA 2:1:0
PEHA -1 12.5 PEHA 1:1:0
DETA HCL - 20 12.5 DETA 20:1:3
DETAHCL-5 12.5 DETA 5:1:3
DETA HCL- 2 12.5 DETA 2:1:3
DETAHCL-1 12.5 DETA 1:1:3
PEHA HCL - 20 12.5 PEHA 20:1:6
PEHA HCL-5 12.5 PEHA 5:1:6
PEHA HCL - 2 12.5 PEHA 2:1:6
PEHA HCL -1 12.5 PEHA 1:1:6

The CMC gels with varying organic cross-linker concentrations, shown in ta-
ble 3.3, were tested using the same protocols used to study the inorganic ionic cross-
linkers, namely oscillatory rheology, lap shear testing and dynamic light scattering.
The results obtained for the CMC gels with organics cross-linkers are shown in figure

3.14.
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Figure 3.14 Characterisation of CMC gels with varying mol/mol concentrations of organic cations (where the
mol/mol ratio is the ratio of amines per mole of carboxylic acid) by a) and c) oscillatory rheology showing a
summary of the moduli at the different salt concentrations at 1Hz (the orange line showing the modulus of native
CMC) and representative frequency sweeps at an organic binder concentration of 20% respectively, b) summary
of the lap shear data showing the peak adhesive force for CMC gels varying the organic binders molar concen-
trations (orange line showing the average peak of native CMC gel), and d) light scattering data for CMC with
varying organic cation concentrations with a CMC weight concentration of 0.05%, keeping the ratios of CMC:
organic cations the same as those used for the rheology and lap shear experiments. A minimum of three samples
per experiment were tested. All error bars are standard deviations.

From figure 3.14 we can see that our results for the CMC gels with varying
concentrations of organic cations are similar to those we obtained for inorganic cati-
onic salts. Again, the shear moduli of the CMC with and without the organic cross-
linkers show a strong frequency dependency, as shown in figure 3.14c, as we would
expect for a physical gel with high water content. The high frequency dependence
resulting from the viscoelastic nature of the CMC being a physical gel with high water
content. Here however there is no increase in shear moduli with any of the organic
binders studied. Similar polysaccharide based coacervates like BSA/pectin®!, BSA/k-
carrageen®¥?, gelatin/sodium montmorillonite?*® and O-carboxymethyl chitosan/gum

Arabic®** show similar strongly frequency dependent rheological properties arising
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from the purely physical nature of the gel. Furthermore increasing the ionic strength
of the solution results in a modest decrease in the shear moduli of many of these

gels?*!: 242 a5 opposed to any matrix strengthening.

However, we observed a clear increase in the peak adhesive strength of 1.6 N
in lap shear tests (Figure 3.14B). This is particularly clear for the block copolymers,
for which a sharp increase is seen at very low concentrations. The PEHA and DETA
without HCL, however show little to no impact on the adhesive shear strength. This
is as expected as without HCL the PEHA and DETA samples are not charged and
hence no cross-linking is expected to result from adding these to the CMC gel,
whereas with DETA and HCL we do see a noticeable increase in the adhesive shear
strength. As was the case for the inorganic cross-linkers, all the samples tested by lap
shear failed cohesively with clear samples residues still covering both sides of the lap

shear testing geometry.

Dynamic light scattering was carried out next, to explore molecular interac-
tions between the different organic cations and CMC chains. Significantly larger par-
ticle sizes resulted from the addition of the bloc copolymers when compared to the
inorganic salts (apart from the addition of unprotonated DETA), with particle sizes in
the range of 3000 to 550 nm in the presence of organic cations, compared to 550 to
100 nm with the inorganic salts. While um sized particles cannot be reliably quantified
by dynamic light scattering, this still suggests significant bridging between CMC
chains with the addition of such multivalent organic salts. However, at higher cation
concentrations, the hydrodynamic diameters of CMC complexes decreased in size, as
was observed for inorganic cations. Therefore, our results indicate that, although or-
ganic cations are bridging across several CMC chains and bringing them together to
former larger complexes at low mole ratios, they result in the collapse of CMC chains
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at high mole ratios, as shown in figure 3.14. This phenomenon is seen in other coac-
ervate systems where if the ionic strength of the solution is not carefully tuned the
electrolytes will complex and precipitate rather than forming a two phase coacervate
gelt®6:227.228 |n contrast, unprotonated DETA did not display initial increase in com-
plex size and did not result in CMC chain collapse, in line with its neutral structure
and the absence of any significant hydrogen bonding between the components of this
system. Therefore, the bridging of CMC chains by organic cations results in very little
change in the bulk mechanics of CMC gels due to the local collapse of CMC chains.
It could be proposed that longer PEG tethers could help alleviating such local collapse
and provide improved long range cross-linking of CMC chains. In contrast, the adhe-
sive shear strength of the corresponding gels was significantly improved at low binder
concentration, presumably due to stronger fracture healing properties of the associated

networks.

3.4 Conclusion

The impact of inorganic divalent cationic cross-linkers and organic cationic
polyelectolyte cross-linkers on CMC gel rheology and adhesive strength was studied.
It was thought that the inorganic cationic cross-linkers would form rigid cross-links
between CMC chains. However it was found that there was no significant impact on
the bulk mechanics characterised by oscillatory rheology. It was also found that when
the ionic cross-linker concentration was high the gels became cloudy and hence some
precipitation was occurring. The particle size was characterised using dynamic light
scattering showing the addition of inorganic divalent cations was resulting in a de-
crease in the particle size. It was therefore shown that the addition of inorganic cati-
onic cross-linkers was resulting in the CMC chains complexing rather than cross-link-

ing across chains. The inorganic cross-linkers did however result in an increase in the
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adhesive strength characterised by lap shear testing. This suggests that the complexes
formed and ionic cross-links did result in as energy dissipation method giving the gels

a greater adhesive strength.

In the case of adding organic cationic cross-links the results were similar with
no significant increase in the bulk mechanics resulting from the addition of the cross-
linkers. When studying the particle sizing it was found that the particle sizes in the
presence of the organic cross-links were significantly larger, ranging from 3000 nm —
550nm compared to 500 — 100 nm in the case where inorganics cross-links were used.
This showed that some cross-linking was occurring between the CMC chains. How-
ever it was again seen that at high concentrations of ionic crosslinks precipitation was
occurring. The interactions between the organic cationic polyelectrolyte cross-linkers
and the CMC chains appears to result in complex coacervation where complexes of
CMC chains are loosely bound within a more dilute bulk network. Interestingly the
formation of the CMC coacervates also resulted in an increase in the adhesive
strength, suggesting that the coacervates offer an energy dissipation method resulting

in an increased adhesive strength.
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Chapter Four

Analytical Modelling of Interfacial Mechanics of Liquid-
Liquid Interfaces

4.1 Introduction

The use of emulsions in processing is a common occurrence in the oil and gas
and chemical industries!4® 168 245247 ‘nderstanding the properties of emulsions and
parameters stabilising oil-water interfaces is of the utmost importance for processes
such as, emulsification, and two-phase reactions and extractions that yield products
such as bulk and fine chemicals, pharmaceuticals and nanoparticles®® 24°. The stabil-
ity of emulsions is one of the major concerns for industrial applications. Emulsions
are dispersed systems and, as a result are thermodynamically unstable, however in the
presence of surfactants can remain stable for long periods of time and can hence be

considered dynamically stable?®.

An important mechanism for the destabilisation of emulsions consists of the
drainage of the continuous fluid phase between droplets, leading to their coales-
cence*® 247 This lead to research into the forces between oil droplets within emul-
sions and the development of DVLO theory'®51%7. The DVLO theory describes the
distribution of charges in ionic solutions and can be used to describe forces between
colloids and provides some of the fundamental understanding of the stability of emul-
sions. This theory has been extended to understand forces between a colloidal AFM
indenter and oil droplets in solution!t 172248 and shows that van der Waals and elec-
tric double layer forces are key factors influencing interfacial mechanics.
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Another method to study interfacial mechanics is the use of interfacial rheol-
ogy. Here the factors dominating the mechanical response can be broken down into
the physical properties of the fluids and the properties relating to surface-active spe-
cies across the fluid interface. The former is a function of the viscosity, density, purity
and polarity of the two phases, and the pH and ionic strength of the continuous phase.
For the later the capability of the surface active molecules to lower the interfacial
surface tension, the amount they adsorb, their ability to desorb and unfold upon ad-
sorption, the thickness of the absorbed layer, interactions between molecules and their

mobility will define the mechanical properties of the interface/emulsion*3 24,

Interfacial rheology focuses on the relationship between the shear deformation
of an interface and the force applied both as a function of time. The understanding of
this relationship is utilised in many industrial applications for example modelling of
foam drainage and Ostwald ripening in emulsions®? 2!, Furthermore the study of in-
terfacial mechanics is becoming increasingly relevant to bioengineering, particularly

the study of cell adhesions and cell fate!44-146,

Recently, the importance of interfacial mechanics was also highlighted in the
field of cell biology and stem cell culture. Indeed, adherent cells are typically thought
to require solid, elastic or viscoelastic, substrates in order to proliferate. Studies have
shown that substrate bulk mechanics and cell adhesion do not directly correlate with
cells being shown to adhere to liquid PDMS?, viscoelastic hydrogels®® and soft nano-
fibers'®®. Cell adhesion to liquid interfaces is particularly surprising in light of the
speed at which they relax (typical relaxation times < ms) which is thought to prohibit
stabilisation of focal adhesions. This implies either a very different cell adhesion
mechanism, or the formation of a mechanically stable elastic interface to which the
cells can form stable adhesions!*. Hence understanding the interfacial mechanics in
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shear and normal to the interface are essential to understanding the mechanism by

which cells adhere at liquid interfaces.

An important aspect of cell adhesions at liquid interfaces is stabilisation of the
interface. Similar to stabilising emulsions, a protein film is deposited at the interface
in this case allowing for cells to adhere. Protein have been widely studied and are
important in many biological functions, such as acting as catalysts, substrate binders,
as structural components and as transporters'4’- 8, The function of proteins is defined
by their amino acid sequences. Proteins chains can assemble forming two dimensional
secondary structures, which in turn can fold into three dimensional, tertiary, fully
functional proteins. The tertiary proteins can then assemble into larger functional com-
plexes. Protein complexes remain stable and folded through amino acids interacting

by hydrogen bonding, ionic and hydrophobic interactions*3 14,

The surface activity of proteins depends upon numerous factors, including,
their thermodynamic stability, flexibility, molecular size and charge®#® 151152 The ad-
sorption of proteins at interfaces is a multistep process which follows the following
general steps 148 153 154 first, diffusion of proteins from the aqueous phase to the in-
terface, followed by adsorption of the proteins. The proteins can then change their
molecular structure, finally spreading across the interface. Protein unfolding after dep-
osition is dependent on the nature of the interface, if it is air/liquid, liquid/liquid or
liquid/solid, the bulk phase conditions, such as the pH, temperature, ionic strength and
protein concentration'*® 147155 and on the intrinsic properties of the protein itself.
Protein adsorption leads to a decrease in the interfacial surface tension, the change in
surface tension changes over time and can take minutes to hours to plateau depending
on the conditions!*”. Upon deposition the proteins can interact laterally often resulting
in irreversible binding®>*. The mechanics of adsorbed protein films at interfaces is
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determined by the by the bonding of the protein to the interface and the nature of the
bonding between protein chains. Adsorbed proteins have been shown to form close

packed, cross-linked gel like structures43 155157,

The interfacial mechanical response of proteins films by shear rheology is pre-
dominantly a function of the structure formed between the adsorbed proteins, as there
is no change in the surface area under shear loading. However when tested by
nanoindentation the mechanical response is more complex as you have a combination
of the interfacial surface tension forces and the response owing to the deformation of
the protein film. On the um scale, or below the capillary length, the interfacial surface
tension response to indentation is shown to be a complex problem with the mechanics
resulting from a combination of numerous phenomenon, including, the electrostatic
double layer forces between the probe and the droplet, hydrophobic interactions, van
der Waals forces and surface tension forces!’® 172 252-25% \When protein layers are in-
troduced as well this clearly becomes an even more involved problem. The interac-
tions between interfaces and colloidal indenters is described by DVLO theory85-167:
171172 ‘however these models do not include any contribution from the deformation of

the protein film.

The aim of this chapter is to characterise and model the interfacial mechanics of pro-
tein films adsorbed on liquid/liquid interfaces. The characterisation of the interfaces
was performed by interfacial oscillatory rheology and nanoindentation by AFM. The
relative mechanical contribution of the interfacial surface tension forces and the ad-
sorbed protein films to indentation was modelled in order to better understand the

mechanics of adsorbed protein films at liquid/liquid interfaces.
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4.2 Methods and Materials

Materials

Pentafluorobenzoyl chloride (PFBC), benzoyl chloride, lysozyme, bovine se-
rum albumin (BSA), poly-I-lysine (PLL) and 20 um diameter silicon particles were
all purchased from Sigma Aldrich. Blandol® White Mineral Oil was purchased from

Sonneborn. 3M™ Novec™ 7500 Engineered Fluid was purchased from fluorochem.

Bruker ORC 8 — 10 AFM tips were purchased from Bruker.

Sample Preparation

Interfaces were prepared following comparable protocols, with small varia-
tions depending on how they were to be tested, in order to accommaodate for the equip-
ment being used. The different compositions used are shown in table 4.1. The oils
with pro-surfactant (acyl chloride) were always mixed separately before the aqueous
phase was added. In cases, where proteins were used these were added after the aque-
ous and oil phases were mixed and allowed to deposit over time. The PLL and BSA
films on fluorinated oil were allowed to assemble for at least 2 h to form a protein
film, while films on the mineral oil were left overnight. For samples characterised by
AFM and Zetasizing the excess protein was washed away by removing as much of
the aqueous phase as possible and refilling it with PBS, this was repeated 6 times to

ensure the solution was adequately rinsed.
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Table 4.1 Composition of oil — PBS interfaces characterised by rheology, nanoindentation and pendent droplet

testing
A Surfactant Protein Con-
Oil Phase g‘;gg:s Surfactant Concentration  Protein | centration
(mg/mL) (mg/mL)
Fluorinated PBS pH i i i i
QOil 7.4
Fluorinated | PBS pH Pentafluorobenzyl 0.01 i i
il 7.4 Chloride )
) Bovine
Fluorinated PBS pH
oil 74 - - Serum 1
’ Albumin
Fluorinated | PBS pH Pentafluorobenzyl Bovine
. . 0.01 Serum 1
oil 7.4 Chloride .
Albumin
Fluorinated | PBS pH Pentafluorobenzyl 0.01 Poly-L- 01
il 7.4 Chloride ’ Lysine ’
Fluorinated | PBS pH Pentafluorobenzyl 0.01 Poly-L- 01
oil 10.5 Chloride ) Lysine )
. . PBS pH
Mineral Oil 74 - - - -
Mineral Qil PB7S:’H Benzoyl Chloride 0.1 - -
Mineral Oil PBS pH Benzoyl Chloride 0.1 Lyso- 10
7.4 zyme

For pendent droplet experiments, using mineral oil, the protein had to be added
to the aqueous solution before being introduced to the oil as the oil was less dense
than PBS and hence the droplet was the aqueous phase and so the protein couldn’t be

added sequentially.

Finally for electrophoretic light scattering, samples were prepared as emul-

sions by vortexing the samples after adding the protein. Once vortexed the samples
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were left for two hours for the protein to fully absorb before being washed using the

same method outlined in the paragraph above.

Interfacial Rheology

Interfacial rheology was carried out using a Discovery Hybrid Rheometer 3
from TA Instruments. The following protocol was used to characterise the interfaces
shown in table 4.1. First, the denser of the two phases was added to the PTFE trough
(19 mL) and the height of the liquid zeroed by measuring the normal force whilst
lowering the De Nouy ring until the ‘pull in’ force is observed. The ring is then low-
ered to position the first liquid-air interface at the ring equatorial plane, before the
second phase, either oil or aqueous depending on the density of the oil used, is added
(20 mL). For samples without any protein the interfacial modulus is then directly
measured using an oscillatory frequency sweep, from 0.001 — 0.1 Hz with a displace-
ment of 10 rad. The relaxation profile is also recorded using a peak strain of 1% at a
rate of 1 %/s, the strain is then held for 120 s. Where a protein film was studied the
first step is a time sweep initially without any protein. The protein is then added after
30 min and the time sweep is left to run for 3 h and 12 h, for the films on the fluorinated
and mineral oil respectively, these times correspond to the time it took for the interfa-
cial shear moduli to plateau and hence for the film to fully form. After the time sweeps
the frequency sweep and stress relaxation tests are performed as before. Finally an

amplitude sweep is performed from 10 — 10 rad at 0.1 Hz.

Interfacial rheology experiments on the fluorinated oil — PBS system with BSA
and PLL were performed by Dexu Kong and Lihui Peng of Queen Mary University
of London. The interfacial characterisation of BSA** and PLL*® films have both been
published. All interfacial rheology on the mineral oil — PBS system with lysozyme
were performed independently.
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Interfacial AFM

Interfacial AFM was performed using an NT-MDT Ntegra Atomic Force Mi-
croscope with Bruker ORC 8 — 10 Contact AFM Tips with spring constants of ~0.05
N/m, the spring constant for each tip used was measured using the Sader method?’.
The tips were plasma oxidised before each experiment. Before testing the interfaces
the tips were calibrated by indenting a silicon wafer in order to be able to convert the
deflection in nA into nm. Each interface was indented on three separate 1 um X 1um
areas over which 100 indents were performed. The curve time for each curve was 1 s.
The indentation depth was kept between 500 — 1000 nm depending on the sample. A

minimum of three samples for each condition were tested.

Zeta Potential

The surface charge of the nanoparticles were determined by electrophoretic
light scattering using a Malvern Zetasizer Nano ZS fitted with a 633 nm red laser. The
zeta potential (§) of the particles was estimated from the electrophoretic mobility (u)

as according to the Helmholtz-Smoluchowski equation:

u=e- [4.1]

Where 7 is the viscosity, and e is the dielectric constant. 0.5 mL of each emul-

sion was used in DTS1070 Folded Capillary Zeta Cells.

Pendant Droplet

The measurement of surface tension using the pendent droplet assay was per-
formed using a Kruss DSA 100 to capture images, which were then analysed using
Image J. The droplets were always from the denser of the two fluids and as large a
drop as possible (whilst recording the corresponding volumes) were suspended before
images were taken. Images were taken as soon as the droplet was suspended and after
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10 min for the interfaces in the absence of any protein. Where the protein was added,
Images were captured as soon as the protein was added and up to 10 min after, then
the samples were left over night to ensure the film was fully formed and then further

Images were captured.

4.3 Results and Discussion

4.3.1. Mechanical Characterisation of Fluorinated Oil Interfaces with BSA and
PLL Protein Films

The study of the mechanics of fluid — fluid interfaces was prompted to better
understand the mechanical behaviour of these interfaces and identify important pa-
rameters regulating cell adhesion and growth at fluid interfaces. It has been shown
that cells can grow on liquid-liquid interfaces (fluorinated oil-PBS) at which protein
nanosheets were deposited (both PLL and BSA). It was observed, via interfacial rhe-
ology, that the interfacial shear moduli of the corresponding interfaces increased by
several orders of magnitude upon addition of the protein solution, depending on the
concentration of pro-surfactant and pH of the aqueous phase!#-14¢, To confirm these
observations, the mechanics of the corresponding fluorinated oil — PBS interfaces,
with and without protein, were initially characterised by AFM nanoindentation and
compared to the previously recorded results. Oscillatory rheology and nanoindenta-
tion were selected in order to probe both the bulk, or macroscale, mechanics and the
local, or nano-scale, mechanical properties. However interfacial rheology probes the
shear “in-plane” properties of interfaces, whilst AFM nanoindentation probes trans-
verse mechanical deformations, which are thought to result from a complex combina-

tion of surface tension and nanosheets mechanics, amongst other parameters (see
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model and discussion in section 4.3.4). The local mechanics were particularly inter-
esting from the perspective of cell adhesion and mechano-transduction. Initial AFM

experiments were conducted using a plain pyramidal AFM tip.
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Figure 4.1 Mechanical characterisation of fluorinated oil — PBS interfaces, done by Dr Dexu Kong, with and
without protein films by oscillatory rheology** 146, showing a) the frequency sweeps performed on the different
interfaces with an oscillating displacement of 10 rad, from 0.01 — 100 Hz, and b) a summary comparing the
storage moduli for the different conditions tested. All error bars are standard deviations. The surfactant used was
PFBC at 0.01 mg/mL and the PLL and BSA concentrations were 1 mg/mL and 0.1 mg/mL respectively.

The collected results of the frequency sweeps by interfacial rheology on the
fluorinated oil — PBS interfaces, shown in figure 4.1 and 4.2, are in good agreement
previous data obtained after the addition of BSA (0.45 N/m here compared to 20 N/m
reported by Keese and Giaever in similar conditions®) and PLL proteins resulting in
a dramatic (3-4 orders of magnitude) increase in the shear moduli. In particular, PLL
assembled at pH 10.5 gives a much more significant increase in moduli compared to
the PLL assembled at pH 7.4. This is expected as, at neutral pH, PLL is protonated
and cannot form amide bonds that are responsible to tether this polymer to the pro-

surfactant and pin it to the interface®°. At pH 10.5, PLL forms a stronger film than

136



the BSA on the fluorinated oil, implying better cross-linking or network formation,
although the detailed mechanism regulating such mechanical properties remains un-

clear.
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Figure 4.2 Mechanical characterisation of fluorinated oil — PBS interfaces, done by Dr Dexu Kong, with and
without protein films by oscillatory rheology** 146, showing, a) representative stress relaxation data on fluorinated
oil + [s] — PBS + PLL interfaces with the PLL deposited at pH 10.5 and 7.4 and c) comparison of protein film
adsorption at fluorinated oil + [s] — PBS interfaces for BSA, PLL at pH 7.4 and PLL at pH 10.5.

PLL nanosheets assembled at pH 10.5 also showed the least frequency de-
pendent profiles, with evidence of failure only above 60 Hz, hence indicating the least
viscous response. PLL nanosheets assembled at pH 7.4 displayed the most frequency
dependent profiles, which implies that while some of the PLL was deposited at the
corresponding interface, it didn’t form a strong network with interlock or physically
cross-linked chains, in a similar sense to a physical gel forming in 3D. In the absence
of protein, films were extremely weak and appeared to destabilise at high frequencies

(0.1-0.25 Hz). The interfaces were then characterised by nanoindentation by AFM to
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compare the local normal mechanical response to the interfacial shear properties found

via oscillatory rheology, as shown in figure 4.3.
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Figure 4.3 Nanoindentation by AFM on fluorinated oil — PBS interfaces with and without protein using a plain
pyramidal AFM tip showing a) —f) histograms of the interfacial stiffness for fluorinated oil — PBS only, fluorinated
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oil — PBS + BSA, fluorinated oil + [s] — PBS, fluorinated oil + [s] — PBS + BSA, fluorinated oil + [s] — PBS +
PLL at pH 7.4 and fluorinated oil + [s] — PBS + PLL at pH 10.5 respectively, g) box plot summarising the distri-
bution of the moduli for the fore mentioned conditioned and h) summary of the interfacial stiffness obtained for
the different interfaces. PFBC was used as the surfactant with a concentration of 0.01 mg/mL and the BSA and
PLL concentrations were 1 mg/mL and 0.1 mg/mL respectively. AFM experiments were conducted on a minimum
of three samples with each sample being tested in three 1 zm X 1 zm squares performing 100 indents in each area.
All error bars are standard errors and all values are significantly different apart from those labelled n.s. with p <
0.01

The AFM results with a plain AFM tip as the indenter, shown in figure 4.3,
gave some quite surprising results, especially compared to the interfacial rheology
profiles previously discussed. As the figure 4.3h shows the summary of the interfacial
stiffness of the fluorinated oil — PBS interfaces, with and without any protein. Com-
paring these results to the rheology it is striking that the addition of PLL results in
only a modest increase, from 3.4 N/m to 6.3 N/m, in the transverse indentation stiff-
ness, when tested by AFM, while when tested by rheology we get a significant in-
crease in the interfacial shear modulus, from 4 to 5 orders of magnitude. It was also
striking to see that PLL gave a greater interfacial stiffness when deposited at pH 7.4
compared to pH 10.5, the opposite to what was shown in the oscillatory rheology.
Similarly, the addition of BSA to interfaces led to a slight decrease in the indentation
stiffness of associated interfaces, instead of the increase in interfacial shear modulus
observed by rheology. This is presumably the result of conflicting effects of interfacial
shear mechanics, surface tension and tip-interface adhesions on the indentation profile

measured by AFM.

The fact that the addition of proteins gave such unexpected results led to the
investigation of the spread in the moduli of the interfaces across the sample sets tested,
shown in figure 4.3a — f. The spread in indentation stiffness was large, with a large
number of outliers, as shown in figure 4.3g. It was reasoned that this could be a result
of complex variation in local tip-interface interactions and indentation contact geom-
etry (the droplets indented have a finite radius of curvature). In addition, considering

the softness of the interfaces characterised and the relatively noisy traces obtained, it
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Is also likely that we are working at the limits of resolution of the tip being used. As
such it was decided to investigate the local mechanics using an AFM tip with a col-
loidal bead attached. This would increase the contact area and hence the magnitude of
the forces being measured. Using a colloidal tip would also change the nature of the
contact area, as a sphere has a much lower aspect ratio than a pyramid tip, hence giving
a more uniform contact with less shear forces. The results of the nanoindentation using

a colloidal tip are shown in figure 4.4.

141



a b)

Frequency

e

Fregeuncy

25 30 35 40 16 18 20 22 24 26 28 30
Interfacial Stiffness (mN/m) Interfacial Stiffness (mN/m)
c d
) 35 ) 35
30 30t

Frequency
Frequency

16 18 20 22 24 26 28 10 12 14 16 18 20 22
Interfacial Stiffness (mN/m) Interfacial Stiffness (mN/m)
e f
) 35 ) 35
30 30
25 25
oy Tl
5 5
E 2
g &
o o 15F

15 16 17 18 19 20 2 22 23 24 12 14 16 18 20 22 24 26 28
Interfacial Stiffness (mN/m) Interfacial Stiffness (mN/m)

g) h) n.s.

(ST S T ]
S o © ;o
L L L L

Interfacial Stiffness (mN/m)
o

Interfacial Stiffness (mN/m)

B
. T ; 10 -
S O = ¥ ;-
D n n " n 1 n
FOI-PBS  BSA s []+BSA  [s]+Pll [s]+Pl F-0il + [s]  [s]+BSA [s]+Pl [s]+Pl
PBS pH7.4  pH10.5
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and without protein using a plain pyramid AFM tip showing a) — f) histograms of the interfacial stiffness for
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fluorinated oil — PBS only, fluorinated oil — PBS + BSA, fluorinated oil + [s] — PBS, fluorinated oil + [s] — PBS
+ BSA, fluorinated oil + [s] — PBS + PLL at pH 7.4 and fluorinated oil + [s] — PBS + PLL at pH 10.5 respectively,
g) box plot summarising the distribution of the moduli for the fore mentioned conditioned and h) summary of the
interfacial stiffness obtained for the different interfaces. The surfactant used was PFBC at a concentration of 0.01
mg/mL and the proteins used were BSA and PLL at concentrations of 1 mg/mL and n0.1 mg/mL respectively. AFM
experiments were conducted on a minimum of three samples with each sample being tested in three 1 zm X 1 gm
squares performing 100 indents in each area. All error bars are standard errors and all values are significantly
different, apart from those labelled n.s. with p < 0.01

The results for the colloidal nanoindentation by AFM on the fluorinated oil —
PBS interfaces, figure 4.4, showed very different trends to both the pyramid tip and
the oscillatory rheology. First, both the fluorinated oil + surfactant — PBS, and fluori-
nated oil + surfactant — PBS + BSA interfaces resulted in a significant drop in interfa-
cial stiffness compared to the fluorinated oil — PBS interface, rather than an increase
in stiffness as seen using a pyramid tip and by rheology. The increase in stiffness from
adding PLL at pH 10.5 was also insignificant for the colloidal AFM compared with
using the plain pyramidal tip. Despite these differences the addition of PLL at pH 7.4
again resulted in the most significant increase in the interfacial modulus. Interestingly
across all the AFM experiments performed, with and without a colloid, the histograms
of the spread in interfacial stiffness gives bi, or trimodel distributions. The fact that
we have numerous peaks shows that across samples we are measuring different me-
chanical properties. What is driving these differences is not clear, however as will be
shown in 4.3.4 small changes to the surface chemistry can result in significant changes
in the mechanics of the interfaces and this may be what is being seen here. The differ-
ences between the colloidal and pyramid tip nanoindentation are highlighted in figure

4.6 where the normalised interfacial stiffness is compared.
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Figure 4.5 Comparison of the normalised interfacial stiffness of fluorinated oil — PBS interfaces, with and without
protein, when tested using a colloidal AFM tip against a plain pyramid tip. All error bars are standard errors.

Despite showing a very different trend to the results obtained by oscillatory
rheology the colloidal AFM data may make sense as the nature of the loading by in-
dentation is very different to the shear forces exerted by rheology. As such the contri-
bution to the interfacial stiffness by surface tension, as well as other tip-interface in-
teractions, should be considered for the nanoindentation, whereas these factors can be
neglected in the case of rheology, as the contact areas between the different geometry
are essential constant. Hence, the decrease in stiffness from the addition of surfactant,
observed in Figure 4.5, may be a result in the surface tension being reduced. The re-
duction in surface tension from the additional surfactant may also explain why the
BSA does not have the same strengthening effect as seen in oscillatory rheology, as
the modest increase in interfacial stiffness resulting from the BSA is negligible com-
pared to the decrease in the surface tension resulting from this protein surfactant (BSA
can denature at hydrophobic interfaces). Indeed, when BSA is added in the absence
of any surfactant, we observed a significant decrease in indentation stiffness, com-

pared to the plain oil — PBS interface.

In contrast, PLL nanosheets assembled at pH 10.5 formed a stiffer film by

interfacial rheology which would also explain why these interfaces were associated
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with greater interfacial stiffness compared to the BSA films, albeit modest compared
to the large increase observed by interfacial rheology. What still remained unclear was
why the PLL interfaces assembled at pH 7.4 still resulted in such a significant increase

in interfacial stiffness.

The results from the colloidal AFM also show a much lower spread in the
moduli as shown by the histograms in figure 4.4a — f. The decrease in the spread and
lower number of outliers is further highlighted in figure 4.5g, where the box plot
shows the scatter of this data. Apart from for the PLL at pH 7.4 where the spread in
data is far greater than for all other conditions. To better understand this phenomena
the impact of surfactants and proteins on the surface tension was investigated, dis-

cussed in section 4.3.3.
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Figure 4.6 Representative raw AFM nanoindentation curves on fluorinated oil — PBS, fluorinated oil + [s] — PBS
and fluorinated oil — PBS + BSA interfaces using a) a plain pyramid tip and b) a colloidal tip and raw AFM curves
on fluorinated oil + [s] — PBS + BSA/PLL at pH 7.4/PLL at pH 10.5 using c) a plain pyramid tip and d) a colloidal
tip). The surfactant used was PFBC at a concentration of 0.01 mg/mL and the BSA and PLL concentration were 1
mg/ml and 0.1 mg/mL respectively.
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The raw AFM curves, shown in figure 4.6, also indicate some interesting ad-
hesion profiles which may account for the differences between the results obtained by
nanoindentation and interfacial rheology. Figure 4.6a and 4.6b show the raw
nanoindentation curves for fluorinated oil — PBS, fluorinated oil + [s] — PBS and fluor-
inated oil — PBS + BSA using a plain pyramid tip and colloidal tip respectively. Inter-
estingly here the presence of BSA prevents adhesion which is at a similar level for
both the other conditions. From figure 4.6¢c and 4.6d showing representative
nanoindentation curves with fluorinated oil + [s] — PBS + BSA/PLL at pH 10.5/PLL
at pH 7.4 using a plain pyramid and colloidal tip respectively again we that the pres-
ence of BSA prevents sample tip adhesion. Furthermore comparing the adhesion be-
tween the samples with PLL and the samples without any protein the level of adhesion
is far reduced in the presence of PLL. It is also clear that AFM testing using a plain
tip exhibits far more noise than using a colloid. This is expected as the use of a colloi-
dal tip greatly increases the contact area, with the plain tip having a nominal radius of

50 nm compared to the 20 um colloid.

4.3.2 Mechanical Characterisation of Mineral Oil Interfaces and the Impact of
Lysozyme and Benzoyl Chloride on Interfacial Mechanics

In addition to the systems studied above, we next examined the adsorption of
Lysozyme to mineral oil. Indeed lysozyme adsorption to hydrophobic liquids has been
studied in some detail, including via interfacial rheology. Lysozyme is an enzyme
which is known to promote hydrolosis at the cell wall**®. It is a globular protein with
129 residues, 9 acidic and 18 basic. It has been widely studied for its interfacial prop-
erties and has been shown to cause a decrease in surface tension upon film for-
mation?®® 260. 261 - At interfaces, globular proteins like lysozyme have been shown to

form strong intermolecular bonds by both physical and covalent bonds!®®. Many have
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shown that globular proteins like lysozyme can unfold to form rigid films at inter-
faces?? 263 As mineral oil is a classic hydrophobic oil (not fluorophilic), we changed
the pro-surfactant from pentafluorobenzoyl chloride to benzoyl chloride. A prelimi-
nary experiment was carried out to test what pro-surfactant would allow the formation
of stable emulsions, as shown on figure 4.7. Lysozyme with benzoyl chloride was

chosen as the system to study as it formed the most stable emulsion of those tested.

O.1A o
BoA e

Figure 4.7 Image showing emulsions made using mineral oil and PBS with BSA and Lysozyme as the proteins and
benzoyl chloride (marked A) or sebacoyl chloride (marked B) as the surfactant. The surfactant was always used
at a concentration of 0.1 mg/ml and the protein concentration was kept at 10 mg/ml

Following these experiments, it was decided to focus on interfaces of lyso-
zyme with benzoyl chloride as the pro-surfactant. The results of the oscillatory rheol-

ogy experiments performed on the mineral oil interfaces are shown in figure 4.8.
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Figure 4.8 Oscillatory rheology characterisation of mineral oil — PBS interfaces by a) Oscillating frequency sweep
with a oscillating displacement of 10 rad from 0.01 — 10 Hz on mineral oil — PBS interfaces with and without
lysozyme (used at a concentration of 10 mg/mL) and benzoyl chloride (used at a concentration of 0.1 mg/mL)re-
spectively, where the solid dots are G’ and hollow dots are G, b) stress relaxation data on interfaces showing
the impact of protein on the relaxation profile, c) representative time sweep showing the formation of a lysozyme
protein film on a mineral oil — PBS interface (solid line showing G’ and the dotted line G”°), d) summary of the
interfacial mechanics of mineral oil — PBS interfaces comparing films with and without surfactant and lysozyme
respectively. A minimum of three samples was tested per test. All error bars are standard deviations.

The interfacial oscillatory rheology data for the mineral oil — PBS interfaces
with and without pro-surfactant and or protein was in good agreement with the results
obtained for the fluorinated oil system, with the oil — PBS having the lowest moduli,
and the addition of surfactant resulting in a marginal increase, whilst the introduction
of the protein increasing the moduli by several orders of magnitude to 0.5 N/m. The
frequency sweeps, in figure 4.8a, also indicates that the elastic moduli of lysozyme
protein films have very little frequency dependence similar to the BSA and PLL films
on fluorinated oil. Interestingly the interfacial G’ of the mineral oil + [s] — PBS inter-
face showed a linear log — log frequency dependence, while in the fluorinated system
there was negligible impact from the frequency on G’. Furthermore, in the fluorinated

system the interfaces without protein broke down at a frequency of around 1 Hz while
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for the mineral oil they are stable up to 10 Hz. The stress relaxation curves on the
mineral oil system, figure 4.8b, are in good agreement with the frequency sweeps with
the protein film resulting in a very elastic film exhibiting negligible relaxation, while
the oil + [s] — PBS film shows some relaxation and finally the oil — PBS interface
carrying almost no load. The lysozyme films tested showed similar stress relaxation
profiles to the BSA films, with 40% and 30% relaxation respectively while the PLL
showed significantly greater relaxation at 70%. Stiff films with significant have been
widely recorded in the literature for stiff globular proteins like BSA and lysozyme!4®
149, 180 \while non-globular random coil proteins, like PLL, are typically soft hence the

significantly greater relaxation seen in PLL.

Looking at the time sweeps for the deposition and unfolding of lysozyme on
the mineral oil — PBS interface shows a similar steady adsorption with time to the
adsorption of PLL and BSA to fluorinated oil interfaces, however the kinetics of this
system are very different. For lysozyme, it takes around 12 h for the film to start to
plateau whereas for both BSA and PLL the film will be fully formed in around 2 h.
From figure 4.8 we see that the bulk interfacial properties of the mineral oil system
are similar to those observed for fluorinated oil, with lysozyme, PLL (at pH 10.5) and
BSA films having an interfacial moduli of 0.5, 2.5 and 0.6 N/m respectively. The local
interfacial mechanics were then studied using the same protocol as used on the fluor-

inated system, as shown in figure 4.9.
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Figure 4.9 a) — c) Histograms showing the distribution of interfacial stiffness obtained by interfacial nanoinden-
tation by AFM using a colloidal probe on mineral oil — PBS, mineral oil + [s] — PBS, and mineral oil + PBS —
PBS + lysozyme interfaces respectively, formed at pH 7.4 with benzoyl chloride and lysozyme concentrations of
0.1 and 10 mg/ml respectively and d) boxplot summarising the distribution of the interfacial stiffness of the mineral
oil systems, showing the spread in data for the plain mineral oil — PBS interface, mineral oil + [s] — PBS and
mineral oil + [s] — PBS + lysozyme interfaces. A minimum of three samples for each condition were tested, three
1um X 1um areas on each sample were tested with 100 indentation curves taken at each location. The colloidal
AFM tip used had a diameter of 20um. All the data is significantly different with p < 0.01 unless labelled not
significant (n.s.).

Results of the interfacial AFM nanoindentation on mineral oil — PBS interfaces
with and without protein and or pro-surfactant are shown in figure 4.9. Figure 4.9a —
¢ show histograms of the distribution of interfacial stiffness for mineral oil — PBS,
mineral oil + [s] — PBS, and mineral oil + [s] — PBS + lysozyme interfaces respec-
tively. While there is some variation in these results the distribution of data between
scans is largely in good agreement. The addition of protein greatly increases the spread
of interfacial stiffness values recorded in both the fluorinated and mineral oil systems.
The reason for this is unclear, however it could be a result of the protein film deposited

not being homogenous. Alternatively it could be due to the protein altering the nature
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of interactions between the colloidal tip and the interface and again if the films are not
homogenous the changes to the interfacial forces may vary resulting in a greater

spread in the apparent stiffness.

Stiffness (mN/m)
o - N w = [6,] ()] ~ o] w

Mineral Qil - PBS Mineral Oil + [s] - Mineral Oil + [s] -
PBS PBS + Lys

Figure 4.10 Summary of the interfacial stiffness of the mineral oil systems, showing the average stiffness of the
plain mineral oil — PBS interface, mineral oil + [s] — PBS and mineral oil + [s] — PBS + lysozyme interfaces. A
minimum of three samples for each condition were tested, three 1,m X 1m areas on each sample were tested with
100 indentation curves taken at each location. The colloidal AFM tip used had a diameter of 20 zm.All error bars
are standard errors and all the data is significantly different with p < 0.01 unless labelled not significant (n.s.).

A summary of the nanoindentation on the mineral oil interfaces with and with-
out surfactant and lysozyme is shown in figure 4.10, showing that the addition of pro-
surfactant to the mineral oil — PBS resulted in a significant decrease in the interfacial
stiffness, as did the addition of the lysozyme compared to the plain mineral oil — PBS
interface. The reduction in stiffness resulting from the addition of pro-surfactant is
similar to what was seen with the fluorinated system, however the further addition of
PLL resulted in an increase in the interfacial stiffness. Within the fluorinated system
the addition of BSA to the oil + [s] — PBS interface still gave a weaker interface than
the plain oil — PBS. The addition of PLL however gave a stronger interface, although
this was more pronounced at low pH, unlike what is observed by interfacial rheology.
Based on interfacial rheology results, PLL gave the stiffest interface, followed by BSA
and lysozyme respectively, from this it may suggest that while the addition of surfac-

tant reduces the surface tension and hence reduces the interfacial stiffness, recorded
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by AFM, the addition of proteins increases the observed transverse stiffness of the
corresponding oil droplets, and in the case of PLL, makes it significantly greater than
in the absence of any protein but with surfactant. The fact that lysozyme further re-
duces the interfacial stiffness suggests that it may be stronger surfactant than benzoyl
chloride and/or the corresponding hydrolysed benzoic acid, therefore further reducing
the surface tension of the corresponding interface. Alternatively it could be due to the
changes in the surface chemistry resulting in changes of interactions between the
probe and interface. It has been shown that the mechanical response to interfacial col-
loidal nanoindentation by AFM is governed by a complex combination of electro-
static, van der Waals and surface tension forces'’* 172, in the absence of any protein
film. As such to better understand what is occurring in the presence of protein films

the changes to surface tension and electrostatic surface potential were investigated.

4.3.3. Characterisation of the Impact of Surfactants and Protein Deposition on
Surface Tension of Liquid-Liquid Interfaces

The surface tension was next investigated given the importance it plays in in-
terfacial mechanics. Understanding how the surface tension is changing in different
conditions would potentially help lead to a better understanding of the mechanical
response of the oil — PBS interfaces. The influence of the surfactants on the surface
tension of the oil — PBS interfaces was then studied by doing pendent droplet experi-
ments, as shown in figure 4.12. We observed that the drop profile clearly changed
after addition of pro-surfactant. For the mineral oil samples it is a PBS droplet in min-
eral oil, as the PBS is denser than the oil, while for the fluorinated oil it is an oil droplet

in PBS.
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Fluorinated Oil
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Figure 4.11 Representative pendent droplet images of fluorinated oil droplets in PBS and PBS in mineral oil with
and without surfactant. The surfactant used for the fluorinated and mineral oil were PFBC and benzoyl chloride
respectively at concentrations of 0.01 mg/mL and 0.1 mg/mL respectively. The image of the fluorinated oil — PBS
droplet has a representative fit (red line) used to characterise the surface tension.

Figure 4.11 shows the influence of adding PLL and lysozyme to mineral oil +
[s] — PBS and fluorinated oil + [s] — PBS interfaces, respectively, initially and after 2
h and 14 h for the mineral oil and fluorinated oil, respectively. The mineral oil — lyso-
zyme was given longer for the protein film to form based on the results from the os-
cillatory rheology on this system. The lysozyme film on the PBS droplet in mineral
oil is clearly visible after being left overnight. Furthermore there is a clear difference
in the drop profile as a result of the protein being added in the case of the mineral oil

droplet.
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Figure 4.12 Representative pendent droplet images showing the impact of protein absorption on the drop profile
initially, t = 0, and after 14 h allowing for the films to fully deposit. For the fluorinated oil PFBC and PLL were
used as the surfactant and protein respectively at concentrations of .0.01 mg/mL and 0.1 mg/mL respectively. For
the mineral oil 0.1 mg/mL benzoyl chloride was used as the surfactant and 10 mg/mL lysozyme was used as the
protein.

A summary of the surface tension measured by pendent droplet analysis are
shown in figure 4.12. It is clear that the lysozyme protein film formation is causing a
significant decrease in the surface tension of the mineral oil — PBS interface, while the
PLL is causing an initial slight decrease, the surface tension is recovered with time
once the protein film is fully formed. It has been frequently reported that proteins
adsorbed at interfaces results in a decrease in the interfacial surface tension as was

found herel4®: 264,
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Figure 4.13 Summary of the surface tension values obtained for the mineral and fluorinated oil - PBS interfacial
systems characterised, where the surfactants and proteins are PFBC and benzoyl chloride (at concentrations of
0.01 mg/mL and 0.1 mg/mL respectively) and PIl (0.1 mg/mL) and lysozyme (10 mg/mL) for the fluorinated and
mineral oil systems respectively.

The addition of PFBC and benzoyl chloride to the fluorinated and mineral oils
respectively resulted in similar trends with the addition of surfactant resulting in a
decrease surface tension, similar to what has been found by others?®®>. However the
addition of lysozyme led to a further significant decrease in the surface tension in the
mineral oil system the reduction in surface tension resulting from the addition of ly-
sozyme is a phenomenon which has been regularly reported in the literaturet®® 260,261
Based on the experimental data collected, particularly for interfacial nanoindentation,
it was decided that to best understand the mechanical response to normal loading of
protein films on liquid-liquid interfaces a theoretical model would be needed. In order
to model the interfacial forces the surface tension forces in the absence of a protein

film were initially studied.

4.3.4 Interfacial Surface Tension Force Modelling

As the nanoscale mechanics of oil — PBS interfaces is clearly complex, partic-
ularly with the introduction of complex protein films, we set out to develop a model
that would quantitatively account for the impact of different parameters on AFM
nano-indentation profiles. It was first decided to break down the problem into the two

contributing factors, the contribution of the film and the contribution of surface ten-
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sion forces. To do so, we first proposed to model surface tension forces resisting in-
dentation and then adding the contribution of the protein films as a viscoelastic solid
using FEA analysis, via superposition. To simplify the complexity of the surface ten-
sion forces, we initially simply introduced a linear relationship between displacement
acting tangentially along the angle of the colloidal tip, where the length of the dis-
placement is the radius of the tip at the given depth, and the magnitude of the force is
proportional to the surface tension, as shown in figure 4.14. The normal force on the

colloidal or pyramid AFM tip is then given by equations 4.1 and 4.2.

Figure 4.14 Schematic showing the initial contact assumptions for interfacial nanoindentation by AFM using a
pyramid indenter (left) and a colloidal probe (right).

Fn,colloid = 2ymsin @, vV h(2a — h) [4'1]

Fopyramia = 2ymhtan 6y, sin ,,, [4.2]
where, yis the surface tension, h is the depth of indentation, a is radius over
which the surface tension forces are acting and é,yr and @ are the angles at which the
surface tension is acting for a pyramidal and colloidal tip respectively, as shown in
figure 4.14. Based on these calculations the surface tension forces were calculated for
a given indentation depths. However what quickly became apparent was that the sur-

face tension forces found based on these assumptions were massive overestimates,
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and in order to get surface tension force responses that were comparable to experi-
mental data the surface tension value needed to be orders of magnitude lower than the
values found experimentally or from the literature. As such it was clear that the surface

tension modelling needed to be rethought.

Further investigating the interfacial force at the nanoscale revealed that the
initial assumptions neglected to take into account short range van der Waals and elec-
trostatic forces, which can result in significant attractive or repulsive interactions be-
tween the tip and interface and therefore significantly impact the indentation profile.
A previous model of interfacial mechanics, used to model AFM nanoindentation of
oil interfaces, was developed to take such interactions into account, although not in-
troducing elastic films at the corresponding interfaces!®® %172 |n such model, the
indenter tip and bottom phase never come into contact, i.e. there is always a thin aque-
ous fluid film between the bead and the oil phase, as shown in figure 4.15. This as-
sumption can only be experimental verified in the total absence of adhesion. The film
profile is defined by the augmented Young — Laplace equation’® 172248 ‘which is es-
sentially a pressure balance between the surface tension forces needed to hold a certain
shape, the gravitational force and the internal drop pressure. When the surface tension
dominates over gravity the contribution from gravitational forces becomes negligible,
this is the case when the length scale is significantly below the capillary length. The
contribution of the internal drop pressure also becomes negligible if the drop is large
relative to the capillary length’%172.248.:25 The augmented Young — Laplace equation

can be simplified as a function of the interfacial gap, as shown in equation 4.3.

Dy =0 [4.3]

1 all(D
D~+;Df_<z_ ())

14

157



Where D is the distance between the AFM probe and oil phase, as shown in
figure 4.15, a is the probe diameter, y is the surface tension and /7 is the disjoining
pressure. The forces between the indenter colloid and the oil droplet here are related
using the Derjaguin approximation. The Derjaguin approximation relates the force
balance between two spheres to the interaction energy per area of parallel plate. The
disjoining pressure is the rate of change of the interaction energy over the plate sepa-
ration. The disjoining pressure has been shown to be the sum of a number of forces,

here only Van der Waals and electrostatic forces are considered®’: 248,
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Figure 4.15 Schematic of the AFM probe — interface mechanics during nanoindentation experiments

Characterising the interfacial surface tension using the augmented Young —
Laplace treats the fluid interface as a zero thickness surface and describes the pressure
balance using a non-linear partial differential equation. From the augmented Young —
Laplace we can see that the disjoining pressure is a critical factor in the shape profile.
The disjoining pressure can include many short range forces, however in this study it
has been simplified to the combination of the electrostatic interaction forces and the

van der Waals forces, as described in equations 4.4 and 4.5 below. It can also include
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factors such as hydrodynamic drainage and hydrophobic interactions’2. The electro-
static double layer forces are modelled using the DVLO theory with the Debye —
Huckel approximation allowing for surfaces with dissimilar surface potentials, and is

given by equation 4.4.

€€ok2[2¢1ol/120 (e_kD + e_3kD) + (l/)%o + l/)%o)e_ZRD] 4.4
el = (1 — e—2kD)2 [4.4]

Where, ¢ is the relative permittivity, o is the permittivity of free space, k is
the Debye length and 1o and 2o are the surface potentials of the indenter and oil

respectively. The van der Waals forces are then given by,

A

[4.5]
Where A is the Hamaker constant which is of the order of 102°J. The aug-

mented Young — Laplace can then be solved once the disjoining pressure is defined

for the conditions in question. From the solution to the augmented Young Laplace the

force on the indenter probe and the piezo electric crystal movement can be obtained

according to equations 4.6 — 4.10.

G = QTDOfO tl(D(v))dt [4.6]

H= QTDOJO tin(O)N(D(D))dt [4.7]

X(Dy) = Xo + Do + H(Dy) + G(Dy)(1/21In(Dy) + B) [4.8]
a'l2

Where,B = C + In <H> [4.9]

F(D, = 2myG (D) [4.10]

Where, C is Euler’s constant = 0.57721566, A is the capillary length, X is the

distance from the substrate to the lowest point of the colloidal probe, B is a constant
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dependent on the properties of the isolated interface, and t is non-dimensional radius,

r

,/Doa

such thatt = . Here, G and H are the pressure difference across the interface

within the deformation and externally respectively. The equations for G and H are
repeated until they converge at the edge of the deformation. Using these calculations
the force on the indenter probe can be plotted against the piezo crystal movement and
hence compared to experimental data. The model used here is take from the work by
Chan et al. who give the full derivation of this solution in their paper published in

20017,

Figure 4.16a shows how the shape of the disjoining pressure curve can vary
with changing surface potential, illustrating how small changes in the surface potential
can result in significant changes in the disjoining pressure profile, and hence poten-
tially big differences in the interfacial stiffness. While figure 4.16b shows how those
changes to the surface potential influence the force — piezo movement curves, and
figure 4.16¢ shows how varying the Debye length can vary the force — piezo crystal
movement relationship. The full list of variable used in these models can be seen in

table 4.2 and 4.3.

Table 4.2 List of constants used for modelling changes to the interfacial force with varying surface potentials

Varying Woi/Wo2

Relative Permittivity Permittivity of Debye Hamaker
of water free space Length Function
& €0 (N/V3) k™ (nm) A (N.m)
80 8.85 X 1012 96.2 4,00 X102
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Table 4.3 List of constants used for modelling changes to the interfacial force with varying Debye length

Varying k!
. Relative Permittivity Permittivity of = Hamaker
Zeta Potential .
of water free space Function
Wou (V) Yo (V) &r g0 (N/V3) A (N.m)
-0.02 -0.02 80 8.85X 102 4,00X10%
a)  —.20mV/-20mV  ——-20mV/-10mV  ——-20mV/+10mV b) 130
3000 110 —— -50mV/-20mV
2000 —— -50mV/-10mV
* —— -20mV/-20mV

1000

70 -20mv/-10mv

0
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Figure 4.16 a) graph of the disjoining pressure against interfacial separation for varying surface potentials, b)
and c) force against piezo crystal motion with varying surface potentials, and Debye length respectively with
details of the values used to model the data shown in table 4.2 and 4.3

These traces illustrate the sensitivity of interfacial mechanics to small varia-
tions in the surface chemistry and oil/PBS fluid composition. As such, when studying
interfacial mechanics with colloidal nanoindentation by AFM, it is not trivial to study
the impact of nanofilm assembled at the corresponding interfaces. As such, values of
the surface potential for the PLL, BSA and lysozyme interfaces were obtained. For
the lysozyme this was done by taking the zeta potential of oil — PBS emulsions coated
with the proteins, and the values obtained were in good agreement with values found

in the literature, -4.5 mV found via experimentally compared to -10 mV/?% from the
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literature. However for the PLL and BSA the droplet size of the emulsion was too
large and as a result very unreliable results were obtained on the surface potential of
the emulsion droplets. As PLL and BSA are very thoroughly characterised materials
it was decided to take the surface potential based on values in the literature and were

found to be of the order of 10 — 40 mV?%" and -13 mV?® respectively.

An initial study to model the interfacial mechanics of fluorinated oil — PBS
and mineral oil — PBS interfaces was first carried out using the values of surface ten-
sion and surface potential obtained by pendent droplet and zeta potential experiments.
The results of this modelling compared with experimental data on the mineral and
fluorinated oil systems without protein are shown in figure 4.17, the Hamaker Con-
stant, dielectric permittivity and Debye length were all kept constant using the same

values shown in table 4.2.

Table 4.4 List of constants used for modelling changes to the interfacial force for interfaces with fluorinated oil
and mineral oil with and without surfactant.

m
Wo1 (mV) Wo2 (MV) ¥ (mN/m)

-10.0 -5.0 44.5

-10.0 -5.0 37.0

-20.0 -4.5 25.0

-20.0 -4.5 16.0
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Figure 4.17 Comparison between representative experimental Force — Piezo movement AFM curves to modelled
results using the analysis outlined for, a) Fluorinated Oil — PBS, b) Fluorinated Oil + [s] — PBS, ¢) Mineral Oil -
PBS and d) Mineral Oil + [s] — PBS interfaces. Red lines show representative curves for the upper quartile for
each of these conditions, green for the lower quartile and blue the average. The modelled data is shown by the
black dotted line with yellow error bars showing the standard error of the estimate. Details of the values for the
variables used for the numerical model are shown in table 4.4.

From the results shown in figure 4.17, it is clear that the analytical model used
for the Mineral and Fluorinated Qil systems are good approximations with the exper-
imental data for the conditions tested without protein. Figure 4.18a - d show the results
of our calculations, compared to representative experimental data along with repre-
sentative curves for the upper and lower quartile, for the Mineral/Fluorinated Oil —
PBS and Mineral/Fluorinated Oil + [s] — PBS interfaces. For all of these conditions
the model is very accurate at large indentation depths, with the modelled response
overlapping very well with the experimental data. In both of these cases at the point
where initial ‘contact’ is felt there is a marked difference between the experimental
data and predictions from the model as, in both cases, the initial response is overesti-

mated by the model.
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The modelled data shown in figure 4.17 shows very good agreement with the
experimental data for all the conditions tested. However it is clear that the sample to
sample variability is significant, shown by the difference between representative up-
per and lower quartile experimental AFM data. This suggests that the spread in the
data is a result of the experimental set up or technique. From figures 4.4g and 4.6 it
can be seen that where the adhesion seen by AFM is lowest, in the cases where BSA
Is present, the spread in the data is also lowest. This suggests that the large spread in
the experimental data may be resulting from changes in the contact between the inter-

face and the colloid.

The modelled results here only takes into account the interfacial mechanics,
according to the model outlined by Chan et al*’!, and hence does not include any con-
tribution from the protein film. In order to quantify the contribution of the protein film
to the mechanical response under nanoindentation it was modelled using an FEA

model.

4.3.5 FEA Modelling of the Mechanical Response of Protein Films under Normal
Loading Conditions

The total force acting on the probe was considered to be the sum of the surface
tension force and the resistance to deformation from the protein film. It was decided
to model the protein film mechanical response using FEA analysis as an axisymmetric
viscoelastic membrane, using the viscoelastic profile obtained from the interfacial rhe-
ology. Figure 4.18 shows the normalised (normalised as this is how it is required by
ABAQUS) relaxation profiles used to govern the viscoelasticity modelled. The elastic
modulus used was the shear moduli obtained by interfacial rheology. Modelling the
film as a membrane assumes that the film cannot carry any bending load and hence
only resists load through stretching, so the shear moduli was used. As the radius of
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the oil droplet was very large compared to the AFM tip (ratio > 1000), the interface
was modelled as a flat film and the length of the film used was the capillary length of
the interface as this is considered to be the length over which the displacement dissi-
pates. The contact between the colloid and the film was assumed frictionless, which,
if a fluid film remains between the indenter and the interface can be considered the

case.
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Figure 4.18 Normalised stress relaxation profiles for the lysozyme (on mineral oil) and PLL and BSA (on fluori-
nated oil) films used to model their viscoelasticity in ABAQUS

The results of this FEA analysis compared to representative experimental data
are shown in figure 4.19. Here we see that the total force measured experimentally is
greater than resistance offered by any of the protein films studied. However, as the
spread in the experimental data is large this is not the always the case for lysozyme
and PLL. The reasons behind the large spread in data are not clear, however, it is clear
that the interfaces at which the proteins bind are sensitive to small changes in surface
properties. As such there may be significant sample to sample variability resulting
from seemingly insignificant changes to the surface chemistry, protein film or aqueous
phase. Furthermore, there is clear adhesion in the AFM traces, particularly in the ab-

sence of any protein and with the addition of PLL. The adhesion could be causing
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changes to the contact area which are resulting in significant scan to scan variability.
Interestingly the BSA films resulted in no adhesion to the indenter, this could be a
result of the negative surface potential of both BSA and silicon beads resulting in
purely repulsive forces that ensured no contact between the tip and the protein film.
The formation of these protein films could also be resulting in heterogeneity resulting

from the manner in which the films are unfolding and binding.
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Figure 4.19 Comparison between representative experimental data (blue line) and the theoretical viscoelastic
response of film membranes to colloidal indentation for a) and b) PLL and BSA films deposited on fluorinated oil
at 0.1 and 1 mg/mL concentration respectively with PFBC as the surfactant at 0.01 mg/mL and c) lysozyme (10
mg/mL) on mineral oil with 0.1 mg/mL benzoyl chloride

The fact that figure 4.19 shows an underestimate suggests that the total re-
sistance to indentation results from the combined interfacial surface tension forces and
the film mechanics combined. Finally the combined theoretical response to indenta-
tion of protein films at liquid-liquid interfaces is shown in figure 4.20, where the force
obtained by AFM is superimposed with interfacial forces using the analytical model

outlined in section 4.3.4. The values of surface potential and tension used to model
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the interfacial response for these fits is shown in table 4.5, the values for Debye length,

relative permittivity and Hamaker constant are the same as those in table 4.2.

Table 4.5 List of constants used to fit the modelled interfacial surface tension force combined with the protein
film forces to the experimental data

. Surface
Zeta Potential
Interface Tension

lP()1 (mV) II’oz (mV) Y (mN/m)
-10 -10 25

3 PLL

0 100 200 300 400
Piezo Movement (nm) Piezo Movement (nm)

< Lys

0 100 200 300 400
Piezo Movement (nm)

Figure 4.20 Comparison between representative experimental data for a) PLL, b) BSA and c¢) Lysozyme to the
modelled response, where the modelled response consists of the superposition of the film forces obtained from
FEA modelling with the theoretical interfacial surface tension forces obtained using the method outlined is section
4.3.4. Red lines show representative curves for the upper quartile for each of these conditions, green for the lower
quartile and blue the average. The modelled data is shown by the black dotted line with yellow error bars showing
the standard error of the estimate. Details of the values for the variables used for the numerical model are shown
in table 4.5. Note: for PLL the upper quartile is not included as the overlap between the average and the upper
quartile made it difficult to read the graph.

From figure 4.20 it can be seen that the fits for all the cases studied are in good
agreement with the experimental data. The range in the experimental data is repre-

sented by the interquartile range, where in figure 2.1, the red curves are representative
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upper quartile curves and the green lower quartile. In order to gain a better under-
standing into why the experimental data is so spread the effects of changes to the
surface potential, surface tension and storage modulus on the theoretical model were

investigated as shown in figures 4.21, 4.22 and 4.23.
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Figure 4.21 Effect of changing the interfacial surface tension on modelled data for a) PLL b) BSA and c) Lysozyme
protein films deposited at oil-PBS interfaces (mineral oil in the case of lysozyme and fluorinated oil for BSA and
PLL). The orange curves here are the same as the fits shown in figure 4.21 and the blue and green curves show
theoretical values with varying surface tension according to the legend.

Figure 4.21 shows how varying the interfacial surface tension, vy, varies the
modelled force-displacement response for PLL and BSA deposited on fluorinated oil-
PBS and lysozyme deposited at mineral oil-PBS interfaces. The impact on varying the
surface tension has the greatest impact on the BSA curves. This is perhaps not sur-
prising as BSA had the lowest interfacial shear modulus of the three proteins studied

and as a result the contribution of interfacial surface forces was greatest for BSA. PLL
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and lysozyme show some sensitivity to changes in the surface tension but only mod-

estly. The effects of varying the surface potential were next examined as shown in

figure 4.22.
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Figure 4.22 Effect of changing the surface potential on modelled data for a) PLL b) BSA and c) Lysozyme protein
films deposited at 0il-PBS interfaces (mineral oil in the case of lysozyme and fluorinated oil for BSA and PLL).
The orange curves here are the same as the fits shown in figure 4.21 and the blue and green curves show theoretical
values with varying surface potential according to the legend.

Figure 4.22 shows how varying the surface potential varies the force displace-
ment response for PLL, BSA and lysozyme films deposited at oil water interfaces.
From figure 4.23 it can be seen that by varying the surface potential quite modestly,
by only 5mV, the theoretical response changes significantly. Sensitivity to the surface
potential could explain the wide range in values obtained experimentally particularly
in the case of PLL, where the spread in data was greatest. Again here it can be seen
that the impact on the BSA films is greatest which is understandable as the interfacial
surface tension forces account for a far greater proportion of the force contribution in

this case due to the relatively low interfacial shear modulus of BSA films. As the
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surface potential is linked to the charge of the surrounding fluid this may suggest that
modest changes in the salt concentration of the surrounding fluid could result in sig-
nificant changes to the interfacial mechanics. Finally we examined the impact of var-

ying the shear moduli used in the FEA model as shown in figure 4.23.
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Figure 4.23 Effect of changing the shear moduli used in the FEA on modelled data for a) PLL b) BSA and c)
Lysozyme protein films deposited at oil-PBS interfaces (mineral oil in the case of lysozyme and fluorinated oil for
BSA and PLL). The orange curves here are the same as the fits shown in figure 4.21 and the blue and green curves
show theoretical values with the modulus increased or decreased by 20% respectively.

Figure 4.23 shows the impact of changing the shear moduli used to model the
film forces in the FEA model for PLL, BSA and lysozyme. The blue curves are with
a 20% increase and the green a 20% decrease in the shear moduli. Here the impact on
the BSA curves is negligible, which is expected due to the overall low modulus of the
BSA films and hence their modest contribution to the overall interfacial mechanics.
What is apparent from figures 4.21 — 4.23 is that the overall film mechanics at inter-

faces with proteins adsorbed is clearly sensitive to numerous factors. Small changes
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to a combination of factors could therefore result in large changes to the response

observed experimentally which could explain the large spread in data we obtained.

However there are certainly limitations and assumptions used in this model
that need to be investigated further. First, when modelling the interfacial surface ten-
sion forces the force response is based on the film thickness, or gap, between the probe
and oil droplet!™ 172, This was not monitored in our experiments and as a result could
be a source of inaccuracies in the models used. The interfacial surface tension model
used here also only considers DVLO forces in the disjoining pressure, ignoring any
contribution from non-DVLO forces like, hydrodynamic or hydrophobic interac-
tions’L. These forces may be playing a significant role in the nature of the tip-oil drop
interactions and should be investigated further in the future. The contribution of the
protein film forces is perhaps also too simplistic, assuming that the forces combine
simply by superposition needs to be further investigated and justified. Finally, the in-
troduction of the protein film potentially leads to the introduction of a second inter-
face, where there would be the interface between the indenter tip and the film and a
second interface between the film and the underlying oil droplet. This could have a
significant impact on the indenter-droplet film profile and hence the overall mechan-

ical response.

That being said combining the film forces modelled by FEA with the surface
tension forces modelled gave curves in very good agreement with the experimental
data and the analytical model in the absence of protein was in excellent agreement
with experimental data. While there is certainly work still to be done to both refine
the model and justify some assumptions made it is a promising first approximation

and lead to some interesting results. The initial motivation behind this study was to
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better understand why it was that the trends seen in the mechanics of proteins depos-
ited at liquid-liquid interfaces was so different when testing with oscillatory interfacial
rheology compared to interfacial nanoindentation by AFM. When testing by oscilla-
tory rheology the deposition of protein resulted in an extremely large increase in in-
terfacial shear moduli, by 4-5 orders of magnitude in some cases, however when tested
by nanoindentation the presence of proteins appeared to be softening the interfaces.
The use of the model developed has shown that this may be a result of complex me-
chanics seen at interfaces. By adding protein films there was also a surfactant effect
resulting in a softening of the interface, as has been shown for other proteins*®, as a
result when the proteins are deposited they form a viscoelastic cross-linked film how-
ever the overall normal stiffness of the interface is decreased due to the surfactant
effect. Hence the decrease in interfacial stiffness observed by nanoindentation in the
presence of BSA and lysozyme films and the lack of change in the presence of PLL.
Hence a combination of mechanical and chemical forces occurs when proteins unfold
at the interface. With the model developed here utilising nanoindentation by AFM
these forces can be separated and their relative contribution to the observed mechanics
found albeit not exactly. The overall result is that when testing by nanoindentation it
is like having a soft substrate, while the interfacial rheology doesn’t deform the inter-
face in a way that results in a change in surface area and as a result only the viscoelastic

film contributes to the mechanical response.

4.4 Conclusions

The aim of this chapter was to characterise the effect of adding protein films
at liquid-liquid interfaces on the macroscale and localised interfacial mechanics. The
interfacial mechanics of liquid-liquid interfaces was studied by oscillatory interfacial

rheology and interfacial nanoindentation by AFM and the proteins studied were PLL,
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BSA and lysozyme. As expected the introduction of protein films greatly increased
the mechanical strength of the interfaces when studied by oscillatory rheology, with
the interfacial shear storage moduli increasing by up to 5 orders of magnitude. How-
ever, the protein films had a very different impact on the mechanics as studied by
colloidal nanoindentation. Here it was found that the addition of proteins either had
no significant impact on the interfacial mechanics or resulted in weakening the me-
chanical response. In order to better understand these finding it was decided to model

the interfacial mechanics of proteins adsorbed at interfaces.

In developing the model to represent proteins adsorbed at interfaces it was
decided to model the mechanical response as the superposition of the film forces act-
ing on the protein and the interfacial surface tension forces. The film forces were ob-
tained by FEA modelling the protein films as viscoelastic membranes. While the in-
terfacial surface tension forces were modelled according to the model developed by
Chan et al’t. This model showed that the interfacial mechanics is a complex force
resulting from a combination of DVLO and non-DVLO forces. Using the analytical
model to model the interfaces in the absence of any protein gave excellent agreement,
while combining it with the film forces obtained by FEA was also in very good agree-

ment for the PLL, BSA and lysozyme protein films.

Based on these modelled result it became apparent that when testing by oscil-
latory rheology the clearly measured increase in interfacial moduli resulting from the
addition of proteins results overwhelmingly from the film mechanics. However when
testing in by nanoindentation the surface area changes result in significant force re-
sponse by interfacial surface tension forces. The addition of proteins and surfactants
then plays a significant role and weakens the interface hence why we get very different
trends comparing nanoindentation to oscillatory rheology.
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In conclusion we found that interfacial mechanics are clearly the result of a
complex combination of forces and interactions. When testing by nanoindentation the
contribution of the interfacial surface tension forces must be considered in order to
fully understand the relative contributions to the overall mechanical response. The
addition of proteins to interfaces changes many important factors which define inter-
facial forces and hence must be carefully monitored and controlled in order to under-

stand the mechanical strength of protein adsorbed interfaces.

174



Chapter Five

Conclusions and Outlook

Here a brief conclusion of the findings of this thesis will be given and a discussion

of the outlook and future work from this research project

5.1 Conclusions

In this thesis we first studied the mechanical properties of soft biomaterials
across different length scales. It has been found that soft materials, like PDMS, show
significant discrepancies between their bulk and nanoscale mechanical properties. As
aresult a side-by-side comparison of the mechanics of soft materials at different length
scales was performed. The techniques used for these analyses were, microindentation,
oscillatory rheology and nanoindentation by AFM, and PAAmM, PDMS and CMC hy-
drogels were chosen to be tested. This study highlighted the importance of surface
adhesion and the resulting changes in contact area, and sample microstructural heter-
ogeneity as key parameters for the mechanical characterisation of ultra-soft substrates
at the nano- to micro-scale. Specifically it was shown that when mechanical testing
on the micro to nano scale the surface chemistry of the testing geometry and the sam-
ple being tested plays a significant role. In the case of soft PDMS where adhesion was
present it resulted in significant changes to the contact mechanics, giving the appear-
ance of a much higher moduli compared to the bulk properties, however this discrep-
ancy can be mitigated so long as measures are taken both to minimise adhesion and
by using suitable models to characterise the data. On the other hand, where there is

significant heterogeneity materials may have locally much stiffer domains within a
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soft matrix which may give rise to greater stiffness on a nanoscale, as was shown

comparing the CMC gels with and without silicon nanoparticles.

The impact of inorganic divalent cationic and organic cationic polyelectrolyte
cross-linkers on the rheological and adhesive properties of CMC hydrogels was next
studied. The inorganic cations used in this study were Sr?* and Ca?*, and caused the
CMC to chains to collapse into complexes, resulting in no significant change in the
bulk rheological properties but an increase in the adhesive strength. The introduction
of organic polyelectrolytes caused complex coacervation with the CMC polymer
chains, where some CMC chain bridging occurred, but the interactions between the
polyelectrolytes and CMC chains caused complexes to be form, resulting in polymer
rich complexes to form within a more dilute matrix. The introduction of organic poly-
electrolyte cross-links failed to increase the bulk mechanical properties studied by
rheology but did increase the adhesive strength. Most interestingly here it was shown
how, despite not changing the bulk mechanical properties of the gels, the structural
changes resulting from the organic and inorganic crosslinkers gave very different in-

terfacial properties ultimately giving rise to enhanced adhesive properties.

Finally the impact of protein adsorption on interfacial mechanics was studied.
The interfacial mechanics was studied by interfacial rheology and interfacial
nanoindentation by AFM, and PLL, BSA and lysozyme were the proteins chosen for
this study. It was found that proteins adsorbed at the interface resulted in a significant
increase in the interfacial shear moduli recorded by rheology, however the same trend
was not seen by nanoindentation. By modelling the interfacial mechanics as the su-
perposition of the film forces and the interfacial surface tension forces it was shown
that when testing by nanoindentation changes in factors like the surface tension and
surface potential have a significant impact on the interfacial mechanics. The addition
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of protein films has a surfactant effect on interfaces, and can also change the surface
potential, essentially softening them, this results in the films having soft substrates
and is proposed as the main cause of discrepancies between interfacial rheology and
nanoindentation by AFM. These result were very interesting on two fronts, first, the
fact that interfaces behave so differently in shear and under indentation can be ex-
plained as in shear it is purely the mechanical strength of the interface that is probed,
while under indentation chemical forces arising from the disjoining pressure have a
significant impact. Secondly, it was shown that when testing by nanoindentation these
two phenomenon, of chemical and mechanical forces, can be probed simultaneously
and by using appropriate modelling the relative contributions of these two phenome-
non found. Within the context of the Gautrot group this is particularly interesting as it
gives a far better understanding of what cells sense and hence sheds light on much of
the cell culture work done in our lab adding to our understanding of the importance of

mechanotranduciton to cell culture.

7.2 Outlook

In this thesis we have developed a robust protocol for characterising the me-
chanics of soft materials across different length scales. We have highlighted the im-
portance of surface adhesion and sample heterogeneity on the mechanical characteri-
sation of ultra-soft substrates, particularly at nano to micro length scale testing. Given
the importance of substrate mechanics to cell studies this may help shed light on what
cells actually sense at the nanoscale and help better understand the factors which con-

trol mechano-transduction.

CMC hydrogels are extensively used in industrial applications, in particular as
denture adhesives. What we found suggests that the addition of ionic cross-links

caused CMC chains to complex into coacervates or coacervate like structures. These
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changes resulted in no significant change to the bulk mechanics but an increased ad-
hesive strength. To further this study mechanical characterisation of the local mechan-
ical properties could be done to highlight the heterogeneity caused by coacervation,
using a technique like nanoindentation. Further studies could also be conducted using
a combination of ionic and covalent cross-links, the covalent cross-links may restrict
chain collapse and hence encourage ionic cross-links to form across chains giving a

more significant increase in the bulk mechanics.

Finally a model was developed to better understand the mechanical properties
of protein adsorbed interfaces. Here we found that when changing the shape and sur-
face area of interfaces, like under indentation testing, the interfacial mechanics result-
ing from surface tension forces significantly impacts the mechanical response,
whereas under shear loading the surface tension forces have a negligible impact. In
order to improve the model developed here including the contribution of non-DVLO
forces, like hydrophobic and hydrodynamic, would be useful to make the modelling
more rounded and complete. Furthermore finding ways to accurately determine the
surface potential across an oil-water interface would be extremely useful in order to
be sure we are appropriately modelling the interfaces in question. Finally finding
methods to monitor the AFM indenter geometry to oil drop separation would be useful
particularly to validate the model being used, as the force response is a function of the
film separation. As recent studies have shown cells to be able to adhere and spread on
protein films adsorbed at liquid-liquid interfaces understanding the mechanics of such
interfaces is clearly very important to fully understand how cells are responding to

their microstructure.
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