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Abstract

Complex fluids are used in a variety of surgical procedures. In particular, cataract

surgery widely uses viscoelastic fluids named Ophthalmic Viscosurgical Devices

(OVDs), which contain high molecular weight polymers such as hyaluronic acid

(HA). OVDs fulfil a dual role: maintaining volume in the anterior chamber and

protecting the cellular structure from accidental damage. They are classified into

two categories: cohesive OVDs have a higher viscosity at rest and are removed as

a blob, whilst dispersive OVDs spread on the cells to act as a protective cushion.

The main surgical risk associated with OVDs occurs if they remain in the eye at

the end of the operation. If not properly removed, they can obstruct the flow of

aqueous humour through the trabecular mesh-work, which in turn increases the

intraocular pressure. Although rheological characterisation of OVDs is routinely

performed, their surface interaction with biological tissues has been less studied.

In particular, the mechanics of polymer adsorption and subsequent desorption

is of great interest to better understand the differences between the two classes

of OVDs in the levels of protection they confer and their ease of removal during

aspiration at the end of surgery.

In order to study adsorption, we used Quartz Crystal Microbalance with

Dissipation monitoring (QCM-D) and phase modulation ellipsometry. After

a polymer layer had formed, we injected a rinsing solution to mimic the

irrigation/aspiration device used by surgeons in cataract surgery and gain insight

on the desorption process. In addition to gold-coated QCM-D sensors, we used

sensors functionalised with mucin to better mimic the surface properties of corneal

endothelial cells.

Adsorption and desorption of polyvinylpyrrolidone (PVP) was first investigated

as a model system, as described in Chapter 3. In Chapter 4, the same approach
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was applied to HA from diluted OVD solutions Although the adsorption of

cohesive and dispersive OVDs is comparable in the dilute and semi-dilute regimes,

a difference emerges in the entangled regime.

It appears that on adsorption of the dispersive OVD, which is formulated from

lower molecular weight HA, more of the entanglements are broken than when

adsorption is from the longer chain cohesive OVD. In a surgical context, the

structure of the adsorbed layer resulting in a higher dissipation could explain the

medical observation that the dispersive OVD confers greater protection to the

corneal endothelium.

Colloidal Probe Atomic Force Microscopy (AFM) was used to quantify the force

associated with pulling off HA from a range of biomimetic surfaces exhibiting

different surface charges (Chapter 5). The results are consistent with HA

molecules from dispersive OVDs detaching by the simultaneous rupture of

multiple anchoring points on the surface. On the other hand, it appears that

HA molecules from cohesive OVDs sequentially break individual attachments,

resulting in a higher work of adhesion. In a surgical context, it could be that this

greater work of adhesion translates into more damage at the corneal endothelium

when the OVD is aspirated.

The results we obtain with simple model substrates suggest that surface properties

likely play a role, which merits future investigation.
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Lay Summary

Cataract is a condition characterised by the clouding of the ocular lens, leading

to a blurred vision. It is commonly treated by an outpatient surgery, in which

gels called Ophthalmic Viscosurgical Devices (OVDs) are injected into the eye by

the surgeon. These gels must be completely removed at the end of the surgery to

avoid post-operative complications.

OVDs are categorised into two types based on their behaviour when the surgeon

removes them at the end of the procedure. Cohesive OVDs are very efficient at

maintaining the shape of the eye during the procedure, and they are removed

as a single mass. Dispersive OVDs provide better protection to the outer layer

of corneal cells, but usually take longer to remove because they break apart

during removal. Although the efficacy of OVDs has been established, the exact

mechanisms by which they confer protection remain unclear, as do the reasons

for the differences between the two types.

Our results indicate that the way both classes of OVDs interact with the interior

of the eye is different. The network of dispersive OVDs breaks down upon contact

with solid surfaces. This allows the molecules to rearrange and form a film

which is able to dissipate more energy, thereby offering an enhanced protection

compared to cohesive OVDs, which remain entangled as they adsorb.

Additionally, their desorption behaviour differ. Detaching cohesive OVDs

dissipates more energy than dispersive OVDs, which could cause more insult to

the delicate cellular structure. A painful analogy would be to stretch an elastic

band before cutting it with scissors. In that situation, the two halves of the band

would snap back on the hand, releasing far more energy than that needed to clip

the band.
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sessile drop is a Young-Dupré system where a droplet of liquid is
in thermodynamic equilibrium with a solid and the ambient gas,
forming a contact angle Θ with the underlying substrate. γLG,
γSL and γSG correspond to the interfacial tension at the liquid-gas,
solid-liquid and solid-gas interface. . . . . . . . . . . . . . . . . . 19

2.5 A FluidFM micropipette was used to pick up a silica particle
functionalised with HA which was then used as an AFM tip
(arrow). Scale bar is 100 µm. . . . . . . . . . . . . . . . . . . . . 21

3.1 Adsorbed polymers typically adopt a configuration where some
segments are in close contact with the surface (trains, 1), whilst
some dangling segments (loops, 2) and unattached ends (tails, 3)
extend into solution [86]. . . . . . . . . . . . . . . . . . . . . . . . 29

3.2 The frequency (upper left) and dissipation shifts (lower left)
expected for the sensor going from air to distilled water was cal-
culated using the Kanazawa-Gordon model (∆fcalc, ∆Dcalc, black
squares) and compared to the experimental values (∆fobs, ∆Dobs,
red triangles). The residuals were plotted to estimate the fitness of
error estimation (upper right, lower right). The fundamental was
omitted for ∆D for clarity. The error bars were calculated from
error propagation with the instrument specifications, as detailed
in Appendix A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.3 (Left panel) Time-dependent changes in resonant frequency (black
diamonds) and dissipation (red squares) measured with QCM-D
for the third overtone. (Right panel) Sauerbrey analysis of the
PVP surface mass adsorbed after flowing a 1 ppm solution for 1h
(from the fundamental to the thirteenth overtone). The dotted
line represents the average value. The error bars were calculated
using the error propagation described in Appendix A. . . . . . . . 32

3.4 (Upper panel) Time-dependent changes in ∆fn
n

√
n for all overtones.

(Lower panel) Time-dependent ratio of ∆D and ∆fn/n. Both these
features are representative of polymer adsorption as opposed to
bulk shift. The vertical dotted lines correspond to PVP injection
and rinsing. The vertical axis minimum in the lower panel was set
at -0.5 ppm.Hz−1 to only reflect the values which were in the range
of interest despite a spiky signal. . . . . . . . . . . . . . . . . . . 33

xii



3.5 Layer thickness h obtained with the Sauerbrey model from QCM-D
results (3rd overtone) assuming a layer density ρlayer = 1.2 g.cm−3

(pink) compared with ellipsometry results assuming a refractive
index nlayer = 1.51 (blue), which both correspond to dry PVP.
The data was fitted to chemisorption kinetics, with a first linear
stage between 11 and 24 minutes (dashed black line) followed by a
slower stage between 24 and 60 minutes with a t−1/5 dependence
for ellipsometry (dotted black line) and a t−6/5 dependence for
QCM-D (dash-dot black line). . . . . . . . . . . . . . . . . . . . . 34

3.6 Time-dependent changes in resonant frequency (upper panel)
and dissipation (lower panel) measured for the third overtone
at different PVP concentrations (black: 1 ppm, blue: 100 ppm,
yellow: 1000 ppm, pink: 11000 ppm). The frequency and
dissipation shifts increased with concentration. The kinetics of
desorption were slow and a residual layer stayed on even after
rinsing for several hours. . . . . . . . . . . . . . . . . . . . . . . . 37

3.7 Schematic representation of a dilute (upper panel) or semi-dilute
(lower panel) PVP solution being pumped in the QCM-D chamber
(left panel). The polymers adsorb as a flat layer from a dilute
solution and as a Guiselin brush-like layer from a semi-dilute
solution (middle panel). After rinsing, a starved flat layer is left in
both cases (right panel). . . . . . . . . . . . . . . . . . . . . . . . 41

3.8 Changes in frequency (blue) and dissipation (pink) for the third
overtone observed with QCM-D when injecting a 25 ppm mucin
solution and a 100 ppm 360 kDa PVP solution. . . . . . . . . . . 42

4.1 Summary of the different concentration regimes of HA in PBS:
dilute (blue), semi-dilute (yellow) and entangled (pink) for the
cohesive OVDs Hyalock and Hyaplus, viscosupplement Hyathron
(not used in this thesis, but included for completeness) and
dispersive OVD Hyadel. The overlap concentration c∗ was calcu-
lated using the Mark-Houwink equation (see Section 4.4.1). The
entanglement concentration ce at 1 MDa was taken from [103] and
calculated for the other molecular weights in Section 4.4.1. . . . . 47

xiii



4.2 (a) Time-dependent changes in resonant frequency and (b) dissi-
pation for cohesive Hyaplus (blue) and dispersive Hyadel (pink)
measured with QCM-D for the third overtone. (c) Sauerbrey
analysis of the HA mass adsorbed after flowing a 1 ppm solution for
1h (third to thirteenth overtone). The dashed line is the average
value. The error bars were calculated using the error propagation
described in Section 2.1.2. (d) Table summarising the average
surface excess obtained from three independent measurements.
The uncertainty is the standard deviation across three repeat
measurements. The standard deviation across overtones is also
displayed, as the overtone distribution. . . . . . . . . . . . . . . . 48

4.3 Layer thickness h found with the Sauerbrey model from QCM-
D results in PBS (3rd overtone) for Hyaplus (upper panel) and
Hyadel (lower panel) assuming a layer density ρlayer = 1.8 g.cm−3

(pink) compared with ellipsometry in distilled water for Hyalock
(upper panel) and Hyadel (lower panel) assuming a refractive index
nlayer = 1.563 g.cm−3 (blue). The QCM-D data was fitted to the
Weber-Morris equation [85] between 11 and 60 minutes (dashed
black line). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.4 Time-dependent changes in (upper panel) frequency and (lower
panel) dissipation measured at the third overtone for the cohesive
Hyalock diluted in pure distilled water from different concentra-
tions: 1 ppm (black), 10 ppm (blue), 100 ppm (yellow), and
5000 ppm (pink). . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.5 HA in a salt-free solvent presents some features suggesting bulk
shift over adsorption at certain concentrations (upper panel:
constant value of ∆fn

n

√
n for all overtones and lower panel: ratio

∆Dn ∗ n
∆fn

= -0.4 ppm.Hz−1). The vertical dotted lines correspond to
OVD injection and rinsing. The vertical axis minimum in the lower
panel was set at
-1.0 ppm.Hz−1 to only reflect the values which were in the range
of interest despite a spiky signal. Note the difference in y-scale
between the different concentrations for the ∆fn

n

√
n plots. . . . . . 53

4.6 Time-dependent changes in resonant frequency and dissipation for
cohesive Hyaplus (left panel) and dispersive Hyadel (right panel)
measured with QCM-D for the third overtone from 1 ppm (blue)
or 1000 ppm solutions (pink). The dashed lines correspond to the
injection of OVD and rinsing steps. . . . . . . . . . . . . . . . . . 56

xiv



4.7 The presence of a bulk shift effect was investigated for solutions of
Hyadel at 15000 ppm (upper panel) and Hyaplus at 7500 ppm
(lower panel) on three separate measurements. A bulk shift
effect would be expected to yield a constant value of ∆fn

n

√
n

for all overtones and the ratio of ∆Dn and ∆fn
n

to be close to
-0.4 ppm.Hz−1. The vertical axis minimum in the lower panel was
set at -1.0 ppm.Hz−1 to only reflect the values which were in the
range of interest despite a spiky signal. . . . . . . . . . . . . . . . 60

4.8 Time-dependent changes in resonant frequency (left panel) and
dissipation (right panel) for dispersive Hyadel measured with
QCM-D for the third overtone from pure OVDs diluted by a factor
of 2, yielding a concentration of 15000 ppm. The dashed lines
correspond to the injection of OVD and rinsing steps. The arrows
point towards a downward spike in frequency. The three data sets
plotted are repeats of the same experiment. . . . . . . . . . . . . 62

4.9 Time-dependent changes in resonant frequency (left panel) and
dissipation (right panel) for cohesive Hyaplus measured with QCM-
D for the third overtone from pure OVDs diluted by a factor
of 2, yielding a concentration of 7500 ppm. The dashed lines
correspond to the injection of OVD and rinsing steps. The arrow
points towards a downward spike in frequency. Note the difference
in y-scale with the Hyadel plots from Figure 4.8, indicating a
difference in the adsorption behaviour. The three data sets plotted
are repeats of the same experiment. . . . . . . . . . . . . . . . . . 63

4.10 Time-dependent changes in resonant frequency (upper panel) and
dissipation (lower panel) for cohesive Hyaplus (left panel) and
dispersive Hyadel (right panel) measured with QCM-D for the
third overtone from 1 ppm (blue), 1000 ppm solutions (pink) or
pure OVDs diluted by a factor of 2, yielding 7500 ppm for Hyaplus
and 15000 ppm for Hyadel (yellow). The dashed lines correspond
to the injection of OVD and rinsing steps. Note the difference in y-
scale between the Hyadel and Hyaplus plots, indicating difference
in the adsorption behaviour. . . . . . . . . . . . . . . . . . . . . . 64

4.11 Schematic depiction of the adsorption mechanism of both OVDs
on the QCM-D sensor from entangled solutions. Hyadel is
more concentrated, and adsorbs as a network which immediately
ruptures to create a polymer layer with a high density. Hyaplus
has longer chains, and so more entanglements per chain. As a
result, it does not break down as easily and forms a more dilute
layer which is less dissipative in QCM-D. Polymer segments with a
reduced opacity present the existence of an entanglement network
in the bulk, as discussed in [106, 107] . . . . . . . . . . . . . . . . 65

xv



4.12 The Voinova model for viscoelastic layers was applied to the
layers formed from Hyadel (upper panel) and Hyaplus (lower
panel) solutions diluted by a factor of two for three independent
measurements from Figures 4.8 and 4.9. We obtain values of
the thickness hlayer, viscosity ηlayer and elastic modulus µlayer.
The input parameters were layer density ρlayer = 1000 g.L−1,
buffer density and viscosity respectively ρfluid = 1006 g.L−1 and
ηfluid = 1.03 mPa.s. The dashed lines correspond to the injection
of OVD and rinsing steps, respectively. . . . . . . . . . . . . . . . 67

4.13 Comparing the high shear rheology obtained with QCM-D for
Hyadel (upper panel) and Hyaplus (lower panel) with the results
from shear rheology at lower shear rates. The measured values are
represented by blue squares and the pink dashed line represents
the Carreau-Yasuda fit obtained with shear rheology. Note
the difference in y-scale between the Hyadel and Hyaplus plots,
indicating differences in the magnitude of viscosity and shear-
thinning ability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.14 A mucin layer was adsorbed from a 25 ppm solution in PBS and
followed with QCM-D for the third overtone in four independent
experiments. It was rinsed for 10 minutes to remove any free mucin
and check the attachment was strong enough. The dashed lines
correspond to mucin injection and PBS rinsing, respectively. . . . 70

4.15 The Voinova model for viscoelastic layers was applied to the
mucin layer from the four different measurements from Figure 4.14
to get values of the thickness hlayer, viscosity ηlayer and elas-
tic modulus µlayer. The input parameters were layer density
ρlayer = 1050 kg.m−3, buffer density and viscosity respectively
ρfluid = 1006 kg.m−3 and ηfluid = 1.03 mPa.s. The dashed lines
correspond to mucin injection and PBS rinsing. . . . . . . . . . . 71

4.16 A mucin layer was adsorbed from a 25 ppm solution in PBS
and followed with QCM-D for the third overtone on two repeat
measurements. A solution of Hyadel diluted by a factor of two
was then injected. The dashed lines correspond to the successive
injections of mucin, PBS, OVD and PBS. . . . . . . . . . . . . . . 72

4.17 A mucin layer was adsorbed from a 25 ppm solution in PBS
and followed with QCM-D for the third overtone on two repeat
measurements. A solution of Hyaplus diluted by a factor of two
was then injected. The dashed lines correspond to the successive
injections of mucin, PBS, OVD and PBS. Note the difference in
y-scale with Hyadel plots from Figure 4.16, indicating a difference
in the adsorption behaviour. . . . . . . . . . . . . . . . . . . . . . 73

xvi



4.18 Comparing the QCM-D signal of Hyadel adsorbing from a 25 ppm
solution on a mucin layer (darker shade) or on gold (lighter shade). 74

4.19 Comparing the QCM-D signal of Hyaplus adsorbing from a 25 ppm
solution on a mucin layer (darker shade) or on gold (lighter shade). 74

5.1 Schematic of the colloidal probe AFM experiment. A 4.48 µm
diameter silica particle coated with hyaluronic acid (HA) from
ophthalmic viscosurgical devices (OVDs) was attached to a tipless
cantilever and used as a force testing probe. The functionalisation
involved a self-assembled monolayer of aminopropyltriethoxysilane
(APTES) chemically linked to HA. The substrate was a glass
slide functionalised with biological material: poly-L-lysine, poly-
L-glutamic acid, mucin or hyaluronic acid. . . . . . . . . . . . . . 79

5.2 Interfacial tension of a top-down droplet of cohesive Hyaplus
(blue), viscosupplement Hyathron (pink, not used in the rest of
this thesis, but included for completeness) and dispersive Hyadel
(yellow) in air. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.3 Contact angles as a function of time for a droplet of water on bare
oxidised glass (blue), poly-L-lysine (pink) and poly-L-glutamic acid
(yellow). Hydrophilicity reflects the availability of surface groups
and their ability to form hydrogen bonds. . . . . . . . . . . . . . . 84

5.4 Contact angle as a function of time for a droplet of cohesive
Hyaplus (left panel) and dispersive Hyadel (right panel) on bare
oxidised glass (blue), poly-L-lysine (pink) and poly-L-glutamic acid
(yellow). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.5 Pictures of sessile drops of dispersive Hyadel and cohesive Hyaplus
on bare oxidised glass (upper panel) or PLL-functionalised glass
(lower panel) at different measurement times. The scalebar is
similar in both panels. . . . . . . . . . . . . . . . . . . . . . . . . 86

5.6 Dynamic mode AFM images of the different substrates’ topogra-
phy in PBS: glass (top left), PLL (top right), mucin (bottom left)
and PLGA (bottom right), and table summarising the root mean
square roughness parameters for each substrate. The standard
deviation from measuring different regions is displayed as uncertainty. 87

xvii



5.7 Schematic of the dimensions relevant to the experiment. AFM
force curves scanned an 8 × 8 point grid covering a square of side
100 µm (left panel). Each point on the map corresponds to a
12.5 × 12.5 µm square, which is comparable to the area imaged on
Figure 5.6 for the substrate (middle panel). The HA-functionalised
silica particle used as a probe (4.48 µm diameter) is also in the
same length range, and is represented by the blue and yellow circle.
Although the bead itself was not imaged with AFM, a glass slide
functionalised with the same OVD coating was imaged on a 1 µm2

area, see Figure 5.8 (right panel). . . . . . . . . . . . . . . . . . . 89

5.8 Dynamic AFM topography images of a glass surface in PBS
functionalised using the same protocol as the colloidal probe:
APTES coating (upper left panel) and either Hyaplus (upper right
panel) or Hyadel functionalisation (lower panel).The HA coating
appears to be homogeneous in spite of the larger structures evident
on the APTES coating surface. . . . . . . . . . . . . . . . . . . . 90

5.9 SEM image of bare silica particles (a), and corresponding EDX
element analysis (b) before any functionalisation. The right hand
panel of (b) shows signal from Si (turquoise), O (green), C (red)
and Pt (magenta). The left hand panel of (b) is a combination of
all four. The particles were coated with platinum prior to imaging. 92

5.10 SEM images of APTES-coated silica particles (a, b), and corre-
sponding EDX element analysis (c) before any chemical linking to
HA. The right hand panel of (c) shows signal from Si (turquoise),
O (green), C (red) and Pt (magenta). The left hand panel of (c)
is a combination of all four. Arrows point towards polymerised
APTES. The particles were coated with platinum prior to imaging. 93

5.11 SEM images of silica particles coated with Hyadel, a dispersive
OVD. Arrows point towards the HA mesh structure (a), a coffee-
ring effect attributed to the drying process (b), HA mediating
an adhesive interaction at the interface between neighbouring
particles (c), and a thick HA coating on top of the particles (d).
The particles were coated with platinum prior to imaging. . . . . 94

5.12 SEM images (a, b) and EDX analysis (c) of silica particles coated
with Hyaplus, a cohesive OVD. The right hand panel of (c) shows
signal from Si (turquoise), O (green), C (red) and Pt (magenta).
The left hand panel of (c) is a combination of all four. Arrows
point towards globular structures similar to those observed with
AFM and a coffee-ring effect attributed to the drying process (a),
and HA acting as a glue at the interface between neighbouring
particles (b). The particles were coated with platinum prior to
imaging. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

xviii



5.13 Cryo-SEM images and EDX analysis of bare (a, b) or APTES-
coated (c, d, e) silica particles. The right hand panel of (e) shows
signal from Si (turquoise), O (green), C (red) and Pt (magenta).
The left hand panel of (e) is a combination of all four. Arrows point
towards a crater (b), the APTES coating (c), and a coffee-ring (d).
The particles were coated with platinum prior to imaging. . . . . 97

5.14 Cryo-SEM images of silica particles coated with Hyadel, a dis-
persive OVD. The arrows point towards two types of surface
nanostructures: HA globules and filaments (a, c, d). The rectangle
in (b) is an area which was beamed for several seconds to check the
structures were not purely ice. (c) and (d) were imaged without
prior platinum coating of the sample in order to map their surface
composition using back-scattered electrons. . . . . . . . . . . . . . 98

5.15 Cryo-SEM images of silica particles coated with Hyaplus, a
cohesive OVD. The arrows point towards two types of surface
nanostructures: HA globules and filaments. (c) and (d) were
imaged without prior platinum coating of the sample in order to
map their surface composition using back-scattered electrons. . . . 99

5.16 AFM force curve of a colloidal probe functionalised with dispersive
Hyadel (top left) or cohesive Hyaplus (top right) interacting with
glass measured at a probe speed of 1 µm.s−1. These profiles are
referred to as type A and type B, respectively. Their origin is
discussed in the text. The bottom curve corresponds to a limiting
case (type C) where little to no adhesion was seen, this time for
Hyadel on a Hyadel-functionalised slide at 5 µm.s−1. The dotted
line corresponds to the expected polymer contour length. The force
profiles were normalised by dividing by the radius of the particle. 102

5.17 Schematic representation of the type A AFM force profile in
Figure 5.16 a and mostly observed for Hyadel (upper panel),
compared to the type B AFM force profile in Figure 5.16 b and
favoured by Hyaplus (lower panel). Type A corresponds to the
simultaneous rupture of several attachment points on the surface
whereas type B is the consecutive rupture of single attachment
points. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.18 Heatmap representing the number of adhesion spikes for each point
on the force map (left panel) for Hyadel (a) and Hyaplus (c).
Note the difference in scale between the Hyadel and Hyaplus plots,
indicating a difference in the number of adhesion spikes. The map
starts on the bottom left, then scans to the right, goes up to the
second row which is scanned to the left, etc. The adhesion force
(blue) and work of adhesion (pink) for each point on the map is
plotted on the right panel for Hyadel (b) and Hyaplus (d). . . . . 106

xix



5.19 Example WLC fit of a single adhesion spike (a) and histogram
representing the distribution of parameters obtained from WLC
fits for cohesive Hyaplus (blue) and dispersive Hyadel (red) on glass
with a probe speed of 1 µm.s−1: spike adhesion force (b), contour
length (c), persistence length (d). The average value and standard
deviation are written in the top right corner. Similar figures at the
other speeds and substrates can be found in Appendix F.1. . . . . 108

5.20 Evolution of the persistence length b (pink) and contour length
L (blue) at each consecutive spike for the first ten force curves of
the type A Hyadel profile displayed in Figure 5.16 a (upper panel)
and the type B Hyaplus profile displayed in Figure 5.16 b (lower
panel). Each vertical line corresponds to the next force curve on
the map. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.21 Adhesive force (upper panel) and work of adhesion (lower panel)
of OVDs as a function of probe speed for a range of surfaces. Gold
(yellow), oxidised glass (black), poly-L-glutamic acid (grey), poly-
L-lysine (pink), mucin (blue) and OVD (indigo). The error bars
correspond to the standard deviation. . . . . . . . . . . . . . . . 114

5.22 Adhesion force (upper panel) and work of adhesion (lower panel)
of OVDs with a range of surfaces as a function of dwelling time on
the surface. Gold (yellow), oxidised glass (black), poly-L-glutamic
acid (grey), poly-L-lysine (pink), mucin (blue) and OVD (indigo).
The error bars correspond to the standard deviation. . . . . . . . 116

5.23 Colour plots summarising the changes in Fadh (upper panel) and
Wadh (lower panel) when going from Hyadel to Hyaplus (increasing
Mw) for each substrate and speed. . . . . . . . . . . . . . . . . . 118

B.1 Changes in frequency (blue) and dissipation (pink) for the third
overtone observed with QCM-D when injecting a 2% Hellmanex
II detergent followed by rinsing with distilled water. A PVP layer
was initially adsorbed on the quartz surface from a 1 ppm solution,
which led to ∆f = -7 Hz and ∆D = -0.4 ppm compared to the bare
sensor in distilled water, as in Figure 3.3. This cleaning protocol
was efficient to desorb this layer. The dashed lines correspond to
the injection of Hellmanex and distilled water, respectively. . . . . 127

E.1 Changes in frequency (upper panel) and dissipation (lower panel)
for the 3rd (pink) and 11th overtone (blue) observed with QCM-D
when injecting a 15000 ppm solution of Hyadel in PBS. The Biolin
Dfind software was used to fit the experimental data to the Voinova
model for viscoelastic layers (dashed line). . . . . . . . . . . . . . 143

xx



E.2 Changes in frequency (upper panel) and dissipation (lower panel)
for the 3rd (pink) and 11th overtone (blue) observed with QCM-
D when injecting a 25 ppm solution of mucin in PBS. The Biolin
Dfind software was used to fit the experimental data to the Voinova
model for viscoelastic layers (dashed line). . . . . . . . . . . . . . 144

E.3 Changes in frequency (upper panel) and dissipation (lower panel)
for the 3rd (pink) and 11th overtone (blue) observed with QCM-D
when injecting a 7500 ppm solution of Hyaplus in PBS. The Biolin
Dfind software was used to fit the experimental data to the Voinova
model for viscoelastic layers (dashed line). . . . . . . . . . . . . . 145

E.4 Changes in frequency (upper panel) and dissipation (lower panel)
for the 3rd (pink) and 11th overtone (blue) observed with QCM-
D when injecting a 25 ppm solution of mucin in PBS. The Biolin
Dfind software was used to fit the experimental data to the Voinova
model for viscoelastic layers (dashed line). A 7500 ppm Hyaplus
solution was injected afterwards, as shown on Figure 4.17. . . . . 146

F.1 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on glass with
a probe speed of 2.5 µm.s−1. . . . . . . . . . . . . . . . . . . . . . 148

F.2 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on glass with
a probe speed of 2.5 µm.s−1 and a 1 s residence time on the surface.149

F.3 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on glass with
a probe speed of 5 µm.s−1. . . . . . . . . . . . . . . . . . . . . . . 149

F.4 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on glass with
a probe speed of 10 µm.s−1. . . . . . . . . . . . . . . . . . . . . . 150

F.5 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on gold with
a probe speed of 1 µm.s−1. . . . . . . . . . . . . . . . . . . . . . . 151

xxi



F.6 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on gold with
a probe speed of 2.5 µm.s−1. . . . . . . . . . . . . . . . . . . . . . 152

F.7 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on gold with
a probe speed of 2.5 µm.s−1 and a 1 s residence time on the surface.152

F.8 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on gold with
a probe speed of 5 µm.s−1. . . . . . . . . . . . . . . . . . . . . . . 153

F.9 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on gold with
a probe speed of 10 µm.s−1. . . . . . . . . . . . . . . . . . . . . . 153

F.10 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on mucin with
a probe speed of 1 µm.s−1. . . . . . . . . . . . . . . . . . . . . . . 154

F.11 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on mucin with
a probe speed of 2.5 µm.s−1. . . . . . . . . . . . . . . . . . . . . . 155

F.12 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on mucin with
a probe speed of 2.5 µm.s−1 and a 1 s residence time on the surface.155

F.13 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on mucin with
a probe speed of 5 µm.s−1. . . . . . . . . . . . . . . . . . . . . . . 156

xxii



F.14 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on mucin with
a probe speed of 10 µm.s−1. . . . . . . . . . . . . . . . . . . . . . 156

F.15 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLGA with
a probe speed of 1 µm.s−1. . . . . . . . . . . . . . . . . . . . . . . 157

F.16 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLGA with
a probe speed of 2.5 µm.s−1. . . . . . . . . . . . . . . . . . . . . . 158

F.17 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLGA with
a probe speed of 2.5 µm.s−1 and a 1 s residence time on the surface.158

F.18 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLGA with
a probe speed of 5 µm.s−1. . . . . . . . . . . . . . . . . . . . . . . 159

F.19 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLGA with
a probe speed of 10 µm.s−1. . . . . . . . . . . . . . . . . . . . . . 159

F.20 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLL with
a probe speed of 1 µm.s−1. . . . . . . . . . . . . . . . . . . . . . . 160

F.21 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLL with
a probe speed of 2.5 µm.s−1. . . . . . . . . . . . . . . . . . . . . . 161

xxiii



F.22 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLL with
a probe speed of 2.5 µm.s−1 and a 1 s residence time on the surface.161

F.23 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLL with
a probe speed of 5 µm.s−1. . . . . . . . . . . . . . . . . . . . . . . 162

F.24 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLL with
a probe speed of 10 µm.s−1. . . . . . . . . . . . . . . . . . . . . . 162

F.25 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on HA with a
probe speed of 1 µm.s−1. . . . . . . . . . . . . . . . . . . . . . . . 163

F.26 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on HA with a
probe speed of 2.5 µm.s−1. . . . . . . . . . . . . . . . . . . . . . . 164

F.27 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on HA with a
probe speed of 2.5 µm.s−1 and a 1 s residence time on the surface. 164

F.28 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on HA with a
probe speed of 5 µm.s−1. . . . . . . . . . . . . . . . . . . . . . . . 165

F.29 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and per-
sistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on HA with a
probe speed of 10 µm.s−1. . . . . . . . . . . . . . . . . . . . . . . 165

xxiv



F.30 Evolution of the average spike adhesion force (upper right panel),
contour length (lower left panel) and persistence length (lower right
panel) obtained fromWLC fits on glass for cohesive Hyaplus (blue)
and dispersive Hyadel (pink) with respect to probe speed. The
empty symbols correspond to immediate probe retraction, and the
filled symbols correspond to a 1 s dwelling time on the surface. . . 166

F.31 Evolution of the average spike adhesion force (upper right panel),
contour length (lower left panel) and persistence length (lower right
panel) obtained from WLC fits on gold for cohesive Hyaplus (blue)
and dispersive Hyadel (pink) with respect to probe speed. The
empty symbols correspond to immediate probe retraction, and the
filled symbols correspond to a 1 s dwelling time on the surface. . . 167

F.32 Evolution of the average spike adhesion force (upper right panel),
contour length (lower left panel) and persistence length (lower right
panel) obtained from WLC fits on mucin for cohesive Hyaplus
(blue) and dispersive Hyadel (pink) with respect to probe speed.
The empty symbols correspond to immediate probe retraction, and
the filled symbols correspond to a 1 s dwelling time on the surface. 167

F.33 Evolution of the average spike adhesion force (upper right panel),
contour length (lower left panel) and persistence length (lower right
panel) obtained from WLC fits on PLGA for cohesive Hyaplus
(blue) and dispersive Hyadel (pink) with respect to probe speed.
The empty symbols correspond to immediate probe retraction, and
the filled symbols correspond to a 1 s dwelling time on the surface. 168

F.34 Evolution of the average spike adhesion force (upper right panel),
contour length (lower left panel) and persistence length (lower right
panel) obtained from WLC fits on PLL for cohesive Hyaplus (blue)
and dispersive Hyadel (pink) with respect to probe speed. The
empty symbols correspond to immediate probe retraction, and the
filled symbols correspond to a 1 s dwelling time on the surface. . . 168

F.35 Evolution of the average spike adhesion force (upper right panel),
contour length (lower left panel) and persistence length (lower right
panel) obtained from WLC fits on HA for cohesive Hyaplus (blue)
and dispersive Hyadel (pink) with respect to probe speed. The
empty symbols correspond to immediate probe retraction, and the
filled symbols correspond to a 1 s dwelling time on the surface. . . 169

xxv



List of Tables

2.1 Optical model used to calculate PVP or HA layer thickness. . . . 16

3.1 The frequency shifts predicted for the third overtone from a bulk
shift effect were calculated using equations 2.7 and 2.8 resulting
from the Kanazawa-Gordon model. The viscosity was calculated
using equation 3.2. . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.2 The experimental QCM-D data was fitted to chemisorption kinet-
ics during the initial phase, both for frequency kf3 and dissipation
kD3. The uncertainty corresponds to the standard error of the
mean taken over several independent measurements. . . . . . . . . 38

3.3 The layer thickness hlayer, viscosity ηlayer and elastic modulus µlayer

before rinsing were obtained using the Voinova model with the
third to the thirteenth overtone. The uncertainty corresponds to
the standard error of the mean taken over several independent
measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.4 Time needed for the frequency ∆tf and dissipation ∆tD to return
to the ultrathin layer formed from a 1 ppm solution and shown in
Figure 3.3. The rinsing step started at 60 minutes. . . . . . . . . 40

3.5 Table comparing the QCM-D signals for the third overtone for
a PVP layer on gold and on mucin. The uncertainty for gold
corresponds to the standard error of the mean taken over two
independent measurements. . . . . . . . . . . . . . . . . . . . . . 43

4.1 Table summarising the average Sauerbrey surface excess for 1000 ppm
OVD solutions obtained from 3 independent measurements for the
third overtone. The uncertainty is the standard deviation across
the repeat measurements. . . . . . . . . . . . . . . . . . . . . . . 58

4.2 Table summarising the adsorption rate constants k (nm.min−1/2)
obtained from the Weber-Morris equation. . . . . . . . . . . . . . 59

xxvi



4.3 Average values of the layer thickness, viscosity and elastic modulus
of layers formed in OVD solutions diluted by a factor of two,
using the Voinova model on 3 independent measurements. The
uncertainty corresponds to the standard error of the mean. . . . . 66

4.4 Average values of the mucin layer thickness, viscosity and elastic
modulus found using the Voinova model on 4 independent mea-
surements. The uncertainty corresponds to the standard error of
the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.1 All the AFM force maps were attributed one of the three typical
profiles shown on Figure 5.16. The first one (Type A) corresponds
to a wide proximal peak followed by occasional spikes of a lower
magnitude, like the Hyadel example on Figure 5.16 a. Type B
corresponds to a succession of spikes of a similar magnitude, like
the Hyaplus example on Figure 5.16 b. Type C displayed less than
two spikes and the force stayed close to zero throughout the whole
extension of the probe, like the Hyadel example on Figure 5.16 c. 103

C.1 Table summarising the shear rate and residence time of OVDs in
different parts of the QCM-D setup. . . . . . . . . . . . . . . . . . 129

C.2 Table summarising the shear rate and residence time of Hyadel in
different parts of the QCM-D setup. . . . . . . . . . . . . . . . . . 129

C.3 Table summarising the shear rate and residence time of Hyaplus
in different parts of the QCM-D setup. . . . . . . . . . . . . . . . 129

xxvii



Chapter 1

Introduction

1.1 Relevant Eye Anatomy

Cataract is a degenerative condition characterised by a progressive diminishing

and blurring of sight. It is the first cause of blindness worldwide, although it can

be reversed through a surgical operation. This outpatient surgery is the most

performed operation worldwide, which makes cataract a major topic in public

health [1]. The aim of this section is to introduce some elements of eye anatomy

which are important when considering cataract surgery.

Cataract is caused by a malfunction of the eye crystalline lens, a transparent

biconvex structure found behind the iris which focuses the incoming light onto the

retina, see Figure 1.1. The lens is able to change shapes though the contraction

of the ciliary body muscles. This allows the vision to accommodate and focus

on objects at different distances. In cataract, the structural proteins of the lens,

crystallins, start to aggregate, which results in an opacification of the lens [2].

This can be caused by a multitude of factors, although the most common is

ageing.

The lens is situated in the anterior cavity of the eye, a segment which encompasses

the cornea, the iris and the ciliary body. This cavity is composed of two chambers:

the anterior chamber, which typically has a volume of 250 µL, is situated between

the iris and the cornea, whilst the posterior chamber lies between the iris and the

back of the lens. Both of these chambers are filled with aqueous humour, a low
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Figure 1.1 A schematic representation of the ocular cavity. In cataract, the
lens progressively becomes cloudy due to the aggregation of crystallin
proteins, which results in a blurry vision. Adapted from [2].

viscosity fluid which contains various ions and nutrients. Most of the tissues

found in the eye need to be transparent in order to allow light to travel through.

As a result, they do not contain a vascular system. Instead, the aqueous humour

plays a similar role to blood by transporting essential nutrients and removing

waste products [3]. The posterior cavity is filled with vitreous humour, a viscous

transparent gel which maintains the structure of the eye.

Cataract surgery requires an incision through the cornea, which is a transparent

oval tissue located on the outer layer of the eye. Its roles are to refract the

incoming light to the interior of the eye and to act as a protective membrane. The

cornea is approximately 550 µm thick and 12 mm in diameter [4]. It is composed

of a succession of layers, as represented in Figure 1.2. Surface epithelial cells lie

on the collagen Bowman’s membrane. The stroma, which is the thickest layer, is

delimited on the inner side by the Descemet’s membrane. The innermost layer of

the cornea is composed of a monolayer of hexagonal cells called the endothelium.

The corneal endothelium plays a critical role in the transparency of the cornea

by pumping out the excess fluid from the stroma [5]. Unlike the epithelium,

endothelial cells do not regenerate in the event of a trauma [6, 7]. In case of cell
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loss, the adjacent cells migrate and enlarge in order to bridge the newly-formed

gap. As a result, endothelial cell loss is a serious condition which cannot be easily

treated, and may result in irreversible vision loss [8].

Figure 1.2 A schematic representation of the layers forming the cornea.
Endothelium protection is critical during cataract surgery, as these
cells do not regenerate. Taken from [5].

The corneal epithelium surface is covered by an aqueous coat named the tear

film, which is an additional protective barrier against damage and infection and

provides lubrication [9]. This film is composed of three layers: the outer part

of the film mostly contains lipids, the core of the film is an aqueous phase, and

the inner part is composed of mucins. The latter are high molecular-weight

glycoproteins which are anchored to the surface of the corneal epithelium and

ensure lubrication of the ocular surface.

The corneal epithelium and endothelium are covered by a viscoelastic glycocalyx,

which is composed of a mixture of polysaccharides, proteins and lipids [10].

Several types of membrane-bound mucins have been identified, as well as a range

of cellular receptors [11]. In particular, the receptors CD44 and RHAMM bind

the endogenous hyaluronic acid (HA), which is a negatively-charged biopolymer

widely used as a compound in cataract surgery [12, 13].
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1.2 Cataract Surgery: Procedure and Challenges

The main procedure used to treat cataract is phacoemulsification [14]. It uses an

ultrasound probe (also called a phaco probe) to break the defective lens into pieces

through a small incision on the side of the cornea. An irrigation/aspiration device

is used to balance the flow of aqueous solution in the eye to prevent a collapse

of the anterior chamber of the eye, and to remove the lens debris. An artificial

intraocular lens (IOL) is then inserted in the ocular cavity to replace the previous

cloudy lens.

Although phacoemulsification is performed routinely with a good outcome for

the patient, some complications may occur. Corneal endothelial cell loss has

been described as a possible side-effect of cataract surgery [15–17]. As described

in Section 1.1, a significant cellular loss on the endothelium is a risk because

of its poor regenerative ability. The phacoemulsification procedure generates an

significant shear stress in the anterior chamber, and accidental contact from the

surgical equipment or the lens debris may induce damage to the delicate inner

structures of the eye [18]. Thermal damage and free radical production have also

been reported to result from use of the ultrasound probe.

Cataract surgeons use viscoelastic polymer gels called Ophthalmic Viscosurgical

Devices (OVDs) in order to minimise the risks associated with the procedure.

OVDs have a high viscosity at rest, whilst their shear-thinning characteristic

facilitates their injection through small-gauge cannula. Their role is to maintain

volume and pressure in the anterior chamber. They also provide a protection

for endothelial cells. The main risk associated with OVDs is their remaining in

the eye at the end of the operation. If not properly removed, they can obstruct

the flow of aqueous humour through the trabecular mesh-work, increasing the

intraocular pressure (IOP) [19]. Removing OVDs is thus a crucial step in the

procedure. The composition and classification of these gels will be detailed in

Section 1.3.
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1.3 Ophthalmic Viscosurgical Devices:

Composition and Classification

The classification of OVDs has changed throughout the years, adapting to the

release of new products. In this section, we will discuss the composition of OVDs

and detail their classifications based on rheological properties.

The first commercial OVD (Healon®) was introduced in 1984 [20]. It con-

tains hyaluronic acid, or hyaluronan (HA), which is a linear, negatively-

charged polysaccharide composed of two monosaccharides, namely β-D-N-acetyl-

galactosamine and β-D-glucuronic acid. HA was first isolated in 1934 from bovine

vitreous humour [21], and was later identified as an ubiquitous component of the

extracellular matrix [13, 22]. It is also present in both the human aqueous and

vitreous humours. It is generally produced by bacterial fermentation, but can be

extracted from rooster combs in order to get a higher molecular weight if required.

It has been shown that corneal endothelial cells have specific receptors for HA [23]

and are endogenously coated with a layer of HA [24]. OVDs can contain a variety

of polymers other than HA, such as hydroxypropylmethyl cellulose (HPMC) and

chondroitin sulfate (CS). In this thesis, we will focus on OVDs containing HA,

as this polymer’s versatile properties can be tuned to formulate several classes of

OVDs.

In the early days of OVDs, the classification was based on zero-shear viscosity η0

only. When Healon5® was released in 2001, the classification was revised, as this

product was the first to display a behaviour described as viscoadaptive. Although

very viscous at rest, it fractures into small droplets under the stress applied

during aspiration, unlike other viscous OVDs, which could be removed as a single

bolus [25]. This led the biomedical industry to switch to a new classification,

categorising OVDs based on their behaviour upon aspiration: dispersive or

cohesive.

Dispersive OVDs have a lower elasticity, which results in the polymer network

fracturing upon removal by aspiration. Conversely, cohesive OVDs display a high

degree of polymer entanglement, allowing the entire network to be aspirated as

one [26]. This difference in behaviour is a result of a balance between molecular

weight and concentration: cohesive OVDs are composed of long-chain polymers
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and therefore display a high molecular weight, in the range of several MDa. On

the other hand, dispersive OVDs typically have a lower molecular weight (several

hundreds kDa) [27], but contain polymers at a higher mass concentration than

cohesive OVDs.

From a surgeon’s perspective, dispersive OVDs provide a better endothelial

protection, and they are more retained in the anterior chamber than cohesive

ones, but they are less efficient in maintaining space and more difficult to

aspirate [26, 28, 29]. The use of one type over the other mostly depends on

the surgeon’s preference, and the potential difficulties encountered during the

procedure. Both types can also be used at different stages of the operation [30].

A method aiming to exploit the best of both categories of OVDs whilst getting

rid of the setbacks was proposed in 1999: the soft-shell technique [31]. It relies

on the sequential injection of both types of OVDs in adjacent spaces. Prior to

phacoemulsification, the dispersive OVD should be injected before the cohesive

OVD, whereas the order is reversed for the insertion of the IOL. Some OVD

manufacturers produce dual syringes containing unmixed dispersive and cohesive

OVDs in the same device to facilitate this sequential injection. Although the soft-

shell technique may have an interest for complicated cases, it requires a longer

operating time and a greater quantity of OVDs. As pointed out in [19], a longer

operating time implies more intraocular manipulations and fluid flow, which can

increase the overall risk of complications. It also makes it more difficult to entirely

remove the fluid. On a more practical point of view, surgeons usually prefer to

operate each patient in the most time-efficient way possible, in order to maximise

the number of operations they can perform in one day.

In this work, we used cohesive (Hyaplus, Hyalock) and dispersive (Hyadel) OVDs

kindly provided by Hyaltech Ltd [32]. A schematic summarising their respective

concentrations and molecular weights is available in Figure 4.1.

1.4 Relevant Timescales

In order to compare our experimental results with surgeons’ observations, it is

important to keep in mind some of the timescales involved in phacoemulsification

surgery. The surgery itself is rapid: between 5 and 10 minutes are typically

required for each eye [19].
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The ultrasound phaco probe vibrates at a frequency between 25 and 60 kHz, which

can either be delivered in a continuous or intermittent fashion. Several articles

have attempted to calculate the velocity of the resulting turbulent flow, with

results ranging from 3.74 to 20 mm.s−1 [33, 34]. The total phacoemulsification

time has been estimated to be between 25 s and several minutes [18, 19, 35].

The fluid flow rate from the irrigation/aspiration probe can be adjusted by the

surgeons, and is typically close to 40 mL.min−1. Likewise, the vacuum settings

vary from 200 to 600 mm.Hg [29, 36–39]. OVD syringes contain approximately

1 mL of solution. As discussed before, the removal of dispersive OVDs tends to

require a longer time than for cohesive OVDs. Values reported in the literature

range from 10 to 30 s for cohesive OVDs, and from 30 to 210 s for dispersive

OVDs [26, 28, 40].

As discussed in Section 1.2, the main risk associated with OVDs is the

spikes in IOP, which can result from an incomplete removal of OVDs altering

the flow of aqueous humour. IOP peaks after 5 to 7 hours following the

operation, returning to baseline levels after a few days, possibly with the help

of medication [41]. Aqueous humour is continuously produced, normally at a

rate of 2 to 3 µL.min−1 [3, 42], resulting in a renewal rate of 2 hours in normal

conditions.

1.5 Approach Adopted in this Work

Although articles from the literature widely describe the coating ability [43–45]

and adherence of OVDs on endothelial cells [30, 43, 46, 47], the formation of an

adsorbed surface layer which might exert an influence beyond viscoelastic bulk

effects has not been clearly established so far. Yet the presence of an endogenous

HA layer [24] and HA-binding receptors [23] on the corneal endothelium imply the

possibility of an attractive interaction that might mediate the formation of such

a layer. This effect has been exploited in the formulation of HA-coated niosomes,

which have been reported to display an enhanced interaction with the cornea [48].

In this thesis, we use Quartz Crystal Microbalance with Dissipation monitoring

(QCM-D) and phase modulation ellipsometry on a variety of solid substrates. Our
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investigation starts with dilute solutions of polyvinylpyrrolidone (PVP), which

flow as a Newtonian fluid, and a gold-coated substrate. We then progress to

using solutions formulated from both cohesive and dispersive OVDs that span HA

concentrations from the dilute to the entangled regimes. We then functionalise

the solid substrates in an effort to mimic some of the functionalised groups that

might be expected to be found at the surface of the corneal endothelium. In all

cases, we examine the behaviour of any polymer layers that have formed under

rinsing, to provide insight into what might happen in the aspiration step that

follows phacoemulsification.

We go on to use colloidal probe Atomic Force Microscopy (AFM) to directly

measure the interactions between a colloidal probe functionalised with HA from

the two categories of OVDs and solid substrates functionalised with a range of

biopolymers chosen to mimic the molecules found at the surface of the corneal

endothelium. We use these measurements to attempt to rationalise the adsorption

and the rinsing behaviours seen in our QCM-D experiments and the experience

of the surgeons when using the two types of OVDs. We will not be using any cells

in this work, as this would require equipment and expertise which are beyond the

scope of this PhD.
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Chapter 2

Methods

2.1 Quartz Crystal Microbalance with Dissipation

Monitoring (QCM-D)

2.1.1 Theory

QCM-D relies on the reverse piezoelectricity of quartz. When subject to a

voltage, the quartz sensor undergoes a shear deformation causing it to oscillate

at a resonant frequency determined by its thickness. Any mass adsorbed on

the sensor surface as well as viscoelastic coupling with either the ambient fluid

or the layer will induce changes in the resonant frequency (∆f) and dissipation

(∆D). The latter is defined as the reciprocal of the Q factor, or the ratio of the

energy dissipated to the energy stored during one oscillation. It is obtained in

a ring-down measurement by measuring the exponential decay of the amplitude

after the voltage is turned off. The values of ∆f and ∆D are recorded for the

fundamental as well as 3rd, 5th, 7th, 9th, 11th and 13th overtone. Each overtone

has a different penetration depth: a higher overtone with a higher frequency will

probe a smaller depth. We will now describe the different models that can be

used to translate the time-dependent values of ∆f and ∆D into surface excess

and viscoelastic parameters. These models are represented in Figure 2.1.
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2.1.2 Data Analysis: Modelling the Physical System

Sauerbrey Model

Sauerbrey introduced the first QCM-D model in 1959 [49]. For a thin, rigid layer

in vacuum or in air, it predicts a linear relationship between the frequency shift

of overtone n, ∆fn, and the mass adsorbed per unit area, φ (equation 2.1):

∆fn
n

= − f0 φ

ρQ hQ
= − f 2

0 φ

N hQ
(2.1)

where f0 is the resonant frequency of the unloaded crystal in air, hQ and ρQ are

the quartz thickness and density, N is the frequency constant, and φ is the surface

excess, which corresponds to the mass adsorbed per unit area.

This model makes several assumptions: the film must be homogeneous and rigid

to let the acoustic wave propagate elastically without energy loss. It must be thin

enough that it can be treated as an extension of the quartz, meaning the wave

velocity is the same as in the crystal.

In practice, the film is considered thin enough if the frequency decrease is less

than 2%, and rigid if the ratio ∆D
∆f

<< 4 · 10−7 Hz−1 or if the dissipation is

less than 1 ppm. Another indicator that the layer is sufficiently rigid for the

Sauerbrey assumption to be met is that ∆fn
n

is independent of the overtone n.

Equation 2.1 and the uncertainties associated will be derived below.

As a QCM-D quartz crystal is free to oscillate on both faces, there is an anti-node

on the surface, and the thickness corresponds to half a wavelength, which induces

a resonance phenomenon. The corresponding frequency f0 of the oscillating

quartz crystal can be calculated by equation 2.2:

f0 =
fn
n

=
vtr
2 hQ

=
N

hQ
(2.2)

where vtr is the speed of a transverse wave propagating in the quartz crystal,

and N is the frequency constant, which is 1670 · 102 ± 1% Hz.cm for an AT-cut

crystal with a ratio of diameter (Θ) and thickness (hQ) higher than 20. With the
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crystal used in this experiment,
Θ

hQ
=

14

0.300
= 46. AT-cut refers to the geometry

of the quartz, which is cut with a 35° angle from the vertical axis. This type of

crystal is commonly used for its precision and temperature stability.

The deformation arising from an ideal shear oscillation in a plane is expected

to propagate in the vertical direction, with no impact of the deformation of the

slices inside the material. This implies that if a surface layer is thin enough, the

frequency will be impacted by its added mass only, and not its viscoelasticity. As

a result, the layer can be approximated as being an extension of the quartz itself.

Equation 2.2 can be differentiated to obtain equation 2.3.

−∆fn
n f0

=
∆hQ
hQ

(2.3)

If the density is evenly distributed across the layer, the added mass per unit area

is a product of the added thickness and the density, which yields equation 2.4:

−∆fn
n f0

=
∆m

A ρQ hQ
=

φ

ρQ hQ
(2.4)

where ∆m is the mass adsorbed, ρQ is the density of quartz (2.65 g.cm−3), A is

the sensor area and φ is the mass adsorbed per unit area. This is equivalent to

equation 2.1, and can be rearranged into equation 2.5:

φ = −∆fn
n

ρQ hQ
f0

= −∆fn
n

ρQ N

f 2
0

= −∆fn
n

Cf (2.5)

where Cf is a constant depending on the quartz properties only, sometimes

referred to as the sensitivity constant. It follows that in the Sauerbrey model, the

slope of ∆fn plotted against n corresponds to -
φ

Cf

, and one expects all overtones

to yield the same value of φ. It follows that the value of Cf is:

Cf =
ρQ N

f 2
0

= 18.06(41) ng.cm−2.Hz−1 (2.6)

The uncertainty ∆Cf is calculated using error propagation in Appendix A.
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Kanazawa-Gordon Model

Kanazawa and Gordon adapted the approach for use in liquids by taking into

account the coupling of the shear wave in the sensor with the Newtonian fluid it

is immersed in [50]. From there, the changes in frequency and dissipation upon

immersion can be calculated with equations 2.7 and 2.8 [51],

∆fn = − 1

Cf

√
n ρl ηl
2 ωF

(2.7)

∆Dn = −2
∆fn
fn

(2.8)

where ρl and ηl are the ambient density and viscosity of the liquid, and ωF is the

angular fundamental resonance frequency.

Voinova Model

The Voinova model treats the system as a Voigt element, comprising an elastic

spring and a viscous dash pot connected in parallel [52]. It takes into consideration

the coupling of the shear wave with both the adsorbed layer, which can be

viscoelastic, and the ambient Newtonian fluid. It adds information about the

layer’s viscoelastic parameters, making QCM-D a high frequency rheometer.

However, one should keep in mind that the parameters are correlated in the

equations. Ideally, one would use another independent technique to get a

measurement of one of the parameters, for instance layer thickness or surface

excess, otherwise the output will be a composite parameter.

The frequency and dissipation shifts of the layer can be calculated using

equations 2.9 and 2.10:

∆f ≈− 1

2πρQhQ

{
ηfluid
δ

+

[
hlayerρlayerω − 2hlayer

(ηfluid
δ

)2 G′′
layerω

G′
layer

2 +G′′
layer

2

]}
(2.9)
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∆D ≈ 1

2πfρQhQ

{
ηfluid
δ

+

[
2hlayer

(ηfluid
δ

)2 G′
layerω

G′
layer

2 +G′′
layer

2

]}
(2.10)

where ηfluid is the bulk fluid viscosity, δ is the shear wave viscous penetration

depth, hlayer and ρlayer are the layer thickness and density, ω is the angular

frequency, and G′
layer and G

′′
layer are the layer storage and loss moduli.

Figure 2.1 A schematic of the QCM-D sensor in air/vacuum (1), in liquid
(2) or in liquid with an adsorbed layer (3). The corresponding
oscillation frequency decreases at each step. (2) can be described
by the Kanazawa-Gordon model and (3) by either the Sauerbrey or
Voinova model depending on the rigidity of the layer.

2.1.3 Experimental Protocol

In Chapters 3 and 4, QCM-D is used to monitor the adsorption of the polymers

PVP and HA respectively. The common elements of the experimental protocol

are described here.

PVP 360 kDa was purchased from Sigma Aldrich (St. Louis, MO, USA), and

the OVD solutions were kindly provided by Hyaltech. Solutions were prepared in

advance and diluted at the desired concentration. They were degassed in vacuum

for at least 1h before every measurement in order to avoid the formation of air

bubbles.

The adsorption of polymers on gold and other functionalised gold surfaces was

monitored using a QSense Explorer QCM-D from Biolin Scientific (Sweden). The

QSX 301 AT-cut gold sensors used were 14 mm in diameter, 330 µm thick and
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had a fundamental shear resonant frequency of 4.95 MHz when unloaded in air.

The sensors were cleaned before each experiment using the following protocol:

after a 30-minute sonication in a 2% v/v solution of Hellmanex-II, and a 10-

minute sonication in distilled water, the sensors were dried with an inert 2,3,3,3-

tetrafluoropropene gas and left for one to three hours in a UV-Ozone ProCleaner

Plus (Bioforce Nanosciences).

Each measurement began by pumping either distilled water or phosphate buffer

saline (PBS) at 20°C (RT = 21°C) through the sensor chamber for at least 25

minutes using a peristaltic pump with a flowrate set at 100 µL.min−1 to get a

stable baseline. The baseline was considered stable when the frequency shift of

the third overtone was drifting by less than 0.2 Hz during a 10-minute period.

The chosen polymer solution was then pumped through the sensor chamber at

100 µL.min−1 for the desired time, typically 50 minutes, followed by a subsequent

rinsing with distilled water or PBS until the frequency and dissipation reached a

plateau. The changes in frequency (∆f) and dissipation (∆D) were recorded for

the fundamental as well as the 3rd, 5th, 7th, 9th, 11th and 13th overtones. As

the overtone number increases, the shear wave penetration depth decreases. The

third overtone provides the best signal-to-noise ratio and was used as a default

if not specified otherwise. The fundamental frequency is typically discarded as it

is very sensitive to flow effects in the sensor chamber, yielding a noisy signal. A

schematic of the setup is given in Figure 2.2. The solution of interest has to flow

through various geometric boundary conditions, which correspond to different

shear rates and stresses. Tables summarising these regimes can be found in

Appendix C. It is worth noticing that the shear rates encountered are in the

same range as the frequency of the ultrasound probe used in phacoemulsification,

which are reported in Section 1.4.

2.2 Phase Modulation Ellipsometry

The ellipsometry measurements were done at Durham University, in Prof. Colin

Bain’s group. The measurements were done with Dr Walter Hama, who also

helped with data analysis, in particular by providing some of his own data to test

the efficiency of a Python software I wrote (Appendix D).
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Figure 2.2 A schematic of the QCM-D experimental setup (not to scale). A
peristaltic pump was used to pull the solution through the QCM-D
flow-cell, which contains the 7 mm radius sensor. The solution had
to go through a serpentine before reaching the sensor, allowing it
enough time to reach the set temperature of the sensor.

2.2.1 Theory and Data Analysis

Ellipsometry is an optical technique based on the change in polarisation of an

incident light beam upon reflection from a sample. The ratio ρ of the reflectance

of the p- and s- components can be characterised by an amplitude ratio, tan(ψ),

and a phase angle ∆ (equation 2.11).

Rp

Rs
= Re(ρ) + i Im(ρ) = tan(ψ) exp(i∆) (2.11)

The reflectances can be calculated by using the Fresnel equations applied to stacks

of layers characterised by the optical parameters given in Table 2.1, which are

also schematised in Figure 2.3 b. The refractive index corresponds to a ratio of

the speed of light in air and in the material of interest.

The angle of incidence θj at each interface j was determined using Snell’s Law

(equation 2.12) where n∗
j is the complex refractive index n∗

j = nj − ikj.
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Material: j n k d (nm)
Air - 1 0 ∞

Glass window - 1.46 0 2 · 106
Distilled water 0 1.33 0 ∞

PVP 1 1.51 0 h1

HA 1 1.563 0 h1

Gold 2 0.166 3.15 8000

Table 2.1 Optical model used to calculate PVP or HA layer thickness.

n∗
j sin θj = n∗

j+1 sin θj+1 (2.12)

The p- and s- Fresnel reflection coefficients at each interface are calculated using

equations 2.13 and 2.14.

rpj(j+1) =
n∗
j+1 cos θj − n∗

j cos θj+1

n∗
j+1 cos θj + n∗

j cos θj+1

(2.13)

rsj(j+1) =
n∗
j cos θj − n∗

j+1 cos θj+1

n∗
j cos θj + n∗

j+1 cos θj+1

(2.14)

The overall reflection coefficients Rp and Rs were subsequently calculated

following equation 2.15, where x is either p or s [53]:

Rx =
rx01 + rx12 exp(−2iδ1)

1 + rx01r
x
12 exp(−2iδ1)

(2.15)

where the phase shift δ1 induced by the polymer layer is calculated for a range

of layer thicknesses h1, using:

δ1 =
2π

λ
n1 h1 cos θ1 (2.16)

The experimental data measured in air was first fitted to the closest values of n

and k for gold, using a custom Python code to minimise the difference between

the experimental and calculated values of Re(ρ) and Im(ρ). The code, which I

wrote for this analysis, is included in Appendix D. We checked that the values of

n and k obtained from this fit were close to those expected from the literature

for a gold surface, which are displayed in Table 2.1.
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In the case of ultrathin polymer layers, it is not possible to separately fit Re(ρ) to

the film refractive index n. The value of 1.51 chosen corresponds to that of dry

PVP. We used 1.563 as the refractive index for HA [54]. The experimental data

points of Im(ρ) obtained when pumping the polymer solution in the ellipsometry

measurement chamber were fitted to values of layer thickness for the growing

polymer layer. The same procedure was applied when injecting the rinsing

solution in the flow cell.

2.2.2 Experimental Protocol

Phase modulation kinetic ellipsometry measurements were done using a Beagle-

hole Instrument equipped with a 632.8 nm HeNe laser and a laminar flow cell, as

shown on Figure 2.3 a. The angle of incidence of light on the flow cell was 60°,
which is reasonably close to the Brewster angle for the system (75°).

Figure 2.3 Picture of the ellipsometry experimental set-up (a), comprising
1: a 632.8 nm HeNe laser, 2: a laminar flow cell and 3: a split
photo-detector. The pink arrows indicate the direction of the flow.
Schematic representation of the optical model (b). When monitoring
the formation of an HA layer from an entangled OVD solution, a
piece of silicon wafer was added downstream of the sensor to prevent
it from being displaced by the flow of the viscoelastic solution (c).

Unlike QCM-D, the adsorbed mass determined by ellipsometry is not affected

by any coupling of the adsorbed layer to the surrounding fluid, although

approximations have to be made about the refractive index of the polymer layer.
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Polymer adsorption was monitored in situ on the gold surface of the QCM-

D sensors mounted in the ellipsometry flow cell. Prior to each measurement,

the following cleaning procedure was used: after a 30-minute sonication in

2% Hellmanex II, the sensors were rinsed, sonicated for 10 minutes in milliQ

water and dried with nitrogen. When using OVD solutions diluted in distilled

water by a factor of two, they were degassed in a desiccator under vacuum to avoid

the formation of air bubbles. A piece of silicon wafer was placed downstream of

the sensor to prevent it from being displaced by flow of the viscous OVD solution.

A measurement was first performed in air for one minute to ensure a stable initial

baseline, then milliQ water was injected using the same peristaltic pump as in

the QCM-D experiment at a flow rate of 100 µL.min−1. Once the sensor was

covered in water, the polymer solution was injected at the same flow rate for an

hour. Afterwards, the sensor was rinsed with distilled water for 10 minutes at

the same flow rate to see if any desorption occurred.

2.3 Interfacial Tensiometry

Interfacial tensiometry is used to provide information on the interfacial activity

of the polymer solutions used in this thesis. The pendant drop method yields

information on the air-liquid surface tension. The shape of the interface at

equilibrium can be predicted using the Young-Laplace equation 2.17:

∆P = Pin − Pout = γLG

(
1

R1

+
1

R2

)
(2.17)

.

where ∆P is the pressure difference between the inside (Pin) and the outside of

the droplet (Pout), and γLG is the liquid-gas surface tension. R1 and R2 are the

radii of curvature, as represented on Figure 2.4 a.

On the other hand, the sessile drop method is mostly used to characterise

the substrate wettability by the solutions. The boundary conditions for

thermodynamic equilibrium between the three phases are predicted by the Young-

Dupré equation 2.18:

γLG cos θ = γSG − γSL (2.18)
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where γLG, γSG and γSL respectively refer to the liquid-gas, solid-gas and solid-

liquid surface tensions, and θ refers to the contact angle that the liquid forms

with the solid surface, as represented on Figure 2.4 b.

Figure 2.4 A schematic representation of (a) a pendant and (b) a sessile drop
studied with interfacial tensiometry. The shape of a pendant drop
is described by the Young-Laplace equation, where R1 and R2 are
the radii of curvature. mg represents the weight of the droplet. The
sessile drop is a Young-Dupré system where a droplet of liquid is
in thermodynamic equilibrium with a solid and the ambient gas,
forming a contact angle Θ with the underlying substrate. γLG, γSL
and γSG correspond to the interfacial tension at the liquid-gas, solid-
liquid and solid-gas interface.

2.4 Colloidal Probe Atomic Force Microscopy

2.4.1 Introduction

Atomic Force Microscopy (AFM) is a scanning probe microscopy method based on

the interaction force between an oscillating cantilever with a nanoscopic tip and a

surface. The desired tip-surface interaction force is chosen prior to measurement,

and is referred to as the setpoint. As the tip approaches the surface, the bending

of the cantilever is measured by means of an optical system comprising a laser

diode and a split photo-detector. The difference between the amplitude measured

and the amplitude of the setpoint is recorded as an error signal. This signal is

fed into a feedback loop, which automatically adjusts the height of the cantilever

through a piezoelectric element in the vertical direction.

This yields information on both the surface topography and the tip-substrate
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interaction force. AFM can therefore be used for either imaging or force

spectroscopy. In addition to its versatility and molecular scale resolution, AFM

can be used in solution, which is of great interest for the study of soft matter and

biological systems.

Several imaging methods exist, and differ based on how the tip interacts with the

substrate. In contact mode, the tip stays in contact with the substrate, whereas

in non-contact mode, it oscillates above the surface without touching it. We used

the tapping, or intermittent mode, where the cantilever tip periodically comes

into contact with the substrate. This method allows high-resolution imaging

whilst minimising damage on the substrate.

To measure force curves, the cantilever approaches the substrate in the normal

direction, until contact. It then needs to overcome the adhesion force Fadh

between the tip of the probe and the substrate in order to retract away from the

surface [55]. The cantilever deflection is translated into a force by multiplying by

the spring constant.

Colloidal probe AFM uses a tipless cantilever to which a colloidal particle has

been attached. In that situation, one can use the Derjaguin approximation to

obtain the energy per unit area UA between a microsphere of radius R and a flat

surface.

UA =
F

2π R
(2.19)

It follows from equation 2.19 that the ratio F
R
corresponds to 2π UA, which is why

this variable is typically plotted against the distance between the probe and the

surface.

Colloidal probe AFM offers several advantages. The particle radius is typically

known with a great precision, which allows quantitative force measurements

with a great repeatability compared to other AFM tips of various shapes and

dimensions. The particles can also be functionalised to study specific interactions.

We used this technique to measure the force between a silica particle coated with

HA and biomimetic surfaces, which were also imaged topographically with AFM.
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2.4.2 Experimental Protocol: Colloid and Substrate

Functionalisation

For imaging the samples, we used a Bruker JPK NanoWizard 4XP AFM head,

whilst the force curves were obtained with a Bruker JPK Cellhesion200, which is

a type of head optimised for measuring data at large tip-sample separation, up to

100 µm. The relevant head was mounted on an inverted Zeiss Axio Observer

optical microscope with a precision motorised stage. A Cytosurge FluidFM

(Fluidic Force Microscopy) micropipette with a 2 µm aperture and a 0.3 N.m−1

spring constant allowed us to pick up individual colloids and use them as a tip

for force measurements. The spring constant was calibrated using the Sader

contact-free method [56].

Figure 2.5 A FluidFM micropipette was used to pick up a silica particle
functionalised with HA which was then used as an AFM tip (arrow).
Scale bar is 100 µm.

We bought 4.48 µm diameter SiO2 particles suspended in aqueous solution from

microParticles GmbH. Our functionalising protocol was inspired by Jiang et

al. [57]. A 100 µL aliquot of solution was placed in the UV-Ozone cleaner

for 30 minutes in order to create surface silanol groups. We centrifuged

the particles for 5 minutes at 2500 rpm and redispersed them in a 1:9 v/v
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solution of 3-aminopropyltriethoxysilane (APTES) in ethanol overnight at room

temperature under gentle stirring. During this silanisation step, an APTES self-

assembled monolayer (SAM) formed on the particle surface, as confirmed by AFM

topography imaging in Section 5.3.1. The particles were centrifuged three times

in pure ethanol to remove any unattached APTES molecule and break any silane

networks.

The next step involved creating a chemical crosslink between the APTES

SAM and HA from the OVDs provided by Hyaltech. We employed the

widely used 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride/N-

hydroxysuccinimide (EDC/NHS) coupling. This works by converting carboxylic

acid functional groups in HA into an NHS-ester intermediate. The latter reacts

with the amine group of the APTES SAM on the particle surface, forming a

peptide/amide bond. A schematic of the experimental design can be found in

Figure 5.1.

To a solution containing 2 mM EDC and 5 mM NHS, we added 1 mL of an

OVD solution diluted to 1 mg.mL−1 HA in PBS (pH 7, 144 mM NaCl). After

5 minutes, we immersed the APTES-coated particles in this coupling solution

and left it under gentle stirring overnight. Afterwards, we rinsed the particles in

distilled water three times to hydrolyse back any residual ester groups back to

the native carboxylic acid groups of HA. The solutions were diluted by a factor

of 10 in distilled water before use.

On two separate occasions, due to a shortage in the FluidFMmicropipette, a silica

particle was glued to the cantilever using a microscope and we functionalised the

whole cantilever instead1. The centrifuging steps were replaced by rinsing three

times. The force profiles were similar to those obtained with FluidFM.

The substrates were functionalised as follows: microscope glass slides were cleaned

by sonication in a 2% Decon solution for 30 minutes, rinsed with distilled water

and ethanol, dried with air and placed 1h in UV/Ozone. They were then

either immersed for 5 minutes in a 0.1 mg.mL−1 PLGA or PLL solution, or

for 90 minutes in a 1 mg.mL−1 mucin solution. Lastly, they were thoroughly

rinsed with distilled water and stored in PBS until use. The HA-functionalised

substrates were prepared by adapting the protocol used for the particles by

1The gluing step was performed by Dr Laura Charlton
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replacing the centrifuging steps with a thorough rinse in the appropriate solvent

(ethanol for the silanisation step and distilled water for the coupling step).

2.4.3 Data Analysis: Worm-like Chain Model

Flexible linear polymers exhibit a random coil configuration [58, 59]. Assuming

the end-to-end distance follows a Gaussian distribution, the restoring force that

would act on a retracting cantilever would be proportional to polymer extension.

However, such a linear response is only observed for small extensions. The reason

is that the effective end-to-end distance cannot physically be longer than the

contour length, which is the length at maximum extension, which is not captured

by the Gaussian distribution.

Polymer physics models have been developed to overcome this caveat, and

give a more appropriate description of the mechanics of macromolecules. The

most widely used models are the freely-jointed chain (FJC) and worm-like chain

(WLC). The former describes the polymer as independent discrete segments only

able to rotate with respect to one another. The latter, which we have used in our

analysis, describes the polymer as a semi-flexible isotropic rod. In this model,

the polymer behaves rigidly over short distances, following the linear relation

described in Hooke’s law for spring deformation, but it gains some flexibility at a

larger extension, deviating from the linear behaviour. The force F corresponding

to end-to-end extension x is given by equation 2.20:

F =
kBT

b

(
1

4 (1− x
L
)2 − 1

4
+ x

L

)
(2.20)

where b is the persistence length and L is the contour length.

2.5 Scanning Electron Microscopy

2.5.1 Introduction

SEM is a non-optical microscopy technique using a beam of electrons to generate

high-resolution images. Vacuum is required in order to prevent electrical
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discharge and avoid beam attenuation. As the beam reaches the sample surface,

some electrons are reflected back to the detector (back-scattered electrons,

ESB detector). These low-energy electrons (< 50 eV) provide information on

elemental composition, as heavier elements yield more back-scattered electrons

and therefore appear as brighter on the image [60].

In parallel, the equipment also detects secondary electrons generated by inelastic

scattering at the interface (SESI and Inlens detectors). Unlike back-scattered

electrons, these do not penetrate the sample, which makes them more surface-

sensitive. They provide the best topological resolution [61].

Another feature of SEM is the ability to produce elemental mapping of the

substrate using Energy Dispersive X-ray spectroscopy (EDX). As the sample is

hit by the electron beam, it emits X-rays with an energy defined by the atomic

structure of the elements present. However, one must keep in mind that elements

of low atomic number such as carbon (Z = 6) are difficult to detect with EDX

because the X-rays they produce are low in energy and can be absorbed by the

sample [62].

A drawback of SEM is the need for vacuum, which requires dry samples.

Cryogenic SEM (Cryo-SEM) was developed as a way to work around this issue.

The Cryo-SEM samples are flash-frozen in liquid nitrogen, turning the liquid

water into vitreous ice. The ice surface is then fractured, revealing the internal

structure effectively fixed in its hydrated configuration when a high pressure

freezer is used [63, 64]. As we did not have access to a high pressure freezer,

some ice damage did occur, and this effect will be discussed later.

2.5.2 Sample Preparation

Colloids were functionalised using the procedure described in Section 2.4.2.

Control particles were prepared by replacing the OVD solution with pure PBS,

and APTES with pure ethanol. After functionalisation, the solutions were

centrifuged to increase the effective particle concentration. For regular SEM,

droplets of solution were put on a silicon wafer, dried on a 150°C plate for a

few minutes and coated with platinum to ensure good conductivity. We chose

platinum over gold because it has a far smaller grain size. We used a field emission

gun electron source, which allows for high magnification imaging, where the gold

coating would have been visible.
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For Cryo-SEM, a droplet of solution was placed on a brass hollow rivet. The

system was immersed into slush nitrogen to enable fast freezing. It was then

transferred to a preparation chamber under vacuum set at -140°C, to prevent any

amorphous ice from crystallising. After chopping off the ice from the top of the

frozen droplet, we increased the temperature to 90°C for 5 minutes to sublime

a thin layer of ice from the sample surface, and coated it with platinum unless

stated otherwise.

25



Chapter 3

Model System: PVP Adsorption

and Desorption from Solid/Liquid

Interfaces

3.1 Introduction: Rationale for Using PVP

The fundamental differences between dispersive and cohesive OVDs lie in

their spreading ability and their behaviour upon aspiration from the corneal

endothelium, as described in Chapter 1. In a nutshell, dispersive OVDs provide

a better coating, but their removal is more challenging than their cohesive

counterpart, although complete removal is necessary in order to avoid post-

operative complications.

The ability of OVDs to coat the endothelium [43, 65] and their retention time

in the anterior chamber [29, 40, 66, 67] have both been characterised before.

However, the literature lacks a quantitative measurement of polymer adsorption

from OVD solutions. We used QCM-D and ellipsometry to monitor the formation

of adsorbed polymer layers from solution. We also probed the resistance of the

layer to solvent rinsing. This type of flow-induced desorption can happen in

vivo both as a consequence of the turbulent flow originating from the ultrasound

phaco probe or when the surgeons actively attempt to remove OVDs using an

irrigation-aspiration device.
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These two in situ techniques offer an interesting comparison: QCM-D is sensitive

to the viscoelastic coupling of the layer to the surrounding solvent, which is

why the surface excess obtained with QCM-D is often referred to as a wet

mass [68, 69]. On the other hand, ellipsometry measures the reflection of a light

beam on the layer, which makes it sensitive to the layer thickness but not to its

viscoelasticity [70, 71]. The result obtained from ellipsometry and other optical

techniques is therefore qualified as a dry thickness, even though the measurement

can be done in solution and does not require air or vacuum [70, 71].

Despite being a powerful technique to simultaneously probe polymer adsorption

and film viscoelasticity, QCM-D is typically used for dilute low viscosity solutions.

OVDs, on the contrary, are complex shear-thinning viscoelastic fluids with a high

zero-shear viscosity. For this reason, we decided to start our study using a well-

characterised low concentration polymer solution for which the solution viscosity

is close to that of water and Newtonian [72]. This polymer will later be used as

a starting point to compare OVDs with in Chapter 4.

Polyvinylpyrrolidone (PVP) is a synthetic linear non-ionic amphiphilic polymer.

It is used in various industrial applications ranging from food stabilisers to

cosmetic creams owing to to its good biocompatibility and relatively low cost.

As a consequence, its properties have been described quite extensively in the

literature, sometimes in conjunction with HA [73, 74]. More pertinently, PVP is

also commonly used in ocular applications. It is a candidate of choice to treat dry

eye syndrome thanks to its lubricating properties. It is a component of artificial

tears, as it bears a resemblance to the glycoproteins which constitute the mucin

layer of the tear film, as described in Chapter 1. Specifically, chemisorbed layers

of high molecular weight PVP (≥ 360 kDa) have been found to be excellent

at reducing the coefficient of friction (CoF ≤ 0.01) due to their hydrophilicity

and water retention ability [75]. Contact lenses have also been formulated to

progressively release PVP in the eye, either for therapeutic applications or simply

optimised comfort [76].

Water is expected to be a Θ solvent for PVP at room temperature [77]. In

theta conditions, the attractive contributions arising from excluded volume,

which typically result in polymer expansion, exactly cancels out the repulsive

contributions. This results in a net zero excluded volume [78], meaning that

the intermolecular affinity of PVP is equivalent to its affinity for water. This
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implies that the polymer chains should be relatively swollen in water, and are

not expected to form dense globules.

In addition to characterising the interaction of PVP with a bare gold sensor

surface, we use a mucin layer physisorbed on the gold surface as a biomimetic

substrate. The literature describes the existence of a 0.5 µm thick mucinous layer

on the endothelial surface [79]. This layer is highly hydrophilic and possesses a net

negative charge at physiological pH due to the presence of sialic acid and sulfonic

acid residues. The term mucinous is somewhat misleading, as it has been used as

a generic term to describe a viscous gel before actually determining if the layer

contained any mucins. The latter, also called mucoproteins, are high molecular

weight glycoproteins, 21 of which were identified in humans [80, 81]. Although

most studies focus on the corneal epithelium, where the mucins MUC1, MUC4

and MUC16 are expressed [11], the presence of MUC1 on the corneal endothelium

has also been highlighted, as well as some other macromolecules, including

HA [82]. Based on that information, we concluded that mucin functionalisation

from solution was suitable to mimic the properties of the endothelial surface.

3.2 Polymer Adsorption Kinetics: Theory

The kinetics of polymer adsorption have been described in [83, 84]. At the very

early stages of adsorption, the kinetics differ based on the adsorption mechanism:

chemisorption or physisorption. In the former case, the polymer has to overcome

an energy barrier to create a covalent bond with the surface, and one expects an

initial linear increase of the surface excess φ with respect to time. In the latter

case, the rate-limiting step is the diffusion of polymer chains to the solid interface,

and φ increases linearly with the square root of time, as described in the work

of Weber and Morris on adsorption kinetics of organic compounds onto porous

carbon [85]. This simple model yields equation 3.1, where φ is the adsorbed

quantity, k is the diffusion rate constant and C represents the boundary effect.

φ(t) = k
√
t + C (3.1)

The addition of a new chain to an adsorbed layer follows a two-step process,

whereby the chain first enters the layer, and subsequently spreads on the surface,

creating multiple adsorption sites per chain. As the film builds up, the polymer
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chains adopt a self-similar concentration profile as described by de Gennes, with

some long segments in contact with the surface (trains), some dangling segments

between two contact points (loops) and some unattached ends (tails) [86], as

illustrated in Figure 3.1. Once saturation has been reached, and the substrate is

covered in polymer, the adsorption enters a slower stage. Any new chain has to

overcome an energy barrier arising from the excluded volume of the previously

adsorbed chains.

Figure 3.1 Adsorbed polymers typically adopt a configuration where some
segments are in close contact with the surface (trains, 1), whilst
some dangling segments (loops, 2) and unattached ends (tails, 3)
extend into solution [86].

Complete removal of an adsorbed polymer layer by washing with pure solvent is

not observed on measurable timescales. However, exchange between adsorbed

polymers and free chains in solution is quicker than desorption and can be

observed experimentally [87]. The rate-limiting step to the desorption of an

adsorbed polymer chain can either be the energy required to break adsorption

sites or the diffusion of all surface-bound segments through the adsorbed

layer [88]. In the latter case, polymer desorption follows extremely slow kinetics.

Undersaturated starved layers can be obtained if the layer is in equilibrium with

a highly dilute polymer solution [89].
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3.3 Adsorption From a Highly Dilute Solution

3.3.1 Validity of the Initial Baseline Approximation

As described in Chapter 2, QCM-D was initially developed for use in air or

vacuum. It was adapted to the use in liquids by Kanazawa and Gordon [50],

who proposed a model to account for the damping of the shear wave in a quartz

immersed in a Newtonian fluid. In order to check that our initial baseline was in

line with the values expected from the Kanazawa-Gordon model, we recorded the

frequency shifts at all overtones when the sensor was immersed in distilled water

at 20°C (ηl = 1.0016 mPa.s, ρl = 0.9982 g.cm−3). The values stabilised in a flow

of distilled water at 100 µL.min−1 for 25 minutes at room temperature. We also

plotted the difference between the value observed and the one expected from the

Kanazawa-Gordon model (residuals plot) to estimate the validity of the fit and

the error estimation. Figure 3.2 (upper left) shows the frequency shifts measured

and calculated using the Kanazawa-Gordon model. From the residuals shown in

the upper right it can be seen that there is a systematic deviation.

Despite a systematic deviation from the model as the overtone number increased,

which could be due to the decrease in the wave penetration depth and in the

increase in signal-to-noise ratio, the recorded frequency shifts were close to the

values expected from the model, with a linear dependence on the overtone

number. The error bars were calculated according to the formula for error

propagation, which is detailed in Appendix A. They expand with the overtone

number, which is expected as we are plotting ∆fn, and not ∆fn
n
, as a function of

n. In the rest of the thesis, the frequency will be plotted as ∆fn
n
.

The dissipation shifts were also close to the model, with the exception of the

fundamental, which is known to experience a significant noise due to its high

sensitivity. As for ∆D, the data points appear to be more scattered, however

only 2/7 points lie within one error bar of the x axis, which suggests the error

bars were somewhat underestimated.

Based on this information, we determined it was reasonable to use this signal

in distilled water as an initial baseline. Additional changes in frequency and

dissipation when injecting a PVP solution will be attributed to polymer layer

formation.
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Figure 3.2 The frequency (upper left) and dissipation shifts (lower left) expected
for the sensor going from air to distilled water was calculated using
the Kanazawa-Gordon model (∆fcalc, ∆Dcalc, black squares) and
compared to the experimental values (∆fobs, ∆Dobs, red triangles).
The residuals were plotted to estimate the fitness of error estimation
(upper right, lower right). The fundamental was omitted for ∆D for
clarity. The error bars were calculated from error propagation with
the instrument specifications, as detailed in Appendix A.

3.3.2 Formation of a Starved PVP layer

Figure 3.3 shows the change in the resonant frequency and dissipation measured

for the third overtone during adsorption from a highly dilute 1 ppm (w/v) solution

of 360 kDa PVP in distilled water. The experimental protocol is detailed in

Section 2.1.3.

Injecting the PVP solution in the sensor chamber resulted in a rapid decrease in

frequency, which reached a plateau after 30 minutes. In parallel, the dissipation

increased, whilst staying at a low value (less than 1 ppm). Rinsing with distilled

water had no effect on ∆f , which suggests the layer was sufficiently strongly

attached to the gold surface to resist desorption. ∆D slightly decreased, which

is characteristic of a layer becoming more rigid. Flowing an alkaline detergent

(2% Hellmanex II) for 30 minutes and then rinsing with distilled water at

150 µL.min−1 for two hours was sufficient to desorb the layer, as seen by the
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Figure 3.3 (Left panel) Time-dependent changes in resonant frequency (black
diamonds) and dissipation (red squares) measured with QCM-D for
the third overtone. (Right panel) Sauerbrey analysis of the PVP
surface mass adsorbed after flowing a 1 ppm solution for 1h (from the
fundamental to the thirteenth overtone). The dotted line represents
the average value. The error bars were calculated using the error
propagation described in Appendix A.

signal returning to the original baseline (see Figure B.1 in the Appendix). The

frequency and dissipation shifts values lie within the same range as the ones

reported in the literature for PVP adsorption onto a silica-coated sensor [72].

Based on Figure 3.2, and the low dissipation value shown in Figure 3.3

typically associated with a rigid polymer layer, the Sauerbrey model is a good

approximation here. The resulting surface excess values obtained are presented

in Figure 3.3.

The surface excess calculated with the Sauerbrey model displayed a decrease as

the overtone number increased. However, all values were in the same order of

magnitude, close to 120 ng.cm−2 and with some error bars overlapping. The

average value from the third to the thirteenth overtone was determined from 4

independent measurements and yielded φ = 114(5) ng.cm−2. As explained

earlier, the Sauerbrey model is used for dense rigid layers, with a volume fraction

close to 1, so in calculating the surface excess it is appropriate to assume the layer

density can be approximated by the dry polymer density (ρPV P = 1.2 g.cm−3).

Dividing the surface excess φ by the dry PVP density yields a value of layer

thickness close to 1 nm. This can be seen as a measure of the bound material,

which contribute to a change in ∆f . The formation of loops is sensed through

the changes in ∆D.

The Kanazawa-Gordon model described in Section 3.3.1 predicts that a difference

between the ambient fluid density and viscosity compared to the baseline buffer
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Figure 3.4 (Upper panel) Time-dependent changes in ∆fn
n

√
n for all overtones.

(Lower panel) Time-dependent ratio of ∆D and ∆fn/n. Both these
features are representative of polymer adsorption as opposed to bulk
shift. The vertical dotted lines correspond to PVP injection and
rinsing. The vertical axis minimum in the lower panel was set at
-0.5 ppm.Hz−1 to only reflect the values which were in the range of
interest despite a spiky signal.

should also result in a shift in frequency and dissipation, which is referred to as

bulk shift. In that situation, one would expect ∆fn
n

to be proportional to 1√
n
, and

the acoustic ratio ∆Dn n
∆fn

to have a constant value of -0.4 ppm.Hz−1. In the case of

PVP, neither condition is met, Figure 3.4, so we can be confident that the shifts

observed can be attributed to adsorption rather than bulk shift.

3.3.3 Phase Modulation Ellipsometry: Comparison with

QCM-D

Kinetic ellipsometry was used to monitor the adsorption of PVP onto the gold

surface of a QCM-D sensor in situ from a dilute 1 ppm solution in the same way

as QCM-D. The procedure is detailed in Section 2.2.2. Getting an independent

measurement of layer thickness is of interest to confirm the validity of the

Sauerbrey model. Besides, ellipsometry is an optical technique which is sensitive

to the total layer thickness but not to polymer reorganisation or coupling with
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the ambient fluid, unlike QCM-D. It is common in the literature to refer to the

thickness obtained with optical techniques as dry thickness for this reason [70, 71].

On the other hand, conformational changes can be spotted on QCM-D if the

frequency stays constant whilst the dissipation changes. The layer thickness

obtained with the Sauerbrey model was compared with the result obtained with

ellipsometry and is shown on Figure 3.5. The values for the layer density and

refractive index were respectively 1.2 g.cm−3 and 1.51, which both correspond to

the values for dry PVP.

Figure 3.5 Layer thickness h obtained with the Sauerbrey model from QCM-D
results (3rd overtone) assuming a layer density ρlayer = 1.2 g.cm−3

(pink) compared with ellipsometry results assuming a refractive
index nlayer = 1.51 (blue), which both correspond to dry PVP.
The data was fitted to chemisorption kinetics, with a first linear
stage between 11 and 24 minutes (dashed black line) followed by a
slower stage between 24 and 60 minutes with a t−1/5 dependence for
ellipsometry (dotted black line) and a t−6/5 dependence for QCM-D
(dash-dot black line).

O’Shaughnessy and Vavylonis have proposed kinetic models for irreversible

adsorption from dilute polymer solutions [84]. For chemisorption, in which

there is an energetic adsorption barrier, they identify a linear dependence for

surface excess up to monolayer formation. Beyond that, they predict that further

adsorption of surface-bound segments has a t−
6
5 dependence whilst all segments

in the diffuse layer comprising the loops, referred to as a total mass, build up
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with a t−
1
5 dependence.

The values of layer thickness found with both techniques were remarkably close

for the first 24 minutes. In that initial stage, the layer grew linearly with time

(11 to 24 minutes, dashed line), as expected for monolayer formation. The low

dissipation upon adsorption recorded with QCM-D (Figure 3.3) associated with

this similarity of layer thickness measured with ellipsometry (a technique which is

not affected by the potential elasticity of the layer) shows that the layer displays

a negligible elasticity at that stage. This would be the case for a flat configuration

with mostly tails adsorbed, allowing the polymer chains to make multiple contact

points on the surface.

After 24 minutes, the signals started to deviate, with the thickness determined

by QCM-D increasing less rapidly than that determined by ellipsometry. This

corresponds to the slower stage described earlier, once the surface reached

saturation. In this second stage, ∆h ≈ t−6/5 (dash-dot line) for QCM-D whilst

∆h ≈ t−1/5 for ellipsometry (dotted line). Our interpretation is that after

24 minutes, the film started to rearrange from a mostly trains configuration to the

formation of some loops which, while only leading to a minor frequency change

in QCM-D, was detected in a more significant fashion by ellipsometry. In other

words, frequency shifts in QCM-D would probe the mass of polymer segments

effectively bound to the sensor surface (1 in Figure 3.1), whilst ellipsometry would

be sensitive to the total surface excess, regardless of whether the segments are

bound to the sensor or in loops/tails (1, 2, 3 in Figure 3.1). This would also

be compatible with the slight increase in dissipation between 25 and 50 minutes,

which can be seen on Figure 3.3, and indicates the formation of a more diffuse

layer.

There are examples of experiments in the literature where an adsorbed layer

of relatively short polymer chains is exposed to a solution containing larger

chains, which progressively displace the shorter ones [90–92]. In the context of

these measurements, if PVP is polydisperse, shorter, faster-diffusing chains might

adsorb first. They could then be replaced by longer chains, creating a fluffy layer

detected by ellipsometry, but missed by QCM-D.

We have shown in this section that the kinetic evolution of the experimental values

of layer thickness determined by QCM-D and ellipsometry can be explained by
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a kinetic model for chemisorption of a polymer from a dilute solution. This

chemisorption may occur from electronic interactions between gold and the

pyrrolidone ring. Rinsing with distilled water did not result in any significant

polymer desorption, which points out to a strong attachment of the PVP layer

to the gold surface, as expected from a chemisorption process.

3.4 PVP Interaction with a Solid Substrate:

Concentration Dependence

As discussed, OVDs have concentrations which are several orders of magnitude

higher than the 1 ppm concentration studied so far. They are typically well

above the overlap concentration c∗, where polymer coils start to interact in

solution, marking the crossover from the dilute to the semi-dilute regime. This

will be discussed in more detail in Chapter 4. For this reason, we decided to

also investigate the influence of concentration on the adsorption of our PVP

system. We recorded the QCM-D response to flowing PVP solutions of increasing

concentrations which span from the dilute regime up to 11000 ppm. The latter is

equal to twice the overlap concentration [93] and thus corresponds to the semi-

dilute regime. The results are presented on Figure 3.6.

All polymer concentrations exhibited some similarities upon adsorption as the

1 ppm solution: ∆f decreased upon injection of the polymer solution before

rapidly reaching a plateau, with a simultaneous increase in ∆D. Both the

frequency and dissipation shifts at equilibrium increased with concentration,

which suggests a higher bulk concentration lead to the formation of a thicker,

softer layer. The frequency signal obtained with the 1000 ppm solution had

a slightly different profile, with a shoulder forming after a few minutes, and a

longer time needed to reach a stable value. This suggests the layer formation was

kinetically slower.

As described in Section 3.3.1, the frequency shift expected for a bulk shift effect

can be calculated from the change in density and viscosity of the bulk solution.

Furthermore, at low concentrations, the dynamic viscosity η of a polymer solution

can be predicted using equation 3.2:
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Figure 3.6 Time-dependent changes in resonant frequency (upper panel) and
dissipation (lower panel) measured for the third overtone at different
PVP concentrations (black: 1 ppm, blue: 100 ppm, yellow: 1000
ppm, pink: 11000 ppm). The frequency and dissipation shifts
increased with concentration. The kinetics of desorption were slow
and a residual layer stayed on even after rinsing for several hours.

η = ηs (1 + [η]c+ kH [η]
2c2) (3.2)

where c is the bulk concentration, ηs is the solvent dynamic viscosity, [η] is

the intrinsic viscosity, and kH is the Huggins coefficient. [η] and kH are both

concentration-independent parameters, and have been determined for 360 kDa

PVP in [93]. Using this viscosity parameterisation, we calculated the expected

frequency shift for each PVP concentration used in Figure 3.6 compared to pure

solvent. The results are summarised in Table 3.1.

This shows that the frequency shift arising from the difference in viscosity between

the bulk polymer solution and the solvent is insignificant for 1 ppm and 100 ppm.

Bulk effects start to become noticeable at 1000 ppm, however the ∆f measured is

significantly larger, which confirms it is largely arising from polymer adsorption.

Bulk effects in the semi-dilute regime (11000 ppm) could not be predicted from the

virial expansion used in equation 3.2, as this model is limited to dilute solutions.
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PVP concentration η / mPa.s ρ / g.cm−3 ∆f3 / Hz
0 1.0016 0.9982 0

1 ppm 1.0018 0.9982 -0.0036
100 ppm 1.02016 0.9983 -0.36
1000 ppm 1.1988 0.9992 -3.66

Table 3.1 The frequency shifts predicted for the third overtone from a bulk
shift effect were calculated using equations 2.7 and 2.8 resulting from
the Kanazawa-Gordon model. The viscosity was calculated using
equation 3.2.

A similar analysis as the one presented on Figure 3.4 also confirmed the change

in ∆f and ∆D was representative of polymer adsorption rather than bulk shift

for all concentrations.

As for 1 ppm PVP, the kinetics were fitted to a linear dependence on t during

the initial phase of adsorption, which happened over a very short timescale only

(typically less than a minute). The results for frequency (kf3) and dissipation

(kD3) are presented on Table 3.2.

Concentration: kf3 / Hz.min−1 kD3 / ppm.min−1

1 ppm -0.7(2) 0.025(5)
100 ppm -27(4) 1.10(8)
1000 ppm -28(6) 2.0(9)
11000 ppm -20.86(13) 14(2)

Table 3.2 The experimental QCM-D data was fitted to chemisorption kinetics
during the initial phase, both for frequency kf3 and dissipation kD3.
The uncertainty corresponds to the standard error of the mean taken
over several independent measurements.

The absolute values of kf3 increasing with concentration suggests the monolayer

builds up faster in a more concentrated solution, which makes sense for a diffusion-

limited process. The largest concentration, 11000 ppm, was an exception to this

rule. Polymer overlap in this semi-dilute solution (c > c∗) may have slowed the

diffusion of the polymer coils. The linear dependency of ∆f occurred over a

significantly shorter time, and the kinetics were not as clearly compatible with

chemisorption as with the 1 ppm case. It is possible that here, the adsorption

process was not purely chemisorption, but rather a mixture of chemisorption and

physisorption.
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On increasing concentration by a factor of 100, the gradient of the initial linear

region of ∆f3 increased by a factor of 38. It is less than would be predicted from

O’Shaughnessy and Vavylonis for a constant monolayer-surface contact rate [84].

This is however reasonable, as their model does not take into account any energy

barrier associated with incoming chains having to penetrate the diffuse outer

region of the adsorbed polymer layer. As the solution concentration increases, a

higher number of polymers make contact with the surface simultaneously. In a

crowded system, there is little space available for new segments to make contact.

There is a higher energy barrier to cross in order for the polymer to make

multiple contact points with the substrate, which results in a higher grafting

density. As the latter increases, the polymer coils sequentially go from a flat (or

pancake) configuration with mostly trains adsorbed to an intermediate mushroom

configuration, and finally form extended polymer segments with large loops and

long tails at high grafting density [94]. Following Guiselin’s terminology, we will

refer to this configuration as brush-like [95]. This terminology indicates that the

polymer is not necessarily adsorbed on its extremity, distinguishing it from end-

grafted polymer brushes and avoiding potential confusion. Physisorption becomes

more likely than chemisorption, as it is a kinetically faster process.

The gradient of ∆D3, kD3, also increased by a factor of 44 during this initial

period. This indicates an enhanced coupling of the polymer layer with the

surrounding solution, which is characteristic of a more diffuse layer involving

loops and tails extending into the bulk phase. Unlike the frequency gradient kf3,

which did not significantly change beyond 100 ppm, the dissipation gradient kept

steadily increasing up to 11000 ppm.

As the dissipation was significant for all concentrations above 1 ppm, the

Sauerbrey model was no longer valid. We therefore applied the Voinova model for

viscoelastic layers instead. The average value of layer thickness hlayer, viscosity

ηlayer and elasticity µlayer over 5 minutes before rinsing are included in Table 3.3.

The results suggest that the layer formed becomes increasingly thick as the

concentration increases, which is compatible with the diffuse layer we described

earlier. At the highest concentration, which is in the semi-dilute regime, hlayer

reaches a much larger magnitude than at the other concentrations. This value is

close to the radius of gyration Rg, which is expected to be 56 nm at this molecular

weight [93]. The layer viscosity decreased as its elastic modulus increased, which
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Concentration: hlayer / nm ηlayer / mPa.s µlayer / kPa
100 ppm 9.8(4) 1.238(15) 5.2(2)
1000 ppm 16.87(12) 1.121(2) 6.90(7)
11000 ppm 46.2(3) 1.0439(4) 14.51(7)

Table 3.3 The layer thickness hlayer, viscosity ηlayer and elastic modulus µlayer

before rinsing were obtained using the Voinova model with the third to
the thirteenth overtone. The uncertainty corresponds to the standard
error of the mean taken over several independent measurements.

suggests a rather tight packing of the polymer coils compatible with a brush-like

configuration, as described by Guiselin [95]. The formation of a polymer layer

from solution of increasing concentrations is represented in Figure 3.7.

3.5 PVP Rinsing Behaviour: Concentration

Dependence

An interesting difference between the 1 ppm and the more concentrated solutions

was the behaviour upon rinsing with distilled water. Whilst the former saw

no desorption upon rinsing, the latter exhibited a kinetically slow desorption

showcased by an increase in ∆f over several hours. The value reached was not

quite equal to the original baseline in water, but remarkably close to the plateau

obtained with the 1 ppm solution. The rinsing time needed to reach this limit

increased with concentration, as shown in Table 3.4. The dissipation displayed

the same concentration dependence, albeit the timescale was significantly quicker.

Concentration: ∆tf / min ∆tD / min
100 ppm 244 64
1000 ppm 304 86
11000 ppm 371 104

Table 3.4 Time needed for the frequency ∆tf and dissipation ∆tD to return
to the ultrathin layer formed from a 1 ppm solution and shown in
Figure 3.3. The rinsing step started at 60 minutes.

These results show that thicker layers initially formed when the sensor was

in contact with more concentrated solutions, possibly brush-like based on the

dissipation values. Upon rinsing, these brush-like polymers are exposed to a

larger drag force than the flat layer formed from the 1 ppm solution, as they have
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loops and tails extending further into the bulk. This larger shear stress leads to

a slow desorption of the segments, until only a residual, strongly attached flat

layer is left. This behaviour has been highlighted on other polymer systems in

the literature [96]. The faster shift in dissipation compared to frequency suggests

that a rapid reorganisation of polymer chains took place in the layer exposed to

rinsing. Every time a chain is pulled out of the layer, the corresponding volume

is liberated, which leaves some space for the remaining chains to spread on the

surface. Large loops are progressively replaced by trains. Trains have a limited

mobility due to constraints on the surface, which restraints their diffusion through

the polymer layer. A schematic representation of the polymer layer forming on

the sensor and being rinsed off with solvent can be found in Figure 3.7.

Figure 3.7 Schematic representation of a dilute (upper panel) or semi-dilute
(lower panel) PVP solution being pumped in the QCM-D chamber
(left panel). The polymers adsorb as a flat layer from a dilute
solution and as a Guiselin brush-like layer from a semi-dilute
solution (middle panel). After rinsing, a starved flat layer is left
in both cases (right panel).

3.6 PVP Adsorption on Mucin from a Dilute

Solution

As our system of interest is OVDs in the anterior segment of the eye, and

in particular how they interact with the corneal endothelium, we designed a

protocol to modify the surface of the QCM-D gold sensor, so that it would

better resemble the corneal endothelium, described in Chapter 1. The plasma
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membranes of epithelial and endothelial cells are covered by a viscoelastic

glycocalyx. The glycocalyx is made of polysaccharides which can be associated

with lipids (glycolipids) or proteins (glycoproteins). This layer plays a role in cell

signalling, but also protection against external damage.

Mucin is a family of endogenous high-molecular weight glycoproteins. 21 of them

have been identified in humans, including several types associated with ocular

membranes. We decided to use a commercially available mucin powder extracted

from porcine stomach to make solutions to physisorb on the substrate, as a first

model for the endothelial surface. Mucin adsorption on gold has been studied

with QCM-D before [97, 98].

After establishing a stable baseline in distilled water, a 25 ppm mucin solution in

distilled water was flowed through the sensor chamber for 50 minutes. Following

this, the sensor was rinsed by flowing distilled water for 10 minutes to remove any

loosely-bound molecules. Finally, a 100 ppm PVP solution was flowed through

the sensor chamber for 50 minutes and then rinsed by flowing distilled water for

another 30 minutes. The results are shown in Figure 3.8.

Figure 3.8 Changes in frequency (blue) and dissipation (pink) for the third
overtone observed with QCM-D when injecting a 25 ppm mucin
solution and a 100 ppm 360 kDa PVP solution.

Injecting mucin resulted in the formation of a viscoelastic layer, as shown by the
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Substrate ∆fmonolayer / Hz ∆Dmonolayer / ppm
Gold -16.8(12) 1.56(6)
Mucin -10.42 2.88

Table 3.5 Table comparing the QCM-D signals for the third overtone for a PVP
layer on gold and on mucin. The uncertainty for gold corresponds
to the standard error of the mean taken over two independent
measurements.

rapid decrease in frequency and concomitant increase in dissipation. The minor

changes on rinsing the layer show that it is strongly attached to the QCM-D

sensor. Mucin displays some cysteine-rich regions with disulfide bonds, which

could break to form thiol bonds with the gold surface. Injecting a 100 ppm PVP

solution lead to an additional decrease in ∆f and increase in ∆D. Performing

an analysis similar to the one presented on Figure 3.4 revealed that these shifts

could not be attributed to a bulk shift effect, but to the formation of an additional

ad-layer. The frequency shift accompanying the flow of a 100 ppm PVP solution

(∆f = -10.42 Hz) was smaller than observed for the bare gold surface, but the

increase in dissipation (∆D = 2.88 ppm) was larger, see Table 3.5. This implies

the film formed on mucin had a lower surface excess and was less rigid than the

one on the bare gold sensor. It was also easier to desorb, as the signal was already

relatively close to the mucin baseline after rinsing for 30 minutes.

The weaker interaction of PVP with mucin than gold was to be expected. The

presence of mucin constitutes a steric barrier which partially hinders the formation

of an additional PVP ad-layer. The mucin layer, on the other side, appears to be

strongly attached to the gold surface, which makes it a good biomimetic substrate.

We will discuss its viscoelastic properties in Chapter 4 and compare them with

the literature.

3.7 Conclusions

The PVP system showed us how polymer adsorption can be monitored over time

using QCM-D. When the gold sensor was in contact with an extremely dilute

1 ppm PVP solution, the polymer chains formed an ultrathin rigid layer for

which the Sauerbrey model can be used to monitor the surface bound polymer.

We find that the kinetics of the adsorption process are consistent with a model
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for polymer chemisorption. The layer attachment was sufficiently strong to resist

any desorption upon rinsing with distilled water.

Increasing the solution concentration to up to twice the overlap concentration lead

to the quick formation of increasing thick and soft layers, compatible with brush-

like polymers. These, however, were partially desorbed upon rinsing, leaving a

starved layer behind, similar to the film formed in the 1 ppm solution, which

suggests it is a limiting case of undersaturated layer.

We also characterised the adsorption of PVP on a mucin-coated layer, in a first

attempt to make a biomimetic substrate. The affinity of PVP for this substrate

was lower than for the bare gold sensor, but the attachment of mucin was strong

enough to resist desorption, which makes it a good model to further study the

adsorption of HA from OVDs, and attempt to draw conclusions on the adsorption

on the corneal endothelium.

This low-viscosity PVP model system will be compared with OVDs on Chapter 4.
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Chapter 4

Adsorption and Desorption of OVDs

from Solid Interfaces

The shear rheology data included in Section 4.5 was obtained by Dr Andreia

Silva.

4.1 Introduction

There is great interest in optimising OVDs to ensure effective endothelial

protection, whilst minimising the time for complete removal [30, 99]. Cohesive

and dispersive OVDs have been reported to exhibit contrasting behaviours upon

removal by aspiration. The former is aspirated as a bolus, which can be compared

to the adhesive fracture of a polymer coating, whereby the detachment happens

at the interface between the polymer coils and the substrate. As the latter is

aspirated, it experiences an internal rupture of the polymer network, resembling

a cohesive fracture process. However, there is little information in the literature

about the adsorption of HA from OVD solutions at a solid interface. The

aspiration properties of OVDs are usually attributed to bulk viscoelasticity,

ignoring the potential interface effects.

In Chapter 3, we established a model of polymer adsorption and desorption using

QCM-D and ellipsometry, which we will use as a base for comparison in this

chapter. Although distilled water is a good solvent for HA, the 144 mM PBS
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used in these experiment will screen the negative backbone charges, decreasing

the solvent quality. We will consider PBS as a Θ solvent for HA [100].

OVDs contain HA at a concentration well above the overlap concentration c∗,

where polymer coils start to interact in solution, and above the entanglement

concentration ce (see Section 4.4.1 for the calculations). As a consequence, OVD

solutions have a high viscosity at rest, and do not behave as Newtonian fluids.

When subject to a shear stress, polymer chains can disentangle and align with

the orientation of the deformation, resulting in a decrease in viscosity, which is

referred to as a shear-thinning behaviour.

To decrease the impact of the solution viscoelasticity, we started by focusing on

highly dilute 1 ppm solutions of both cohesive and dispersive OVDs to gather

information on diffusion-limited adsorption, and then progressively increased

the concentration to those used in phacoemulsification. Previous studies have

shown that HA was able to form three-dimensional networks even from 1 ppm

solutions [101]. It is therefore interesting to compare how adhesive and cohesive

OVDs interact with a solid interface in these extremely dilute solutions. The

low concentrations are also a good model for residual OVDs which may be left

behind after aspiration. Additionally, 1 ppm corresponds to the concentration

of endogenous HA in the aqueous humour [102]. A summary of the relevant

concentrations and molecular weights of HA in the in the OVDs used in this thesis

and how they map onto polymer solution regimes can be found on Figure 4.1.

The objectives of this analysis were to monitor the formation of HA layers on gold

and on a mucin-coated sensors, to characterise its viscoelasticity at high shear

rates, paying attention to the effect of solution concentration, and to probe its

desorption behaviour when rinsed. In particular, we wanted to see if we could

observe a difference in rinsing behaviour between cohesive and dispersive OVDs,

and relate it to the properties of the polymer solutions.

The main cohesive OVD used in this chapter was Hyaplus. Due to a shortage, it

was replaced with Hyalock in the ellipsometry experiment, and when probing the

effect of salt with QCM-D. Hyalock has the same molecular weight as Hyaplus,

and was diluted to the same concentration. The only dispersive OVD we used

was Hyadel.

Note that strictly speaking, it is the HA molecules from the OVD solutions which
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Figure 4.1 Summary of the different concentration regimes of HA in PBS: dilute
(blue), semi-dilute (yellow) and entangled (pink) for the cohesive
OVDs Hyalock and Hyaplus, viscosupplement Hyathron (not used
in this thesis, but included for completeness) and dispersive OVD
Hyadel. The overlap concentration c∗ was calculated using the
Mark-Houwink equation (see Section 4.4.1). The entanglement
concentration ce at 1 MDa was taken from [103] and calculated for
the other molecular weights in Section 4.4.1.

adsorb on the sensor to form a polymer layer. To improve readability, we will

sometimes use terms such as OVD layers, or the configuration of an OVD on the

surface.

4.2 Adsorption From a Highly Dilute Solution

4.2.1 QCM-D

We diluted OVD solutions to a HA concentration of 1 ppm in PBS similar

to the OVD solvent (1.55 mM Na2HPO4, 0.42 mM NaH2PO4, 144 mM NaCl)

and isotonic to the aqueous humour found in the anterior chamber [104]. We

then followed the experimental protocol described in Section 2.1.3 using PBS as

the baseline and rinsing solution. The results for the cohesive Hyaplus and the

dispersive Hyadel are presented on Figure 4.2.

The results display some similarity with the PVP studied in Chapter 3 (refer

to Figure 3.3). The frequency decreased upon injection of the polymer solution,

whilst the dissipation increased. The magnitude of the ∆D shift was similar

to the former case of 1 ppm PVP, which suggests the layer formed was rigid
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Figure 4.2 (a) Time-dependent changes in resonant frequency and (b)
dissipation for cohesive Hyaplus (blue) and dispersive Hyadel (pink)
measured with QCM-D for the third overtone. (c) Sauerbrey analysis
of the HA mass adsorbed after flowing a 1 ppm solution for 1h (third
to thirteenth overtone). The dashed line is the average value. The
error bars were calculated using the error propagation described in
Section 2.1.2. (d) Table summarising the average surface excess
obtained from three independent measurements. The uncertainty
is the standard deviation across three repeat measurements. The
standard deviation across overtones is also displayed, as the overtone
distribution.

enough to justify the use of the Sauerbrey model. The ∆f shift was however

significantly smaller than for PVP, which points to a small value of surface excess.

This agrees well with the ellipsometry results of Sterner et al. [75]. HA and the

gold surface both possess negative charges, which could explain a relatively weak

surface attraction.

The average value of Sauerbrey surface excess obtained from three independent

measurements was higher for Hyadel than for Hyaplus, despite a relatively

high standard deviation. Additionally, the distribution across the overtones

was narrower for the dispersive OVD. Lower frequency overtones have a larger

penetration depth, and therefore probe the layer further away to the surface. This

observation suggests that the Hyadel layer was denser and more even across the

sensor surface, which can be interpreted as Hyaplus forming a few loops whilst

Hyadel is distributed closer to the surface.

For Hyadel, the rinsing step led to a small increase in frequency whilst the
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dissipation went to zero, which can be attributed to a complete flattening of the

adsorbed polymer segments. The Hyaplus signal experienced a similar evolution

but with a lesser magnitude, which suggests a few loops remained after rinsing.

In both cases, the minor increase in frequency upon rinsing indicates that the

majority of the adsorbed polymer coils were not desorbed, as with the low

concentration PVP. The tendency of adsorbed polymers to resist desorption on

rinsing is well known [90], and has been explained to be a consequence of the low

mobility of surface bound segments resulting in a lower diffusive flux from the

layer [105].

As discussed in Chapter 3, a flatter configuration of the polymer coils like the

one we have highlighted for Hyadel grants the adsorbed layer a higher resistance

to the shear stress induced by rinsing with solvent. These observations could

explain the better coating ability and higher retention time of dispersive OVDs

reported by cataract surgeons.

When monitoring PVP adsorption with QCM-D in Chapter 3, we were able to

highlight a second adsorption regime after 25 minutes, where the chemisorbed

polymers started to rearrange from a flat to a more diffuse configuration once a

monolayer had been formed. This behaviour was not observed with HA, which

followed the same time dependency throughout the whole measurement, and

followed a physisorption kinetic model which will be detailed in Section 4.2.2.

4.2.2 Ellipsometry

Dilute OVD solutions were also studied following the same ellipsometry protocol

as PVP, detailed in Section 2.2.2. Note that in contrast to the QCM-D

experiments, we studied the adsorption of OVDs diluted in pure distilled water

rather than in PBS containing 144 mM NaCl. Although cataract surgery requires

the use of a solvent with 9 g.L−1 physiological salinity, we are able to tune the

solvent quality by varying the salt concentration, and observe the effect this has

on the adsorption behaviour. Distilled water also provided the baseline, as in

the case of the PVP experiment. As stated in Section 4.1, the presence of salts

in solution lowers the charge density along the polymer backbone, screening the

intermolecular repulsive interaction, decreasing solvent quality.

Due to a shortage, the cohesive OVD solution tested with ellipsometry was
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Hyalock, and not Hyaplus like for the QCM-D presented in Section 4.2.1.

As Hyalock and Hyaplus have the same molecular weight and the solutions

were diluted to the same 1 ppm HA concentration in both experiments, this

substitution should not be significant. The results are shown in Figure 4.3.

Figure 4.3 Layer thickness h found with the Sauerbrey model from QCM-D
results in PBS (3rd overtone) for Hyaplus (upper panel) and Hyadel
(lower panel) assuming a layer density ρlayer = 1.8 g.cm−3

(pink) compared with ellipsometry in distilled water for Hyalock
(upper panel) and Hyadel (lower panel) assuming a refractive index
nlayer = 1.563 g.cm−3 (blue). The QCM-D data was fitted to
the Weber-Morris equation [85] between 11 and 60 minutes (dashed
black line).

For both OVDs, the signal observed with ellipsometry increased upon pumping

the solution in the flow cell, albeit to a lesser extent than with 1 ppm PVP.

Similarly to the QCM-D results from Section 4.2.1, this indicates that there was

some adsorption occurring from both OVDs, but that the resulting HA layer was

thinner than that formed from PVP.

The values of layer thickness obtained from QCM-D and ellipsometry for the

cohesive OVDs were very close, which means that the change in solvent quality did

not impact the coupling of the layer with the surrounding solvent. As discussed

in Section 4.2.1, the overtone distribution observed with Hyaplus suggests that a

few loops were formed in the Θ solvent PBS, and there was no further expansion
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of the polymer segments when replacing the solvent with distilled water.

In the case of Hyadel, ellipsometry yields a higher value of layer thickness than

QCM-D. This indicates that the polymer segments were more swollen in distilled

water, which is a better solvent. This results in a higher coupling of the polymer

layer with the surrounding solvent.

Rinsing for 10 minutes had no effect on the Hyadel layer, and led to an increase

in signal for Hyaplus, possibly showing a rearrangement of adsorbed chains. It is

however worth noting that the ellipsometry signal was quite noisy. Moreover, the

surface area probed with ellipsometry is only as large as the width of the laser,

which is about 1 mm2. For this reason, it is more difficult to extract meaningful

information about the polymer configuration within the layer from ellipsometry

compared to QCM-D.

We fitted the QCM-D data to the Weber-Morris equation for physisorption,

described in Section 3.2, which led to a very good concordance throughout the

whole adsorption process (11 to 60 minutes). This is different from the dilute

PVP system, which followed chemisorption kinetics, and entered a slower stage

of adsorption as the monolayer approached saturation after about 25 minutes

(see Figure 3.5). We can infer from the absence of a second kinetic regime

that a complete monolayer was not formed in the timescale of the observation.

The rate of arrival was slow enough to allow a relatively flat configuration

throughout the whole measurement, which can be explained by the extremely

dilute concentration, coupled with the polymer’s high molecular weight and the

rather short residence time of the flowing solution at the sensor surface (calculated

as 24 s, as detailed on Table C.1). The values of the diffusion-limited rate constant

k was higher for Hyadel (0.04 VS 0.03 nm.min−1/2), which is consistent with its

smaller contour length compared to Hyaplus, resulting in a faster diffusion.

4.3 Impact of Solvent Salinity

We used QCM-D to monitor the adsorption of HA from solutions of cohesive

OVD (Hyalock) diluted in pure distilled water, in order to further investigate

the impact of solvent quality on the formation of polymer layers. As stated

in Section 4.1, distilled water is a good solvent for HA, which adopts a more
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extended configuration in solution than PBS. We started from solution diluted

to a 1 ppm HA concentration, progressively increasing concentration, similarly

to PVP in Chapter 3. The results are presented on Figure 4.4.

Figure 4.4 Time-dependent changes in (upper panel) frequency and (lower
panel) dissipation measured at the third overtone for the cohesive
Hyalock diluted in pure distilled water from different concentrations:
1 ppm (black), 10 ppm (blue), 100 ppm (yellow), and 5000 ppm
(pink).

The measurement done using a 1 ppm concentration displays a similar behaviour

to the measurement done in PBS (Figure 4.2), with a progressive decrease in ∆f

and a minor increase in ∆D, indicating the formation of an ultrathin flat layer.

The signal saw no change upon rising. We propose that in this extremely dilute

regime, the polymer is lying flat on the surface, which constraints the mobility of

the individual segments and prevents desorption.

The responses to injection of Hyalock in salt-free solvent at all the other

concentrations display some notable differences with the measurements done so

far. Pumping the OVD solution to the sensor chamber resulted in an abrupt

decrease in ∆f and increase in ∆D. When rinsing with distilled water, the

signals went back to the original baseline in a matter of minutes. This rapid and

complete removal of the OVD from the QCM-D chamber suggests that the shifts

in ∆f and ∆D could potentially reflect bulk shift effects associated with the
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viscosity of the solution rather than any specific adsorption on the gold sensor.

In order to test this hypothesis, we plot ∆fn
n

√
n and ∆Dn ∗ n

∆fn
against time in

Figure 4.5.

Figure 4.5 HA in a salt-free solvent presents some features suggesting
bulk shift over adsorption at certain concentrations (upper
panel: constant value of ∆fn

n

√
n for all overtones and lower

panel: ratio ∆Dn ∗ n
∆fn

= -0.4 ppm.Hz−1). The vertical dot-
ted lines correspond to OVD injection and rinsing. The
vertical axis minimum in the lower panel was set at
-1.0 ppm.Hz−1 to only reflect the values which were in the range of
interest despite a spiky signal. Note the difference in y-scale between
the different concentrations for the ∆fn

n

√
n plots.

This analysis confirms that for the 1 ppm case, the shifts in ∆f and ∆D do not

meet the criteria for a bulk shift effect, but rather indicate the adsorption of HA

at the sensor surface.

As the bulk concentration increases to 10 ppm, the value of ∆fn
n

√
n appear to

be mostly constant over the different overtones, which is a feature of a bulk shift

effect, although this is less true for the third overtone. However, the ratio of ∆Dn
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and ∆fn
n

is different from -0.4 ppm.Hz−1. This suggests that bulk shift does not

account for all the signal measured with QCM-D, which would indeed be unlikely

from the minor change in solution viscosity at this low concentration. We propose

instead that HA adsorbs on the quartz sensor at this concentration. The increased

solvent quality of distilled water compared to PBS leads to a greater proportion

of loops, which results in a thicker layer more easily desorbed upon rinsing.

In the 100 ppm case, ∆fn
n

√
n is not constant across the overtones, but the ratio of

∆Dn and ∆fn
n

is close to -0.4 ppm.Hz−1. It is possible that at this concentration,

an adsorbed layer initially forms, and that some unattached polymers from the

flowing solution get entangled within the layer. This adsorption-entanglement

phenomenon has been described in [106, 107]. As pure distilled water is injected

into the QCM-D chamber during the rinsing step, the entangled polymers drag

the adsorbed segments along, which results in a complete removal of the layer.

At 5000 ppm, the ratio of dissipation and frequency is close to -0.4 ppm.Hz−1,

and the values of ∆fn
n

√
n overlap for some of the overtones. Both these criteria

are representative of a bulk shift effect. However, the prediction of frequency

and dissipation associated with a bulk shift does not take into consideration the

elasticity of the solution. At this concentration, polymer entanglements in bulk

solution are expected, and the elasticity is likely to be significant. Additionally,

the 5000 ppm solution displayed spikes of negative values of ∆D upon injection.

Dissipation being a ratio of the energy stored to the energy lost at each oscillation,

this negative ∆D can reflect a sudden increase in the energy stored resulting from

the elasticity of the OVD solution. In parallel, the injection of the 5000 ppm

solution led to spikes of positive values of ∆f , which we attribute to the instability

which was created when injecting the high viscosity polymer solution into the flow

cell, previously filled with distilled water.

These results show that in this situation, HA does not adsorb as strongly on

the gold sensor. Entanglements between the bulk solution and the adsorbed

layer appear to play a role, and to facilitate desorption. This is different from the

adsorption behaviour observed with PVP in Chapter 3, where Guiselin brush-like

layers were formed when flushing solutions of increasing polymer concentrations.

This weaker adsorption may be driven by the solvent quality, and in Section 4.4,

PBS will be used as the solvent again. As the salt concentration increases, the

polymer network collapses. The solution displays a lower viscosity, leading to a
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less dampened sensor [108].

4.4 Increasing Concentration: Effect on the

Adsorption (QCM-D)

4.4.1 1000 ppm OVD solutions

The 1 ppm solutions in PBS studied in Section 4.2 were limiting cases of

extremely dilute systems. In reality, OVD solutions contain HA at a much

higher concentration where polymer segments can interact with neighbouring

coils and entanglement process become important; Figure 4.1 summarises the

different concentration regimes. The overlap concentrations of our solutions were

calculated as respectively 350 and 740 ppm for Hyaplus and Hyadel using the

reciprocal of the Mark-Houwink equation:

[η] = KMα =
1

c∗
(4.1)

where [η] is the intrinsic viscosity, K and α are parameters related to the polymer

and solvent, which are respectively 9.78 · 10−2 cm3.g−1 and 0.69, and M is the

molecular weight [109].

The entanglement concentration ce for an HA solution at a 1 MDa concentration

was taken from the literature [103] as 2400 ppm. We estimated values of ce

at the other molecular weights using equation 4.2 [110], which is appropriate

for Θ solvents. As explained in Section 4.1, water is a good solvent for HA,

whilst PBS displays a lower solvent quality. We will therefore describe it as a

Θ solvent [100]:

ce
c∗

=
[Ne(1)]

3
4

N
1
4

(4.2)

where Ne(1) is the number of Kuhn monomers in an entanglement strand in the

melt, which was considered to be independent of the molecular weight, and N is

the number of monomers per polymer chain.

This equation yields values of ce equal to 1625 ppm for Hyathron and 860 ppm
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for both Hyalock and Hyaplus.

In a similar approach to the one used in Chapter 3, we compared the QCM-D

signals of the highly diluted 1 ppm with solutions 1000 times more concentrated,

which were in the semi-dilute regime for Hyadel and just in the entangled regime

for Hyaplus. The results are presented on Figure 4.6.

Figure 4.6 Time-dependent changes in resonant frequency and dissipation for
cohesive Hyaplus (left panel) and dispersive Hyadel (right panel)
measured with QCM-D for the third overtone from 1 ppm (blue)
or 1000 ppm solutions (pink). The dashed lines correspond to the
injection of OVD and rinsing steps.
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Injecting the 1000 ppm OVD solutions led to an immediate step increase in ∆D,

with a similar step decrease observed when rinsing with PBS. We attribute this

sudden change to the arrival of the OVD solution in the sensor chamber, and

the resulting bulk shift effect, accompanying the increase in solution viscosity.

Unlike the behaviour observed in Section 4.3, the dissipation kept increasing as

the solution was pumped through the sensor chamber. During that time, ∆f

was also continuously decreasing, which points towards polymer adsorption on

the gold sensor and coupling of the resulting layer to the ambient solution. We

therefore attribute the absence of polymer adsorption observed in Section 4.3 to

the enhanced solvent quality. The importance of salinity is important to keep

in mind, and one should be careful when comparing experimental results with

articles from the literature using a different solvent salinity.

Increasing the solution concentration leads for both OVDs to a larger decrease

in ∆f and increase in ∆D. This is similar to what was observed with PVP

in Chapter 3 and points towards the formation of a thicker layer with a higher

coupling with the ambient solution, which results in more energy being dissipated.

However, the ∆f decrease was smaller than with 1 ppm PVP even when using a

1000 ppm HA solution. This suggests that HA forms significantly thinner layers

than PVP during this timescale, which could be due to its larger size leading to

a slower diffusion to the solid interface. We calculated the diffusion coefficient D

of PVP and HA from OVDs using equation 4.3:

D =
kB T

6π η Rg

(4.3)

where kB is the Boltzmann constant, T is the temperature, η = 0.89 mPa.s

is the solution viscosity and Rg is the radius of gyration, which was taken as

56 nm for 360 kDa PVP [93], compared to 126 nm and 258 nm for 1 MDa and

3 MDa HA [111], respectively. The resulting values of D were 4 · 10−12 m2.s−1

for PVP and 2 · 10−12 m2.s−1 for Hyadel. It follows that in a diffusion-limited

system, the formation of a complete monolayer would be twice as long for Hyadel

than it is for PVP, and even longer for Hyaplus which contains longer chains and

yields D = 9 · 10−13 m2.s−1.

Likewise, the dissipation observed in Figure 4.6 remained smaller than PVP when

considering the 1000 ppm solutions, which is typical of a more rigid layer. We

can infer from this that HA preferentially adsorbs as trains rather than forming
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large loops, possibly owing to the repulsive interaction between neighbouring

coils. This would also be consistent with previous measurements showing HA

adsorbing as long filaments on solid mica substrates [101].

In contrast to the layer formed from concentrated PVP, rinsing the layer formed

from 1000 ppm HA with solvent did not increase the frequency shift back to

the baseline, which suggests there was no desorption upon rinsing. As stated

previously, resistance to desorption is typically associated with a low mobility of

polymer chains. For polymer coils laying flat on the surface, one would expect a

limited diffusion through the polymer layer and very slow kinetics of desorption.

The dissipation decreased, which could reveal some rearrangement on the surface.

Following the approach adopted in Figure 4.5 for solutions diluted in distilled

water, we have checked that the changes in frequency and dissipation are not

entirely associated with bulk shifts. This information and the small values of

dissipation encouraged us to use the Sauerbrey model to calculate the values of

surface excess for both OVDs. The results are shown in Table 4.1.

OVD Surface excess φ / ng.cm−2 Overtone distribution / ng.cm−2

Hyaplus 80 ± 17 3.8
Hyadel 76 ± 10 10.7

Table 4.1 Table summarising the average Sauerbrey surface excess for 1000 ppm
OVD solutions obtained from 3 independent measurements for the
third overtone. The uncertainty is the standard deviation across the
repeat measurements.

The surface excess values were comparable for both OVDs in this regime. The

overtone distribution was lower for Hyaplus at this concentration, which suggests

that the polymer configuration was flatter on average, contrary to the observation

made at 1 ppm (see Figure 4.2 d). As discussed earlier, Hyadel is in the semi-

dilute regime at this 1000 ppm concentration, whereas Hyaplus is already in the

entangled regime. Entanglements add additional constraints to the chains of the

cohesive OVD, which may contribute to the polymers flatter configuration on

the surface, which is reflected by the lower value of ∆D. Regarding the kinetics

of adsorption, we used the Weber-Morris equation to calculate the values of the

adsorption rate constants k for both OVDs. The results are shown on Table 4.2.

Like PVP, both OVDs saw faster kinetics as the concentration increased, as one
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Concentration k Hyaplus (nm.min−1/2) k Hyadel (nm.min−1/2)
1 ppm 0.03 0.04

1000 ppm 0.09 0.10

Table 4.2 Table summarising the adsorption rate constants k (nm.min−1/2)
obtained from the Weber-Morris equation.

expects. The formation of a layer from a Hyadel solution was slightly faster than

it was for Hyaplus, just like it was at 1 ppm. This can be related to its smaller

length resulting in a faster diffusion. We also noted that just like the dilute OVDs,

the adsorption followed the Weber-Morris equation throughout the whole time.

This suggests that the adsorption did not enter a second stage, in which there is

a slow rearrangement of chains on the surface once saturation is reached.

In conclusion, shifting from the dilute to the semi-dilute regime did not

fundamentally change the adsorption behaviour of the OVDs on gold. The

kinetics were faster due to the higher polymer concentration, but they remained

apparently too slow to form a complete monolayer. Unlike PVP, the layer formed

from 1000 ppm solutions did not desorb upon rinsing, which suggests it remained

flat on the gold sensor and did not adopt an extended brush-like configuration

allowing the segments to diffuse away through the layer. This would be consistent

with the flat filament network which has been described in the literature [101].

4.4.2 Entanglement Effects: 7500 and 15000 ppm

To provide a better comparison with the behaviour of OVDs used in pha-

coemulsification, we further increased the concentration of the solutions to above

the entanglement concentration (see Figure 4.1 for a summary of the different

concentration regimes). In order for the solutions to be able to flow through

the 0.38 mm diameter tubing, it was necessary to dilute the native OVDs by

a factor of two, yielding final concentrations of 15000 ppm and 7500 ppm for

Hyadel and Hyaplus respectively. A change in the ambient fluid density and

viscosity leads to a change in both frequency and dissipation. This is referred

to as a bulk shift effect, the magnitude of which can be calculated using the

Kanazawa-Gordon model. In that case, one expects the overtones to yield a

constant value of ∆fn
n

√
n, and the ratio of ∆Dn over ∆fn

n
should reach a value

close to -0.4 ppm.Hz−1 for all overtones. The possibility of a bulk shift effect is

investigated in Figure 4.7.
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Figure 4.7 The presence of a bulk shift effect was investigated for solutions
of Hyadel at 15000 ppm (upper panel) and Hyaplus at 7500 ppm
(lower panel) on three separate measurements. A bulk shift
effect would be expected to yield a constant value of ∆fn

n

√
n for

all overtones and the ratio of ∆Dn and ∆fn
n to be close to

-0.4 ppm.Hz−1. The vertical axis minimum in the lower panel was
set at -1.0 ppm.Hz−1 to only reflect the values which were in the
range of interest despite a spiky signal.
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In the case of Hyadel, the overtones appear to yield comparable values of ∆fn
n

√
n,

but the ratio ∆Dn n
∆fn

is different from -0.4 ppm.Hz−1, which suggests that the

shifts in ∆f and ∆D cannot be entirely attributed to a bulk shift effect, and

that there is some adsorption happening. For Hyaplus, the overtones do not

overlap in Figure 4.7, which again points to polymer adsorption. Nevertheless,

the ratio of ∆Dn and ∆fn
n

is very close to -0.4 ppm.Hz−1. This suggests that

the viscosity of the layer formed from the cohesive OVD is comparable to that

of the ambient OVD solution. This would be the case if the structure of the

adsorbed layer was being dictated by the same entanglement length as in the

bulk solution. Conversely, the dispersive OVD layer comparatively dissipates

more energy. This layer would lead to energy being dissipated on the layer rather

than on the endothelium, which is consistent with the superior protective ability

reported by surgeons in the literature.

In contrast with the dilute and semi-dilute regimes, where individual polymer

chains could adsorb on the sensor, we expect that in the entangled regime,

the polymer coils adsorb from a network of intertwined polymer segments, as

represented by the reduced opacity segments in Figure 4.11. The results are

shown in Figure 4.8 for Hyadel and Figure 4.9 for Hyaplus.

Upon injection of the Hyadel solution, the QCM-D sensor experienced an abrupt

downward spike in frequency (arrows in Figure 4.8) before reaching a plateau

value at a smaller magnitude of ∆f . During that time, the dissipation increased

to reach a plateau. In contrast to the lower concentrations (1 and 1000 ppm),

there was no
√
t kinetic variation, which suggests that HA does not follow a

diffusion-limited physisorption process on the gold sensor at this concentration.

The observation of a downward spike followed by a plateau in ∆f is similar

to what is observed during vesicle adsorption, where the downward spike in

frequency corresponds to the mass uptake caused by the adsorption of intact

vesicles, followed by vesicle rupture and bilayer formation, resulting in a loss of

entrapped water [112, 113]. This pattern has rarely been reported for polymers

in the literature [114, 115].

We attribute the downward spike in frequency to the adsorption from an

entangled polymer network. We suggest that the subsequent increase corresponds

to the network breaking down as the HA chains make multiple contact points with

the gold surface, releasing some of the constraints on chains in the network due

to entanglements. Notably, the increase in ∆f during the adsorption process was
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Figure 4.8 Time-dependent changes in resonant frequency (left panel) and
dissipation (right panel) for dispersive Hyadel measured with QCM-
D for the third overtone from pure OVDs diluted by a factor of 2,
yielding a concentration of 15000 ppm. The dashed lines correspond
to the injection of OVD and rinsing steps. The arrows point towards
a downward spike in frequency. The three data sets plotted are
repeats of the same experiment.

not coupled with a decrease in ∆D. This provides evidence that the rupture

of the polymer network did not lead to structural collapse. We attribute this

effect to a strong coupling with solvent. HA is a glycosaminoglycan, a family of

biopolymers characterised by their water retention ability.

Rinsing for 30 minutes led to an increase in ∆f coupled with a decrease in

∆D, which shows that the polymer layer was partially desorbed, however the

signals did not revert back to the baseline in this timescale, which suggests some

polymers remain adsorbed at the surface.

Several differences can be noted between the two OVDs. The dispersive OVD,

as shown on Figure 4.8, led to a remarkably consistent behaviour whereby the

frequency experienced an initial drop before reaching a plateau after 20 minutes.

The cohesive OVD displayed more variability between experiments, as can be

seen from Figure 4.9. Additionally, the downward spike observed with Hyadel was

recorded on one occasion only with Hyaplus. This can be explained as follows:
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Figure 4.9 Time-dependent changes in resonant frequency (left panel) and
dissipation (right panel) for cohesive Hyaplus measured with QCM-
D for the third overtone from pure OVDs diluted by a factor of 2,
yielding a concentration of 7500 ppm. The dashed lines correspond
to the injection of OVD and rinsing steps. The arrow points towards
a downward spike in frequency. Note the difference in y-scale with
the Hyadel plots from Figure 4.8, indicating a difference in the
adsorption behaviour. The three data sets plotted are repeats of the
same experiment.

Hyadel, which has a lower molecular weight, contains shorter polymer chains than

Hyaplus. As a result, the number of entanglements per chain is lower, making it

easier for the gel to break down as it adsorbs as a surface layer. On the other

hand, Hyaplus does not break down as easily upon adsorption.

The ∆f shift upon adsorption of Hyaplus was on average lower than for Hyadel,

which suggests that the surface excess was lower. It can be related to its lower

bulk concentration, and lower chain mobility polymer density at the surface [94].

The ∆D shift was also lower for Hyaplus, which can again be explained by its

lower concentration at the surface. The entanglements are separated further apart

for the cohesive OVD, which results in a lower energy dissipation.

For the cohesive OVD, 10 minutes of rinsing was sufficient for the frequency and

dissipation shifts to return to the limiting value observed following adsorption and
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Figure 4.10 Time-dependent changes in resonant frequency (upper panel) and
dissipation (lower panel) for cohesive Hyaplus (left panel) and
dispersive Hyadel (right panel) measured with QCM-D for the third
overtone from 1 ppm (blue), 1000 ppm solutions (pink) or pure
OVDs diluted by a factor of 2, yielding 7500 ppm for Hyaplus and
15000 ppm for Hyadel (yellow). The dashed lines correspond to the
injection of OVD and rinsing steps. Note the difference in y-scale
between the Hyadel and Hyaplus plots, indicating difference in the
adsorption behaviour.

rinsing from a 1 ppm solution. For the dispersive OVD, even after 30 minutes

of rinsing the frequency shift only returned to the value observed following

adsorption and rising for a 1000 ppm solution, which corresponds to a higher

residual polymer excess. The dissipation shift remained five times higher than

it was in the 1000 ppm case, as shown on Figure 4.10. This high dissipation

suggests that the Hyadel layer does not collapse easily upon rinsing, but remains

highly hydrated instead.

The higher concentration of dispersive OVDs leads to a high degree of polymer

entanglement within the layer, which makes it more resistant to rinsing. The

lag time and incomplete desorption seen with the dispersive OVD also makes

sense with regard to the behaviour observed after phacoemulsification. Surgeons

report that the dispersive OVD network gradually breaks up upon aspiration,
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resulting in a longer removal time. In Chapter 5, we will relate this resistance

to rinsing to a detachment mechanism, whereby pulling off the dispersive OVD

requires the simultaneous rupture of multiple anchoring points on the surface,

which represents a high energy barrier. In contrast, cohesive OVDs detach by a

sequential rupture of tethering points.

Figure 4.11 Schematic depiction of the adsorption mechanism of both OVDs
on the QCM-D sensor from entangled solutions. Hyadel is more
concentrated, and adsorbs as a network which immediately ruptures
to create a polymer layer with a high density. Hyaplus has longer
chains, and so more entanglements per chain. As a result, it does
not break down as easily and forms a more dilute layer which is less
dissipative in QCM-D. Polymer segments with a reduced opacity
present the existence of an entanglement network in the bulk, as
discussed in [106, 107]

.

Adsorbed polymer layers are commonly used to provide lubrication of a substrate

of interest [72, 116]. Densely grafted polymer brushes offer a resistance to

compression because of the steric hindrance they provide. As a result, if a

deformation occurs in the bulk, the stress will be partially absorbed by the layer,

shifting the shear plane away from the substrate. In particular, the ability of

the layer to entrap solvent under applied load is critical for lubrication, which

can be seen from an increase in the coefficient of friction above a certain load

threshold [75]. In that regard, the consistent ability of Hyadel to remain swollen

by the solvent when adsorbing on the QCM-D sensor and when rinsing with
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solvent can be related to its better protective ability.

4.5 High Shear Rheology from the Voinova Model

Applying the Voinova model to the previous measurements in Section 4.4.2, we

find a similar average value of layer viscosity and elastic modulus for both OVDs,

with ηlayer = 1.1 mPa.s, slightly higher than the viscosity of water. Crucially, the

layer thickness obtained for both OVDs are significantly higher than the values

estimated so far from more dilute systems. These length scales are relevant to

endothelial cells: for instance the CD44 HA receptor has a diameter close to

25 nm [117], and the gap between the tight junctions of adjacent cells is about

15 nm wide [118]. The results are shown in Figure 4.12, and the average values

between 10 and 60 minutes from three independent measurements is displayed

in Table 4.4. The values of ∆f and ∆D calculated from the fit compared to the

experimental values are also plotted in Figures E.1 and E.2.

OVD Thickness
hlayer / nm

Viscosity
ηlayer / mPa.s

Elastic modulus
µlayer / kPa

Hyadel 68(12) 1.1(2) 28(6)
Hyaplus 29(5) 1.1(2) 23(8)

Table 4.3 Average values of the layer thickness, viscosity and elastic modulus
of layers formed in OVD solutions diluted by a factor of two, using
the Voinova model on 3 independent measurements. The uncertainty
corresponds to the standard error of the mean.

Additionally, the HA layer formed in presence of the dispersive OVD was twice as

thick as the one obtained from the cohesive OVD (60 nm and 30 nm respectively).

This can be interpreted as the Hyadel surface layer having a stronger coupling

with the ambient solution, possibly forming larger loops. This result is significant

with regards to cataract surgery, as dispersive OVDs were reported to have a

better resistance to the shear induced during phacoemulsification.

We include the value of the viscosity determined by application of the Voinova

model to the QCM-D data to a plot of the shear rate dependence of the viscosities

of Hyadel and Hyaplus measured using shear rheology in Figure 4.13.
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Figure 4.12 The Voinova model for viscoelastic layers was applied to the
layers formed from Hyadel (upper panel) and Hyaplus (lower
panel) solutions diluted by a factor of two for three independent
measurements from Figures 4.8 and 4.9. We obtain values of
the thickness hlayer, viscosity ηlayer and elastic modulus µlayer.
The input parameters were layer density ρlayer = 1000 g.L−1,
buffer density and viscosity respectively ρfluid = 1006 g.L−1 and
ηfluid = 1.03 mPa.s. The dashed lines correspond to the injection
of OVD and rinsing steps, respectively.
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Figure 4.13 Comparing the high shear rheology obtained with QCM-D for
Hyadel (upper panel) and Hyaplus (lower panel) with the results
from shear rheology at lower shear rates. The measured values
are represented by blue squares and the pink dashed line represents
the Carreau-Yasuda fit obtained with shear rheology. Note
the difference in y-scale between the Hyadel and Hyaplus plots,
indicating differences in the magnitude of viscosity and shear-
thinning ability.

Using the Carreau-Yasuda model to extrapolate the measured viscosities to
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the frequency relevant to QCM-D (pink dashed line in Figure 4.13) led to

an overestimation of the viscosity obtained with QCM-D from the Voinova

model. This can be explained by the limitations of this model, which include

microstructural changes, viscoelastic effects like stress relaxation, and high shear

rates effects such as shear banding [119]. The Voinova model also has limitations,

such as the homogeneous film assumption which may overlook deviations arising

from film roughness. However, the values obtained with both methods are of a

similar magnitude, although the shear rheology was performed on pure OVDs,

whilst the solutions used in QCM-D were diluted by a factor of two. This shows

that QCM-D is a promising technique for high-shear rheology, which is usually not

accessible to most instruments. One could also probe the intermediate shear range

with another technique such as capillary measurements. In phacoemulsification,

the ultrasound probe vibrates at a frequency close to 40 kHz, which stands in

that intermediate shear range.

4.6 Interaction of OVDs with a Biomimetic Layer:

Mucin

After getting information about the interaction of OVDs with gold, we extended

the investigation to a more biologically-relevant surface to better mimic the

endothelial surface. As explained in Chapter 3, the endothelial surface is covered

by a viscoelastic layer which contains mucoproteins, making mucin a good

biomimetic model. Additionally, the adsorption of macromolecules on mucin has

been studied with QCM-D before, providing a baseline for comparison [97, 98].

Although the commercially available mucin we used was extracted from porcine

stomach, it shares some similarities with corneal endothelium, such as the

presence of MUC1, as well as MUC4 which is expressed on the epithelium.

The experimental protocol was the same as the one used in Chapter 3, with

the exception that the solvent used here was PBS instead of distilled water. The

results are shown on Figure 4.14.

As we showed in Chapter 3, injecting the mucin solution led to a decrease in

frequency accompanied by an increase in dissipation. Rinsing for 10 minutes

with a buffer solution had a very limited impact on the signal, which suggests

that a strongly attached layer of mucin formed on the sensor despite the increase
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Figure 4.14 A mucin layer was adsorbed from a 25 ppm solution in PBS and
followed with QCM-D for the third overtone in four independent
experiments. It was rinsed for 10 minutes to remove any free mucin
and check the attachment was strong enough. The dashed lines
correspond to mucin injection and PBS rinsing, respectively.

in solvent salinity.

The dissipation was not negligible, so we did not use of the Sauerbrey model,

which is only valid for thin, rigid layers. Instead, we used the Voinova

model, which takes into account the viscoelastic coupling of the layer with the

surrounding medium. The analysis was performed using the Biolin Dfind software

using as input parameters a layer density ρlayer = 1050 kg.m−3, a buffer density

and viscosity of ρfluid = 1006 kg.m−3 and ηfluid = 1.03 mPa.s, respectively. The

results are presented on Figure 4.15, and the average values obtained after rinsing

for 10 minutes are presented on Table 4.4. The values of ∆f and ∆D calculated

from the fit compared to the experimental values are also plotted in Figures E.3

and E.4.

We determined the layer to be relatively thicker and to have a lower elastic

modulus than some results found in the literature [97, 120]. The lower elastic

modulus may be a consequence of the higher pH used in our measurements

[98, 121]. The layer was significantly thinner than the 0.5 µm endogenous
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Figure 4.15 The Voinova model for viscoelastic layers was applied to the mucin
layer from the four different measurements from Figure 4.14 to
get values of the thickness hlayer, viscosity ηlayer and elastic
modulus µlayer. The input parameters were layer density
ρlayer = 1050 kg.m−3, buffer density and viscosity respectively
ρfluid = 1006 kg.m−3 and ηfluid = 1.03 mPa.s. The dashed lines
correspond to mucin injection and PBS rinsing.

Thickness hlayer / nm Viscosity ηlayer / mPa.s Elastic modulus µlayer / kPa
25(3) 1.211(10) 4.10(3)

Table 4.4 Average values of the mucin layer thickness, viscosity and
elastic modulus found using the Voinova model on 4 independent
measurements. The uncertainty corresponds to the standard error
of the mean.

mucinous layer, but this should mean the interfacial properties are more

representative of the corneal endothelium.

Once the mucin layer was formed, an OVD solution diluted by a factor of two

with PBS (yielding 15000 ppm for Hyadel and 7500 ppm for Hyaplus) was then

injected in the flow chamber for 50 minutes before rinsing with PBS. The results

are presented on Figures 4.16 for Hyadel and 4.17 for Hyaplus.

Injection of both OVDs resulted in the same downward spike in ∆f observed

reproducibly with Hyadel on gold, which we associated with a breakdown of the

network of HA as segments interacted with the substrate rather than other chains

in the network.
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Figure 4.16 A mucin layer was adsorbed from a 25 ppm solution in PBS
and followed with QCM-D for the third overtone on two repeat
measurements. A solution of Hyadel diluted by a factor of two
was then injected. The dashed lines correspond to the successive
injections of mucin, PBS, OVD and PBS.
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Figure 4.17 A mucin layer was adsorbed from a 25 ppm solution in PBS
and followed with QCM-D for the third overtone on two repeat
measurements. A solution of Hyaplus diluted by a factor of two
was then injected. The dashed lines correspond to the successive
injections of mucin, PBS, OVD and PBS. Note the difference in
y-scale with Hyadel plots from Figure 4.16, indicating a difference
in the adsorption behaviour.

Figures 4.18 and 4.19 compare the adsorption on gold obtained from Figures 4.8

and 4.9 with the adsorption on mucin obtained from Figures 4.16 and 4.17.

The frequency shift measured for Hyadel on gold was lower than on the mucin-

coated sensor, which indicates that the presence of mucin decreased the amount

of surface excess deposited from the Hyadel solution. We attribute this reduced

adsorption to the steric hindrance arising from the mucin layer. This phenomenon

has been well described before [122], and self-assembled monolayers are regularly

used as coatings to minimise unspecific adsorption [123, 124].

Interestingly, Hyadel desorption followed the exact same pattern regardless of

the substrate. This lack of sensitivity of the dispersive OVD to the interface it

is desorbing from could be a sign of cohesive rather than adhesive failure, which

would agree with phacoemulsification observations. It is more difficult to compare

the Hyaplus results, as they lead to signals with a higher polydispersity between

measurements.
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Figure 4.18 Comparing the QCM-D signal of Hyadel adsorbing from a 25 ppm
solution on a mucin layer (darker shade) or on gold (lighter shade).

Figure 4.19 Comparing the QCM-D signal of Hyaplus adsorbing from a 25 ppm
solution on a mucin layer (darker shade) or on gold (lighter shade).
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4.7 Conclusions

In this chapter, we showed that in the dilute and semi-dilute regimes, both types

of OVD solutions have a relatively similar adsorption mechanism from aΘ solvent,

where they physisorb as thin flat layers, with a strong enough attachment to resist

desorption upon rinsing. However, in the entangled regime, a divergence emerges.

Dispersive OVDs consistently experience an instantaneous network rupture upon

contact with the substrate. They form highly solvated polymer layers which

exhibit a large dissipation in QCM-D, and are not easily washed out by rinsing.

By contrast, the longer chain cohesive OVD, Hyaplus, appears to respond to

rinsing in a manner which suggests that some entanglements are retained between

the bulk network and the adsorbed layer. This implies that the layer breaks at

the solid interface, which could be described as an adhesive failure. The presence

of mucin on the gold sensor slightly decreased HA adsorption but overall led to

similar results. The consistency of rinsing behaviour observed with the dispersive

OVD regardless of the substrate, as well as the network rupture upon adsorption

may be signs of cohesive failure.

The ability of dispersive OVDs to dissipate more energy is an encouraging result

regarding the superior endothelial protection reported by cataract surgeons. The

next chapter is going to be devoted to the measurement of adhesion forces of

HA on biomimetic substrates. The results will help us determine whether the

removal of OVDs - particularly cohesive OVDs - is likely to cause any damage to

the underlying endothelium.
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Chapter 5

Strength of the Interaction of

OVDs with Biomimetic Surfaces

The AFM imaging and force maps measurements were done in collaboration

with Dr Laura Charlton, who provided instruction in using the equipment. The

SEM and Cryo-SEM was done with the help of Dr Fraser Laidlaw for sample

preparation and image acquisition.

5.1 Introduction

The removal of OVDs at the end of phacoemulsification is crucial in order to

avoid post-operative complications. A current consensus in the literature is

that aspiration of cohesive and dispersive OVDs exhibit different kinetics and

fracture mechanisms. Cataract surgeons report that cohesive OVDs are removed

by a rapid bolus aspiration, which would imply a process which is similar to

adhesive failure at the endothelial interface. Dispersive OVD experience a slower

removal and break up upon aspiration, which could be likened to a cohesive failure

process [125–127].

However, this mainly relies on observations at the macroscopic scale and

bulk rheology studies. Despite providing useful information on the polymer

configuration in solution, classical rheology is impacted by the presence of an

interface. Surface phenomena such as polymer adsorption or steric hindrance
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arising from excluded volume leads to localised accumulation or depletion of

material, which may be overlooked in a rheology experiment. When an adsorbed

polymer layer forms on a solid substrate, its volume fraction can be substantially

higher than the solution concentration. In particular, adhesive fracture is

localised at the endothelium interface, and in that regard surface interactions

are key.

In Chapter 4, we demonstrated how HA from OVDs adsorb as thin, strongly-

attached layers on a gold surface from dilute and semi-dilute solutions. We

also showed that once the entanglement concentration is reached, viscoelastic

contributions become important. Polymer coils still form adsorbed layers on the

quartz sensor, but they are largely flushed out during rinsing, which could be

linked to an adsorption-entanglement process. We witnessed slower desorption

kinetics for dispersive OVDs, consistent with the experience of surgeons described

in the literature. We also proposed a mechanism that included a release of

constraints upon adsorption of the dispersive OVDs, which has some features

in common with the fracture of polymer networks. This allows the polymer to

rearrange to form a layer that is able to dissipate more energy and more resistant

to rinsing than the cohesive OVDs. The desorption of dispersive OVD led to

similar signals in QCM-D regardless of the presence of mucin on the gold sensor,

which could be consistent with a cohesive fracture mechanism.

A question which remains unanswered is whether the detachment behaviour

of dispersive OVDs, which fracture upon aspiration, could contribute to their

superior protective ability. Our QCM-D results from Chapter 4 highlighted

an attractive interaction between HA and biomimetic substrates resembling

corneal endothelial cells. If such an interaction also exists between HA and the

endothelium, detachment of the polymer coils may result in cellular damage.

In order to test this hypothesis, we used colloidal probe AFM to study the

detachment of OVDs. Our approach consists in investigating detachment of HA

from biomimetic surfaces, and is inspired by the one used by Button et al. [128]

when studying the role of mucus in cough clearance. They postulated that mucus

clearance could either occur by adhesive failure (bonds breaking at the interface

between cells and mucus), or cohesive failure. We hypothesised that the bolus

aspiration experienced by cohesive OVDs, which resembles an adhesive fracture

process as described in [128] could lead to a higher energy dissipation at the

surface. This energy transfer to the surface would increase the risk of aspiration
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trauma on the underlying corneal endothelium.

We did not use endothelial cells in this study, as cell culture requires technical

knowledge and equipment which were out of the scope of this PhD. To mimic

the endothelial cell surface and study adhesive failure, we functionalised glass

slides with biopolymers bearing different surface charges: poly-L-glutamic acid

(PLGA, -), poly-L-lysine (PLL, +) and mucin from porcine stomach, which

has both positively and negatively charged regions, but is overall negatively

charged. The functionalisation procedure is described in Section 2.4.2. The

corneal endothelium, like all external layers of organs, is covered by a cellular coat

called the glycocalyx. Sometimes referred to as a mucinous layer, it is a protective

viscoelastic layer composed of high molecular weight polysacharrides associated

with proteins or lipids, including endogenous HA and mucin glycoprotein MUC1.

We therefore used a mucin coating to mimic the composition of the glycocalyx.

HA is likely to interact with a number of structures in the eye during phacoemul-

sification, such as aquaporins, which are transmembrane proteins involved in

balancing the flux of water in the eye [129]. Two types of HA-binding receptors

are also present on the corneal endothelium: CD44 and RHAMM. The binding

to CD44 happens via a lysine residue [130, 131], whilst RHAMM is rich in both

lysine and glutamic acid [13], the latter being key to HA binding [132]. For

this reason, we used polymerised versions of these amino acids to mimic the

composition of the receptors. We also functionalised slides with OVDs following

the same protocol as the colloidal probe (see Figure 5.8) in an attempt to study

cohesive failure. A schematic of the colloidal probe AFM experimental set-up is

shown in Figure 5.1.

The two parameters used to tune the rheology of HA-based OVD formulation are

polymer molecular weight and concentration. Cohesive OVDs usually display a

higher molecular weight and a lower concentration than their dispersive counter-

parts. Molecular weight determines the contour length of each individual polymer

chain, which in turn influences its radius of gyration and diffusion constant.

Concentration impacts the local crowding and three-dimensional network. In our

study, the concentration dependence was removed by functionalising the silica

bead in solutions which contained the same mass concentration of HA. We will

therefore attribute any difference spotted between cohesive and dispersive OVDs

to a molecular weight dependence.
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Figure 5.1 Schematic of the colloidal probe AFM experiment. A 4.48 µm
diameter silica particle coated with hyaluronic acid (HA) from
ophthalmic viscosurgical devices (OVDs) was attached to a tipless
cantilever and used as a force testing probe. The functionalisation
involved a self-assembled monolayer of aminopropyltriethoxysilane
(APTES) chemically linked to HA. The substrate was a glass
slide functionalised with biological material: poly-L-lysine, poly-L-
glutamic acid, mucin or hyaluronic acid.

We first used contact angle measurements and AFM imaging to characterise the

effect of the different substrate functionalisation protocols. We used AFM, SEM

and Cryo-SEM to image the HA-functionalised colloids which were then used as

a probe in the AFM adhesion force measurements. AFM yielded a quantitative

measure of two parameters: the adhesion force and the energy released upon

detachment of polymer chains. We considered the effect of probe speed and

dwelling time on the surface. The worm-like chain model highlighted information

on the polymer flexibility.

5.2 Characterisation of Biomimetic Substrates

Before the AFM study, it is important to characterise the functionalisation

described in Section 2.4.2 of our biomimetic substrate. To do this, we used a

range of different techniques, namely interfacial tensiometry, drop shape analysis

and AFM imaging.
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5.2.1 Interfacial Tensiometry

When studying the adsorption of polymers on a solid substrate, it is important

to consider the energies at different interfaces. The balance of interfacial energies

ultimately determines the affinity of the different phases for one another at

thermodynamic equilibrium, which then determines the shape of the liquid

droplet. The ability of a liquid to spread on a surface, or wettability, depends

on the liquid and solid surface tensions: a liquid with a higher surface tension

than the underlying substrate will minimise the contact area and form spherical

droplets. On the contrary, a liquid with low surface tension will spread on the

substrate. Dispersive OVDs like Hyadel have been reported to have a better

coating ability in vivo. For this reason, they are often referred to as low surface

tension solutions compared to cohesive OVDs [30, 43, 46].

In this work, we were interested in three interfaces. First of all, we measured

the OVD-air interfacial tension by studying a pendant drop of pure OVD in air

(Figure 5.2). Our objective was to characterise the intrinsic surface tension of

a dispersive and a cohesive OVD, and to see if we measured a lower surface

tension for the dispersive OVD, as inferred from observations by surgeons. One

should keep in mind that in phacoemulsification, the ambient phase is the liquid

aqueous humour and not air. The second interface of interest was between our

functionalised biomimetic substrates and water. We also measured the contact

angle of a sessile drop of distilled water on three surfaces: bare oxidised glass,

or glass functionalised with either PLL or PLGA. This allowed us to show

the effect of functionalisation on the substrate wettability (Figure 5.3). Lastly,

we considered the substrate-OVD interface by measuring the contact angles of

droplets of OVD on the three substrates (Figure 5.4). The aim was to compare

the wettability of the different substrates by either OVD, and relate it with

the pendant drop results. Each measurement was performed for a minimum of

10 minutes. It was not always long enough to reach thermodynamic equilibrium,

however cataract operations are only a few minutes long, so phenomena occurring

on longer timescales are outside the scope of interest of this study.

OVD-Air Interface

OVDs differ in terms of concentration and molecular weight, which can both

impact surface tension. If the polymer adsorbs at the air/water interface, an
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increase in concentration will typically decrease the surface tension [133, 134],

although this decrease was reported to be weaker for high molecular weight

polymers, such as we present in both OVDs. Surface tension also decreases

with concentration according to a study from Silver et al. [135]. The authors

determined the second virial coefficient of polysaccharides, a parameter which

reflects the intermolecular repulsion between polymer chains. They stated that

a higher molecular weight HA experiences an increased repulsion, resulting in a

lower surface tension. It is enthalpically favourable for the polymer to adsorb

on the surface rather than interacting with neighbouring chains. Cohesive OVDs

have a higher molecular weight, but a lower concentration than dispersive OVDs,

so predicting any differences in their surface tension is not a trivial problem.

The interfacial tensions of pendant droplets of OVDs in air are shown in

Figure 5.2.

Figure 5.2 Interfacial tension of a top-down droplet of cohesive Hyaplus (blue),
viscosupplement Hyathron (pink, not used in the rest of this thesis,
but included for completeness) and dispersive Hyadel (yellow) in air.

The surface tensions we measured for both OVDs were fairly close, albeit with

the values for Hyadel being more widely distributed. They were also close to

the surface tension of water (72 mN.m−1), and even higher on several occasions,

which is not physically reasonable. This lack of a clear decrease in surface tension
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for either OVD compared to distilled water suggests that there is no adsorption of

HA at the air interface in the timeframe of the experiment. This is consistent with

the heterodyne-detected vibrational sum-frequency generation spectroscopy (HD-

VSFG) results from Moll et al., who saw no adsorption of high molecular weight

HA (≥ 1 MDa) at the air interface even after several hours [136]. The adsorption

was found to be highly dependant on molecular weight, which was attributed

to polymer entanglements. In that regime, individual polymer segments have

a limited mobility. As a result, the diffusion to the interface is too slow to be

detected experimentally. Other authors have previously pointed out the difficulty

in relating surface tension and adsorption in polyelectrolyte systems [134, 137].

An erratic behaviour was previously described at 2.4 mg.mL−1 for the surface

tension of HA, where a large standard deviation was attributed to the start of

the entanglement process [134]. As shown in Figure 4.1, both Hyaplus and Hyadel

are well above the entanglement concentration ce, with concentrations of 10 and

30 mg.mL−1, respectively. The large distribution of interfacial tensions observed

in our measurements agrees well with this erratic behaviour.

In the entangled regime, the shape of a pendant drop may not be easily correlated

to interfacial tension using the Young-Laplace model described in Chapter 2. This

model is based on the assumption that the droplet shape is determined by the

balance between gravity and Laplace pressure, which is the pressure difference

between the inside and the outside of the droplet. Although this model works

well for simple polymer solutions, it does not take into account the viscoelasticity

of OVD solutions. These viscoelastic contributions were also visible from sessile

OVD droplets in Figure 5.5, which will be discussed later on.

Despite this deviation from simpler models, our measurements compared well

with the results from Silver et al. for pure 2.1 MDa HA (70 mN.m−1) [44]. The

HA concentration used was not clearly stated in the article, but it is interesting to

note that they did not see any significant change in surface tension with dilution

from a factor 10 to 100,000. This is compatible with the three time difference of

concentration between both our OVDs not resulting in a measurable difference

in surface tension.

The same group also reported surface tensions of other OVDs, which differed

largely from ours (43 mN.m−1 for dispersive Ocucoat, 62.7 mN.m−1 for cohesive
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Healon) [135]. It is however difficult to compare Ocucoat, which contains HPMC,

to the HA-based Hyadel. Another notable difference is that they diluted the OVD

stock solutions by a factor of 10, perhaps as a way to minimise the viscoelastic

contributions mentioned earlier.

Water-Substrate Interface

The contact angles measured for sessile drops of water on the various function-

alised substrates are shown on Figure 5.3. Water displayed a different contact

angle on each substrate, which is a first sign that our functionalisation protocol

had an effect on the glass slide.

The bare glass slide had the highest hydrophilicity, as shown by the low contact

angle (θ ∼ 5◦). The UV-Ozone cleaning procedure created a high density of -

OH groups on the surface able to form hydrogen bonds with the solvent. The

lowest hydrophilicity was on the PLL-functionalised slide (θ ∼ 40◦), whilst PLGA

was intermediate (θ ∼ 12◦). PLL has an amine function per residue from which

hydrogen bonds may arise, whilst PLGA has a carboxylic acid, which may explain

its higher hydrophilicity. The availability of surface groups may also be decreased

in the case of PLL, as we expect an attractive Coulomb interaction between the

positively-charged amino acid and the negative underlying glass. A high surface

coverage could result in the polar functions being partially hidden from solvent

molecules. This could also explain why the contact angle of distilled water on

PLL continues to decrease overtime, whereas the other two substrates already

reached thermodynamic equilibrium.

The corneal endothelium, which is our system of interest, is hydrophilic due to

the presence of biopolysaccharides at the glycocalyx surface. However, it exhibits

a hydrophobic behaviour upon removal of these polymers [138]. This makes both

hydrophilic and hydrophobic surfaces relevant to our study.
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Figure 5.3 Contact angles as a function of time for a droplet of water on bare
oxidised glass (blue), poly-L-lysine (pink) and poly-L-glutamic acid
(yellow). Hydrophilicity reflects the availability of surface groups
and their ability to form hydrogen bonds.

OVD-Substrate Interface

We then characterised the contact angle of OVDs on bare or functionalised glass

slides. We wanted to see how they compared with the contact angle of water,

and if the results would be consistent with the adsorption of OVDs to the corneal

endothelium. The results are shown on Figure 5.4

Figure 5.4 Contact angle as a function of time for a droplet of cohesive Hyaplus
(left panel) and dispersive Hyadel (right panel) on bare oxidised glass
(blue), poly-L-lysine (pink) and poly-L-glutamic acid (yellow).
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A first observation is that the contact angle order observed with the water droplet

on Figure 5.3 (Glass < PLGA < PLL) was mostly preserved with OVDs, which

was expected as they are aqueous solutions. This contrasts with the similar values

of interfacial tension observed for both OVDs in air in Figure 5.2. The contact

angle of both OVD droplets was marginally higher than the one obtained with

water droplets, which suggests the liquid surface tension of OVD solutions is

slightly higher than distilled water.

Cataract surgeons describe a higher spreading ability of dispersive OVD solutions,

which is commonly attributed to a lower surface tension. In our measurement,

this was not systematically verified. Specifically, the contact angle on the PLL-

functionalised surface was lower for the dispersive Hyadel, but on the PLGA

surface, it was the cohesive Hyaplus which displayed a lower contact angle.

Viscoelasticity is known to play a role in spreading, as described in [139]. To

prepare the sessile droplets, OVD syringes were emptied in a vial. Another

syringe, with the right dimensions for the equipment, was then filled with the

corresponding solution. This procedure possibly put the viscoelastic solution

through a deformation leading to shear-thinning. The variability in the contact

angle measurements, which could arise from the deformation history of the gel,

makes it difficult to clearly identify trends.

Figure 5.5 shows snapshots taken at different stages of the drop shape analysis

measurement. Both OVDs had a tendency to spread overtime, which is both

visible on the pictures from Figure 5.5 and by the contact angle rapid drop in

the first seconds of the experiment on Figure 5.4. The non-spherical shape of the

Hyaplus droplet on PLL at t = 0 can be related to the viscoelastic contributions

discussed previously, which deviates from the Young-Laplace model. The OVDs

represent a limiting case, where the forces in play are not only gravity and

capillary force, but also internal elasticity spread throughout the bulk.

The droplets did not reach thermodynamic equilibrium in the timeframe of the

experiment, as shown by the continuing contact angle decrease after several

minutes on Figure 5.4. The high molecular weight of HA results in a very

slow diffusion of the polymer chains to the solid interface. Moreover, the HA

concentration (15 and 30 g.L−1) is way above the entanglement limit of polymer

chains (2.4 mg.L−1 for 1 MDa HA [103, 140]), which greatly reduces the mobility

of individual chains. Both these effects imply that very few segments are likely

to be at the solid interface in the timeframe of the experiment.
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Figure 5.5 Pictures of sessile drops of dispersive Hyadel and cohesive Hyaplus
on bare oxidised glass (upper panel) or PLL-functionalised glass
(lower panel) at different measurement times. The scalebar is
similar in both panels.

To conclude, the interfacial tensiometry and drop shape analysis revealed that the

lower surface tension widely predicted for dispersive OVDs in the literature is not

straightforward in practise. OVDs are complex solutions, and do not act as simple

Newtonian liquids. This is due to their high molecular weight and concentration,

and their resulting viscoelastic nature. The glass slide and both functionalised

substrates had a visibly different hydrophilicity, which is an encouraging sign that

the biopolymers were adsorbed on the substrate.

5.2.2 AFM Topography: A/C Imaging of the Substrate

Before using AFM to measure the adhesion strength of HA with our biomimetic

substrates, the topography of the substrates was measured using dynamic mode
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(A/C) AFM. The aims were to characterise the homogeneity of the coating and

its roughness. Surface roughness could decrease the area available for contact

with a colloidal probe, resulting in a weakened adhesion, so it is important to

look for differences in roughness before studying AFM force profiles. The results

are presented in Figure 5.6

Figure 5.6 Dynamic mode AFM images of the different substrates’ topography
in PBS: glass (top left), PLL (top right), mucin (bottom left) and
PLGA (bottom right), and table summarising the root mean square
roughness parameters for each substrate. The standard deviation
from measuring different regions is displayed as uncertainty.

The four substrates were visibly different, however they have relatively similar

root mean square (RMS) roughness. The bare glass slide was the smoothest

surface, as expected, with a RMS roughness close to a nanometer. It increased

on all functionalised slides, with no significant difference between substrates.

This gives us some confidence that any differences measured in adhesive strength

between the colloidal probe and the different substrates can be related to the
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strength of the interaction between HA and the substrate.

The coating was homogeneous on all functionalised slides, which suggests the

coating protocol was efficient. The slides had all been rinsed thoroughly before

imaging, which clearly did not completely remove the adsorbed material. This

is particularly important to note for polymerised aminoacids, which had a short

timescale of functionalisation (5 minutes only compared to 1h30 for mucin). The

efficient functionalisation is consistent with the change in contact angle for PLL

and PLGA compared to bare glass described in Section 5.2.1.

The reason for employing different functionalisation times were two-fold. First,

mucins have a higher molecular weight (4000-5500 kDa) than PLL (70-150 kDa)

or PLGA (50-100 kDa). For this reason, they are expected to diffuse more slowly

in solution, justifying the need for a longer adsorption time. The second reason is

that, as stated earlier, mucin is being used as a model for the overall glycocalyx

layer, whereas poly-amino acids are meant to mimic localised structures such

as HA-binding receptors. We therefore wanted to allow more time for a higher

coverage, more extended layer to build up in the case of mucin.

Figure 5.8 summarises the different dimensions relevant to the experiment

presented in this chapter.

Each AFM force map was measured on a 8 × 8 grid covering a 100 × 100 µm
area (left panel). Each point on the map thus probed a 12.5 × 12.5 µm area,

which is in the same range as both the the colloid diameter (4.48 µm) and the

area imaged for the substrate coating on Figure 5.6 (10 × 10 µm, middle panel).

The apparent coating homogeneity of the substrates on that scale led us to the

conclusion that any large heterogeneity in the force maps could not be attributed

to the coating itself.

5.3 Characterisation of the OVD-functionalised

Silica

In this section, we will start by characterising the procedure used to functionalise

the silica particles used as an AFM colloidal probe with OVDs. To do this, we

imaged OVD-functionalised glass slides with AFM and whole OVD-functionalised

silica colloids using SEM and Cryo-SEM. Once the presence of the HA coating
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Figure 5.7 Schematic of the dimensions relevant to the experiment. AFM force
curves scanned an 8 × 8 point grid covering a square of side 100 µm
(left panel). Each point on the map corresponds to a 12.5 × 12.5 µm
square, which is comparable to the area imaged on Figure 5.6 for the
substrate (middle panel). The HA-functionalised silica particle used
as a probe (4.48 µm diameter) is also in the same length range,
and is represented by the blue and yellow circle. Although the bead
itself was not imaged with AFM, a glass slide functionalised with
the same OVD coating was imaged on a 1 µm2 area, see Figure 5.8
(right panel).

has been established, we will move on to the AFM force measurements, and the

information they provide on the strength of the interaction between cohesive and

dispersive OVDs and a range of biomimetic substrates.

5.3.1 Imaging the Probe Coating: AFM

In order to gain some insight into the nature of the coating on the colloidal

particle attached to the cantilever, a glass slide was functionalised using the same

procedure, described in Section 2.4.2. This functionalised slide was imaged with

AFM and the images are shown in Figure 5.8. Note that the area imaged here

was 1 µm2 to highlight small scale structures that will come into contact with the

substrate when similarly functionalised colloidal probes are used in force profile

measurements.

As with the images obtained on the substrates (Figure 5.6), we could see material

adsorbed on all the functionalised slides. The slide coated with APTES presented
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Figure 5.8 Dynamic AFM topography images of a glass surface in PBS
functionalised using the same protocol as the colloidal probe: APTES
coating (upper left panel) and either Hyaplus (upper right panel) or
Hyadel functionalisation (lower panel).The HA coating appears to be
homogeneous in spite of the larger structures evident on the APTES
coating surface.

some spherical aggregates (≈ 100 nm) which could be polymerised APTES

nanoparticles, like those imaged in [141, 142]. A spontaneous polymerisation of

aminosilane can arise from traces of water in the solvent. We used 99% anhydrous

ethanol as solvent, however ambient humidity may decrease the solvent purity.

The apparent inhomogeneity of the APTES coating did not prevent HA from

forming a homogeneous layer. Hyaplus appears to form globules with a dimension

of 85 ± 31 nm. As for Hyadel, structural features (75 ± 25 nm) can be seen

on the AFM images, but they are less pronounced. Our interpretation is that

the globules and features correspond to single HA molecules. The radius of

these items is smaller than the radius of gyration found in the literature for

HA of similar molecular weights (126.1 nm for 1.06 MDa and 257.7 nm for

3.5 MDa according to [111]). These values are not conflicting, as AFM images

reflect the density of polymer layers rather than their thickness, which can be

estimated using the radius of gyration. The larger globules observed for the
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cohesive OVD suggest that the attachment points to the surface are separated

further apart, which implies there is a lower grafting density resulting in a

configuration resembling collapsed mushrooms [143]. The higher distribution can

be related to its higher polydispersity [109]. Conversely, the polymer layer formed

from adsorbed Hyadel is compatible with an extended brush-like configuration.

Although the polymers were chemically linked to the substrate in this procedure,

and merely adsorbed in the experiments from Chapter 4, we can draw parallels

between the results of both procedures. The layer formed in the presence of a

dispersive OVD solution dissipated more energy in QCM-D than that formed

from a cohesive OVD. We attributed this behaviour to a stronger coupling of the

HA from dispersive OVD with the surrounding solvent, as would be expected

from an extended brush-like configuration compared to collapsed mushrooms.

Note that in the APTES image, the globules all appear to have a doublet shape

structure, and to be oriented in the same direction. This may result from a tip

convolution, which could make the dimensions in the x-y plane unreliable. Despite

this setback, the visible difference between the three types of functionalised slides,

as well as the concordance with the structural configuration inferred from the

QCM-D data in Chapter 4 provide some initial evidence for the attachment of

HA to glass. Silica colloids functionalised with the same procedure will be imaged

using SEM and Cryo-SEM in Section 5.3.2.

5.3.2 Imaging the Probe Coating: SEM and Cryo-SEM

In order to complement the information gathered from AFM measurements of

topography, we imaged the colloidal probes with SEM and Cryo-SEM microscopy.

In addition to allowing for direct imaging of the whole colloidal particle,

Energy Dispersive X-Ray Analysis (EDX) provides information on the chemical

composition of the coating and the underlying particle. The disadvantage is

that the measurements are done in vacuum whereas AFM imaging was done in

solution. Control particles, both unfunctionalised and partially functionalised

with silane only were also imaged as a way to ensure we did not mistakenly

attribute structural features arising from either the silane or the underlying silica

particle to HA from OVDs.

The SEM image and EDX analysis for bare colloids can be found on Figure 5.9.

The bare silica particles appear relatively smooth. EDX revealed an oxygen
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signature on the particles, whilst the silicon signal was weaker than the silicon

wafer background. This suggests the existence of an amorphous surface oxide

layer. Carbon and platinum signals were equivalent to the background.

Figure 5.9 SEM image of bare silica particles (a), and corresponding EDX
element analysis (b) before any functionalisation. The right hand
panel of (b) shows signal from Si (turquoise), O (green), C (red)
and Pt (magenta). The left hand panel of (b) is a combination of
all four. The particles were coated with platinum prior to imaging.

The APTES-coated particles were visibly different from the bare colloids,

and displayed a coating on the surface. The thicker structures (arrows on

Figure 5.10 a) could be polymerised silane aggregates like those identified with

AFM. Some fragmented coating was also visible at the interface between particles

(arrows on Figure 5.10 b). The EDX signature was close to that of the bare

particles, which suggests the APTES carbon backbone was not detected, perhaps

because it was too thin to generate a measurable signal. It should also be kept
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in mind that the carbon signal in EDX is not easy to detect. The reason for

this is two-fold: carbon contamination is often observed in SEM, generating a

background noise which lowers the resolution of the carbon signal. Additionally,

carbon has a low atomic number (Z = 6), yielding low energy X-rays which are

mostly absorbed by the sample [144].

Figure 5.10 SEM images of APTES-coated silica particles (a, b), and
corresponding EDX element analysis (c) before any chemical
linking to HA. The right hand panel of (c) shows signal from Si
(turquoise), O (green), C (red) and Pt (magenta). The left hand
panel of (c) is a combination of all four. Arrows point towards
polymerised APTES. The particles were coated with platinum prior
to imaging.
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SEM images of Hyadel-coated particles can be found on Figure 5.11. As can

be seen on Figure 5.11 a, the surface of a Hyadel coated particle is different

compared to either the bare particle (Figure 5.9) or the APTES-coated particle

(Figure 5.10). The Hyadel-coated particle has a mesh-like surface topography,

indicated by the arrows on Figure 5.11 a. Interestingly there is a clear

accumulation of material at the interfaces formed between pairs of particles

(Figure 5.11 b and c) and in the interstices within a group of five particles

(Figure 5.11 d). Careful examination of Figure 5.11 d indicates that there is

some deformation of the particles, indicating an adhesive interaction between

them. Also visible in Figure 5.11 d is a relatively thick layer capping the particles.

There appears to be some artefacts attributed to the drying process, specifically

mounts and pits possibly arising from a coffee-ring effect like the one indicated

by an arrow on Figure 5.11 b.

Figure 5.11 SEM images of silica particles coated with Hyadel, a dispersive
OVD. Arrows point towards the HA mesh structure (a), a coffee-
ring effect attributed to the drying process (b), HA mediating an
adhesive interaction at the interface between neighbouring particles
(c), and a thick HA coating on top of the particles (d). The
particles were coated with platinum prior to imaging.

The SEM images of Hyaplus-coated particles visible in Figure 5.12 appear similar
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to those of the Hyadel-coated particles. Both show the presence of mounts and

pits, as well as a coffee-ring effect on top of the beads. Nearby particles appear

to adhere by means of a filament-forming coating, as indicated by an arrow on

Figure 5.12 b. This suggests the presence of a viscoelastic material at the interface

between adjacent particles prior to imaging, which we attribute to HA from the

OVDs. We did not observe the thick coating seen with Hyadel in Figure 5.11 d,

which is consistent with the denser polymer layer inferred from the lower ∆D

shifts observed for the cohesive OVD in the QCM-D experiments from Chapter 4.

The EDX analysis, as with the control particles, displayed a weak silicon and a

strong oxygen signal. In this case, a significant carbon signal was observed, which

suggests the presence of a polymer coating.

Figure 5.12 SEM images (a, b) and EDX analysis (c) of silica particles coated
with Hyaplus, a cohesive OVD. The right hand panel of (c) shows
signal from Si (turquoise), O (green), C (red) and Pt (magenta).
The left hand panel of (c) is a combination of all four. Arrows point
towards globular structures similar to those observed with AFM and
a coffee-ring effect attributed to the drying process (a), and HA
acting as a glue at the interface between neighbouring particles (b).
The particles were coated with platinum prior to imaging.

The OVD coatings looked more similar under SEM than AFM. As explained in
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Section 5.3.1, the AFM images may be convoluted due to a tip contamination.

Additionally, in SEM, the drying process during sample preparation leads to a

structural collapse. Conversely, AFM imaging is performed on hydrated polymer

layers in solution, which maintain their structural integrity. We also imaged

the particles using Cryo-SEM, which should provide more of an insight into

the coating conformation in solution. The image of control particles (bare and

APTES-coated) can be found on Figure 5.13.

As with SEM, the bare particles looked smooth in Cryo-SEM (Figure 5.13 a, b).

The grains seen on the surface of the particles were attributed to the platinum

coating. In addition to particles sticking out of the ice, some craters indicated

where particles were before the ice was fractured as part of sample preparation,

as indicated by an arrow in Figure 5.13 b.

Some APTES-coated particles displayed surface roughness (arrow in Figure 5.13 c)

which could either be ice or aggregates of the coating itself. When left under

the beam for a few seconds, whilst some of it appeared to be melting, the rest

was not affected, which suggests there was more than just ice. The coating

was not homogeneous, however it may have been partially ripped from the

particle during sample preparation. The EDX silicon signal was strong with these

particles (Figure 5.13 e), whereas it was weak when observed under classical SEM

(Figure 5.10 c). The reason is that the background in this measurement was ice,

which saturated the oxygen signal, whereas the sample holder for the latter was a

silicon wafer. The carbon and platinum signals were both uniformly distributed,

which suggests that the APTES coating may have again been too thin for EDX

to pick up its carbon signal.

We then imaged the OVD-functionalised silica particles, starting with the

dispersive OVD Hyadel (Figure 5.14).

Two types of structures were visible on the surface: spherical globules and linear

filaments. We measured the radius of 50 globules from the image in Figure 5.14 a,

and found an average value of 59 ± 15 nm, which is comparable to the 75 ± 25 nm

features observed with AFM topography on Figure 5.8. Highly hydrated samples

such as polymer hydrogels can experience ice damage during the freezing step of

sample preparation [145]. High pressure freezing can avoid this phenomenon, but

we did not have access to such an equipment. The growing ice crystals have the

potential to expand and compress other structures such as polymers, which can
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Figure 5.13 Cryo-SEM images and EDX analysis of bare (a, b) or APTES-
coated (c, d, e) silica particles. The right hand panel of (e) shows
signal from Si (turquoise), O (green), C (red) and Pt (magenta).
The left hand panel of (e) is a combination of all four. Arrows
point towards a crater (b), the APTES coating (c), and a coffee-
ring (d). The particles were coated with platinum prior to imaging.

lead to the formation of dense globules, as if in a bad solvent. This effect explains

the smaller size observed with CryoSEM compared to AFM. To get additional

information on the nature of these structures, we beamed a section for several

seconds (rectangle in Figure 5.14 b). Instead of melting, which would be expected

if the structures were made of ice, we observed cracks and structural collapse.
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Figure 5.14 Cryo-SEM images of silica particles coated with Hyadel, a
dispersive OVD. The arrows point towards two types of surface
nanostructures: HA globules and filaments (a, c, d). The rectangle
in (b) is an area which was beamed for several seconds to check the
structures were not purely ice. (c) and (d) were imaged without
prior platinum coating of the sample in order to map their surface
composition using back-scattered electrons.

In a second measurement, we observed the beads without adding a platinum

coating (Figure 5.14 c, d). Whilst the resolution was slightly worse due to electric

charge build-up, it had the advantage of letting us use back-scattered electron

imaging to highlight the difference in composition (Figure 5.14 d). Heavier

elements appear lighter using this imaging mode: we can see the filamentous

network was made of an element lighter than the underlying silicon, but close

to the oxygen background arising from the ice. Carbon and oxygen have a close

atomic number (6 and 8), so they are indistinguishable from each other in this

imaging mode, however it did not rule out the presence of a carbon signature as

expected from the polymer. A careful examination of the shade of grey displayed

by the surface globular structures suggests they had the same composition as

the filaments, which is compatible with our explanation that the filaments and
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globules were both HA structures.

We have used the same protocol to image particles coated with Hyaplus, a

cohesive OVD, see Figure 5.15.

Figure 5.15 Cryo-SEM images of silica particles coated with Hyaplus, a
cohesive OVD. The arrows point towards two types of surface
nanostructures: HA globules and filaments. (c) and (d) were
imaged without prior platinum coating of the sample in order to
map their surface composition using back-scattered electrons.

Here again, we found similar patterns as we did with Hyaplus on Figure 5.14,

with the particle surface presenting globules and filaments, indicated by arrows.

The average radius of 50 globules from Figure 5.15 a was 85 ± 31 nm, which is

remarkably consistent with the value obtained from AFM imaging in Figure 5.8.

This is slightly higher than the radius of the globules identified in Figure 5.14,

which is consistent with the three times higher molecular weight of the cohesive

OVD. If we take the case where HA adsorbs as globules, as if in a bad solvent,

the Flory theory of polymer chains predicts that Rg ∝ 3
√
Mw, where Mw is the

molecular weight. Here, it is precisely the case as the ratio of Rg for Hyaplus and

Hyadel is 85
59

= 1.4 = 3

√
3
1
.
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When they were not coated with platinum (Figure 5.15 c, d), we imaged the

particles with back-scattered electron, which revealed the filaments and the

globules were composed of an element lighter than silicon, which could either

be carbon (darker than the background) or oxygen (similar to the background).

To conclude, SEM and Cryo-SEM allowed us to check that the coating pro-

tocol allowed the attachment of HA to the silica particle, complementing the

information gathered with AFM imaging. The OVD-functionalised particles

were visibly different from control particles, either bare or coated with APTES.

SEM revealed that HA had a tendency to accumulate at the interface between

neighbouring particles, holding them together. Cryo-SEM allowed us to image

the surface topography with an increased resolution. HA appeared to form either

separated globules or longer filaments. Although the differences between both

OVD coatings were subtle, we were able to identify a denser coating for Hyadel

in SEM, whilst the globules observed with CryoSEM were smaller on average

compared to the ones on the particle functionalised with Hyaplus. The main

pitfall of this experiment is the fact that the sample preparation (drying, freezing,

sublimation, fracture) had an impact on the particle surface.

5.4 Adhesion of the OVD Network to Biomimetic

Substrates: Colloidal Probe AFM

Now that we have characterised both the biomimetic substrates and the OVD-

functionalised silica, we can move on to the measurement of AFM force maps.

This study aimed to investigate the strength of the interaction between OVDs

and substrates functionalised with a variety of biopolymers, chosen to be

representative of the functionalities found at the surface of corneal endothelium.

We sought to relate these interaction strengths to the aspiration behaviour and

protective ability of OVDs during phacoemulsification. The minimum in the force

profiles, such as the ones presented in Figure 5.16, correspond to what we refer to

as the adhesion force of the system (Fadh). By integrating the force with respect

to the separation, we obtain the work of adhesion of the system (Wadh) , which is

the work needed to completely separate the polymer-coated colloidal probe from

the substrate. In this section, we will start by studying the different force profiles

and the implications for the polymer detachment process. We will then apply the
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worm-like chain (WLC) model to the results to get some more insight into the

physical properties of the polymer. Lastly, we will compare the average values

of Fadh and Wadh measured for the different substrates, as well as the impact of

probe speed and dwelling time on the surface.

5.4.1 Force-Distance AFM Curves: Sawtooth-Pattern

We recorded AFM force curves between the OVD-functionalised colloidal probe

and substrates with six different functionalities (gold, glass, PLGA, PLL, mucin

and HA from OVDs) at four different probe speeds (1, 2.5, 5 and 10 µm.s−1)

and two residence times on the surface (0 or 1 s at 2.5 µm.s−1). Each set of

conditions was measured in triplicate. We noticed the existence of 3 identifiable

patterns in these measurements. The patterns remained largely consistent over

all force profiles within a given 8 × 8 map, which allows us to classify a whole

map according to a type of profile. Example force curves following these patterns

can be found on Figure 5.16 for dispersive Hyadel (a) and cohesive Hyaplus (b)

on glass, as well as Hyadel on a Hyadel-functionalised slide (c).

In all cases, the interacting force between the approaching cantilever and the

substrate is initially zero, until the cantilever experiences a hard wall repulsion

upon contact, as seen on the approach curve. On the example shown on

Figure 5.16 a, Hyadel displayed a wide, broad peak at low distance followed by

an isolated spike of a lower magnitude at a higher distance, which are indicated

by arrows. It can be noted that the wide peak is composed of several spikes.

On the other hand, the Hyaplus example (Figure 5.16 b) displayed a succession

of spikes of similar magnitudes, also indicated by an arrow. We will refer to

each individual spike as an adhesion spike, and to both these profiles as sawtooth

patterns. In addition to these sawtooth patterns, there were certain occasions

where very little to no adhesion was seen the retract curve, like the one shown

on Figure 5.16 c.

In the sawtooth pattern examples depicted in Figure 5.16 a and 5.16 b, the retract

curve displays negative values, showing an attraction between the cantilever and

the substrate. This attractive force was measured over a long range (several

micrometers) upon retracting the probe. Interestingly, the range of the interaction

is consistent with the polymer expected contour length (represented by the black

dashed line) which can be easily calculated. The number of monomer units on a
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Figure 5.16 AFM force curve of a colloidal probe functionalised with dispersive
Hyadel (top left) or cohesive Hyaplus (top right) interacting with
glass measured at a probe speed of 1 µm.s−1. These profiles are
referred to as type A and type B, respectively. Their origin is
discussed in the text. The bottom curve corresponds to a limiting
case (type C) where little to no adhesion was seen, this time for
Hyadel on a Hyadel-functionalised slide at 5 µm.s−1. The dotted
line corresponds to the expected polymer contour length. The force
profiles were normalised by dividing by the radius of the particle.

polymer chain can be obtained by dividing the polymer molecular weight by that

of the monomer unit (379 g.mol−1). From there, as each monomer unit is about

1 nm long [146], we expect the extended polymer chain to be 2.6 µm long for

Hyadel and 7.6 µm for Hyaplus. This is consistent with the interaction measured

being indeed due to HA and not to the underlying silica particle nor the silane

coating.

Sawtooth patterns have previously been observed for force profiles measured

for biopolymers such as the protein titin [147]. In their work, Rief et al.

attributed the existence of these highly non-linear dynamics to the unfolding

of individual protein domains. In the case of HA, although it is a linear polymer

unlikely to have a defined sequence of domains, it may have some localised

folded structures or entanglement knots. In particular, several studies on HA

highlight the formation of a macroscopic anti-parallel helix in solution, even from
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low concentrations [140]. These knots would unravel as the probe stretches the

polymer chain by moving away from the surface. This will be discussed further

in Section 5.4.2.

The literature also mentions sawtooth profiles in the case of polymer chains,

and suggests that each single spike corresponds to a monomer detachment from

the surface, or specific adhesion, if the removal rate is significantly faster than

the internal dynamics of the bond [148–150]. It follows that the higher number

of individual spikes in the type B profile would point towards slower internal

dynamics of the polymer chain. The distance between spikes was reported to

correspond to the distance between anchoring sites on the surface. On the other

hand, wider peaks such as the one identified on the Hyadel example were reported

to correspond to an unspecific adhesion, whereby multiple polymer segments

are detached at the same time. The sawtooth patterns are likely to reflect a

combination of effects, where the detachment of anchoring points on the substrate

leads to the unravelling of some supramolecular structures. We classified every

force map, composed of 8 × 8 force profiles, into one of the three types described

previously. The results are presented in Table 5.1.

Profile type Hyadel Hyaplus
Type A 47 24
Type B 32 41
Type C 11 17

Table 5.1 All the AFM force maps were attributed one of the three typical
profiles shown on Figure 5.16. The first one (Type A) corresponds to a
wide proximal peak followed by occasional spikes of a lower magnitude,
like the Hyadel example on Figure 5.16 a. Type B corresponds to a
succession of spikes of a similar magnitude, like the Hyaplus example
on Figure 5.16 b. Type C displayed less than two spikes and the force
stayed close to zero throughout the whole extension of the probe, like
the Hyadel example on Figure 5.16 c.

The results in Table 5.1 reveal that although both type A and type B sawtooth

patterns could be found for either OVD, Hyadel was more likely to follow a type A

pattern. On the other hand, Hyaplus was more likely to follow a type B pattern.

As noted earlier, this type of profile is expected for slower polymer dynamics,

which is consistent with the slower relaxation time of Hyaplus (32 ms) compared

to Hyadel (3.5 ms) measured by extension rheology [151]. This result suggests

that the two OVDs follow different detachment dynamics: our interpretation
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Figure 5.17 Schematic representation of the type A AFM force profile in
Figure 5.16 a and mostly observed for Hyadel (upper panel),
compared to the type B AFM force profile in Figure 5.16 b and
favoured by Hyaplus (lower panel). Type A corresponds to the
simultaneous rupture of several attachment points on the surface
whereas type B is the consecutive rupture of single attachment
points.

is that Hyadel desorption happens via the simultaneous rupture of multiple

tethering points on the surface. This results in a wide proximal peak at low

distances, which is a sum of the forces associated with the detachment of these

tethering points. On the other hand, for Hyaplus, there is a release of tension

at longer distances, such that the force goes to zero, which points towards a

sequential rupture of individual anchoring points on the surface. This difference

in behaviour is similar to the one observed for hydrolysed polyacrylamide on

calcium carbonate [150], where the polymer went from a type A to a type B profile

when increasing the molecular weight. This detachment mechanism is compatible

with the adsorbed configuration proposed for entangled HA in Section 5.3.1. We

suggested that cohesive OVDs adsorb as collapsed mushrooms, with anchoring

points standing further apart from one another than dispersive OVDs, which

adsorb in a brush-like configuration. In that situation, the cohesive OVD will

be more likely to stretch between attachment points. This is represented on

Figure 5.17.

Our AFM experiment consists in pulling off polymer coils from a substrate. It

results that the bonds have to be broken at the surface rather than inside the

polymer network, which is equivalent to forcing an adhesive failure mechanism. In
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the case of Hyadel, which mostly follows a type A profile, this requires crossing

an energy barrier corresponding to the work of adhesion of the proximal wide

peak presented on Figure 5.16 a. Conversely, Hyaplus mostly follows a type B

profile, which is composed of a succession of individual spikes, which individually

represent a lesser work of adhesion. Because of this energy barrier, adhesive

failure may not be the favoured mechanism in practise, which agrees well with

the cohesive failure upon aspiration which has been reported by cataract surgeons.

The force curves measured on the OVD-functionalised glass slide predominantly

followed the type C profile depicted in Figure 5.16, indicating a very weak

interaction. Our interpretation is that the contact time between HA attached

to the AFM probe and HA chemisorbed on the substrate was not long enough to

allow any polymer entanglement. It would be interesting to extend the dwelling

time on the surface in a future experiment. In this situation, retracting the

probe would require breaking the internal bonds of the polymer network, which

is comparable to a cohesive failure mechanism. Comparing the magnitude of the

resulting Fadh and Wadh to the ones measured on other substrates could assess

the likeliness of cohesive failure over adhesive failure, and see how it compares to

the observations reported by surgeons.

Figure 5.18 a is a heatmap representing the number of adhesion spikes observed

for each curve on a 8 × 8 AFM force map in the case of the type A Hyadel

graph from Figure 5.16 a. Likewise, Figure 5.18 c is the equivalent for the type B

Hyaplus graph from Figure 5.16 b. The corresponding Fadh and Wadh are plotted

on Figure 5.18 b and Figure 5.18 d for each force curve on the map.

Despite some variability arising from the stochastic effects of surface roughness

or polymer conformation, the number of spikes does not appear to be steadily

decreasing over time as consecutive measurements are made across the grid.

Likewise, the values of Fadh and Wadh stay consistent throughout the experiment.

This suggests that the stretching deformation associated with retracting the probe

at each point was reversible in the timeframe between measurements, and did

not yield an irreversible plastic deformation. This is consistent with the polymer

relaxation time (λ ≈ 3.5 ms for Hyadel and λ ≈ 32 ms for Hyaplus [151]) being

quicker than the measurement repetition rate across the map. It is reasonable to

infer that the polymers are adopting similar conformations on each subsequent

measurement. For this reason, the assumption of each individual force curve

on the map being independent from the previous ones, which we have made
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throughout, is indeed justified. The analysis confirms the expectation from

visual inspection of Figure 5.16 that a type A profile comprises fewer individual

adhesion spikes. A comparison between both classes of OVDs will be discussed

in Section 5.4.2 and Section 5.4.3.

Figure 5.18 Heatmap representing the number of adhesion spikes for each point
on the force map (left panel) for Hyadel (a) and Hyaplus (c).
Note the difference in scale between the Hyadel and Hyaplus plots,
indicating a difference in the number of adhesion spikes. The map
starts on the bottom left, then scans to the right, goes up to the
second row which is scanned to the left, etc. The adhesion force
(blue) and work of adhesion (pink) for each point on the map is
plotted on the right panel for Hyadel (b) and Hyaplus (d).
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5.4.2 Worm-like Chain Model

Each of the adhesion spikes described in the previous section were fitted to a

worm-like chain model (WLC), as shown in Figure 5.19 a. This mathematical

model is used to predict the dynamics of a semi-flexible polymer behaving as

a thin rod. It yields two parameters of interest, namely the contour length

(L) and persistence length (b). The former is the length of the polymer chain

at maximum extension, whilst the latter is the maximum length where the

conformations of the first and last monomer are correlated (which is half the

Kuhn length). The lower the persistence length, the higher the flexibility. We

defined an adhesion spike (like the example on Figure 5.19 a) as a portion of the

curve which is negative, contains at least 50 datapoints, and has a prominence of
F
R

≥ 0.2 mN.m−1 (the prominence being the amplitude between the lowest point

and the highest point on the y axis), in order to overcome the noise level. We also

checked that the force F obtained with the WLC fit (equation 2.20) was at least

0.03 nN in amplitude and did not go below -10 nN, as we found from examining

hundreds of force profiles that taking these criteria allowed us to discard the most

commonly observed poor fits. The corresponding Python code I wrote is included

in Appendix D. As discussed for Figure 5.16 a, the wide proximal peak on the

type A profile appear to be composed of a succession of individual WLC spikes,

however it was not possible to use them in our fit because of the very low number

of data points yielding a poor result.

The physical significance of the persistence and contour length obtained from

the WLC fit needs to be considered. The physical behaviour of a polymer chain

is more complex than the simple sum of the intrinsic mechanical properties of

each monomer, and the mesoscale organisation is a determinant factor for the

macroscopic properties. For instance here, even though HA is a linear polymer,

the AFM force curves on Figure 5.16 a and Figure 5.16 b present a series of spikes

which can be fitted to the WLC model. This suggests the existence of a complex

three-dimensional geometry, with some thick domains unravelling sequentially as

attachment points are broken from retracting the probe. We can extract values

of b and L for each of these domains.

The contour length L obtained for each spike corresponds to the length of polymer

chain extended as the probe is retracting, which is expected to increase at each

unravelling event. The meaning of the persistence length b is more subtle. It
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does not directly describe the flexibility of the whole polymer chain, but rather

that of globular subunits. Additionally, it has been suggested that for polymer

chains, the hierarchical organisation of these subunits, for instance the separation

between adjacent globules, influences the value of persistence length [152].

We fitted every spike from each force profile making up each map to the WLC

model. The plots in Figure 5.19 are histograms reflecting the distribution of the

parameters yielded by this analysis: the spike force (b) as well as the contour (c)

and persistence length (d), the measurements were done on a glass substrate at

a probe speed of 1 µm.s−1 and immediate retraction. A similar analysis on the

other substrates at the other speeds measured can be found in Appendix F.1.

Figure 5.20 represents the consecutive values of b and L obtained for the first ten

curves of the maps from Figure 5.18 a and Figure 5.18 c.

Figure 5.19 Example WLC fit of a single adhesion spike (a) and histogram
representing the distribution of parameters obtained from WLC fits
for cohesive Hyaplus (blue) and dispersive Hyadel (red) on glass
with a probe speed of 1 µm.s−1: spike adhesion force (b), contour
length (c), persistence length (d). The average value and standard
deviation are written in the top right corner. Similar figures at the
other speeds and substrates can be found in Appendix F.1.

The number of spikes was generally higher in the case of Hyaplus, as can be

seen by the higher count. This was predictable from the OVD’s higher molecular

weight, as well as its tendency to form a type B profile with multiple individual
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spikes, as discussed on Figure 5.18. The individual peak forces had a comparable

distribution for both OVDs, albeit slightly higher for Hyaplus. In other words,

detaching individual segments of the HA polymer chain requires comparable

forces on average, regardless of the adhesive or cohesive classification, which in

turn depends on the polymer molecular weight.

The contour length had a wider distribution for Hyaplus, which again makes

sense with regard to its higher molecular weight leading to a longer chain. A

longer chain has more configurations for segments to attach on the surface of

the silica particle, which results in more polydispersity in the contour length

determined from the WLC model. One can note that the fitted contour length

for either OVD was generally smaller than or equal to the expected contour length

at full extension obtained from the calculation previously detailed, and plotted

as a dashed line in Figure 5.16. This is likely to reflect that the polymer chains

were not necessarily attached to the substrate by their extremity. The presence

of three local maxima (2 µm, 4.5 µm and 7.5 µm) in the case of Hyaplus is

interesting, and seems to indicate that the HA chain is preferentially attached at

certain locations.

In their AFM study about titin, Rief et al. observed a clear periodicity of WLC

spikes with regard to the probe extension [147]. As a result, the contour length

yielded from the model increased by the same amount at each unfolding, which

can be linked to the sequence of amino acids expected for each domain. This

reflects the systematic packing of the protein into the same 3D structure. There

was not a clear periodicity of WLC spikes in our experiment, and in turn the

contour length did not increase by the same amount at each detachment, as

illustrated on Figure 5.20. This is to be expected, as the local folding of sub-

units on HA is likely to be more stochastic than it is for a protein like titin,

where the defined sequence of aminoacids leads to a predictable macromolecular

configuration. There were however some local maxima for Hyaplus, visible on

Figure 5.19 c, which indicates a preferred attachment at certain locations on the

polymer coil.

In their titin study, the authors observed a systematic decrease of the persistence

length at each domain unfolding. This is a consequence of the protein becoming

more flexible as the domains unravelled. Additionally, the spike force increased at

each unfolding spike, which they attributed to the domains unravelling in strength

order. In our case, the persistence length obtained from the fit fluctuates in a
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Figure 5.20 Evolution of the persistence length b (pink) and contour length L
(blue) at each consecutive spike for the first ten force curves of the
type A Hyadel profile displayed in Figure 5.16 a (upper panel) and
the type B Hyaplus profile displayed in Figure 5.16 b (lower panel).
Each vertical line corresponds to the next force curve on the map.

non-monotonic way across the consecutive spikes, as seen on Figure 5.20, and the

spike force did not increase at each spike. This shows that the persistence length

obtained did not reflect the flexibility of the whole polymer chain, but rather that

of a localised structure. It also suggests the domains were not unravelled in a
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specific order based on their intrinsic flexibility or strength.

The persistence length observed on Figure 5.19 d was quite low for both OVDs,

no more than a few nm on average. That would suggest the polymer chain is

very flexible, and any change to a sub-unit conformation only affects the few

neighbouring monomer units, leaving the vast majority of the chain undisturbed.

This high chain flexibility can be linked back to phacoemulsification, where both

classes of OVDs are designed to sustain a significant shear stress during the

operation. Small values of persistence length are typically obtained from WLC

fits, sometimes even lower than the size of an individual monomer. For the case

of HA specifically, coarse-grain modelling studies suggest the persistence length

reaches a peak value for a molecular weight above 65 kDa. The limiting value

depends on the ionic strength and temperature, and are predicted to be close

to 7.5 nm for the conditions used in our system [153]. Persistence length values

found in the literature range from 4 to 79 nm, with several studies obtaining

results close to 4 nm [146].

The distribution of persistence length observed on Figure 5.19 d also points out

some variability in the flexibility of subdomains between OVDs. Hyadel yielded

a lower value on average, suggesting a more flexible configuration. The enhanced

flexibility of the dispersive OVD allows it to deform and rearrange more effectively

under stress, leading to more modes in which energy can be dissipated. This was

already suggested with QCM-D measurements in Chapter 4, where the layer of

dispersive OVD dissipated more energy than the corresponding layer of cohesive

OVD. This characteristic likely contributes to its superior ability to protect the

endothelium in vivo.

A study by Hanson et al. describes polymers as structures composed of a

succession of thick globular subunits separated by thin linkers [152].The authors

demonstrate that for long linkers, the persistence length of the system is primarily

influenced by the linker stiffness, resulting in a flexible polymer. On the contrary,

with short linkers, the stiffness is governed by the globular unit, yielding a more

rigid or semi-flexible chain. In our study, this interpretation would imply that

the small persistence length is due to adjacent folded domains separated by long,

flexible linkers. This is reasonable to expect for a polymer coil extended in a good

solvent.
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The observations discussed in this section remained largely consistent on the

measurements performed at various speeds and on different substrates, as shown

on the figures in Appendix F.2.

5.4.3 Adhesion Force and Work of Adhesion

In this section, we will unpack the average values of Fadh and Wadh obtained on

the different biomimetic substrates with a range of probe speeds and residence

time on the surface. As de Gennes was studying how to translate concepts of

polymer physics to cell adhesion, he postulated that the parameter of interest for

intrinsic adhesion strength of a material was the energy per unit area G required

to separate them [154]. The separation force and energy are related, however the

former is dependent upon the thickness of the adhesive layer. To translate Wadh

into an energy per unit area, we need an estimate of contact area between the

polymer and the substrate. The Johnson-Kendall-Roberts (JKR) model is used in

adhesion physics to link the pull-off force Fpull−off to G using equation 5.1 [155]:

Fpull−off =
3π R G

2
(5.1)

where R is the contact radius. However, equation 5.1 is only valid if the contact

area and the probe displacement follow the JKR interaction potential [156]. The

sawtooth type A and type B profiles plotted in Figure 5.16 a and Figure 5.16 b

do not possess such a shape. In order to estimate a value of G, we will instead

use our measured values of Wadh, and use Figure 5.11 b and Figure 5.12 b to

estimate the contact area between HA-functionalised silica beads. We obtain a

radius of contact of 560 and 540 nm for Hyadel and Hyaplus, respectively, and

we use equation 5.2 to calculate G.

G =
Wadh

π R2
(5.2)

Equation 5.2 yields G = 1.1(10) mJ.m−2 for Hyadel, and G = 2.6(9) mJ.m−2

for Hyaplus. These values are much smaller than those reported for polymer

adhesives (G ≈ 75 J.m−2 [157]). Nevertheless, they are of the same order

of magnitude as those determined for robust bioadhesive bridging interactions

mediated by mussel foot protein [158]. The force profiles clearly indicate that HA

molecules act as long connectors between the silica particle and the underlying
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substrate. By making an analogy to the role of connector molecules in joining

polymer interfaces, de Gennes suggested that the energy could be written as [154]:

G ≈ ν N U (5.3)

where ν is the number of chains per unit area, N is the degree of polymerisation

of the connector, and U is the energy of interaction between the polymer and the

substrate, which we assume to be close to kBT .

In Section 5.3.2, we associated each of the globular structures to a collapsed

HA chain. Examining Figures 5.14 and 5.15, one can estimate an area per chain

s2 = 4 · 10−15 m2 for both OVDs, or similarly ν = 2 · 1014 chains.m−2. As

discussed in Section 5.4.1, N is about 7600 for Hyaplus and 2600 for Hyadel, and

is obtained by dividing the molecular weight of the polymer chain by that of the

monomer unit. With equation 5.3, we therefore obtain 3 mJ.m−2 for Hyadel and

7 mJ.m−2 for Hyaplus, which are in the same order of magnitude as the values

calculated from equation 5.2.

Effect of probe speed

The AFM probe speed is an important parameter when considering the implica-

tions in phacoemulsification. The OVD and endothelium are subject to a range

of shear stresses during the operation, which can originate from the ultrasound-

induced flow or the aspiration device. This shear has the potential to induce

damage to the endothelium. We can estimate the AFM strain rate by dividing

the probe speed by the polymer contour length, yielding values ranging from

0.1 to 4 s−1. Several articles attempted to measure the flow velocity from the

ultrasounds produced by the phaco device: Steinert and Schafer measured a

mean velocity of 20 mm.s−1 [33], whilst Oki found peak velocities ranging from

3.74 to 12.8 mm.s−1 depending on the settings used [34]. Given that the anterior

chamber is 3 mm deep, the shear rate can be estimated to be between 1 and

7 s−1, so that the AFM-induced strain rate is in the range of interest. It is also

similar to the flow-induced shear rate in QCM-D, estimated in Chapter 4 (see

Table C.1). One can note that this simple estimate does not take into account

the geometry of the anterior chamber and the associated velocity profile, nor does

it include the shear stress originating from aspirating the OVDs.
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The average Fadh and Wadh were obtained from triplicates of 8 × 8 maps for each

substrate at five different probe speeds. The results are shown on Figure 5.21,

where the error bar corresponds to the standard deviation.

Figure 5.21 Adhesive force (upper panel) and work of adhesion (lower panel) of
OVDs as a function of probe speed for a range of surfaces. Gold
(yellow), oxidised glass (black), poly-L-glutamic acid (grey), poly-
L-lysine (pink), mucin (blue) and OVD (indigo). The error bars
correspond to the standard deviation.

As seen from Figure 5.21, both Fadh and Wadh had a tendency to decrease with

probe speed, and mostly reached a plateau at 5 µm.s−1, which would correspond

to strain rates of 0.7 to 4 s−1. Other studies have observed the same trend, and

suggested that an increased repulsive drag force would be exerted on the cantilever

at higher speed, whilst the attractive loading force would decrease [159].

Fadh had a similar dependence on speed for both OVDs. On the other hand,Wadh
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displayed a weaker speed dependency for the dispersive Hyadel. We also know

from rheology that it is less shear-thinning than its cohesive counterpart [151].

This implies that the polymer has a weaker tendency to rearrange and align with

the flow as the shear rate increases. This increased mobility could explain why the

dispersive OVD is able to withstand increased stresses compared to the cohesive

OVD during phacoemulsification.

Effect of dwelling time

We also tested the effect of dwelling time on the surface by leaving the probe on

the substrate for one second before retracting at 2.5 µm.s−1, see Figure 5.22.

For each system, Fadh and Wadh increased with dwelling time. As the polymer

stays in contact with the substrate, it has time to rearrange and make more

contact points on the surface, strengthening the interaction, as discussed in

Chapter 4. Again, the dispersive OVD, which is less shear-thinning, had a lower

Wadh dependency on dwelling time.

As discussed in Chapter 1, cataract surgery is typically between 5 and 10 minutes

in total. The one second dwelling time measured in this experiment cannot be

extrapolated to minutes in a trivial way, however the different slopes observed

when plotting Wadh against the dwelling time suggests that the measure of

adhesion after different dwelling times on the surface merits further investigation.

Although this is subject to debate, some studies suggest that a longer operation

time increases the risk of endothelial cell loss [17, 160]. This risk has mostly been

attributed to the longer exposure to shear stress. As we showed here, a longer

dwelling time also leads to a strengthened interaction. This could potentially

complicate OVD aspiration, leading the surgeons to use a higher vacuum.

Effect of substrate

As discussed previously, the surface roughness found with AFM imaging for

PLL, PLGA and mucin were relatively close (Figure 5.6), which means that any

differences in Fadh and Wadh measured between substrates cannot be attributed

to differences in substrate roughness.

The range of Wadh obtained for the different substrates was wider for Hyaplus,
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Figure 5.22 Adhesion force (upper panel) and work of adhesion (lower panel)
of OVDs with a range of surfaces as a function of dwelling time on
the surface. Gold (yellow), oxidised glass (black), poly-L-glutamic
acid (grey), poly-L-lysine (pink), mucin (blue) and OVD (indigo).
The error bars correspond to the standard deviation.

as seen in Figure 5.22. This points towards the defects of the interface exerting

an influence, which is a characteristic of adhesive failure at the interface.

Particularly for the case of Hyaplus, an increase in dwell time leads to an increase

in Wadh. This may be an indication of the emergence of the cohesive character

of Hyaplus as entanglements form. The HA-functionalised slide was the one with

the lowest adhesion. In addition to the electrostatic repulsion, the long polymer

chains attached to the substrate are likely to create a steric barrier, hindering

the approach and attachment of the HA attached to the colloidal probe due

to unfavourable entropy. The OVD-functionalised substrate was also the least
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affected by probe speed. As discussed earlier, using a longer dwelling time may

be necessary in order to allow sufficient interaction of polymer coils to allow

entanglement. We already start to see an increased Fadh after one second on the

surface, although the effect remains weak.

The substrate with the highest associated Fadh and Wadh was consistently PLL,

regardless of probe speed or dwelling time. As PLL is positively charged, an

electrostatic attraction is expected with the negatively-charged HA. This suggests

that HA will have a high affinity for the CD44 and RHAMM receptors, which

are both rich in lysine residues. The RHAMM receptors also possess glutamic

acid residues, which are important for binding HA. We did not find a particularly

strong interaction with PLGA, possibly due to its backbone having a negative

charge.

In Chapter 4, we inferred a slightly weaker but not negligible interaction of

Hyadel with mucin when compared to a bare gold QCM-D sensor, which we

explained by the increased steric hindrance. The results shown on Figure 5.21

suggest this applies to both OVDs. Similar to the HA-HA case, the interaction

strength increases with dwell time. As mucin was our model for the glygocalyx,

this suggests that HA coils could interact with the viscoelastic cell coating.

From a more general perspective, the different force profiles show that the surface

interaction of HA with a range of material found in the eye is far from negligible,

which calls for a more careful examination of these interface effects when studying

OVDs in phacoemulsification.

Effect of molecular weight: cohesive VS dispersive

Colour plots showing Fadh and Wadh going from Hyadel to Hyaplus can be found

on Figure 5.23.

When looking at the evolution of Fadh in Figure 5.23 table as well as Fadh

at different probe speeds on Figure 5.21, it becomes apparent that the values

obtained for either OVD are in the same ballpark regardless of the OVD used.

Gold and mucin are an exception to this rule, as Fadh experienced a marked

decrease with molecular weight. As discussed from the distribution of spike

forces shown on Figure 5.19 b, this suggests that the force required to break
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Figure 5.23 Colour plots summarising the changes in Fadh (upper panel) and
Wadh (lower panel) when going from Hyadel to Hyaplus (increasing
Mw) for each substrate and speed.

single tethering points of the polymer coil to the surface is only weakly affected

by the molecular weight. It can also be noted that the results obtained with

the one second dwelling time were very close for all substrates, which suggests

that the longer the OVD stays on the surface, the closer the values of Fadh become.

As for the values of Wadh, they are both consistently and significantly higher

for Hyaplus, which shows that despite single attachment points having a similar

adhesion force, it takes more energy on average to detach the cohesive OVD

from the surface when compared to the dispersive OVD. This can be understood

from its higher molecular weight, enabling a single polymer coil to create a

higher number of anchoring points on the surface. The previous discussion about

the preferred type B (specific adhesion) profile also suggests these attachment

points are further separated and detached individually. Again, the difference was
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somewhat less visible with the longer dwelling time.

5.5 Conclusions

In this chapter, we prepared and characterised biomimetic substrates by adsorbing

a range of biopolymers from solution. We also functionalised and characterised

silica particles by chemically linking HA from either a cohesive or dispersive

OVD. Using these colloids as an AFM probe, we highlighted two main profiles

following a sawtooth pattern when pulling off HA from the substrates. These

patterns were analysed as sequences of WLC adhesion spikes which could be

related to the unravelling of structural domains as one or multiple anchoring

points were detached from the substrate. We showed that despite some overlap,

the dispersive Hyadel preferably ruptured several anchoring points at the same

time (type A), whereas the cohesive Hyaplus had a tendency to sequentially

break individual attachment points (type B). These two behaviours agree well

with the configurations suggested in Chapter 4, respectively brush-like and

collapsed mushroom. The spikes from either OVD displayed a similar force of

adhesion, however Hyaplus generated a higher number of spikes, yielding an

increased work of adhesion. Removing the cohesive OVD from the endothelium

therefore necessitates more energy, which suggests its use causes more damage

on aspiration. The dispersive Hyadel also displayed a smaller persistence length,

which can be linked to a higher flexibility, and less sensitive to the probe speed,

dwelling time and substrate. This reflects its higher ability to withstand shear

stress, and points towards a cohesive failure mechanism like the one described by

surgeons.
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Chapter 6

Conclusions, Implications and

Future Work

6.1 Conclusions

Cataract surgeons use Ophthalmic Viscosurgical Devices (OVDs) to maintain

volume in the eye, and protect the delicate corneal endothelium from suffering

any major cell loss during surgery. Despite the importance at stake, the

protection mechanism provided by OVDs remains poorly understood. Most

importantly, surface interactions between polymers composing the OVDs and

biological interfaces in the eye are typically overlooked.

In Chapter 3, we studied an experimental model for adsorption and subsequent

desorption of polymers at solid surfaces using polyvinylpyrrolidone (PVP). Using

a combination of Quartz Crystal Microbalance with Dissipation monitoring

(QCM-D) and phase modulation ellipsometry, we found that PVP forms

ultrathin, rigid layers from highly dilute 1 ppm solutions. The polymers adopt

a flat configuration on the sensor surface, making them resistant to desorption

during solvent rinsing. As the bulk concentration increases, the polymers form

Guiselin brush-like layers, which extend increasingly further into the solution

and exhibit a higher coupling with the ambient solvent. These layers partially

desorb upon rinsing, and a similar layer to the previous 1 ppm case remains

behind, which we describe as a limiting case of undersaturated starved layer. We

identified physisorbed mucin layers as a good biomimetic model to estimate how
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well these results could be translated into in vivo situations.

In Chapter 4, we applied similar experimental procedures to OVD solutions,

starting with a highly dilute 1 ppm concentration. Our analysis revealed that

hyaluronic acid (HA) assembles as strongly-attached ultrathin flat layers on

gold surfaces in this regime. The layer displayed no apparent desorption upon

rinsing with solvent, a behaviour which remained consistent even at higher

polymer concentrations up to 1000 ppm, unlike PVP. Despite some differences

in configuration, the layers formed from dispersive and cohesive OVDs in these

two regimes exhibited similar adsorption and desorption behaviour. However,

above the entanglement limit, clear differences emerged between the two classes of

OVDs. The network of dispersive OVDs appears to consistently break down upon

contact with a solid substrate. The polymers rearrange to form layers with a high

coupling with the surrounding solvent, which are able to resist desorption upon

rinsing. On the other hand, cohesive OVD are able to adsorb without disrupting

their entangled polymer network. As a result, desorption of the polymer segments

leads to the breaking of surface attachment points rather than network rupture,

which can be attributed to an adhesive failure mechanism. These observations

remained valid on mucin-coated substrates.

In Chapter 5, we used colloidal probe Atomic Force Microscopy (AFM) to measure

the strength of the interaction between HA-coated silica particles and various

biomimetic substrates. We identified two types of force profiles following a

sawtooth pattern. Our results suggest that pulling off dispersive OVD from solid

substrates induces a simultaneous rupture of several tethering points. Conversely,

cohesive OVDs are more likely to experience a sequential rupture of individual

attachment points, resulting in a higher work of adhesion.

6.2 Implications in Phacoemulsification

These findings have significant implications in the broader context of cataract

surgery. QCM-D enabled us to probe the interaction between polymer networks

and solid surfaces in solution, while AFM provided insights into the interactions

of a reduced number of molecules. Additionally, the layers formed in QCM-D

are mostly exposed to a shear stress during rinsing, whereas AFM imposes a

normal stress on the HA molecules. In reality, the turbulent flows generated
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during cataract surgery put the endothelium through a combination of shear and

extensional stresses, which makes them both relevant.

We propose that the reduced endothelial cell loss observed when using dispersive

OVDs compared to cohesive OVDs is due to two causes. First, dispersive OVDs

offer a superior endothelial protection due to their adsorption mechanism, which

results in a higher polymer density at the surface and greater energy dissipation.

The second aspect is that cohesive OVDs have the potential to induce more

damage to the endothelium upon aspiration, as their bolus aspiration induces a

sequential breaking of attachment points.

A previous article proposed that the differences in the removal of cohesive

and dispersive OVDs are a result of volume rheology rather than surface

interactions [45]. However, their analysis considered much thicker OVD layers -

up to several mm - compared to the nanoscale focus of our QCM-D and AFM

study. We examined interfacial contributions at a smaller scale, which could

induce other effects. Adsorption-entanglement of high molecular weight polymers,

like we described with QCM-D in Chapter 4, have been studied in the context of

petroleum reservoirs. They offer a method to reduce water permeability by locally

decreasing pore size, which results in a pressure build-up [106]. Similarly, the

adsorption of HA on ocular structures could induce a local increase in intraocular

pressure, as reported by surgeons after phacoemulsification [19].

Our AFMmeasurements from Chapter 5 yielded values of Fadh comprised between

0.4 and 6.7 nN, and Wadh comprised between 0.3 and 9.3.10−15J depending on

the OVD, the substrate and the probe speed considered. The adhesion energy of

cancer cells to endothelial cells was measured to be between 1 and 8 · 10−15 J at

the probe speeds we used, which lies in the same range [161]. This suggests that

an energy transfer of this magnitude has the potential to result in cell detachment.

The values of Fadh measured between the OVD-functionalised colloidal probe and

the biomimetic substrates also indicate that HA can significantly interact with

various materials found in the eye cavity. The materials tested possess different

surface charges, and both hydrophilic and hydrophobic properties. It follows that

such attractive interactions may also occur in an in vivo system, and they should

not be ignored when studying phacoemulsification.
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6.3 Future Directions

In this work, we have clearly established the presence of a specific interaction

between HA and substrates functionalised to mimic some structures found on

the corneal endothelium. Future research should explore more complex surfaces,

such as isolated HA receptors like CD44, or living endothelial cells, in order to

provide a sharper understanding of the protection mechanism provided by OVDs,

and in particular the dispersive OVDs. Another approach could be to replace our

HA-functionalised silica particles with soft gel beads to study the mechanical

interaction between HA and biomimetic substrates [162–164].

Additionally, the potential damaging effects of detaching cohesive OVDs indepen-

dently of the stress resulting from the irrigation/aspiration probe merits further

investigation. Whilst most studies compare the number of endothelial cells before

and after the phacoemulsification procedure, we suggest counting the cells before

OVD injection and after aspiration, in the absence of any additional stress.

It would be interesting to carefully consider the timescales of the effects we

highlight in this work in order to see if they can be applied to in vivo situations.

As discussed in Chapter 1, cataract surgery takes between 5 and 10 minutes for

each eye [19], which includes several minutes of phacoemulsification [18, 19, 35]

and 10 s to 3.5 minutes of OVD aspiration [26, 28, 40]. Conversely, the QCM-D

experiments presented in Chapter 3 and Chapter 4 typically lasted for about an

hour. The timescale needed to be long enough for us to depict a meaningful model

of polymer adsorption. However, the kinetics of desorption of adsorbed polymer

coils are extremely slow, which is why we did not carry on the measurement until

thermodynamic equilibrium was reached.

This work could be used as a stepping stone to develop innovative OVD

formulations combining the advantages of both cohesive and dispersive classes:

efficient endothelial protection, minimal aspiration trauma and easy removal. To

do so, one could adjust several parameters such as the polymer composition or

the cross-linking density to optimise the efficiency of the OVD.
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Appendix A

Uncertainty calculation

When working with the QCM-D models described in Section 2.1.2, we used

equation A.1 for error propagation:

(∆Y )2 = (∆A)2
(
∂f

∂A

)2

+ (∆B)2
(
∂f

∂B

)2

(A.1)

where A and B are variables contained in the expression of Y , with respective

uncertainties ∆A and ∆B. We determined the uncertainty in the sensitivity

constant, ∆Cf , with ∆N = 1670 Hz.cm and ∆f0 = 50 kHz (from manufacturer

specifications):

(∆Cf )
2 = (∆f0)

2

(
∂f

∂f0

)2

+ (∆N)2
(
∂f

∂N

)2

(A.2)

∆Cf =

√
(∆f0)2

(
−2 ρQ N

f 3
0

)2

+ (∆N)2
(
ρQ
f 2
0

)2

(A.3)

yielding ∆Cf = 0.41 ng.cm−2.Hz−1. Similarly, the uncertainty in φ in ng.cm−2

was determined using ∆(∆fn
n
) =

√
2 ∗ 0.06 (from manufacturer specifications).

∆φ =

√(
∆

(
∆fn
n

))2

(Cf )
2 + (∆Cf )2

(
∆fn
n

)2

(A.4)
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On Figure 3.2, we used equation A.5 from the Kanazawa-Gordon model to

calculate the shifts in frequency expected from immersing the sensor in distilled

water:

∆fn = −f
3
2
0

√
ηlρl

πµQρQ
n (A.5)

where f0 is the frequency of the unloaded crystal in air, ρl and ηl are the ambient

density and viscosity of the liquid, µQ and ρQ are the shear modulus and density

of the crystal.

Using equation A.1, we determined the uncertainty in ∆fn, with ∆f0 = 50 kHz

(from manufacturer specifications):

∆(∆fn) =
3

2
∆f0

√
f0

√
ηlρl

πµQρQ
n (A.6)

which can be rearranged into equation A.7.

∆(∆fn)

∆fn
=

3

2

∆f0
f0

(A.7)

Similarly, we determined the dissipation shift at all overtones following equa-

tion A.8.

∆Dn = 2

√
f0
n

√
ηlρl

πµQρQ
(A.8)

The corresponding uncertainty was then calculated:

∆Dn = 2

√
f0
n

√
ηlρl

πµQρQ
(A.9)

which can be simplified to equation A.10.

∆Dn

Dn

=
1

2

∆f0
f0

(A.10)
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Appendix B

Cleaning procedure QCM-D

The QCM-D measurements detailed in Chapter 3 revealed that a layer formed

from a 1 ppm solution in distilled water remained adsorbed after rinsing. We

used a cleaning protocol where a 2% v/v solution of Hellmanex II was injected

in the QCM-D chamber for 30 minutes at 100 µL.min−1, followed by rinsing with

distilled water at the same flow rate for 5 hours. As shown on Figure B.1, the

values of ∆f and ∆D at the end of this procedure were similar to the inverse of the

shifts displayed after the adsorption of PVP (∆f3 = -7 Hz and ∆D3 = -0.4 ppm),

which demonstrates the efficiency of our cleaning protocol.
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Figure B.1 Changes in frequency (blue) and dissipation (pink) for the third
overtone observed with QCM-D when injecting a 2% Hellmanex II
detergent followed by rinsing with distilled water. A PVP layer
was initially adsorbed on the quartz surface from a 1 ppm solution,
which led to ∆f = -7 Hz and ∆D = -0.4 ppm compared to the bare
sensor in distilled water, as in Figure 3.3. This cleaning protocol
was efficient to desorb this layer. The dashed lines correspond to
the injection of Hellmanex and distilled water, respectively.
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Appendix C

Geometry QCM-D

As can be seen from Figure 2.2, as the fluid flows through the QCM-D it

encounters several geometric boundary conditions. The shear rate in the two

types of tubing can be calculated as equation C.1:

γ̇ =
4 Q

πR3
(C.1)

where Q is the flowrate and R is the tube radius. As for the serpentine and the

sensor surface, they can be approximated by a rectangle geometry of width w

and height h, which yields equation C.2:

γ̇ =
6 Q

w h2
(C.2)

The shear stress τ in each location was calculated following equation C.3, whilst

the dwelling time was calculated with equation C.4:

τ = γ̇ η (C.3)

t =
V

Q
(C.4)

where η is the solution viscosity, and V is the volume. The values of γ̇, τ and t

can be found in Table C.1.
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Location Geometry
Shear rate
γ̇ / s−1

Dwelling time
t / s

PTFE tubing Tube 5
212 (inlet)
159 (outlet)

Serpentine Wall Cube 15 60
Sensor Surface Cube 7 24
Tygon pump
tubing

Tube 39 103

Table C.1 Table summarising the shear rate and residence time of OVDs in
different parts of the QCM-D setup.

The viscosity at the different shear rates of interest were estimated from the

Carreau-Yasuda predictions obtained from shear rheology, which are plotted in

Figure 4.13. The corresponding values of τ and γ̇ are reported in Table C.2 for

Hyadel and Table C.3 for Hyaplus.

Location Geometry
Shear rate
γ̇ / s−1

Shear Stress
τ / N.m−2

Viscosity
η / Pa.s

PTFE tubing Tube 5 150 30
Serpentine Wall Cube 15 270 18
Sensor Surface Cube 7 182 26
Tygon pump
tubing

Tube 39 390 10

Table C.2 Table summarising the shear rate and residence time of Hyadel in
different parts of the QCM-D setup.

Location Geometry
Shear rate
γ̇ / s−1

Shear Stress
τ / N.m−2

Viscosity
η / Pa.s

PTFE tubing Tube 5 125 25
Serpentine Wall Cube 15 165 11
Sensor Surface Cube 7 133 19
Tygon pump
tubing

Tube 39 195 5

Table C.3 Table summarising the shear rate and residence time of Hyaplus in
different parts of the QCM-D setup.

129



Appendix D

Python Codes

D.1 Ellipsometry

The following code was used to fit the ellipsometry data to values of HA

layer thickness according to the procedure described in Chapter 2. It was also

adapted to the measure of PVP layer thickness by changing the refractive index

appropriately.

import numpy as np

import matplotlib.pyplot as plt

import pandas as pd

import math

import cmath

#This script aims to determine the HA layer thickness from the measured values

#of Re(r) and Im(r) during in situ adsorption under flow

#The model is as follows: transmission (air , flow cell window (SiO2)),

#reflection (H2O(0), HA (1), gold layer (2), gold substrate (3))

#The experimental values were stored in an Excel file with columns

#labelled Time (s), Re_air , Im_air , Re and Im filled appropriately.

#A similar code was used for PVP by changing the value of the refractive index.

#This version first fits n and k for the bare gold substrate in air.

#Part 0:

#Calculate the values of theta for each medium using snell ’s law using the values

#of n stored in list_n. Store them in list_theta

def snell(list_theta , list_n , size_model ):

list_theta [0] = 60*np.pi/180

for i in range(1, size_model -2):

list_theta[i] = np.arcsin(list_n[i-1]*np.sin(list_theta[i -1])/ list_n[i])
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list_theta [4] = (cmath.asin(list_n [3]*np.sin(list_theta [3])/ complex(list_n [4],

list_k [4]))). real

list_theta [5] = (cmath.asin(list_n [3]*np.sin(list_theta [3])/ complex(list_n [4],

list_k [4]))). imag

#beware: we define list_theta [4] as the real part of the complex angle of light

#at the gold interface. list_theta [5] is the corresponding imaginary part

return list_theta

#Part 1:

#Determine the p reflection coefficients of each interface

def reflection_coeff_p(list_theta , list_n , size_model ):

rp_H2OHA = (list_n [3]*np.cos(list_theta [2]) - list_n [2]*

np.cos(list_theta [3]))/( list_n [3]*np.cos(list_theta [2])+ list_n [2]*

np.cos(list_theta [3]))

rp_HAAu = (( complex(list_n [4], list_k [4])* np.cos(list_theta [3])- list_n [3]*

cmath.cos(complex(list_theta [4], list_theta [5])))/( complex(list_n [4],

list_k [4])*np.cos(list_theta [3])+ list_n [3]* cmath.cos(complex(list_theta [4],

list_theta [5]))))

rp_AuAu = 0

return (rp_H2OHA , rp_HAAu , rp_AuAu)

#Do the same for the s reflection coefficients

def reflection_coeff_s(list_theta , list_n , size_model ):

rs_H2OHA = (list_n [2]*np.cos(list_theta [2]) - list_n [3]*

np.cos(list_theta [3]))/( list_n [2]*np.cos(list_theta [2])+ list_n [3]*

np.cos(list_theta [3]))

rs_HAAu = (( list_n [3]*np.cos(list_theta [3])- complex(list_n [4], list_k [4])*

cmath.cos(complex(list_theta [4], list_theta [5])))/(( list_n [3]*

np.cos(list_theta [3])+ complex(list_n [4], list_k [4])*

cmath.cos(complex(list_theta [4], list_theta [5])))))

rs_AuAu = 0

return(rs_H2OHA , rs_HAAu , rs_AuAu)

#Part 2:

#Determine the p transmission coefficients of each interface

def transmission_coeff_p(list_theta , list_n ):

tp_ASiO2 = 2* list_n [0]*np.cos(list_theta [0])/( list_n [1]*

np.cos(list_theta [0])+ list_n [0]*np.cos(list_theta [1]))

tp_SiH2O = 2* list_n [1]*np.cos(list_theta [1])/( list_n [2]*

np.cos(list_theta [1])+ list_n [1]*np.cos(list_theta [2]))

tp_H2OSiO2 = 2* list_n [2]*np.cos(list_theta [2])/( list_n [1]*

np.cos(list_theta [2])+ list_n [2]*np.cos(list_theta [1]))

tp_SiO2A = 2* list_n [1]*np.cos(list_theta [1])/( list_n [0]*

np.cos(list_theta [1])+ list_n [1]*np.cos(list_theta [0]))

return (tp_ASiO2 , tp_SiH2O , tp_H2OSiO2 , tp_SiO2A)

#Do the same for the s transmission coefficients

def transmission_coeff_s(list_theta , list_n ):
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ts_ASiO2 = 2* list_n [0]*np.cos(list_theta [0])/( list_n [0]*

np.cos(list_theta [0])+ list_n [1]*np.cos(list_theta [1]))

ts_SiH20 = 2* list_n [1]*np.cos(list_theta [1])/( list_n [1]*

np.cos(list_theta [1])+ list_n [2]*np.cos(list_theta [2]))

ts_H20SiO2 = 2* list_n [2]*np.cos(list_theta [2])/( list_n [2]*

np.cos(list_theta [2])+ list_n [1]*np.cos(list_theta [1]))

ts_SiO2A = 2* list_n [1]*np.cos(list_theta [1])/( list_n [1]*

np.cos(list_theta [1])+ list_n [0]*np.cos(list_theta [0]))

return (ts_ASiO2 , ts_SiH20 , ts_H20SiO2 , ts_SiO2A)

#Part 3:

#Determine the phase shift

def phase_shift(list_n , n_HA , d_HA , d_Au , list_theta , list_k ):

wavelength = 632.8 #wavelength of the laser in nm

delta_Au = 0

delta_HA = (2*np.pi/wavelength )*( n_HA)*d_HA*np.cos(list_theta [3])

return (delta_Au , delta_HA)

#Rouard method: the effective reflection coeff can be approximated as a surface

#with these properties.

def rouard(r_H2OHA , r_HAAu , r_AuAu , delta_HA , delta_Au ):

num = (( r_H2OHA + r_HAAu*np.exp(complex(0, -2)* delta_HA ))+( r_AuAu*

np.exp(complex(0, -2)*( delta_HA+delta_Au )))+ r_H2OHA*r_HAAu*r_AuAu*

np.exp(complex (0,-2)* delta_HA ))

den = (1+ r_H2OHA*r_HAAu*np.exp(complex(0, -2)* delta_HA )+( r_H2OHA*r_AuAu*

np.exp(complex (0,-2)*( delta_Au+delta_HA )))+( r_HAAu*r_AuAu*

np.exp(complex (0,-2)* delta_Au )))

overall_R = num/den

return overall_R

def get_theo_value(d_HA , n_layer , list_n , list_theta , size_model ):

snell(list_theta , list_n , size_model)

list_n [3] = n_layer

(rp_H2OHA , rp_HAAu , rp_AuAu) = reflection_coeff_p(list_theta , list_n , size_model)

(rs_H2OHA , rs_HAAu , rs_AuAu) = reflection_coeff_s(list_theta , list_n , size_model)

(delta_Au , delta_HA) = phase_shift(list_n , n_layer , d_HA , d_Au , list_theta , list_k)

#Rouard method

overall_Rp = rouard(rp_H2OHA , rp_HAAu , rp_AuAu , delta_HA , delta_Au)

overall_Rs = rouard(rs_H2OHA , rs_HAAu , rs_AuAu , delta_HA , delta_Au)

#predict Im(r) and Re(r)

re_calc = (overall_Rp/overall_Rs ).real

im_calc = (overall_Rp/overall_Rs ).imag

return (abs(re_calc), abs(im_calc ))

def get_data_time(list_time , sheet , size_sheet ):
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for i in range(size_sheet -1):

list_time[i] = sheet[’Time (s)’].iloc[i]

return (list_time_exp)

#We divide the real part of the signal by 1.445 to normalise it from the refractive index

#of the glass window.

def get_data_re(list_re_air , list_re_exp , sheet , size_sheet ):

for i in range(size_sheet -1):

list_re_air[i] = (sheet[’Re_air ’]. iloc[i])/1.445

list_re_exp[i] = (sheet[’Re ’]. iloc[i])/1.445

return list_re_air , list_re_exp

def get_data_im(list_im_air , list_im_exp , sheet , size_sheet ):

for i in range(size_sheet -1):

list_im_air[i] = (sheet[’Im_air ’]. iloc[i])

list_im_exp[i] = sheet[’Im ’]. iloc[i]

return list_im_air , list_im_exp

if __name__ == "__main__ ":

#step 0: retrieve data

#open sheet and store everything in sheet

sheet = pd.read_excel ("~/ Desktop/file.xlsx", sheet_name=’sheet ’)

size_sheet = len(sheet)-1

list_d = [-1, 2*10**6 , -1, 0, 8000, -1] #layer thicknesses in nm. -1 = infinite

list_time_exp = np.zeros(size_sheet)

d_Au = list_d [4]

d_HA = list_d [3]

list_re_air = np.zeros(size_sheet)

list_im_air = np.zeros(size_sheet)

list_re_exp = np.zeros(size_sheet)

list_im_exp = np.zeros(size_sheet)

#--------------------------retrieve data from Excel ------------------

get_data_time (list_time_exp , sheet , size_sheet)

get_data_re (list_re_air , list_re_exp , sheet , size_sheet)

get_data_im (list_im_air , list_im_exp , sheet , size_sheet)

print(’list_re_air [0] is ’, list_re_air [0])

d_HA_sol = np.zeros(size_sheet)

n_layer_sol = np.zeros(size_sheet)

#--------------generate_values for the parameters to be fitted --------------

n_gold_range = np.linspace (0.1, 0.25, 50)

k_gold_range = np.linspace (-3.1, -3.2, 50)

diff_from_exp_im = np.zeros((len(n_gold_range), len(k_gold_range )))

diff_from_exp_re = np.zeros((len(n_gold_range), len(k_gold_range )))

d_HA_range = np.linspace(0, 3, 100). astype(float)

n_layer_range = np.linspace (1.563 , 1.563, 1). astype(float)

min_diff = 3000
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min_diff_re = 3000

min_diff_im = 3000

#--------------step 1: fit the data in air to (n, k) for gold -----------------

size_model = 4

list_n = [1, 1.47, 1, 0.166]

list_k = [0, 0, 0, -3.15]

#-----------------get theta_gold from Snell ’s law ---------------------------

theta_air = 60*np.pi/180

theta_window = np.arcsin(list_n [0]*np.sin(theta_air )/ list_n [1])

for i in range(len(n_gold_range )):

for j in range(len(k_gold_range )):

theta_gold = cmath.asin(list_n [2]*np.sin(theta_air )/ complex(n_gold_range[i],

k_gold_range[j]))

#---------------get rp and rs at air/gold interface -----------------

rp_AirGold = (( complex(n_gold_range[i], k_gold_range[j])*np.cos(theta_air ))

-(list_n [2]* cmath.cos(theta_gold )))/(( complex(n_gold_range[i],

k_gold_range[j])*np.cos(theta_air ))+ list_n [2]* cmath.cos(theta_gold ))

rs_AirGold = (list_n [2]*np.cos(theta_air)-complex(n_gold_range[i],

k_gold_range[j])* cmath.cos(theta_gold ))/( list_n [2]*np.cos(theta_air)

+complex(n_gold_range[j], k_gold_range[j])* cmath.cos(theta_gold ))

#--------------------get the theoretical values ---------------------

re_calc = abs(( rp_AirGold/rs_AirGold ).real)

im_calc = abs(( rp_AirGold/rs_AirGold ).imag)

#---------compare with experiment and select the best value ---------

diff_from_exp_re[i,j] = abs(re_calc -list_re_air [0])

if diff_from_exp_re[i,j] <= min_diff:

min_diff_re = diff_from_exp_re[i, j]

min_diff_ind_re_k = j

min_diff_ind_re_n = i

min_diff = min_diff_re

re_val = re_calc

im_val = im_calc

n_gold_sol = n_gold_range[min_diff_ind_re_n]

k_gold_sol = k_gold_range[min_diff_ind_re_k]

print(’air : the best solution is ’, complex(n_gold_sol , k_gold_sol ))

print(’it gives rho = ’, complex(re_val , im_val ))

print(’the difference is ’, min_diff)

#------step 2: fit the OVD adsorption data to (n, d) for the layer --------

min_diff = 3000

min_diff_re = 3000

min_diff_im = 3000

size_model = 6

list_theta = np.zeros(size_model)
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list_n = [1, 1.47, 1.33, 1.563, n_gold_sol , n_gold_sol]

list_k = [0, 0, 0, 0.001, k_gold_sol , k_gold_sol]

min_diff_sol_re = None

min_diff_sol_im = None

tmp = None

diff_from_exp_im = np.zeros(len(d_HA_range ))

diff_from_exp_re = np.zeros(len(n_layer_range ))

min_diff_ind_re = 0

min_diff_ind_im = 0

re_calc0 , im_calc0 = get_theo_value (0, 1.5, list_n , list_theta , size_model)

offset_value_im = im_calc0 - list_im_exp [0]

offset_value_re = re_calc0 - list_re_exp [0]

print(’initial value of im =’, list_im_exp [0])

print(’im_calc0 =’, im_calc0)

print(’offset_value_im =’, offset_value_im)

print(’re_calc0 =’, re_calc0)

print(’offset_value_re =’, offset_value_re)

for k in range(len(sheet )-1):

min_diff_re = 3000

min_diff_im = 3000

min_diff = 3000

for i in range(len(d_HA_range )):

for j in range(len(n_layer_range )):

re_calc , im_calc = get_theo_value(d_HA_range[i], 1.563 , list_n ,

list_theta , size_model)

diff_from_exp_im[i] = abs(im_calc -( list_im_exp[k]+ offset_value_im ))

diff_from_exp_re[j] = abs(re_calc -( list_re_exp[k]+ offset_value_re ))

dist = np.sqrt(diff_from_exp_im[i]**2 + diff_from_exp_re[j]**2)

if dist <= min_diff:

min_diff_im = diff_from_exp_im[i]

min_diff_ind_im = i

min_diff_re = diff_from_exp_re[j]

min_diff_ind_re = j

min_diff = dist

d_HA_sol[k] = d_HA_range[min_diff_ind_im]

#make a figure y=f(x)

fig , ax1 = plt.subplots ()

#plot h = f(t)

ax1.plot(list_time_exp , d_HA_sol , color=’black ’, linestyle=’none ’, marker=’v’,

markersize =6, label=’Layer thickness h / nm ’)

print(’done ’)
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D.2 Worm-Like Chain

# This script sequentially opens text files which contain AFM force curve data

# exported from JPKSPM Data Processing.

# The files contain descriptive lines starting with a #, followed by 3 columns:

# "Vertical Tip Position" "Vertical Deflection" and "Height (measured )"

# The files are first sorted by number to reconstruct the geometry of the 64x64 force map

# All force spikes are plotted sequentially with the corresponding WLC fit

# After a file has been completely analysed , another plot contains the values of

# persistence length b and contour length L obtained for the sequential spikes.

#Step 0: import libraries

import sys

import numpy as np

import matplotlib.pyplot as plt

import pandas as pd

import scipy.optimize as opti

import os

import scipy

import glob

import gc

from IPython.display import Audio

def read_text_file (file_path ):

data_AFM = pd.read_csv(file_path , sep=" ", on_bad_lines=’skip ’, names =["d(m)", "F(N)",

"N/A"])

return data_AFM

def find_index_max(nb_values , index_end_liste ):

liste_diff = np.diff(nb_values)

for i in range(len(nb_values )-1):

if liste_diff[i] == liste_diff.max():

index_end_liste = i

return index_end_liste

def get_numerical_data(size , nb_values , data_AFM ):

for i in range(size):

if (data_AFM[’d(m)’].iloc[i])[0] != "#":

nb_values.append(i)

return nb_values

def fill_lists(nb_values , index_end_liste , diff , data_AFM , d_extend , d_retract , F_extend ,

F_retract ):

for i in range(len(nb_values )):

if i < index_end_liste:

d_extend[i] = float(data_AFM[’d(m)’].iloc[nb_values[i]])*10**9 #nm

F_extend[i] = float(data_AFM[’F(N)’].iloc[nb_values[i]])*10**9 #nN

diff = i

else:

d_retract[i-diff -1] = float(data_AFM[’d(m)’].iloc[nb_values[i]])*10**9 #nm

F_retract[i-diff -1] = float(data_AFM[’F(N)’].iloc[nb_values[i]])*10**9 #nN

return d_extend , F_extend , d_retract , F_retract
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def get_values_density_plot(F_retract , d_retract , adhesion_event_f , adhesion_event_d ):

#look for negative peaks greater than -0.2 mN/m in F_retract. The function returns

#the indexes.

#we use np.negative(F_retract) because the function looks for maxima.

peaks , _ = (scipy.signal.find_peaks(np.negative(F_retract), height=0,

prominence = (0.2)))

adhesion_event_f.extend(F_retract[peaks])

adhesion_event_d.extend(d_retract[peaks])

number_adhesion_events.append(len(peaks ))

return peaks

def fit(x, b, L):

kBT = 295*1.380649*10** -23

value = ((kBT *10**18)/b) * (0.25*(1 -x/L)**-2 - 0.25 + x/L)

return value

def get_contact_point(f_retract , peaks):

contact_point =0

print(peaks)

if len(peaks) != 0:

while f_retract[contact_point] < 0 and contact_point < peaks [0]:

contact_point = contact_point +1

return contact_point

#Return the fitting parameters and the covalence matrix

def get_fitting_parameters(fit , d_retract , f_retract , ind_min , ind_max , bound_min_b ,

bound_max_b , bound_min_L , bound_max_L , contact_point ):

#ind_min is the contact_point

size = ind_max -ind_min

liste_d_fit = np.zeros(size)

liste_f_fit = np.zeros(size)

j=0

#this crops the data to the part we want to fit

for i in range(ind_min , ind_max ):

liste_d_fit[j] = d_retract[i]

liste_f_fit[j] = f_retract[i]

j=j+1

#first variable is b (persistence length), second variable is L (contour length)

(var , M_cov) = opti.curve_fit(fit , liste_d_fit , liste_f_fit ,

maxfev =500000000 , bounds = ([ bound_min_b , bound_min_L], [bound_max_b ,

bound_max_L ]))

#var is a liste of the fitted parameters (a, b...) and M_cov is the estimated

#covariance of var.

#The diagonals provide the variance of the parameter estimate.

return (var , M_cov)

#Calculate y_theo with the values of fitting parameters

def compute_fit_data(y_theo , liste_x , b, L, start_ind , peak_ind ):

for i in range(peak_ind ):

if i<start_ind:

y_theo[i] = None

else:
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y_theo[i] = fit(liste_x[i], b, L)

return y_theo

def fix_initial_offset(F_retract , start_ind , peak_ind ):

length = int(( peak_ind - start_ind )/4)

offset = np.average(F_retract[start_ind:start_ind+length ])

print(’offset is ’, offset)

for i in range(peak_ind -start_ind ):

F_retract[start_ind+i] = F_retract[start_ind+i] - offset

return -F_retract

def find_start_ind(F_retract , peak_ind , d_retract , contact_point ):

start_ind = peak_ind

while abs(F_retract[start_ind]-F_retract[start_ind -1]) < 0.1 and

start_ind > contact_point:

start_ind = start_ind -1

return start_ind

def play_sound ():

sound_file = ’./sound.wav ’

display(Audio(sound_file , autoplay=True))

if __name__ == "__main__ ":

#path = #include the path to a file which contains all 64 force maps here

index_end_liste = 0

diff = 0

adhesion_event_f = []

adhesion_event_d = []

number_adhesion_events = []

diff_list_total = []

area_total = []

y_list = []

adhesion_values = []

contact_point = 0

b_persistence_length = []

L_contour_length = []

new_plot = []

peaks_values = []

last_b_persistence_length = []

last_L_contour_length = []

last_peaks_value = []

peak_ind = 0

#sort files by time of modification

file_list = list(filter(os.path.isfile , glob.glob(path + "\*")))

file_list.sort(key=os.path.getmtime)

#Step 1: open text files

for file in file_list:

if file.endswith (".txt"):

file_path = f"{file}"
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print(file_path)

data_AFM = read_text_file(file_path)

size_file = len(data_AFM)

nb_values = []

#Step 2: import numerical data from the text file

nb_values = get_numerical_data(size_file , nb_values , data_AFM)

d_extend = np.array([None]*len(nb_values )). astype(np.double)

F_extend = np.array([None]*len(nb_values )). astype(np.double)

d_retract = np.array([None]*len(nb_values )). astype(np.double)

F_retract = np.array([None]*len(nb_values )). astype(np.double)

#Step 3: retrieve the index where we go from extend to retract

index_end_liste = find_index_max(nb_values , index_end_liste)

#Step 4: fill both lists with relevant data

d_extend , F_extend , d_retract , F_retract = fill_lists(nb_values ,

index_end_liste , diff , data_AFM , d_extend , d_retract , F_extend , F_retract)

#Step 5: look for all force spikes in a file

peaks = get_values_density_plot (F_retract , d_retract ,

adhesion_event_f , adhesion_event_d)

print(’en cours , file = ’, file_path)

#-----------Step 6: fit the peaks to WLC model -------------------

#first we look for the contact point

contact_point = get_contact_point(-F_retract , peaks)

for i in range(len(peaks )):

#then we look for start_ind at each spike , which is where the spike starts.

peak_ind = peaks[i]

print(’peak_ind = ’, peak_ind)

start_ind = find_start_ind(-F_retract , peak_ind , d_retract , contact_point)

print(’start_ind = ’, start_ind)

#a spike is only considered valid if it contains 50 data points

if peak_ind - start_ind > 50:

#corrects the offset and calculates the values of the WLC fit

F_retract = fix_initial_offset(-F_retract , start_ind , peak_ind)

(var , M_cov) = get_fitting_parameters(fit , d_retract , -F_retract ,

start_ind , peak_ind , 0, 50, 0, 15000, contact_point)

y_theo = np.zeros(peak_ind)

y_theo = compute_fit_data(y_theo , d_retract , var[0], var[1],

start_ind , peak_ind)

#the fit is only considered valid is the maximum force is less than

#10 nN and if the amplitude is at least 0.03 nN.

if np.nanmax(y_theo) < 10 and np.nanmax(y_theo) - np.nanmin(y_theo)

> 0.03:

print(’b, L = ’, var)
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b_persistence_length.append(var [0])

L_contour_length.append(var [1]/1000)

print(’Mcov = ’, M_cov)

peaks_values.append(-F_retract[peak_ind ])

#plots the portion of the force curve which is a spike and the

#corresponding WLC fit

fig , ax1 = plt.subplots ()

d_extend_mask = np.isfinite(d_extend)

d_retract_mask = np.isfinite(d_retract)

#masks are used to ignore any NaN data

ax1.plot(d_retract[start_ind -50: peak_ind +50],

F_retract[start_ind -50: peak_ind +50], color = ’red ’,

marker = ’.’, linestyle = ’None ’, label = "retract ")

ax1.legend ()

ax1.set_xlabel (" Separation d / nm")

ax1.set_ylabel ("F / nN")

ax1.plot(d_retract[start_ind:peak_ind],

-y_theo[start_ind:peak_ind], color = ’violet ’,

linestyle = ’--’, linewidth = 4, label = ’fit ’)

ax1.axvline(x = d_retract[start_ind], color = ’black ’)

ax1.axvline(x = d_retract[peak_ind], color = ’black ’)

ax1.legend ()

plt.show()

#We clear variables to avoid crash

del ax1

del d_extend_mask

del d_retract_mask

del var

del M_cov

del y_theo

#we plot the successive values of {b, L} for each peak of each plot

if b_persistence_length:

last_b_persistence_length.append(b_persistence_length [-1])

last_L_contour_length.append(L_contour_length [-1])

last_peaks_value.append(peaks_values [-1])

x = range(len(b_persistence_length ))

fig , ax2 = plt.subplots ()

ax2.plot(x, b_persistence_length , color = ’#D41159 ’, marker = ’.’,

linestyle = ’--’, label = "Persistence length / nm")

ax2.set_ylabel(’Persistence length (nm)’, fontsize = 16,

color = ’#D41159 ’)

ax2.set_xlabel(’Spike number ’, fontsize = 16, color = ’black ’)

ax3 = ax2.twinx()

ax3.plot(x, L_contour_length , color = ’#1A85FF ’, marker = ’.’,
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linestyle = ’--’, label = "Contour length / $\mu$ m")

ax3.set_ylabel(’Contour length / $\mu$ m’, fontsize = 16,

color = ’#1A85FF ’)

new_plot.append(x[-1])

else:

print(’It looks like there is no fit ’)

plt.show()

del data_AFM

del size_file

del nb_values

del d_extend

del F_extend

del d_retract

del F_retract

del peaks

del contact_point

del fig

del ax2

del ax3

del x

del file_path

del index_end_liste

del diff

del adhesion_event_f

del adhesion_event_d

del number_adhesion_events

del diff_list_total

del area_total

del y_list

del adhesion_values

del b_persistence_length

del L_contour_length

del new_plot

del peaks_values

del file_list

del last_b_persistence_length

del last_L_contour_length

del last_peaks_value

play_sound ()

#This resets all variables

%reset out

gc.collect ()

print(’done ’)
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Appendix E

Voinova fits

In Chapter 4, we used the Biolin Dfind software to fit experimental values of ∆f

and ∆D measured with QCM-D to the Voinova model detailed in Section 2.1.2.

This yielded values of layer thickness hlayer, viscosity ηlayer and elastic modulus

µlayer. The fit was obtained from the 3rd, 5th, 7, 9th and 11th overtones, but

we only present the 3rd and 11th in the following figures for clarity. The input

parameters for mucin were layer density ρlayer = 1050 kg.m−3, whilst the PBS

density and viscosity were set to ρfluid = 1006 kg.m−3 and ηfluid = 1.03 mPa.s,

respectively. For the OVDs, we used ρlayer = 1000 kg.m−3.
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Figure E.1 Changes in frequency (upper panel) and dissipation (lower panel)
for the 3rd (pink) and 11th overtone (blue) observed with QCM-D
when injecting a 15000 ppm solution of Hyadel in PBS. The Biolin
Dfind software was used to fit the experimental data to the Voinova
model for viscoelastic layers (dashed line).
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Figure E.2 Changes in frequency (upper panel) and dissipation (lower panel)
for the 3rd (pink) and 11th overtone (blue) observed with QCM-
D when injecting a 25 ppm solution of mucin in PBS. The Biolin
Dfind software was used to fit the experimental data to the Voinova
model for viscoelastic layers (dashed line).
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Figure E.3 Changes in frequency (upper panel) and dissipation (lower panel)
for the 3rd (pink) and 11th overtone (blue) observed with QCM-D
when injecting a 7500 ppm solution of Hyaplus in PBS. The Biolin
Dfind software was used to fit the experimental data to the Voinova
model for viscoelastic layers (dashed line).
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Figure E.4 Changes in frequency (upper panel) and dissipation (lower panel)
for the 3rd (pink) and 11th overtone (blue) observed with QCM-D
when injecting a 25 ppm solution of mucin in PBS. The Biolin Dfind
software was used to fit the experimental data to the Voinova model
for viscoelastic layers (dashed line). A 7500 ppm Hyaplus solution
was injected afterwards, as shown on Figure 4.17.
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Appendix F

Worm-like Chain Fits

In Chapter 5, we presented histograms to illustrate the distribution of parameters

obtained from fitting individual spikes to the WLC model (see Figure 5.19).

The parameters were the peak force, the contour length L and the persistence

length b. b and L were fitted with respect to equation 2.20 using the

function scipy.optimize.curve fit, which uses non-linear least squares fit. These

measurements were conducted using a glass substrate with a probe speed of

1 µm.s−1. In Section F.1, we present a similar analysis performed at all the

speeds of interest (1, 2.5, 5 and 10 µm.s−1) as well as with a 1 s dwelling time on

the surface at 2.5 µm.s−1, and on the other substrates (gold, mucin, PLGA, PLL

and HA). In Section F.2, we plot the average values of the output parameters

against the probe speed on the surface for each substrate, taking into account the

dwelling time on the surface.
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F.1 Histograms

F.1.1 Glass

Figure F.1 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and persistence
length (lower right panel) obtained from WLC fits for cohesive
Hyaplus (blue) and dispersive Hyadel (red) on glass with a probe
speed of 2.5 µm.s−1.
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Figure F.2 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and persistence
length (lower right panel) obtained from WLC fits for cohesive
Hyaplus (blue) and dispersive Hyadel (red) on glass with a probe
speed of 2.5 µm.s−1 and a 1 s residence time on the surface.

Figure F.3 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and persistence
length (lower right panel) obtained from WLC fits for cohesive
Hyaplus (blue) and dispersive Hyadel (red) on glass with a probe
speed of 5 µm.s−1.
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Figure F.4 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and persistence
length (lower right panel) obtained from WLC fits for cohesive
Hyaplus (blue) and dispersive Hyadel (red) on glass with a probe
speed of 10 µm.s−1.
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F.1.2 Gold

Figure F.5 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and persistence
length (lower right panel) obtained from WLC fits for cohesive
Hyaplus (blue) and dispersive Hyadel (red) on gold with a probe
speed of 1 µm.s−1.
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Figure F.6 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and persistence
length (lower right panel) obtained from WLC fits for cohesive
Hyaplus (blue) and dispersive Hyadel (red) on gold with a probe
speed of 2.5 µm.s−1.

Figure F.7 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and persistence
length (lower right panel) obtained from WLC fits for cohesive
Hyaplus (blue) and dispersive Hyadel (red) on gold with a probe
speed of 2.5 µm.s−1 and a 1 s residence time on the surface.
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Figure F.8 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and persistence
length (lower right panel) obtained from WLC fits for cohesive
Hyaplus (blue) and dispersive Hyadel (red) on gold with a probe
speed of 5 µm.s−1.

Figure F.9 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and persistence
length (lower right panel) obtained from WLC fits for cohesive
Hyaplus (blue) and dispersive Hyadel (red) on gold with a probe
speed of 10 µm.s−1.
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F.1.3 Mucin

Figure F.10 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on mucin with
a probe speed of 1 µm.s−1.
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Figure F.11 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on mucin with
a probe speed of 2.5 µm.s−1.

Figure F.12 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on mucin with
a probe speed of 2.5 µm.s−1 and a 1 s residence time on the surface.
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Figure F.13 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on mucin with
a probe speed of 5 µm.s−1.

Figure F.14 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on mucin with
a probe speed of 10 µm.s−1.
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F.1.4 PLGA

Figure F.15 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLGA with
a probe speed of 1 µm.s−1.
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Figure F.16 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLGA with
a probe speed of 2.5 µm.s−1.

Figure F.17 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLGA with
a probe speed of 2.5 µm.s−1 and a 1 s residence time on the surface.
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Figure F.18 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLGA with
a probe speed of 5 µm.s−1.

Figure F.19 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLGA with
a probe speed of 10 µm.s−1.
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F.1.5 PLL

Figure F.20 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLL with
a probe speed of 1 µm.s−1.
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Figure F.21 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLL with
a probe speed of 2.5 µm.s−1.

Figure F.22 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLL with a
probe speed of 2.5 µm.s−1 and a 1 s residence time on the surface.
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Figure F.23 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLL with
a probe speed of 5 µm.s−1.

Figure F.24 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on PLL with
a probe speed of 10 µm.s−1.
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F.1.6 HA

Figure F.25 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on HA with a
probe speed of 1 µm.s−1.
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Figure F.26 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on HA with a
probe speed of 2.5 µm.s−1.

Figure F.27 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on HA with a
probe speed of 2.5 µm.s−1 and a 1 s residence time on the surface.
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Figure F.28 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on HA with a
probe speed of 5 µm.s−1.

Figure F.29 Histograms representing the distribution of spike adhesion force
(upper right panel), contour length (lower left panel) and
persistence length (lower right panel) obtained from WLC fits for
cohesive Hyaplus (blue) and dispersive Hyadel (red) on HA with a
probe speed of 10 µm.s−1.
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F.2 Dependence on Probe Speed and Dwelling

Time

Figure F.30 Evolution of the average spike adhesion force (upper right panel),
contour length (lower left panel) and persistence length (lower right
panel) obtained from WLC fits on glass for cohesive Hyaplus (blue)
and dispersive Hyadel (pink) with respect to probe speed. The
empty symbols correspond to immediate probe retraction, and the
filled symbols correspond to a 1 s dwelling time on the surface.
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Figure F.31 Evolution of the average spike adhesion force (upper right panel),
contour length (lower left panel) and persistence length (lower right
panel) obtained from WLC fits on gold for cohesive Hyaplus (blue)
and dispersive Hyadel (pink) with respect to probe speed. The
empty symbols correspond to immediate probe retraction, and the
filled symbols correspond to a 1 s dwelling time on the surface.

Figure F.32 Evolution of the average spike adhesion force (upper right panel),
contour length (lower left panel) and persistence length (lower right
panel) obtained from WLC fits on mucin for cohesive Hyaplus
(blue) and dispersive Hyadel (pink) with respect to probe speed.
The empty symbols correspond to immediate probe retraction, and
the filled symbols correspond to a 1 s dwelling time on the surface.
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Figure F.33 Evolution of the average spike adhesion force (upper right panel),
contour length (lower left panel) and persistence length (lower right
panel) obtained from WLC fits on PLGA for cohesive Hyaplus
(blue) and dispersive Hyadel (pink) with respect to probe speed.
The empty symbols correspond to immediate probe retraction, and
the filled symbols correspond to a 1 s dwelling time on the surface.

Figure F.34 Evolution of the average spike adhesion force (upper right panel),
contour length (lower left panel) and persistence length (lower right
panel) obtained from WLC fits on PLL for cohesive Hyaplus (blue)
and dispersive Hyadel (pink) with respect to probe speed. The
empty symbols correspond to immediate probe retraction, and the
filled symbols correspond to a 1 s dwelling time on the surface.
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Figure F.35 Evolution of the average spike adhesion force (upper right panel),
contour length (lower left panel) and persistence length (lower right
panel) obtained from WLC fits on HA for cohesive Hyaplus (blue)
and dispersive Hyadel (pink) with respect to probe speed. The
empty symbols correspond to immediate probe retraction, and the
filled symbols correspond to a 1 s dwelling time on the surface.

169



Bibliography

[1] Tommaso Rossi, Mario R. Romano, Danilo Iannetta, Vito Romano, Luca
Gualdi, Isabella D’Agostino, and Guido Ripandelli. Cataract surgery
practice patterns worldwide: A survey. BMJ Open Ophthalmology,
6(1):e000464, January 2021. ISSN 2397-3269. doi: 10.1136/
bmjophth-2020-000464.

[2] Dennis Lam, Srinivas K. Rao, Vineet Ratra, Yizhi Liu, Paul Mitchell,
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Polyvinylpyrrolidone Behavior in Water/Ethanol Mixed Solvents: Com-
parison of Modeling Predictions with Experimental Results. J Solution
Chem, 46(7):1404–1417, July 2017. ISSN 1572-8927. doi: 10.1007/
s10953-017-0649-0.

[78] Michael Rubinstein and Ralph H Colby. Polymer solutions. In Michael
Rubinstein and Ralph H Colby, editors, Polymer Physics, page 0.
Oxford University Press, June 2003. ISBN 978-0-19-852059-7. doi:
10.1093/oso/9780198520597.003.0005. URL https://doi.org/10.1093/

oso/9780198520597.003.0005.

[79] E. K. Kim, S. M. Cristol, H. L. Kim, S. J. Kang, J. W. Park, and H. F.
Edelhauser. The mucinous layer of corneal endothelial cells. Yonsei Med J,
41(5):651–656, October 2000. ISSN 0513-5796. doi: 10.3349/ymj.2000.41.
5.651.

[80] Rama Bansil and Bradley S. Turner. The biology of mucus: Composition,
synthesis and organization. Adv Drug Deliv Rev, 124:3–15, January 2018.
ISSN 1872-8294. doi: 10.1016/j.addr.2017.09.023.

[81] Jasmim Leal, Hugh D. C. Smyth, and Debadyuti Ghosh. Physicochemical
properties of mucus and their impact on transmucosal drug delivery. Int
J Pharm, 532(1):555–572, October 2017. ISSN 0378-5173. doi: 10.1016/j.
ijpharm.2017.09.018.

178

https://doi.org/10.1093/oso/9780198520597.003.0005
https://doi.org/10.1093/oso/9780198520597.003.0005


[82] Seung Eun Jung, Kyoung Yul Seo, Hyun Kim, Hyung-Lae Kim, In-
Hyuk Chung, and Eung Kweon Kim. Expression of MUC1 on Corneal
Endothelium of Human. Cornea, 21(7):691, October 2002. ISSN 0277-3740.

[83] A. N. Semenov and J.-F. Joanny. Kinetics of Adsorption of Linear
Homopolymers onto Flat Surfaces: Rouse Dynamics. J. Phys. II France,
5(6):859–876, June 1995. ISSN 1155-4312, 1286-4870. doi: 10.1051/jp2:
1995169.

[84] B. O’Shaughnessy and D. Vavylonis. Irreversible adsorption from dilute
polymer solutions. Eur. Phys. J. E, 11(3):213–230, July 2003. ISSN 1292-
895X. doi: 10.1140/epje/i2003-10015-9.

[85] Walter J. Weber and J. Carrell Morris. Kinetics of Adsorption on Carbon
from Solution. Journal of the Sanitary Engineering Division, 89(2):31–59,
April 1963. doi: 10.1061/JSEDAI.0000430.

[86] P. G. De Gennes. Polymer solutions near an interface. Adsorption and
depletion layers. Macromolecules, 14(6):1637–1644, November 1981. ISSN
0024-9297. doi: 10.1021/ma50007a007.

[87] Leonid K. Filippov. Adsorption, Desorption, and Exchange Kinetics of
Mixtures on Planar Surfaces. Journal of Colloid and Interface Science, 181
(1):232–251, July 1996. ISSN 0021-9797. doi: 10.1006/jcis.1996.0375.

[88] J. F. Douglas, H. E. Johnson, and S. Granick. A simple kinetic model of
polymer adsorption and desorption. Science (New York, N.Y.), 262(5142):
2010–2012, December 1993. ISSN 0036-8075. doi: 10.1126/science.262.
5142.2010.

[89] A. N. Semenov and J.-F. Joanny. Structure of Adsorbed Polymer Layers:
Loops and Tails. EPL, 29(4):279, February 1995. ISSN 0295-5075. doi:
10.1209/0295-5075/29/4/002.

[90] P. G. de Gennes. Polymers at an interface; a simplified view. Advances in
Colloid and Interface Science, 27(3):189–209, July 1987. ISSN 0001-8686.
doi: 10.1016/0001-8686(87)85003-0.

[91] Kunio Furusawa, Kyogo Yamashita, and Kazuhiko Konno. Adsorption
of monodisperse polystyrene onto porous glass. I. preference adsorption
and displacement of high-molecular-weight species. Journal of Colloid
and Interface Science, 86(1):35–42, March 1982. ISSN 0021-9797. doi:
10.1016/0021-9797(82)90038-8. URL https://www.sciencedirect.com/

science/article/pii/0021979782900388.

[92] M.A. Cohen Stuart, J.M.H.M. Scheutjens, and G.J. Fleer. POLYDIS-
PERSITY EFFECTS AND THE INTERPRETATION OF POLYMER
ADSORPTION ISOTHERMS. Journal of polymer science. Part A-2,
Polymer physics, 18(3):559–573, 1980.

179

https://www.sciencedirect.com/science/article/pii/0021979782900388
https://www.sciencedirect.com/science/article/pii/0021979782900388


[93] Vincent A. Martinez, Jana Schwarz-Linek, Mathias Reufer, Laurence G.
Wilson, Alexander N. Morozov, and Wilson C. K. Poon. Flagellated
bacterial motility in polymer solutions. Proceedings of the National
Academy of Sciences, 111(50):17771–17776, December 2014. doi: 10.1073/
pnas.1415460111.

[94] Marcus Hildebrandt, Eui-young Shin, Suan Yang, Wael Ali, Sedakat
Altinpinar, and Jochen S. Gutmann. Investigation of Roughness
Correlation in Polymer Brushes via X-ray Scattering. Polymers, 12(9):
2101, September 2020. ISSN 2073-4360. doi: 10.3390/polym12092101.

[95] O. Guiselin. Irreversible Adsorption of a Concentrated Polymer Solution.
EPL, 17(3):225, January 1992. ISSN 0295-5075. doi: 10.1209/0295-5075/
17/3/007.

[96] Yukari Oda, Daisuke Kawaguchi, Yuma Morimitsu, Satoru Yamamoto,
and Keiji Tanaka. Direct observation of morphological transition for an
adsorbed single polymer chain. Sci Rep, 10:20914, December 2020. ISSN
2045-2322. doi: 10.1038/s41598-020-77761-0.

[97] Sejin Oh, Matthew Wilcox, Jeffrey P. Pearson, and Salvador Borrós.
Optimal design for studying mucoadhesive polymers interaction with gastric
mucin using a quartz crystal microbalance with dissipation (QCM-D):
Comparison of two different mucin origins. Eur J Pharm Biopharm, 96:
477–483, October 2015. ISSN 1873-3441. doi: 10.1016/j.ejpb.2015.08.002.

[98] Feng Wan, Mikkel Herzberg, Zheng Huang, Tue Hassenkam, and Hanne M.
Nielsen. A free-floating mucin layer to investigate the effect of the
local microenvironment in lungs on mucin-nanoparticle interactions. Acta
Biomaterialia, 104:115–123, March 2020. ISSN 1742-7061. doi: 10.1016/j.
actbio.2020.01.014.

[99] Daniele Tognetto, Paolo Cecchini, Rossella D’Aloisio, and Romano Lapasin.
Mixed polymeric systems: New ophthalmic viscosurgical device created by
mixing commercially available devices. Journal of Cataract & Refractive
Surgery, 43(1):109–114, January 2017. ISSN 0886-3350. doi: 10.1016/j.
jcrs.2016.11.035.

[100] Francesco Del Giudice, Simon J. Haward, and Amy Q. Shen. Relaxation
time of dilute polymer solutions: A microfluidic approach. Journal of
Rheology, 61(2):327–337, March 2017. ISSN 0148-6055. doi: 10.1122/1.
4975933.

[101] J E Scott, C Cummings, A Brass, and Y Chen. Secondary and tertiary
structures of hyaluronan in aqueous solution, investigated by rotary
shadowing-electron microscopy and computer simulation. Hyaluronan is a
very efficient network-forming polymer. Biochem J, 274(Pt 3):699–705,
March 1991. ISSN 0264-6021.

180



[102] Mary K. Cowman, Hong-Gee Lee, Kathryn L. Schwertfeger, James B.
McCarthy, and Eva A. Turley. The Content and Size of Hyaluronan in
Biological Fluids and Tissues. Front. Immunol., 6, June 2015. ISSN 1664-
3224. doi: 10.3389/fimmu.2015.00261.

[103] Wendy E. Krause, Enrico G. Bellomo, and Ralph H. Colby. Rheology of
Sodium Hyaluronate under Physiological Conditions. Biomacromolecules,
2(1):65–69, March 2001. ISSN 1525-7797. doi: 10.1021/bm0055798.

[104] Amol Bansal, Hrishikesh Amin, and R Rekha. Correlation of aqueous
humor electrolytes with serum electrolytes in cataract patients. Indian
J Ophthalmol, 69(10):2675–2677, October 2021. ISSN 0301-4738. doi:
10.4103/ijo.IJO 20 21.

[105] J. F. Douglas, H. E. Johnson, and S. Granick. A simple kinetic model
of polymer adsorption and desorption. Science, 262(5142):2010–2012,
December 1993. ISSN 0036-8075. doi: 10.1126/science.262.5142.2010.

[106] C. A. Grattoni, P. F. Luckham, X. D. Jing, L. Norman, and R. W.
Zimmerman. Polymers as relative permeability modifiers: Adsorption and
the dynamic formation of thick polyacrylamide layers. Journal of Petroleum
Science and Engineering, 45(3):233–245, December 2004. ISSN 0920-4105.
doi: 10.1016/j.petrol.2004.07.002.
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