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Populärvetenskaplig Sammanfattning

Tack vare ett näst intill oändligt antal variationer så har proteiner blivit naturens stan-
dardlösning för diverse uppgifter och problem. I våra egna kroppar har vi en uppsjö av
olika varianter där några är allmänt välkända, t.ex. hemoglobin i våra röda blodkroppar
som transporterar runt syre och insulin vilket sänker vår blodsockernivå. Andra pro-
teiner är mer okända men trots det lika viktiga, exempelvis haptoglobin vars uppgift
är att rensa bort hemoglobin som kommit på avvägar, samt glukagon som höjer vår
blodsockernivå vid behov.

Ett annat användningsområde för proteiner är i ögats lins som innehåller extremt höga
proteinkoncentrationer, faktiskt de högsta som vi har i kroppen. Just i linsen har na-
turen utnyttjat att en proteinlösning bryter ljus; ju högre koncentration desto starkare
brytning vilket i våra ögon bidrar till att fokusera inkommande ljus på näthinnan så att
vi kan se klart och tydligt. En effekt av de höga koncentrationerna är att interaktioner
mellan proteiner leder till ökad viskositet, d.v.s. hela systemet blir mer trögflytande.
Det är en viktig egenskap eftersom linsen måste kunna ändra form för att vi ska kunna
fokusera på endera långt eller nära håll.

Normalt sett innehåller celler, förutom proteiner, ett stort antal olika komponenter
men cellerna i ögats lins gör sig av med i princip alla extra komponenter under foster-
utvecklingen. Detta är nödvändigt för att linsen ska vara genomskinlig, vi kan exem-
pelvis inte se igenom vår hud p.g.a. allt som sprider och absorberar ljus. Det här har
dock nackdelen att förmågan till att skapa nya proteiner också försvinner, vilket inne-
bär att de ögonlinsproteiner vi har när vi föds är de vi behöver använda under resten av
livet. Proteinerna i ögonlinsen måste därför vara stabila under hela vår livslängd vilket
är extra problematiskt vid höga proteinkoncentrationer.

Det finns en reell risk, särskilt vid höga koncentrationer, att proteiner klumpar ihop sig
och faller ur lösning vilket orsakar okontrollerad ljusspridning. Ifall det sker i tillräcklig
omfattning i ögats lins kommer den inte längre att vara fullt genomskinlig och synen
blir därmed oskarp. Det här är orsaken till sjukdomen grå starr vilken behandlas genom
att kirurgiskt byta ut linsen mot en konstgjord variant. För att försöka förhindra sådana
problem finns det gott om speciella skyddsproteiner i ögats lins vars uppgift är att hålla
de andra proteinerna stabila. En annan vanlig, men mindre dramatisk, åkomma är
ålderssynthet som gör att vi får svårt att fokusera på saker nära oss, såsom texten i vår
favoritbok. Det beror på att linsen blir mer trögflytande med åldern och inte längre
kan ändra sin form lika effektivt, vilket ofta kan kompenseras genom användandet av
läsglasögon men kan även behandlas kirurgiskt likt andra synkorrigeringsoperationer.
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Det finns metoder, vilka gemensamt går under namnet reologi, som används för att
studera just sådana materialförändringar som resulterar i exempelvis ändrad viskositet.
Ett stort problem vid reologiska studier av proteinsystem, som det i ögats lins men
även för vissa proteinbaserade mediciner, är att experimenten behöver utföras vid de
höga koncentrationer som de normalt sett finns i för att ge tillförlitliga svar. Framställ-
ning av tillräckliga mängder protein för att nå höga koncentrationer är ofta ett dyrt
och tidskrävande åtagande varför man gärna vill utnyttja tekniker som klarar av små
mätvolymer.

En speciell kategori av reologiska tekniker som endast behöver små volymer är mikro-
reologi. De utmärker sig genom att man tillsätter små nano/mikrometer-partiklar i
proverna och sedan studerar hur dessa rör sig för att på så sätt få fram information
om provet som helhet. Det är exempelvis möjligt att bestämma viskositeten av ett prov
utifrån hur partiklarnas spontana, slumpmässiga rörelser påverkas av olika proteinkon-
centrationer. För att sådana mätningar ska vara tillförlitliga är det viktigt att de tillsatta
partiklarna inte har några märkbara interaktioner med vare sig varandra eller protei-
nerna.

Den här avhandlingen beskriver forskning centrerat kring partiklar som är behandlade
just för att inte interagera med sin omgivning. De har sedan använts för att undersöka
olika proteiner, däribland några av de som finns i ögats lins, i mikroreologiska expe-
riment baserade på ljusspridning och mikroskopi. En kombination av olika metoder
möjliggjorde förberedandet av de höga proteinkoncentrationer som finns i ögats lins
fast i mikrolitervolymer. Den här metodiken kan även användas för att studera andra
system där man är intresserad av de höga koncentrationer då ett system har så pass hög
viskositet att det inte längre kan beskrivas som ett flytande material.

Illustrativ bild av mikroreologi publicerad som en grafisk representation till Paper i
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Det har jag aldrig provat förut, så det klarar jag säkert.
— Pippi Långstrump

CHAPTER1

INTRODUCTION

The inner workings of the eye lens is seldom talked about even though it is a crucial
component for allowing us to perceive our environment. The ability of the lens to
focus images on the retina relies, among other factors, on very high protein concen-
trations, typically several hundred mg/ml with the exact concentrations depending on
the observed species. The fact that the lens can remain stable over decades at these con-
centrations is nothing short of wondrous, especially considering that the machinery to
produce more protein is expelled during infancy in favor of light transmission. How-
ever, sometimes the lens will fail, commonly in association with illnesses such as cataract
and presbyopia. Although external causes may affect the onset of such conditions they
are naturally often just age related. (Chapter 2)

In a condition such as presbyopia, the ability of the lens to reshape, in response to
muscles acting on it, is gradually lost due to enhanced stiffness of the lens. A possible
way to study such a macroscopic transformation of a system would be to investigate
the accompanying change in viscosity, since this is a direct measure of a systems ability
to rearrange in response to external forces. An interesting aspect of viscosity is that for
many systems it is only slightly affected by increasing concentrations, until a certain
point. Once the system becomes rather close packed, rearrangement becomes exponen-
tially more difficult and the viscosity vastly increases by several orders of magnitude,
often over a relatively minor concentration range. (Chapter 3)

To properly study this type of arrest transition one ought to study the system at the
corresponding elevated concentrations. This is especially true, but not exclusive, for the
proteins in the eye-lens where the native concentrations are already quite close to these
levels. This is by no means an easy feat as the availability is low and the procedure for
obtaining the protein is rather involved and time consuming. A group of techniques,
commonly denoted microrheology, has been proposed to alleviate this concern as they
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only require small sample volumes. This commonly involves tracking the mobility
of immersed tracer particles using different scattering and/or microscopy techniques.
(Chapter 4 and 5)

The work presented in this thesis was initially focused on preparing suitable tracer
particles for use with protein based systems. Once appropriate particles had been iden-
tified, these were then utilized to characterize various protein systems including several
present in the eye-lens. Reaching concentrations at and beyond the arrest transition
proved difficult but was finally achieved on a scale suitable for microscopy-based mi-
crorheology. (Chapter 6)
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He then deliberately turned the focus of a
protein depolarizer on himself and fell

instantly and painlessly dead.
— Isaac Asimov

CHAPTER2

PROTEINS

Contents
2.1 Protein Systems . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.1 Lysozyme . . . . . . . . . . . . . . . . . . . . . . . 4
2.1.2 Crystallins . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.3 Antibody . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 Protein Preparation . . . . . . . . . . . . . . . . . . . . . . . 7

2.2.1 Lysozyme . . . . . . . . . . . . . . . . . . . . . . . 7
2.2.2 Crystallins . . . . . . . . . . . . . . . . . . . . . . . 7
2.2.3 Antibody . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Concentration . . . . . . . . . . . . . . . . . . . . . . . . . 9

Due to the high versatility of proteins they are utilized by living entities on our planet
for vastly different tasks within their bodies, as well as outside for certain species such
as venomous snakes. These tasks can range from catalytic with enzymes 1 and defensive
capabilities of antibodies2 to structural components with e.g. actin 3. The function
of proteins is not only determined by their chemical composition but also from their
three-dimensional structure. As such, they are sensitive to perturbations that infer
structural disorder which may lead to serious diseases in the host body, such as Par-
kinson’s, Alzheimer’s and Huntington’s disease.4 A special class of proteins, commonly
called chaperone or heat-shock proteins, are tasked with preventing these types of struc-
tural changes by physically restricting other proteins from losing their native shape. 5

Protein systems are thus highly interesting research objects both from a biological point
of view but also as treatment possibilities for various diseases e.g. with antibody based
medicine.
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Figure 2.1: Atomic representation of lysozyme. 15

2.1 Protein Systems

2.1.1 Lysozyme

Lysozyme, shown in figure 2.1, is a small globular protein, 14.4 kDa and dimensions
4.5 × 3 × 3 nm,6 and is a major component of the white in hen egg from where it is
also produced. Its native use in the egg white is of enzymatic nature as a protection
against potential bacterial infections during prenatal development by breaking down
the cell membrane of bacteria, i.e. lysis, which is also where the name lysozyme ori-
ginates.7 Due to its abundance, resulting in a relatively low cost, and ease of form-
ing crystals it is commonly used for studying protein crystallization. Despite being a
monomeric protein it displays a complex phase behaviour due to its inherent protein
interactions. Away from the isoelectric point and at low ionic strength, these consist
of repulsive long-range electrostatic and attractive short-range van-der-waals like inter-
actions, commonly abbreviated as SALR for Short-range Attraction and Long-range
Repulsion. This was reported in 2004 where lysozyme was shown to form equilibrium
clusters due to the interplay between these forces at buffer conditions with low ionic
strength where the electrostatic repulsion was not significantly screened.8 The struc-
ture and spatial distribution of proteins in a solution is of high interest in, for example,
biological systems where it may be a sign of, or lead to, diseases in the organism.9,10

Lysozyme has thus been heavily investigated in the past years to further understand the
behavior of this type of system, especially interesting is the behavior at higher concen-
trations where a cluster glass would be expected. There are some discrepancies of the
system’s rheological behavior between different studies, most likely due to the sensit-
ivity of the system to external parameters, such as pH and ionic strength. 11,12 This has
not been made easier since lysozyme introduces a viscoelastic contribution at the air-
water interface not representative of the bulk sample, 13 which is commonly present in
rheometer-based measurements due to instrumental details and can lead to measure-
ment artifacts. 14
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2.1.2 Crystallins

Crystallins is a collective term for different protein families with the prerequisite that
they are all present in the eye lens, although they may be situated in other parts of
the body as well. 16 The name crystallin allegedly originates from Berzelius 17 and de-
scribes the crystal clear appearance of the eye lens and encompasses a multitude of
protein families with designations such as α-, β- and γ-crystallins (also being the or-
der of extraction in a chromatography experiment). There exist several more crystallin
families but these three are ubiquitous in all vertebrates although at different levels. 18

The body manufactures cells in the eye-lens with extremely high protein concentra-
tions to achieve sufficiently strong refractive properties to focus light onto the retina. 19

During development these cells produce sufficiently high protein concentrations and
subsequently expel the organelles from the cells to reduce undesirable scattering and en-
hance lens transparency.20,21 The eye-lens continually grows throughout life with new
layers of lens fiber cells being added to the outmost part resulting in a core (nucleus)
consisting of embryonic cells.22 This also has the side effect that the cells are no longer
able to produce new proteins and thus rejuvenate the crystallin content. This leaves
the lens susceptible to degenerative related diseases such as cataract.23,24 Crystallins are
inherently highly stable proteins but are nevertheless vulnerable to undesirable con-
formational changes.25 As a way to combat this issue a large part of the protein content
is that of α-crystallin which is a chaperone protein and can act as an inhibitor to pro-
tein denaturation.26 Ultimately, it is necessary to investigate crystallin behavior and
interactions at the concentrations they readily achieve in the eye lens to be able to un-
derstand their role in diseases. This is severely limited by the low availability and time
consuming preparation procedure which hampers the achievable volumes for rheolo-
gical investigations.

Alpha, α

The highly polydisperse α-crystallin (300 - 1200+ kDa, with an average of 800 kDa)
consists of a mixture of the two subunits αA and αB.26 The subunit αB is found
throughout the body acting as a chaperone protein while αA appears to be almost
exclusive to the eye-lens.24 The amount of α-crystallin in the eye-lens can be as high as
50 of the total protein mass, where it acts, not only as a chaperone but also, as a struc-
tural protein.26 The development of a protein degenerative disease such as age-related
cataract is commonly attributed to an overall diminishing chaperone activity with time
as the amount of α-crystallin, not already activated as chaperones, decreases.24 It has
been shown that α-crystallins behave as hard spheres at physiological buffer condi-
tions.27
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Figure 2.2: Atomic representation of the eye lens protein γB-crystallin.
31

Beta, β

The smaller but still polydisperseβ-crystallin is oligomeric and heterogeneous by nature
and commonly divided in two groups called βL and βH separated by their molecular
weight with βH (160 - 200 kDa)28 being used in this work. The β-crystallin subunits
are closely related to γ-crystallin but their function in the eye-lens does not appear to
be fully understood. 16 It is possible that its main function is that of a filler to maintain
osmotic pressure in the lens while allowing for transparency and high refractive index.29

There is work in literature claiming that β-crystallin display some form of repulsive
interaction in solution, albeit this has not been thoroughly investigated yet.29,30

Gamma, γ

Although similar to the subunits of β-crystallin, the family of γ-crystallin consists of
monomeric globular proteins but are not known to form larger species due to the
lack of exposed terminal extensions.23 Despite or due to their small size of approx-
imately 20 kDa 32 they appear to have a vital effect on the refractive properties of the
eye-lens. They are generally more prevalent in the lens nucleus resulting in a higher
refractive index at the center than for the cortical. 18 This difference vanishes with age 33

and is proposed to explain the lens paradox 34, where a larger lens does not lead to
enhanced vision. The high refractive index increment of γ-crystallin is also why it
is extremely prevalent in the fish eye, with possible concentrations above 1000 g/ml,
since the surrounding water requires a more elevated refractive index as compared to
air-living creatures which have around 300 mg/ml. 35,36 It is thought that mutations in
γ-crystallin and the accompanying interaction changes are the main causes of cataract
in the eye lens 37,38 and its interaction behavior is thus of high scientific interest. The
focus of the work on γ-crystallin presented in this thesis has been on the subtype γB-
crystallin, also called γII and is shown in figure 2.2, which has been found to display
short-range attractive interactions.29,39–42
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2.1.3 Antibody

Antibodies43 are part of the defense mechanism for biological systems to protect them-
selves against pathogens, such as bacteria and viruses. Due to their high moldability
monoclonal antibodies, mAB, are highly desirable as biotic agents to target problematic
entities, such as cancer cells, and induce an immune response in the body to destroy
those cells.44 A desirable goal is to produce these medical products in a way where they
can be administered intraveneously thus being syringeable.45 This requires high protein
concentration to minimize the injected volume, leading to viscosity concerns that are
difficult to quantify early in the research stage.46

2.2 Protein Preparation

2.2.1 Lysozyme

Lysozyme is commercially available and obtained as a lyophilized (freeze-dried) powder
which was stored in the freezer as received. The buffer used consists of Hepes (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) which is a zwitterionic agent and one
of Good’s buffers.47 It is dissolved at a concentration of 20 mM in MQ-H2O (Milli-
Q, 0.22 µm) and a small amount of 1 M NaOH is added to adjust the pH to 7.80.
Typically 1-1.5 g of lysozyme is dissolved in the buffer at a final concentration of 40
mg/ml. A magnetic stirrer is utilized as the powder does not readily dissolve without
agitation. There is a surprising amount of salt present in the lysozyme powder and
it is crucial to remove this to reach the desired condition of low ionic strength. The
lysozyme solution is filtered using Acrodisc syringe filter (0.8/0.2 µm) directly into
an Amicon Ultra centrifugal device with a 3 kDa filter. This device is initially used to
remove the undesired salt by centrifugating the solution and rediluting the concentrated
protein phase with filtered Hepes buffer. The conductivity of the discarded supernatant
is monitored until it reaches the same level as the clean buffer, after which the protein
solution is ready for use.

2.2.2 Crystallins

All crystallins are ultimately extracted from calf eyes which are obtained fresh from a
slaughterhouse in Switzerland. The individual lenses are surgically removed and thor-
oughly washed in MQ-H2O before being stored on ice. The low storage temperature
induces cold cataract in the γB rich nucleus which turns opaque and easily distinguish-
able. The nuclear part is separated from the cortical (outer part of the lens) using the
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Figure 2.3: A typical SEC-chromatogram of the cortical extract allowing for extraction of α and βH.

same principle as that of a punch-card system. The cortical fraction is stored in a 52.4
mM phosphate buffer, pH 7.1 (18.4 mM NaH2PO4, 34 mM Na2HPO4, 50 mM NaCl, 1
mM DTT (DL-Dithiothreitol), 1 mM EDTA (Disodium ethylenediaminetetraacetate
dihydrate), and 0.02 wt NaN3). The additives are used to allow for long-term stor-
age where DTT prevents proteins from forming sulfur bridges while EDTA prevents
enzymatic activity by chelating divalent cations and NaN3 is used to prevent bacterial
growth. The nuclear fraction is stored in sodium acetate buffer with pH 4.5 and an
additional 0.02 wt NaN3. Both of the collections are homogenized using a grinder
which breaks the cellular walls and releases the protein content within. The resulting
extracts are centrifuged to separate the protein solution from the undesired cellular
components.

α and βH

The cortical extract is filtered and passed through a size exclusion chromatography,
SEC, column (HiLoad XK 26/60 Superdex 200 prep grade, GE Healthcare) with the
chromatogram shown in figure 2.3. The fractions corresponding to α and βH are col-
lected and stored in the fridge.

γB

The filtered nuclear extract is passed through the same type of SEC column as the
cortical with the fractions containing the mixture of different γ-crystallins, shown in
figure 2.4a being collected. This mixture is then passed through a SP Sepharose fast
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Figure 2.4: Typical chromatograms for the purification of γB a: SEC-chromatography of nuclear extract yielding a mixture
of γ-crystallins. b: Subsequent IEX-chromatography allows for the extraction of γB.

flow ion exchange column, IEX, where the individual γ-crystallins are separated using
a salt gradient, figure 2.4b, and the fractions corresponding to γB are collected. The
protein is stored in the fridge but with the buffer exchanged to that used for α and βH.

2.2.3 Antibody

The protein was received from Novo Nordisk at a concentration of 100 mg/ml in a 10
mM Histidine pH 6.5 buffer with an added 10 mM NaCl. The buffer was replaced
with 20 mM Histidine pH 6.5 buffer, containing either an additional 10 mM or 50
mM NaCl, using illustra NAP-25 columns.

2.3 Concentration

The proteins were concentrated using Amicon Ultra centrifugal filters with cut-off at 10
kDa or 3 kDa and volumes 15, 3 or 0.5 ml as appropriate. The final concentrations were
determined from UV-absorption at 280 nm. At least three aliquots were extracted from
a sample, these acted as a quality check of the concentration determination, and diluted
to get within range of the absorbance determination. The dilutions were monitored
gravimetrically with the effect of protein content on the sample density accounted for
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using equation 2.1.

1
cafter

=
1

cbefore
+

(

1
ρprotein

−
1

ρbuffer

)

(2.1)

Here, cbefore and cafter are the concentrations before and after accounting for the density
while ρprotein = 1.35 g/cm3 and ρbuffer = 1 g/cm3. The effect of this deviation due to
the density contribution from the protein is shown in figure 2.5. Concentrations were
finally converted to volume fractions (Φ) using the voluminosity of the protein when
applicable.
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There is only one item which is worth learning,
and that is the simple definition of viscosity

which we will come to in a moment.
The rest is only for your entertainment.

— Richard Feynman

CHAPTER3

VISCOSITY

Contents
3.1 Rheology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.2 ”Hard Sphere” Systems . . . . . . . . . . . . . . . . . . . . . 13

3.3 Non-”Hard Sphere” Systems . . . . . . . . . . . . . . . . . . 14

Viscosity can be seen as a measure of a material’s willingness to flow, with higher vis-
cosity meaning it is more reluctant to do so. Pouring a pitcher of water (low viscosity)
on the kitchen table will lead to a wet floor while a placed dough (high viscosity), with
the same amount of water but with added flour, will only spread modestly on the table.
At the extremes of the viscosity range one finds materials such as super-cooled 4He and
pitch. When 4He is sufficiently cold,48,49 at temperatures below 2 K 50 it begins to
show superfluid behavior, e.g. displaying zero viscosity. Such a fluid will flow com-
pletely unhindered and if one would stir it, it would continue to flow indefinitely. 51

On the other end, pitch appears to be completely solid when observed casually but has
been shown to flow in the illustrious pitch-drop experiments. 52 The most famous one,
initiated in 1927, contains a funnel with pitch placed over a beaker into which drops
are collected, in April 2014 the ninth drop was recorded. 53
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3.1 Rheology

There are several good resources for an introduction to the field of rheology, either
online 54 or in a multitude of text books. 55–57 One can broadly say that a material is
described according to one of three categories (excluding special cases like Bingham
plastics). The first, denoted Newtonian fluid, displays a pure viscous response and thus
flows when exposed to external forces. It responds linearly to the applied stress, i.e. the
viscosity is constant with respect to the induced stress, with water at ambient condi-
tions being a common example. The second, called Hookean solid, displays a purely
elastic behavior to applied forces, i.e. it stores the energy and releases it again once the
force resides. An imperfect analogy would be that of a rubber band, once the pulling of
such a band stops it will revert back to its original shape, assuming no material change
has occurred during the applied stress. The third category displays viscoelasticity, i.e.
something in between the previous two system types, which in practice encompasses
basically everything of general interest. These materials can be called non-Newtonian
fluids since they display non-Newtonian viscosity, i.e. the viscosity changes with ap-
plied stress and can either appear viscous or elastic depending on the force applied. If
such a material is shear-thinning it will behave more fluid-like when the applied force
is increased, e.g. ketchup. If it instead shows a more solid-like behaviour it is denoted
shear-thickening with oobleck being a common example.

The viscosity of a fluid is determined by how easily the components of the fluid can
pass each other, basically an internal friction, which in turn depends on interactions
between them. For this reason, there will be a velocity gradient during flow where
the motion will be hindered close to any external surface and gradually increase with
distance from it. Two common ways to directly measure the viscosity of liquids is to use
an Ostwald viscometer or a falling sphere viscometer. Both of these utilize gravity as
the external force and record the time it takes for either the liquid itself or an immersed
sphere to move a certain distance. These are limited in their investigative range by the
corresponding choice of tube width and sphere dimensions. For samples displaying
non-Newtonian behavior it is often preferable to utilize rheometers where the applied
force can be varied to investigate the material’s stress behavior. As these instruments
measures the shear response of the sample one obtains the viscosity as a function of
the shear rate which can then be extrapolated to infinitely low shear thus yielding the
zero-shear viscosity. This is an important parameter for determining properties such as
polymer molecular weight and long-term stability of suspensions.
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3.2 ”Hard Sphere” Systems

A system such as a protein solution can in its simplest state be described as a liquid
containing particles at some concentration. Generalizing such a solution to isotropic
and monodisperse particles with no ranged interactions results in the hard sphere sys-
tem. There are a multitude of different models that aim to describe the viscosity-
concentration behavior of hard spheres, from dilute conditions to close packing. 58,59

The phase diagram of such a system will only depend on the particle volume fraction,
Φ,60,61 as a change in for example temperature will not have a significant effect on a
particle’s ability to move. At sufficiently high concentrations, the diffusivity of a particle
will become restricted by the close proximity of other particles, which eventually leads
to the formation of nearest-neighbor cages61–64 that physically hinders crystallization
by restricting particle mobility.60,65–67 This restriction of particle mobility is coupled
with a viscosity increase of multiple magnitudes due to the systems increased inability
to rearrange when exposed to external forces.68–70 A hard sphere system in this concen-
trated regime is called a repulsive glass,61,62,64,71–73 while its exact location is not without
dispute74–76 it is often taken as occurring at Φg = 0.58 denoted the glass transition of
the system.64,67,70,77,78

The change in viscosity with increasing concentration at very dilute conditions, thus
neglecting interactions between particles, was early determined to follow a simple linear
relationship called the Einstein equation79,80 (Equation 3.1a) where ηr is the viscosity
normalized with that of the solvent and [η] is the intrinsic viscosity which takes the
value of 2.5 for spherical particles. Efforts were later made to expand this relation
into semi-dilute concentrations by adding higher order terms where the value of the
second order coefficient depends on which forces are taken into account for the different
models.81 As these attempts were aiming for the semi-dilute region, none were able to
capture the apparent divergence of viscosity a system displays when nearing the volume
fraction corresponding to the arrest transition of the system, Φmax.

One of, if not, the earliest investigator of this highly concentrated regime was Bernal
who was interested in the structure of systems with concentrations between those of
a gas and a crystal.82,83 He used a macroscopic system of small metal balls packed in
various containers that he froze in place using a fixating medium and proceeded to me-
ticulously record the position of each individual ball.84,85 This led to the determination
of the random close-packed, rcp, limit of hard spheres, i.e. the highest concentration
achievable without crystallization, at Φrcp = 0.64.84
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ηr = 1 + [η] ·Φ

(

[η]Φ

1 −Φ/Φmax

)Φ

(Einstein) (3.1a)

ηr = exp
(

[η]Φ

1 −Φ/Φmax

)

Φ (Mooney) (3.1b)

ηr =

(

1 −
Φ

Φmax

)−[η]Φmax

(Krieger-Dougherty) (3.1c)

ηr =

(

1 −
Φ

Φmax

)−2

(Quemada) (3.1d)

There appears to be especially three expressions, out of the many different models, that
are immensely popular to describe the viscosity behavior over the entire range from
dilute to highly concentrated. These were first described by Mooney86 (Equation 3.1b),
Krieger-Dougherty87 (Equation 3.1c) and Quemada88 (Equation 3.1d). Models that
aim to describe the behavior even at high concentrations attempt to somehow account
for nearness of particles such as crowding for Mooney and changes in flow properties
for Krieger-Dougherty and Quemada. These three expressions all display an expected
divergence at Φmax, while equations 3.1b and 3.1c also reduces to equation 3.1a when
Φ → 0. The different behaviour of these relations are visualized in figure 3.1 using the
parameters [η] = 2.5 and Φmax = 0.64.

3.3 Non-”Hard Sphere” Systems

In reality, proteins can display widely different interaction potentials compared to the
simple case of hard spheres. Proteins may for example carry a net charge caused by
(de)protonation of certain amino acids distributed on the protein surface. Such a re-
pulsive interaction, if between same-charge species, will shift the arrest transition to
lower concentrations.89,90 This is due to the extension of the electrostatics from the
particle surface which yields an effective volume fraction, Φeff, (Equation 3.2) larger
than Φ, by redefining the theoretical Φmax with that which was measured.

Φeff = Φ ·

(

Φ
theory
max

Φmeasured
max

)

(3.2)
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Figure 3.1: The different viscosity relations described in equations 3.1a-d with [η] = 2.5 and Φmax = 0.64. a: Low con-
centrations showing the overlap between equations 3.1a-c when Φ → 0, linear axis b: High concentrations
showing the divergence when approaching Φmax, logarithmic axis

The value of Φmeasured
max can be estimated from a plot of ηr

−0.5 vs Φ where a linear fit
extrapolated to ηr

−0.5 = 0, assuming the Quemada relation (equation 3.1d) holds.

A second difference is caused by the existence of hydrophilic/hydrophobic regions on
the protein surface that result in short-range attractive interactions consequently lead-
ing to proteins sticking together at close contact. Systems displaying attractive interac-
tions have been shown to display a power-law dependence of the viscosity (Equation
3.3), where the exponent ν depends on the attractive model used.91–93

ηr ∝ |Φ−Φmax|
−ν (3.3)

The existence of an attractive potential obfuscates the behavior at the liquid-solid trans-
ition and several experimental and theoretical studies have revealed the existence of a
complex arrest line, which depends on the strength of attraction.94–99 The presence
of weak attractions leads to breakage of the nearest-neighbor cages, that governed the
arrest of a hard sphere system, resulting in a liquid phase at concentrations where an ar-
rested hard sphere system would normally be found. Increasing the attraction further,
while keeping the concentration constant, leads to a reentrant arrest transition since
the stronger attractions induce interparticle association,63,92,97,98,100 a phase commonly
called an attractive glass61,62,64,70,72,73 which is suggested to differ from a gel by occur-
ring at high volume fractions without the formation of a macroscopic network. 101–103

Although both of these types of interactions can be achieved for large colloids using
either charged surface groups or by the addition of small depletants (See Section 5.2
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and Paper i for more information on depletion interaction), proteins offer a cleaner
investigation of macroscopic phase behaviours, especially for attractive systems, as well
as the opportunity to directly probe concentrated biological systems. For example, the
phase behaviour of a system interacting via a combination of short-range attractive and
long-range repulsive forces, SALR, (not uncommon among proteins) has a significantly
more intricate phase behavior than that of hard spheres. For example, it has been shown
that SALR results in the formation of equilibrium clusters8 which was not expected
and subsequently heavily debated. 104,105 Investigating the formation and behavior of
proteins that display a cluster phase is highly desirable in order to understand protein
crystallization as well as for medicines based on monoclonal antibodies where clusters
can have a significant impact on manufacturing and administration procedures. 106,107
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Look again at that dot. That’s here.
That’s home. That’s us.

— Carl Sagan

CHAPTER4

LIGHT SCATTERING

Contents
4.1 Static Light Scattering . . . . . . . . . . . . . . . . . . . . . . 18

4.2 Dynamic Light Scattering . . . . . . . . . . . . . . . . . . . . 19

4.3 Multiple Scattering . . . . . . . . . . . . . . . . . . . . . . . 21

Light scattering as a concept describes an interaction where the incoming light com-
monly leaves at a direction different than from where it entered. This can easily be
observed for example within a ray of sunlight passing through a dusty room. Scat-
tering of an electric field occur due to local changes in polarizability of the irradiated
sample originating from the difference in refractive index between the scatterer and
surrounding medium. This is in contrast to absorption where the incoming light is in-
stead incorporated into the absorber. One generally speaks of two types of scattering,
elastic and inelastic, depending on whether the kinetic energy is conserved or partly
transformed. When one talks about light scattering of particulates in solution, such as
proteins or microspheres, it refers to elastic scattering. The light source of choice for
scattering experiments is a laser since it fulfills the requirements of monochromatism
and minimal divergence over the length of a sample. Depending on the relative size
difference between the scatterer and the wavelength of the light one generally distin-
guishes between two different scattering regimes. The first, Rayleigh scattering occurs
when the wavelength of light is much larger than the scatterer and is famously respons-
ible for making the sky blue as shorter wavelengths are scattered more predominately.
The other regime is Mie scattering and occurs when the scatterer size is on the same
order as the wavelength which, in turn, is responsible for the whiteness of clouds since
there is no longer any wavelength dependency on the scattering of visible light.
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Figure 4.1: Geometrical representation of the scattering vector described in equation 4.1.

A detailed overview of scattering phenomena, including light scattering, can be found
in ”Neutrons, X-Rays and Light” 108 and similar text books. More easily available de-
scriptions can be found in various publications. 109–111

4.1 Static Light Scattering

A scattering event from a point scatterer can be described with a scattering vector, q⃗,
which is shown in equation 4.1 and details the directional difference of the scattered
light.

q⃗ = k⃗i − k⃗s (4.1)

The subscripts i and s of the wave vector, k⃗, denote the incoming and scattered light
respectively as shown in figure 4.1.

It is geometrically possible to calculate the magnitude of q = |⃗q| by knowing the
scattering angle, θ, using equation 4.2.

q = 2|⃗k|sin
(

θ

2

)

(4.2)

Here |⃗k| =
2πn
λ

, where n is the medium refractive index and λ the wavelength.

As soon as the theoretical point scatterer is replaced with a physical object that has some
extension in space the angular scattering profile will contain information that describes
the shape of the scatterer. This contribution is called the form factor and, in the case
of material homogeneity of the scatterer, can be written as equation 4.3

P(⃗q) =

[∫
e−i⃗q·⃗r dV

V

]2

(4.3)
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where r⃗ denotes the relative location of two scattering elements in the scatterer with the
integral being over the entire particle volume, V. This property can be measured with
static light scattering, SLS, if the sample is dilute enough such that there is no structural
component. In the case of spherical scatterers there exists an analytical solution to this
expression which is shown in equation 4.4,

P(q) =
[

3
(qR)3

(sin(qR) − qR · cos(qR))
]2

(4.4)

with R being the radius.

4.2 Dynamic Light Scattering

In addition to the static component there also exists a temporal or dynamic component
in the scattering profile which is averaged away in SLS-measurements. This dynamic
component can be investigated using dynamic light scattering, DLS, and arises from
interference fluctuations caused by the thermal, Brownian, motion of the suspended
scatterers and is directly dependent on the diffusion of scatterers within the medium.
These fluctuations will induce a system memory decay that can be described by the
field autocorrelation function, g(1), shown in equation 4.5 for a certain q

g(1)(τ) =
⟨E(t)E∗(t + τ)⟩

⟨E(t)E∗(t)⟩
(4.5)

where t and τ are time components and E the scattered electric field. It is not possible
to directly measure the scattered electric field, however by monitoring the scattered in-
tensity it is possible to construct the intensity autocorrelation function, g(2), displayed
in equation 4.6

g(2)(τ) =
⟨I(t)I(t + τ)⟩

⟨I(t)⟩2
(4.6)

where the intensity I(t) ∝ |E(t)|2 which eventually yields equation 4.7.

g(2)(τ) − 1 = B
[

g(1)(τ)
]2

(4.7)

This equation is also called the Siegert relation and describes the relation between the
two autocorrelation functions with B being the recorded intercept of the intensity auto-
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Figure 4.2: a: Intensity autocorrelation for a dispersion of polystyrene particles. b: A linear fit to the logarithm of the
initial slope of the decay in a which is used to determine μ1.

correlation function. Figure 4.2a shown an example of an autocorrelation function for
polystyrene particles with a diameter of 0.3 µm.

This can be related to physical characteristics of the scatterers through equation 4.8

g(1)(τ) =
∫
∞

0
G(Γ)e−Γτ dΓ (4.8)

with G(Γ) being the population distribution of scatterers with decay constant Γ .

The correlation function is most easily analyzed using equation 4.9 which describes the
cumulant expansion 112,113 of g(1)

ln(g(2)(τ) − 1) = ln
(

B
[

g(1)(τ)
]2
)

= ln(B) + 2
(

−µ1τ+
µ2
2
τ2 −

µ3
6
τ3 + ...

)

(4.9)

where µx are the cumulant coefficients. Figure 4.2b shows the natural logarithm of the
initial slope of Figure 4.2a together with a linear fit used to extract µ1.

The first order cumulant coefficient depends on the diffusion coefficient, D, of the
scatterer as described by equation 4.10.

µ1 = q2D (4.10)
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The diffusion coefficient is related to the particle size and sample conditions according
to the Stokes-Einstein relation shown in equation 4.11

D =
kBT

6πηRH
(4.11)

where kBT is a measure of the thermal energy, η is the medium viscosity and RH the
hydrodynamic radius of the scatterer.

The higher order cumulant coefficients are related to other properties of the popula-
tion distribution, with µ2 being related to its width while µ3 and µ4 are related to the
skewness and kurtodis respectively. The polydispersity index, PDI, of the scattering
population can be determined from the second order coefficient using equation 4.12.

PDI =
µ2
µ2

1
(4.12)

4.3 Multiple Scattering

The theory of light scattering presented here assumes dilute scattering conditions where
the scattered light recorded by the detector is singly scattered. This refers to the scat-
tering region where the mean free path is much larger than unity, i.e. l/L ≫ 1 where l
is the average distance a photon covers before being scattered and L is the total sample
length. 114 Once this definition no longer holds, i.e. when the concentration of scat-
terers is elevated, the sample will display turbidity, or cloudiness. This originates from
the, no longer insignificant, chance of the singly scattered light encountering another
scatterer before reaching the detector. Scattering is therefor no longer localized solely in
the volume traversed by the laser but may reach the detector from different undesirable
locations within the sample. This affects SLS measurements by smearing the scatter-
ing profile as the form factor minima will now also contain an extra component due to
multiply scattered light. For the same reason, DLS measurements may suffer from a re-
duction of the autocorrelation intercept as the intensity trace will contain uncorrelated
signal.

The definition of the mean free path also contains the two most obvious ways of re-
ducing multiple scattering, namely increasing l by diluting the system or decreasing
L, i.e. utilizing a thinner sample container. Sometimes neither of these are valid op-
tions and a choice is then to remodel the entire experimental setup. One option is
the use of a dual laser setup with two different wavelengths that are recorded by indi-
vidual detectors sensitive to either of the wavelengths. 115 It is then possible to perform
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two scattering experiments simultaneously in the same scattering volume by carefully
selecting the angular arrangement of the lasers and detectors. Any multiply scattered
light will originate from different parts of the sample for each of the measurements and
can thus be removed by cross-correlating the two signals.63,114

Another method for suppressing the influence of multiple scattering is the use of a
3D-setup. 114,116 Here, instead of utilizing different wavelengths one exploits the third
vertical dimension. The incoming laser light is split in two parts that enter slightly
above and below the normal scattering plane, likewise the detectors will also be offset
from the plane. Similar to the two-color setup this allows for the simultaneous meas-
urement of two scattering experiments by cross-correlating the two signals, albeit with
more limitation since the detectors are unable to differentiate between the two exper-
iments. Although this allows for measurements of turbid samples there is an inherent
4x reduction of the correlation intercept due to cross-pollution of the two signals. As a
way to combat this issue, the instrument can utilize a modulation arrangement where
the incoming light, after being split in two beams, is alternately blocked thus creating
a temporal difference between the two experiments which allow for cross correlation
without cross-pollution. 117 However, this has the side effect of restricting the accessible
short time range as motion faster than the modulation time will not be resolvable.

This type of setup was used for the work in this thesis and utilized a 3D-LS Spec-
trometer (LS Instruments AG, Switzerland) equipped with a goniometer for the de-
tector stage, allowing for easily changing the scattering angle, as well as a second go-
niometer for sample rotation. The setup was initially equipped with a He-Ne laser
with λ = 632.8 nm but later remodelled with a Cobolt Flamenco diode laser with
λ = 660 nm. The sample temperature was controlled using a water-cooled vat con-
taining decalin.
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I can dive and swim in these coins like they were water.
— Scrooge McDuck

CHAPTER5

MICRORHEOLOGY
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Microrheology as a concept relies on observing the motion of microscopic tracer
particles in a particular sample of interest and can utilize vastly different techniques
that are encompassed by their use of low sample volumes. 118–125 This can be achieved
indirectly using different forms of light scattering setups or directly by recording the
motion using video microscopy. The second method can be augmented with special
instruments, such as optical trapping, to actively subject the tracer particles to external
forces, i.e. active microrheology. This allows for probing the nonlinear response of a
sample which is not achievable when measurements rely solely on the inherent thermal
motion of the tracer particles, i.e. passive microrheology.
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5.1 Background

Microrheology was early successful in investigating polymer and emulsion based sys-
tems and much of the theoretical framework was demonstrated using these sys-
tems. 126–134 There has been considerable effort over the last couple of decades to move to
biologically interesting systems, such as proteins. 135–144 Here, the advantage of micro-
scopic sample volumes would have a pronounced benefit over conventional rheology
methods due to the, often, limited sample availability. However, this opens up several
areas of concern not immediately present for more chemically inert systems such as
polymers. First and foremost, there ought to be no (or at least non-influential) interac-
tions between tracer particles and the protein to properly probe bulk rheological proper-
ties. Another concern is the solvent conditions which for proteins tend to be some type
of buffering system where the presence of salt may induce particle aggregation in the
case of electrostatically stabilized particles. Section 5.2 and Paper i further address the
issue with particle stability. The majority of work on tracer particles for biological sys-
tems that show the most promising results use sterically stabilized particles 135,136,142–144

to solve both of these issues at once but other methods have been proposed and tested.
One such method relies on predisposing the tracer particles to a secondary protein
solution (commonly bovine serum albumin, BSA) to saturate any possible sites of in-
teraction before subjecting them to the protein sample of interest. 135,137,145,146 Here,
for example, two studies using the BSA-method on systems consisting of F-actin net-
works found conflicting results, where BSA either failed 135 or succeeded 137 in prevent-
ing particle adherence to the protein network. Another option is simply using charge
stabilized particles but this method is understandably often associated with poor res-
ults. 135–137,139,142,143

An important application of microrheological techniques is the ability to non-invasively
and continuously investigate evolving systems, such as aging soft colloids, 147 cross-
linking of polymers, 148,149 aggregation of protein 150 and gelation of milk. 151 A more
exotic application is investigating the viscoelasticity of the cytosol in cells as it will have
profound implications on the transport of cellular components. Fluorescent molecular
rotors have for example been used to investigate the increase in viscosity upon cell
death. 152 Particle tracking microrheology has been utilized to probe the inner workings
of living cells 153 as well as track the diffusion of pharmaceutical nanocarriers within
cells. 154 The method has also been used to investigate gravitropism which governs the
orientational growth of plants. 155

The two scattering techniques commonly used for microrheology are DLS and diffus-
ing wave spectroscopy, DWS, which differ on whether single or multiple scattering is
dominating. DWS 128,156 has the advantage of probing much higher frequencies than
what is accessible with DLS and even bulk rheology. 122,133 In doing so it also requires
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much higher concentration of scatterers as it relies on the ”random walk”-like nature
of the scattered light, achievable once the number of multiple scattering events is suffi-
ciently large. 157 Due to this requirement the technique is readily used for samples that,
by themselves, scatter much such as emulsions, 158,159 colloidal dispersions 160,161 and mi-
cellar solutions 151,162. In contrast, DLS (described further in section 4.2), requires single
scattered light and is thus confined to, at least sufficiently, transparent samples. This
therefor limits the type of systems that can be investigated, but with the benefit that
the data generated is more easily handled.

Passive microrheology based on video recording 120,123,124,163,164 tends to exploit the spe-
cialized technique commonly described as confocal microscopy. An ordinary light mi-
croscope collects all the 3D spatial information in a sample as a 2D projection on the
objective. Confocal microscopy 165–167 utilizes a special lens arrangement to discard all
information outside a specific plane of interest. This is highly useful for recording 3D
structures, such as colloidal crystals and gels, as they can be imaged one plane at a
time. For microrheology the setup allows for the recording of a tracer particle’s mean
squared displacement in two dimensions, 2D-MSD, where particles are discarded once
they move sufficiently far in the third dimension and out of the plane. The proper-
ties of the extracted MSD will show whether the sample behaves as a Newtonian fluid
(viscous), a Hookean solid (elastic) or something in between (viscoelastic). A MSD
displaying viscous behavior can for example be used to calculate the diffusion coeffi-
cient of the tracer particle. 120,124 The benefit of a direct method, such as microscopy, is
that problems, such as particle aggregation, 142 will be directly apparent. The drawback
is that it can be time consuming to analyze (and record) enough videos to get suffi-
cient statistics for bulk characteristics. 120,124 There is also a limitation as to how fast
particles will move in low-viscous systems which may lead to difficulties of tracking
particles between frames as well as how long they remain in the imaging plane which
may reduce the statistics. 124

All of the aforementioned techniques utilize passive microrheology which inherently
probes the linear response of a sample. 124,125 This allows for the determination of para-
meters such as the zero-shear viscosity, assuming a diffusive system, without the need
for extrapolation from non-zero shear as necessary for shear-based techniques such as
rheometers.

5.2 Particle Stability

Particles are prone to aggregation if they lack long range repulsive interactions such
as electrostatics or if these interactions are screened due to the ionic strength of the
medium. This is caused by different intermolecular forces commonly collated as van
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der Waals forces 168,169 that are short ranged and will thus be mitigated if particles can
be kept sufficiently far from each other, using for example steric repulsion. In 1937,
Hamaker presented an estimate of the attractive force between two spheres of identical
size, shown in equation 5.1,

E = −
A
12

[

y
x2 + xy + y

+
y

x2 + xy + x + y
+ 2 ln

(

x2 + xy + x
x2 + xy + x + y

)]

(5.1)

where A is the Hamaker constant, x = d
2·R1

, y = R2
R1

, d is the surface-surface distance
between particles and Rx the corresponding radius. This is described in more detail in
Paper i.

One possible concern with microrheology applied to protein systems is that samples will
contain a mixture of (at least) two species, proteins and particles, that differ in size. Such
a combination is known to induce a short range attractive potential between the larger
species called depletion interaction. 170–174 In the case of microrheology this could be-
come a problem if two tracer particles get sufficiently close such that the particle-particle
surface distance is less than the size of the protein. The difference in osmotic pressure
caused by the different protein concentrations in the region between the particles and
that of the bulk will drive solvent to the bulk and thus force particles together. Deple-
tion interaction with respect to microrheology is further discussed in Paper i and the
accompanying supporting information. This phenomenon is commonly exploited in
colloidal systems with the addition of small polymers to mimic short range attractions
present in for example different protein systems.8,64,171 The strength of the depletion
interaction can be estimated from the Asakura-Oosawa-Vrij model shown in Equation
5.2

E
kBT

= −
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1 +
Rparticle

Rdepletant

)

·

(

1 −
3
4
χ+

1
16

χ3
)

·Φdepletant (5.2)

where χ is displayed in equation 5.3.

χ =
d

Rparticle + Rdepletant
(5.3)
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5.3 Particle Preparation

All the particles used were obtained from ThermoFischer Scientific and received as
carboxylate modified polystyrene spheres at concentrations 2-4 wt. The dispersions
with fluorescent particles were discovered to contain a nonionic surfactant, Tween,
which had been used by the manufacturer during the swelling procedure where fluoro-
phores were incorporated into the polystyrene matrix. The presence of Tween appeared
to have a detrimental effect on the preparation procedure and was therefor initially re-
moved by means of dialysis using Slide-A-Lyzer mini dialysis device, 20 kDa, against
MQ-H2O.

These electrostatically stabilized particles were then treated to create sterically sta-
bilized tracer particles to minimize interactions with the protein being investigated
while also providing enhanced particle stabilization in buffers with non negligible
ionic strength. A schematic of the full procedure is displayed in figure 5.1 and
detailed in Paper ii. The concept is based on amine-coupling using EDC (N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide) commonly used for cross-linking chem-
istry. 175,176 Amine-terminated PEG (polyethylene glycol) are covalently linked with
carboxylic groups on the particle surface forming amide bonds in a MES-buffer 177 (2-
(N-morpholino)ethanesulfonic acid) at pH 6. The dispersion was continuously agit-
ated during the incubation to avoid particle sedimentation which otherwise appeared
to interfere with the treatment, most likely by restricting the physical access of the re-
agents due to the relatively firm packing of particles in a sediment. Once completed,
centrifugation was used to wash away remaining reagents from the particles using MQ-
H2O, with the final dispersion being stored in the fridge with an additional 0.02 wt
NaN3 for longevity.

Evaluation of the cross-linking initially relied on the change in ζ-potential but was
eventually improved to also evaluate particle stability as described in Paper ii. The ζ-
potential 178 can be used as a measurement of the amount of charges in a system and
should have a high net value for electrostatically stabilized colloidal dispersions to pre-
vent aggregation. As such, the particles ought to have a high value of the ζ-potential
before the cross-linking with PEG and afterwards a value close to 0. Measurements were
carried out on a Malvern Zetasizer Nano which employs electrophoretic light scatter-
ing to measure the change in mobility with an applied electric field. The measuring
cell consists of a U-shaped capillary, where the measurement is performed at the bend
and the end points contain the electrodes. A reduction in ζ-potential infers that the
cross-linking is successful, at least to some degree, but does not mean that particles are
stable against aggregation. As a verification of this, pegylated particles were dispersed
in a salt solution with high ionic strength to screen any potential remaining charges.
The hydrodynamic radius of the particles in such a dispersion was then continuously
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Figure 5.1: Experimental scheme of the procedure used for creating pegylated tracer particles detailed in Paper ii.

measured using DLS, where a stability failure would show up as an apparent growth in
particle size which is further detailed in section 6.1.2.

5.4 DLS-Microrheology

5.4.1 Theory

Reviewing equation 4.11 shows that the observed diffusion coefficient depends solely
on the sample viscosity if the temperature and probe size are maintained. It is thus
straightforward to extract the viscosity of an unknown sample as long as the diffusion
coefficient of the corresponding tracer particle in a reference dispersion is known, i.e.
as shown in equation 5.4 where ηr is the relative viscosity.

ηr =
ηsample

ηreference
=

Dreference

Dsample
(5.4)

This method is valid as long as the Stokes-Einstein relation is applicable, i.e. the sample
behaves as a Newtonian fluid and the tracer motion is purely diffusive. The diffusion
coefficient is a measure of the MSD, ⟨△r2(τ)⟩, of the diffusing particle according to

28



equation 5.5

⟨△r2(τ)⟩ = 2i · D · τ (5.5)

where i is the dimensionality of the diffusion and is equal to 3 for DLS as long as
the scattering is isotropic. Using the cumulant expansion, equation 4.9, of first order
together with equation 4.10 shows that the field correlation function can be written as
equation 5.6

g(1)(τ) = e−q2Dτ (5.6)

Equations 5.5 and 5.6 can then be combined to allow for the extraction of MSD from
a DLS-experiment 122,179 as shown in equation 5.7

g(1)(τ)
g(1)(0)

= e⟨△r2(τ)⟩·q2/6 (5.7)

5.4.2 Methodology

The methodology of DLS-microrheology is detailed in Paper ii. All DLS-measurements
were performed using 5 mm NMR tubes as sample holders to minimize the amount of
protein needed. These were initially cleaned with 99.7 ethanol and MQ-H2O, and
then left to dry upside down to minimize the risk of contamination from dust. The
sample was initially prepared in a 0.5 ml lo-bind eppendorf tube already containing the
protein, usually a volume ∼ 100 µl. Particles (< 10 µl) were added directly to the eppen-
dorf tube which was immediately vortexed to homogenize the sample. Due to the low
sample volume 134 this step was sometimes problematic when the protein concentra-
tion was high and it could be necessary with prolonged vortexing over several minutes.
This also turned out to be a limiting factor for how high sample concentrations that
were possible to reach. The new, slightly lowered, protein concentration was calculated
from the change in weight upon addition of the particle dispersion. The sample was
then transferred to a clean 5 mm NMR tube using an automatic pipette with lo-bind
tips. In the case of very high protein concentrations pipette tips with wide orifices
were used and it was sometimes necessary to spin the sample down using a mild, brief
centrifugation.

Microrheology measurements were most often performed at a scattering angle of 90◦for
3-30 min depending on the sample viscosity, i.e. protein concentration. A reference
dispersion of tracer particles without protein was always measured as well and used to
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Figure 5.2: Example of how a dilution of the protein sample is performed directly in the light scattering tube using a
syringe and a long needle to deposit particle dispersion above the meniscus.

extract the relative viscosity as explained in section 5.4.1. In an effort to reduce the
amount of protein, an in-situ dilution method was conceived where a starting sample
was diluted directly in the NMR tube several times, usually up to 4 or 5 for concentrated
samples. This was achieved using a syringe and a long needle to place a small drop of
the reference particle dispersion just above the sample meniscus without touching the
sample with the needle (Figure 5.2). The volume added tended to be between 5-40 µl
depending on how big of a concentration change was desired. The maximum total
dilution was limited to about a factor 0.5 of the original sample concentration due
to the thermostatted bath where a too large sample size would not be fully immersed
anymore.

5.5 Multiple Particle Tracking

5.5.1 Theory

The computational models are detailed in the supporting information of Paper iii and
accompanying references. 123,142,180,181 The location and thus the motion of particles are
extracted from a series of still frames finally yielding the mean squared displacement.
The probability distribution (van Hove self-correlation) of particles having traveled a
certain distance in a specific time was analyzed to find the time where the statistical
properties were optimized. This time was then used to extract the diffusion coefficient
of the tracer particles.
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Figure 5.3: Simplified scheme of methodology where the protein (small spheres) concentration is increased by evaporating
the solvent in a small sample volume leading to arrested tracer particles (large spheres)

5.5.2 Methodology

All multiple particle tracking, MPT, measurements were carried out on a confocal laser
scanning microscope, CLSM Leica DMI6000. Samples with protein and fluorescent
particles were initially prepared in the same way as for DLS-samples described in section
5.4.2. Circular sample wells were employed using sticker cells on microscope glass slides.
A sample volume of 5 µl was deposited in the well and the cell sealed using a glass cover
slip.

An unconventional method was designed in an effort to reach protein concentrations
not directly accessible with the method described in section 5.4.2. This utilized the
minute sample volumes applicable in MPT by allowing a controlled amount of time
between sample deposition and sealing of the cell as visualized in Figure 5.3. The evap-
oration was tracked by performing the procedure on a sensitive balance and the new
higher protein concentration determined from the reduced weight. This allowed for
creating protein concentrations far into the arrested region with embedded particles.
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The best way to treat obstacles is to use them as
stepping-stones. Laugh at them, tread on them,

and let them lead you to something better.
— Enid Blyton
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Figure 6.1: The effect of salt on the sample viscosity of mAB-solutions, demonstrating a shift to higher concentrations
with increasing ionic strength. Fits are with the Mooney relation (equation 3.1b) except with concentrations
instead of volume fractions. a: Linear axis b: Logarithmic axis

6.1 Tracer Particles

6.1.1 Initial Test with mAB

The choice of tracer particles for reliable microrheology investigations turned out to
be more involved than initially expected. As detailed in section 5.1, there exists a vast
repertoire of more or less successful variants in literature. It was rapidly realized that a
system consisting of polystyrene particles, sterically stabilized with PEG had the highest
chance of success. Initially a combination of 1.0 µm polystyrene spheres and 0.75 kDa
PEG was tested, akin to that by Valentine et al. 135 This system was subsequently used
to study a type of mAB and determine how salt affected the viscosity-concentration
dependency and thus the location of the arrest transition.

It is desirable to obtain such information early in the pharmaceutical research phase
as it relates to parameters such as syringeability, discussed in section 2.1.3. One would
preferably see that the divergence of viscosity, occuring when near the arrest trans-
ition, appears at high protein concentrations as this allows for easier injections of small
volumes during drug administration. A possible way to shift this divergence to higher
concentrations while maintaining the protein composition is by means of additives,
such as salt which screens long range electrostatic interactions between proteins. It is
clear from figure 6.1a that the onset of the divergence occurs at a higher concentration
with increasing salt concentration as expected. The accompanying fits are obtained
using the Mooney relation, equation 3.1b, but only give a good agreement for the 50
mM data set, for which the maximum concentration comes out around 510 mg/ml.
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The data set for 10 mM NaCl gives an arrest concentration of 650 mg/ml but, as seen
in figure 6.1b, the fit does not reproduce the data at lower concentration which also
appears to be significantly more noisy and is thus inherently less reliable.

These initial tests with mAB were performed at both low particle concentrations and
scattering angles (46-50◦). Despite the low angle there was still a significant amount
of protein signal in the autocorrelation functions. However, the large size discrepancy
between the two scattering entities allowed for fitting only the long decay belonging to
the particle signal. These experiments verified that the method was in principle work-
ing as it was possible to see a difference between the two salt concentrations. However,
several issues became apparent, such as the influence of protein scattering, particle form
factor affecting the choice of scattering angle as well as particle instability where aggreg-
ation appeared to be an increasing issue with time.

6.1.2 Revising the Tracer Particle System

The motivation for the alteration of the tracer particles is detailed in Paper i. First of
all, the existence of form factor minima was found to significantly complicate meas-
urements as it became necessary to carefully choose the scattering angle to avoid these
regions. The benefit of having a large size difference between tracer particle and protein
is of course that scattering is strongly dependent on size, for example in the Rayleigh-
region the scattered intensity depends on the size to the 6th power. Reducing the
particle size to 0.3 µm completely removed the concern of avoiding form factor min-
ima, as seen in figure 6.2, while still maintaining a relatively large size difference between
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particle and protein. The experimental form factor of the smaller particles agreed well
with that obtained from equation 4.4, while the larger 1.0 µm particles were best de-
scribed using Mie theory 182 with a size of 0.92 µm.

Perhaps the main draw-back of shifting to a smaller particle size is the reduced differ-
ence in decay constants between the particle and protein. This can lead to situations
where it will be difficult to properly extract information exclusively from the tracer
particles without contributions from the protein. Figure 6.3a shows a sample where
the particle concentration is so low that the protein contribution becomes signific-
ant. This was alleviated by increasing the particle concentration sufficiently such that
it dominated the total scattering profile, as seen in figure 6.3b. This also shows the
shift of the particle decay with reduced protein concentration due to the accompany-
ing change in viscosity. The enhanced particle concentration resulted in a much more
turbid sample, insets in figure 6.3, which directly lead to the need of employing the 3D
cross-correlation technique to suppress the accompanying multiple scattering, further
discussed in section 4.3. This increase in concentration also confirmed a suspicion that
despite being pegylated the particles were not thoroughly sterically stabilized after all.
An example of this is shown as red circles in figure 6.4a where a dispersion of 0.3 µm
particles treated with 0.75 kDa PEG was monitored with DLS over time. The apparent
size increase with time is a clear sign of particle aggregation meaning this PEG is not
sufficient as a stabilizing agent.

If particles are allowed in close proximity they may aggregate due to intermolecular
van der Waals forces as described in section 5.2. Figure 6.4b shows the range of these
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Figure 6.4: a: Continuous DLS measurements revealing aggregation as an apparent increase in size. Particles, 0.3 μm,
dispersed in high ionic strength solution (green and blue) or low ionic strength buffer (red). b: Calculated van
der Waals attraction for the two different particle sizes. The shaded region indicates the possible extension of
the 20 kDa PEG depending on solvent quality.

attractive forces calculated using equation 5.1 for the two particle sizes thus providing
further motivation to use a smaller particle size. The coloured areas indicate possible
spread due to varying values of the Hamaker constant obtained from literature with
the lines reflecting an average values, which is explained in more detail in Paper i. The
obvious way to prevent this type of aggregation is to provide a repulsive force with
sufficient range to counteract the attraction. It is clear that the 0.75 kDa PEG is not
sufficiently large to achieve this requirement. The shaded region in figure 6.4b details
the potential range of a much larger 20 kDa PEG shell depending on how extended the
chains would be, which suggests that 20 kDa should be sufficient to sterically stabilize
at least the 0.3 µm particles. This was also found to be the case as shown in figure 6.4a
where particles treated with 20 kDa PEG (blue circles) and untreated particles (green
circles) are dispersed in a high concentration of NaCl-solution to completely screen
any electrostatic interactions. The treated particles show no signs of aggregation thus
verifying that this larger PEG size is a more suitable option. It was also realized that
literature describing the use of PEG to create anti-fouling surfaces noted the necessity of
using high molecular weight PEG, preferably tens of kDa, to prevent protein adsorption
which further validated this particle composition. 183–185

Extending the procedure to fluorescent 0.2 µm polystyrene particles was initially un-
successful. As it turned out, during the production step the manufacturer utilizes a
swelling/deswelling procedure using organic solvents to incorporate the fluorescent dye
within the polystyrene matrix. During this step Tween, a nonionic surfactant, is added
to stabilize the particles as the charge stabilization is not functioning in an organic envir-
onment. It seems that this Tween is then not properly washed away after the procedure.
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Figure 6.5: a: Theoretical strength of the depletion attraction between two particles at different volume fractions of α-
crystallin. b: Microscope image of particles after incubation in a solution of α-crystallin. The bar represents a
length of 5 μm.

The presence of Tween appeared to prevent the pegylation, most likely by physically
restricting PEG from accessing the carboxyl groups on the particle surface. Successful
surface functionalization was achieved by prewashing the particles using dialysis against
H2O before the treatment. The presence of Tween actually made the untreated particles
stable in a high ionic solvent, something that should not be possible for electrostatically
stabilized particles. However, this effect was lost after washing as expected.

6.1.3 Depletion Interaction

One serious cause of concern with microrheology of protein systems in general is the
possibility of depletion interactions leading to particle association, described in section
5.2 as well as more thoroughly in Paper i and the accompanying supporting informa-
tion. Figure 6.5a shows the calculated strength of this attractive potential at different
protein concentrations from equation 5.2, assuming naked hard sphere particles. The
theoretical samples consist of α-crystallin chosen due to its relatively large size resulting
in an extended range of the attraction compared to smaller proteins. From this, it was
clear that depletion interactions may play a significant role in the current system.

Now, the difference between this theoretical scenario and the actual case is that the
particles are coated with a layer of PEG. This complicates the model significantly and
there does not appear to exist a consensus in literature on how such a layer will affect
the interaction potential, with some even suggesting a stabilization effect opposing the
depletion attraction. 172,186,187 It proved to be difficult to 100 verify the presence of
depletion or lack thereof in the current system. The way that was conceived was to
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disperse particles in a sample of α-crystallin and wait several hours before performing
visual inspection using microscopy which displayed no indications of aggregates, ex-
ample image in figure 6.5b. There have also been no signs of any apparent size increase
as measured with DLS over time in samples which also indicates that depletion does
not have an impact on the system. It is still not clear as to why there is no apparent
sign of aggregation due to depletion attraction. It could be due to the aforementioned
stabilization effect or it could be that the particle concentration is just low enough
that it is not kinetically reasonable for aggregation to occur over the time frame of the
experiments.

6.2 Proteins

6.2.1 Lysozyme

Lysozyme is, together with entities such as BSA, one of the most well studied protein
systems. As such, it served as a good verification system for the reliability of the mi-
crorheology method, as detailed in Paper i, especially since its viscosity-concentration
profile at 5◦C was already available in literature. 11 These experiments were performed
at minimal ionic strength so as to not screen any long range electrostatic interactions.
This was to get a situation where the combination of SALR, described in section 2.1.1,
caused the formation of equilibrium clusters. 11 Figure 6.6a shows these two data sets
agreeing over the entire concentration range after the density corrections discussed in
section 2.3. One thing to especially note is the sparse number of data points at low
concentrations available from literature, which was caused by the need for extrapola-
tion from high-shear measurements and thus made the determination of low viscosities
difficult. 14

It is possible to determine an effective volume fraction of the protein samples using
equation 3.2, assuming the Quemada relation holds for the system as discussed in sec-
tion 3.3. The fit used to retrieve the conversion factor (Φmax

theory/Φmax
measured = 2.27)

from the microrheology data is shown in figure 6.6b with the final viscosity plot in fig-
ure 6.6c together with the corresponding Quemada relation. The conversion factor
is close to the 2.22 which was previously reported in literature, 11 which supports the
picture that electrostatic repulsion between the charged clusters drives the arrest trans-
ition.

The experiments so far have demonstrated the viability of DLS-microrheology to yield
the same viscosities as those from rheometry over a wide concentration range. However,
no measurements have been possible of volume fractions at and beyond Φmax. This is
mainly due to two reasons, first it’s difficult to prepare sufficient volumes with high
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Figure 6.6: a: Viscosity of lysozyme solutions at 5◦C determined using microrheology and compared to rheometer-based
values found in literature. 11 b: The plot to determine Φmax of the system which is then used to calculate
Φeff from equation 3.2. c: The measured viscosities with the effective volume fractions together with the
Quemada-relation for Φmax = 0.64. d: The viscosity of lysozyme at 20◦C as measured with both CLSM and
DLS showing that both methods yield the same result. The effective volume fraction was calculated and the
viscosity behavior shown to follow the Quemada relation.

concentrations using the Amicon procedure since the final increases are very minor
and the centrifugations mainly result in concentration gradients occurring in the tube.
The second comes from the fact that the addition of particles leads to a minor dilution
of the sample which at high protein concentrations is not insignificant. Lysozyme was
chosen as the test protein in an effort to push the sample concentrations as high as
possible. This was due to its high availability and relatively easy preparation procedure
but also from the contradicting results in literature whether an arrest transition truly
exists for the system. 11,12,105

This project is detailed in Paper iii and the primary idea was to utilize CLSM to perform
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MPT, described in section 5.5, as this would require much smaller volumes (∼ 5 µl) as
compared to DLS (∼ 100 µl) and it should thus be possible to more easily prepare
highly concentrated samples. The first thing was to extend the particle preparation to
fluorescent particles as described further in section 6.1.2. A set of samples were prepared
with 0.2 µm particles and measured at 20◦C to confirm that the result obtained from
CLSM corresponds to those measured with DLS. The results, displayed in figure 6.6d,
shows great overlap for all but one of the most concentrated samples. The effective
volume fraction is determined the same way as previously described in figure 6.6b/c
but with a conversion factor of 1.89 from equation 3.2 instead.

41



Despite the reduction in sample volume it was not enough to reach the arrested region
due to the step of adding particles. A way was derived to reach these high concentrations
based on evaporation as described in section 5.5.2 and Paper iii. Figure 6.7a shows
the change in weight of the experimental setup which shows linearity with time until
extremely high concentrations were reached. A control consisting of an immediately
sealed sample cell was continuously measured for several hours showing that, once
sealed, there is no change in sample concentration at least during the extent of the
experiments.

During the sealing of the sample cells it was noted that the sample behaved macroscop-
ically different depending on the duration of evaporation. This is displayed in figure
6.7b, which also contains the estimated final average volume fraction of the evaporated
samples based on the amount of solvent that disappeared. Initially the samples easily
flow when sealed, indicated with green points. However, after some time there seems to
be a more heterogeneous distribution, shown as blue points, with a more concentrated
outer region and a more liquid-like core that is becoming more homogenized during
the sealing process. Finally, the sample does not show such a visible heterogeneity and
is actually quite difficult to properly seal due to the solidity of the sample, displayed as
red points.

Figure 6.7c shows MSD:s recorded at several different locations within the samples
denoted as stars in figure 6.7b, with a black line showing the noise floor inherent in
measurements due to instrumental drift. For the lower concentration there is full over-
lap at the different regions within the sample displaying fluid behavior, then around
the arrest transition there is clearly more heterogeneity with some regions being more
fluid- or more solid-like. Finally, the measurements overlap again once every location
investigated within the sample display a fully arrested state.

Figure 6.7d shows the viscosity data from MPT in figure 6.6d together with viscosities
retrieved from the evaporation samples that displayed viscous behaviour. This verifies
that samples prepared with the evaporation method yields the same result as conven-
tionally prepared samples.

6.2.2 α-crystallin

The protein α-crystallin is a vital part to maintain a healthy environment in the eye
lens due to its chaperone activity, as described in section 2.1.2. It appears to also be the
only crystallin that has had its entire viscosity-concentration dependency detailed using
rheometry.27 There it was shown to follow the behaviour of a classic hard sphere system
at physiological buffer conditions. It was therefor a suitable system to act as a second
verification of the microrheology methodology together with lysozyme, described in
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methodology is valid also in D2O-based samples.

section 6.2.1, and further detailed in Paper i. There is clearly an agreement between
the two data sets, as shown in figure 6.8a, thus further confirming the viability of the
microrheology method.

The best fit to the microrheology data was obtained using the Mooney relation, equa-
tion 3.1b described further in section 3.2. This yielded values for the fitted parameters
of [η] = 2.55 and Φmax = 0.646 which are very close to the values expected for a
system with hard sphere interactions, [η] = 2.5 and Φmax = 0.64. Thus confirming
that α-crystallin indeed behaves as hard spheres at these conditions.

6.2.3 βH-crystallin

General investigations of systems such as proteins often involve the use of neutron-
based scattering techniques. One such technique, called neutron spin echo, can be used
to investigate concentrated systems to illuminate how interactions between proteins
influences the short-time dynamics. In order to successfully utilize neutron scattering
techniques, it is often necessary to use D2O instead of H2O to minimize incoherent
background. It was therefor necessary to investigate if the microrheology methodology
with the current tracer particles were operational also in a D2O-system. The protein
chosen for this was βH-crystallin as it will also be needed for comparison with neutron
data in later publications focused on this protein. Despite being an eye-lens protein, it
has received relatively little scientific interest. This is most likely due to it not having
been shown to possess neither an interesting interaction scheme such as that of γB-
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crystallin nor having a direct influence on lens health with a chaperone effect like that
of α-crystallin.

Figure 6.8b shows two sets of experiments with β-crystallin in either H2O- or D2O-
based phosphate buffer. There is some minor deviation between the two data sets at
the intermediate concentrations but the overall trend, especially when approaching the
arrest transition, appears to be consistent between the the two solvents. In contrast to
the results from α-crystallin, it was not possible to directly fit this data to models for
hard spheres. The reason for this is currently not clear, but could be due to the sugges-
ted significant polydispersity of the system29 or some currently unknown interaction
potential.

6.2.4 γB-crystallin

The interactions of γ-crystallin is believed to be of high importance to achieve and
maintain the high protein concentration within the eye lens, as further described in
section 2.1.2. As previously noted, the work in this thesis has exclusively been on the
subtype γB-crystallin. Its rheological properties have never been studied previously
due to the extremely time and resource demanding procedure of acquiring the protein
detailed in section 2.2.2. This project is further detailed and discussed in Paper iv.

The critical concentration and temperature are known to occur around Φc = 0.15 and
Tc = 19◦C for this system.42 First of all, microrheology measurements were performed
at four different temperatures (T = 20; 25; 30; 35◦C) which range from far away to
within close vicinity of the critical temperature. The temperature will influence the
apparent strength of the attractive interactions between the proteins. The existence
of a critical region proved to cause major problems for the DLS-based microrheology
method. This was due to a substantial increase in protein scattering as well as a signific-
ant overlap between the particle and protein decays which made it difficult to extract
reliable data originating from the tracer particles as detailed in Paper iv.

Figure 6.9 shows the results obtained from both DLS and MPT for the four different
temperatures. There is a suspicious local increase in the apparent viscosity from the
DLS measurements around the critical concentration, Φc. The origin of this is not
fully understood but it could be due to the difficulty in fitting the data or it could
have a more complicated origin such as critical Casimir forces. 188 For this reason, the
MPT was performed using untreated 0.5 µm particles which fortunately agreed with
the DLS results over the entire range except around the critical concentration. This
indicates that scattering based microrheology around or close to critical regions of a
system is inherently problematic.
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Figure 6.9: Viscosity of γB at four different temperatures (a: 20◦C b: 25◦C c: 30◦C d: 35◦C) determined using DLS- and
MPT-based microrheology. This revealed a problem with the DLS measurements around Φc which was not
reproducible using MPT. The fits were obtained using equation 3.3 with ν = 3.23 and appears to describe
the data sets well over the concentration range.

The best fit to the data was using the attractive model described in section 3.3 and
equation 3.3 using a value of ν = 3.23.93 There was no apparent difference in the value
of Φmax, varying between 0.27-0.29, for the four different temperatures. This was
confirmed using the evaporation method to create samples beyond the arrest transition
akin to those described in section 6.2.1 for lysozyme. Normalizing the viscosities at the
different temperatures against T = 35◦C for the MPT data, shown in figure 6.10, reveals
some temperature dependence where the viscosity increases with reduced temperature.
So even though the changes in interactions does not appear to influence the location of
the arrest it does affect the viscosity of the system leading up to those concentrations.
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They asked me how well I understood theoretical physics.
I said I had a theoretical degree in physics.

They said welcome aboard.
— Fantastic, F:NV

CHAPTER7

CONCLUSIONS & OUTLOOK

This work has focused on establishing an experimental procedure to investigate the
zero shear viscosity of concentrated protein solutions close to the arrest transition. The
behavior of this type of concentrated system is of high interest for several reasons. Not
only is it directly related to certain biological functions such as that of the eye lens
but also in regards to protein condensation diseases as well as the use of concentrated
protein biologics.

A tailored tracer particle was developed and shown to perform well in the presence of
proteins in different buffers. A method to investigate the viscosity-concentration de-
pendency using DLS-based microrheology was conceived using a specialized 3D-DLS
technique to suppress multiple scattering. It was then applied to different protein sys-
tems, such as certain eye-lens crystallins that had never been rheologically investigated
before due to the limited supply of protein. This method worked well for every protein
system tested except around the critical region displayed by γB-crystallin where the
protein scattering became too significant.

The tracer system was adjusted to work with fluorescent particles which made it possible
to perform microscopy-based microrheology. This method made it viable to investigate
protein systems close to the critical region where DLS failed. A secondary sample
preparation approach involving evaporation to further concentrate samples allowed
the arrest transition to be reached and surpassed. This made it possible to confirm the
location of the arrest transition directly, something that otherwise is extrapolated from
measurements of less concentrated samples.

Future opportunities with this tracer particle system and the microrheology method-
ology can involve more complex systems such as mixtures of different proteins. This
is of particular interest for the eye lens system where the combination of the different
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proteins at high concentrations creates a unique biological system. Another type of
sample that may be of interest for this methodology can be that which have a temporal
component where the viscosity evolves over time. Microrheology can allow for non-
invasive measurements of the same sample over a vast time-span in contrast to other
rheological methods where aliquots need to be extracted at different time points. A
more exotic reason focused on fundamental science is for example the investigation of
depletion interaction and how it depends on surface coating. Changing the size of the
attached PEG as well as varying the solvent quality can make it possible to experiment-
ally investigate depletion attraction between particles where the interaction is not truly
hard sphere like.
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