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Abstract

Biological cells are crowded environments consisting of both large and small molecules.

The macromolecular crowding observed in biological cells is likely very important to

the structure and function of a living cell. Since the macromolecules can interact with

each other, this makes the system complex and there remain several open questions.

In the laboratory, artificial crowder molecules can be used to create experimental

model systems that mimic the cellular environment. Artificial crowders such as the

polysaccharide, Ficoll, have long been assumed to be compact and colloidal, but a

holistic understanding of its structure and dynamics is lacking.

This thesis investigates the structure of Ficoll using multiple experimental tech-

niques. We report rheology, small angle neutron scattering, self diffusion and re-

laxation measurements using nuclear magnetic resonance experiments on two widely

used artificial crowder molecules, Ficoll-70 and Ficoll-400. Our results, combining

measures of structure, diffusion, relaxation and rheology, show that Ficolls are more

polymer like than colloid like. Importantly, we find that the self-diffusion of HDO

molecules in the suspension is an efficient probe to evaluate volume occupancy of the

suspension under investigation. We then evaluate the physical properties of a protein

crowder solution, BSA, and phytoglycogen, a natural plant based dendrimer using the

methods developed to evaluate the Ficoll suspension properties.

For all crowders, we find that the self diffusion coefficient decreases exponentially

with a characteristic concentration of 10-12 wt %. We also observe that the NMR

transverse relaxation of the solvent is a sensitive, independent measure of water con-

finement, which can be correlated with suspension rheology and self diffusion. To

summarize, the highlight of this thesis is that structural and dynamical methods that

report on macromolecules as well as solvent can provide a more complete view of

macromolecular crowding.
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Lay summary

All living species are made up of biological cells. A tiny microscopic biological cell

can contain macromolecules up to concentrations of 300 - 400 g
L

, traditionally thought

to occupy 30-40 % of the total volume of the cell. Under these crowded conditions,

the molecular properties are affected by the spatial constraints imposed by other

molecules. In this thesis, we investigate the structure and hydration properties of

laboratory model crowder molecules which are used to mimic crowding conditions

in a living biological cell. Despite extensive research in macromolecular crowding

the physical structure and the hydration properties of simple crowders, such as the

polysaccharide Ficoll, are not yet well understood. Here we employ multiple exper-

imental techniques, rheology, small angle neutron scattering and nuclear magnetic

resonance spectroscopy, to extract the structure and hydration properties of widely-

used Ficoll crowder molecules. We further extend our study to a protein crowder,

BSA, and phytoglycogen, a plant based dendrimer nanoparticle.
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Chapter 1

Introduction

1.1 Colloids

Colloids are heterogeneous systems in which particles of size ranging from nanometer

(nm) to micrometer (µm) are dispersed in a continuous medium that is liquid, gas

or solid [1]. Toothpaste, food, pharmaceuticals, ceramics, personal care products and

paint are some examples of colloids that we encounter in our daily life. Owing to

the size of the colloidal particles, the effects of gravity on the dispersed particles are

negligible while thermal effects are predominant in determining dispersion properties.

Thermal motion of solvent molecules sets up collisions with the dispersed particles

resulting in their random motion, termed as Brownian motion [2]. Colloidal suspen-

sions exhibiting Brownian dynamics are often used to model complex systems that

are subject to the action of multiple potentials acting simultaneously. In systems like

a living biological cell, each molecule is under the simultaneous action of multiple

intermolecular and intramolecular forces [3]. Understanding the properties of individ-

ual macromolecules and their influence in sustaining the cellular life cycle, therefore,
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remains challenging. In-vitro studies of macromolecular colloidal suspensions through

a bottom up approach, where the complexity can be systematically enhanced, are an

efficient method to develop understanding on these complex systems. This chapter

underlines different colloidal interactions, provides an introduction to macromolecu-

lar crowding observed in living cells, the underlying theme of this thesis, and further

discusses the goal of the thesis.

1.2 Interactions in colloids

1.2.1 Excluded-volume interaction

The presence of a particle or molecule makes its true volume inaccessible for other

particles or molecules to occupy. The prevention of overlap between two particles

leads to a short range repulsion, and is often modelled as hard spheres. This is

referred to as the excluded-volume interaction [4]. This is an entropic interaction,

and it can have a significant impact on the properties of the system, especially at

high volume occupancy. The associated free energy is proportional to the difference

of the logarithms of the partition functions with and without the excluded volume

interactions imposed [5]. Assume that we have ω number of boxes and we impose that

each box can have only one molecule, the partition function, Zexcluded is the number of

ways we can choose N boxes to place the indistinguishable molecules. Mathematically,

Zexcluded =
ω!

N !(ω −N)!

.

(1.1)
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Without the excluded volume condition imposed, the partition function is,

Z =
ωN

N !
(1.2)

Assuming ω � N, the difference in free energy, ∆Gexcluded is

∆Gexcluded = −kBT ln
Zexcluded

Z
= kBT

N2

ω
= NkBTφ. (1.3)

kB is the Boltzmann constant, T is the temperature, N
ω

is the number density, which

is proportional to the volume fraction φ [5]. The above equation states that the

excluded volume interaction increases the difference in free energy of the system that

is proportional to φ.

1.2.2 Depletion interaction

Consider a suspension of particles with different sizes, for instance, a bidisperse col-

loidal suspension. In such systems, the small particle cannot occupy the space between

two large particles when the large particle surfaces are separated by a distance that

is smaller than the small particle diameter as shown in Figure 1.1. However, the

free volume for small particles will increase as the large particles approach closer.

The entropy-driven attraction between the large particles in a polydisperse system is

known as the depletion attraction.

Consider two particles in a box of volume Vbox, contained in a unit cell of volume

ν (lattice model). The free energy change induced by excluded volume interactions

can be written as [5]
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]

Figure (1.1) The small particle cannot occupy the space between two large particles
when the large particle surfaces are separated by a distance that is smaller than the
small particle diameter, leading to the depletion attraction.

∆Gex = −NkBT ln

(
Vbox − Vexcluded

ν

)
+NkBT ln

(
Vbox

ν

)
= −NkBT

[
ln

(
Vbox − Vexcluded

ν

)
− ln

(
Vbox

ν

)]
= −NkBT ln

(
1− Vexcluded

Vbox

)
.

(1.4)

Using Vexcluded << Vbox and the relation ln(1− x) ≈ −x, we get

∆Gex = NkBT

(
Vexcluded

Vbox

)
. (1.5)

Now, consider two large spherical particles of radius R in a sea of small spherical

particles of radius r. For each of the large particles, there is a volume 4
3
π(R + r)3
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that is unavailable to the centre of mass of a small particle [5]. When the center-to-

centre separation between the large spheres, d, is less than 2(R+ r), an overlap of the

excluded volume develops as the large particles approach closer than 2(R + r). Now

the excluded volume for the small particles is given by [5],

Vexcluded = 2
4π

3
(R + r)3 − Voverlap (1.6)

where Voverlap = 2π
3

(
R + r − d

2

)2 (
2R + 2r + d

2

)
, where d is the distance between

the centers of the two spheres. The depletion force can be obtained by substituting

equation 1.6 in equation 1.5 and taking its negative partial derivative with respect d

as

Fdepletion = −∂Gex

∂d
= −NkBTπ

V

[(
R + r

)2 − d2

4

]
(1.7)

Thus the depletion force is proportional to the concentration, c = N
V

, where N is the

number of molecules in unit volume V .

1.2.3 The van der Waals attraction

The interaction arising from fluctuating electric fields of dipoles results in an attraction

between the particles that is known as the van der Waals attraction. An electrically

neutral atom can have an electric dipole moment due to a small relative shift in the

center of the positive nucleus and the center of electron clouds. The atom A induces

a dipolar interaction with the second near by atom, B, with an interaction energy of

[6]

Evdw = pBEA(r) (1.8)

where EA is the electric field of atom A, pB is the dipole moment of the atom B, and

r is the distance of the dipole from atom A. Since pB is proportional to r−3, Evdw



6

is proportional to r−6. This interaction is for point particles. For spherical colloidal

particles, the interaction energy is obtained by integrating over two sphere volumes,

and one gets [7]

E =
−Ah

6

[
R1R2

(R1 +R2)l

]
(1.9)

where Ah is the Hamaker constant, R1 and R2 are the radius of the spheres, and l is

the separation between their surfaces.

1.2.4 Electrostatic interactions

If a colloidal dispersion contains charged particles or ions, the electrostatic interaction

plays a vital role in determining the colloidal structure and phases. The charged

particles are equivalent to macro-ions. In a suspension of particles having ionizable

groups, the ions dissociate in solution to form the electric double layer. They interact

via a screened Coulomb repulsion. The counterions of opposite charge to that of the

particle maintains the overall electrical neutrality of the dispersion. In a mean-field

(Boltzmann) approximation, the spatial dependence of the counter ion distribution is

given by [4]

ni(r) = ni(0) exp

(
−zieV (r)

kBT

)
. (1.10)

where ni(0) is the bulk concentration of ith species, zi is the valancy of ith ion species

and e is the electronic charge. The potential obeys the Poisson-Boltzmann equation,

∇2V (r) = −zen(r)

εε0
. (1.11)

The solution under the Debye-Hückel approximation (sinh(θ) = sin θ) yields

V (r) =
q2 exp(−κr)

εε0r
, (1.12)
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where κ−1 =

[
2z2e2n0

εε0kBT

]− 1
2

is known as the Debye screening length. The Debye screening

length for 0.1 M phosphate buffer solution used to disperse BSA protein in our study

is 0.7 nm [8].

1.3 Diffusion of colloidal particles

At thermal equilibrium, solvent molecules exhibit random motions resulting from

collision with the colloidal particles. These collisions, in turn, set the colloidal particle

in random motion called diffusion. Consider a particle in a viscous medium under the

action of random collision forces, Fr. The equation of motion is given by,

Fr =
md2x

dt2
+ ζvx (1.13)

where the frictional coefficient ζ = 6πηRh for a spherical object with hydrodynamic

radius Rh. Multiplying Equation 1.13 with x on both sides and writing xd2x
dt2

as d
dt

(xdx
dt
−

(dx
dt

)2) and ζxdx
dt

as ζ
2
dx2

dt
equation 1.13 takes the form

ζ

2

dx2

dt
= xFr −m

(
d

dt

[
x
dx

dt

]
−
[
dx

dt

]2)
(1.14)

ζ

2

dx2

dt
= xFr −m

(
d

dt

[
xv

]
− v2

)
(1.15)

The quantities, Fr and x, as well as x and v are uncorrelated. Thus those terms

vanishe in a statistical averaging of the above equation resulting in

ζ
d〈x2〉
dt

= 2m〈v2〉. (1.16)
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In one dimension, the right hand side of the above equation is kBT , from the equipar-

tition theorem, and upon integrating, one can show that

〈x2〉 =
2kBT

ζ
t. (1.17)

In 3 dimensions,

〈r2〉 =
6kBT

ζ
t = 6Dt. (1.18)

The constant D = kBT
ζ

is called the diffusion coefficient of the colloidal particle. For

a sphere of hydrodynamic radius Rh, D= kBT
6πηRh

The hydrodynamic radius is more

generally used for macromolecules in solution, and is the radius of a sphere that

diffuses as the macromolecule does in dilute solution.

1.4 Polymers in the dilute and semi-dilute-regime

Polymers exhibit concentration-dependent static and dynamical properties [9, 10, 11].

In the dilute limit, the osmotic pressure obeys the van’t Hoff law and depends linearly

on the concentration. The relative viscosity in this regime also depends linearly on

concentration, c [12]. In the semi-dilute limit, the osmotic pressure π exhibits scaling

of the form c
9
4 . The osmotic compressibility, χ ∼ ∂π

∂c

−1
, thus scales as c−

5
4 [13]. The

viscosity, on the other hand, is expected to scale as c
15
4 in this regime [14, 15]. Cohen

et al. [16] showed that a phenomenological form of osmotic pressure can describe

behaviour spanning the dilute and semi-dilute regime, and showed that the cross-over

form π = Ac + Bc
9
4 described the experimental results well. This in turn yields a

form for the osmotic compressibility χ = D/(1 + αc
5
4 ) where D = 1

A
and α = 9B

4A
.
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1.5 Macromolecular crowding

In both the intracellular and extracellular space of a biological cell, multiple macro-

molecules exist at a high concentration of about 300 - 400 g
L

. The effect of the environ-

ment on the structure and motions of individual molecules is known as macromolecular

crowding. The protein content in a human cell is about 340 g
L

[17], haemoglobin exists

at a concentration of about 350 g
L

[18] in red blood cells, and the mitochondrial matrix

has protein contents up to 500 g
L

[19]. Due to the physical and chemical properties of

different molecules in a crowded environment, each molecule is subject to the action of

multiple potentials. However, regardless of the presence of any physical forces which

drive attraction or repulsion, such as the effects of electrostatics or hydrodynamics,

the excluded volume is the fundamental interaction in macromolecular crowding [20].

The relative sizes of the molecules is the basis for the non-specific steric repulsion lead-

ing to excluded volume interactions. In Figure 1.2, (a), the presence of molecules in a

given volume and remaining available free volume for a much smaller test molecule is

shown. The Figure 1.2 (b), indicates the excluded volume for test molecule of similar

size to the molecules in the environment. In a suspension of probe particle of radius rp

and crowder molecules rcrowder, a covolume can be defined as the volume of a sphere

with radius, rc = rp + rcrowder [21].

In order to understand crowding effects, there can be two different approaches,

the bottom-up approach and the top-down approach. In the bottom-up approach,

experiments are performed with hard-sphere model crowder molecules and then one

can systematically increase the complexity of the crowded environment. In the top-

down approach, one would begin the investigation with an intact cell and then simplify

[23]. While facilitating the systematic introduction of complexity, the bottom-up

approach allows controlling a wide range of physiologically relevant parameters like
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]

Figure (1.2) (a) In a volume where molecules occupy 30% of the space, the remaining
70% is available for other molecules. The free volume is shown in yellow. (b) A
molecule of similar size, however, can not approach to the space beyond the region
indicated by open circles. The free volume available here is much smaller [22].

pH of the system, temperature, ionic concentration, and molecular sizes, to name

a few. This aids in the better understanding of features of living systems such as

structure, dynamics, self-assembly, intermolecular and intramolecular interactions,

folding and unfolding kinetics of proteins and aggregation behaviour [24, 25].

Stagg et al. report that the conformations of a globular charged protein, apoflavo-

doxin from the bacterium desulfovibrio desulfuricans is dependent on its environment

at neutral pH [26]. They observe an increase in the secondary structure in the na-

tive state of apoflavodoxin and enhanced stability, induced by the crowding agent,

Ficoll-70, a polysucrose macromolecular crowder. In an another study [27], they show

that irrespective of the initial configuration of proteins, crowding, with dextran as

the crowding agent, accelerates proteins’ folding dynamics. Palit et al [28] report in

a combined pulsed field gradient nuclear magnetic resonance and small angle neutron
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scattering study that a significant polymer chain compression occurs when the crow-

der size is much smaller than the polymer size. They do not observe compression

when the probing polymer and crowder sizes are comparable. Shin et al., find in their

simulation study that large crowder molecules enhance the chain looping dynamics

for a given polymer chain when compared with small crowder molecules, an explicit

effect of excluded volume interactions [29].

Muramatsu et al. in their study of diffusion of four different tracer proteins of dif-

ferent molecular weights in four different globular proteins as crowder molecule with

simple hard-sphere approximations, observe reduction in diffusion of tracer molecules

of several orders when background protein concentration reaches about 200 g
L

[30].

Palit et al. in an investigation on the diffusion of poly(ethylene glycol), PEG, in a

model hard-sphere crowder, Ficoll-70, show a 10 to 100 times enhancement in the rela-

tive mobility of the PEG compared with the crowding agent Ficoll-70 in the crowding

limit, indicating that the PEG polymer’s flexibility assists diffusion through inter-

stitial spaces between crowder molecules [31]. Further, they report that while the

crowder’s charge enhances the polymer diffusion at intermediate crowder concentra-

tion, the crowder charge does not significantly impact polymer diffusion at crowding

concentration. In a test study on the influence of the artificial crowders, Ficoll and

dextran, on the stability of a protein, cytochrome, towards heat perturbation, struc-

ture and shape, Christiansen et al. summarize that probe molecule size, shape, folding

and unfolding routes, crowder size, shape and charge are some important parameters

that determine the net effect of macromolecular crowding [32]. Pielak et al. com-

ment that while considering the stabilizing action of excluded volume interactions,

one has to account for the intermolecular and intramolecular non-specific interaction

of crowder molecules in predicting the influence of crowding [33].
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The above studies are just a few examples from the literature. The available litera-

ture on the effects of excluded volume on the conformations of various probe molecules

of different physical and chemical properties are abundant [34, 35, 36, 37]. However,

the implicit assumption is an excluded volume that mimics the picture in Figure 1.2,

i.e a solid (and possibly spherical) crowder molecule. A well-used artificial crowding

agent has been the Ficoll particle, a nanometer-scale highly branched but crosslinked

polysaccharide macromolecule. In spite of its extensive use, there has not been a sys-

tematic examination on the structure of the Ficoll molecule. To fill this existing void

in macromolecular crowding research, we investigate the structure, hydration and flow

properties of Ficoll-70 and Ficoll-400 polysucrose molecules. Further, we compare the

dynamics and hydration properties of these molecules with bovine serum albumin, a

protein crowder and phytoglycogen suspensions in this thesis.

1.6 Crowders for bottom-up studies

The hard sphere (HS) potential is a well-used model for inter-crowder interactions in

crowding studies. It is defined by an infinite repulsion at distances smaller than the

contact distance, σ, between two particles and no interaction at all when particles are

not in contact. The infinite potential on surface contact arises from incompressible

nature of the particles. Figure 1.3 shows the interaction potential energy and force

as a function of distance r for hard spheres of diameter σ. At r = σ both the energy

and forces rises to ∞ from 0.
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Figure (1.3) Interaction potential energy and interaction force as a function of dis-
tance for hard sphere interactions [38].

The hard-sphere model is very successful in predicting many interesting features

of crowding. For instance, the hard-sphere model predicts the thermodynamical ac-

tivity coefficient, a measure of solute-solute interactions, seen in protein solutions at

physiological conditions [39]. An extended hard sphere model is, on the other hand,

is used to understand the colligative properties (i.e the generic concentration depen-

dent properties) of globular proteins [40]. However, in the two-state protein folding

equilibrium, the HS model is unreliable in free energy predictions since the protein

has various conformations beyond a rigid rod-like structure [41]. By extension, the

examination of the structure of the crowder molecule is essential before predicting

their effects on probe molecules under crowding.

Wenner et al in their study of binding affinity and catalytic rate of the restriction

enzyme EcoRV with DNA under crowding conditions, with Ficoll-70 as the crowding

agent, report that the covolume increases up to 2.5 % w/V and then decreases until 10

% w/V and then remains constant [21]. Further addition of Ficoll-70 does not show
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any decrease in covolume indicating that Ficoll further squeezes to keep covolume

constant [21]. Rusinga et al report that Ficoll is rather a highly crosslinked polymer

mesh whose interior resembles a semi-dilute suspension of short polymer chains [42].

In their study, they propose that at 300 g
L

of Ficoll-70, ACTR, an acid tolerance

regulatory protein with helical as well as a random coil intrinsically disordered protein

(IDP), infiltrates into the Ficoll, destabilizing the helical structure of the IDP. They

argue that it is possible because the Ficoll has ample solvent filled space in aqueous

dispersion. They conjecture that as the Ficoll concentration is increased to 400 g
L

,

the Ficoll mesh squeezes and the intra-mesh becomes inaccessible for IDP chains and

the IDPs are forced to confine in the interstitial space between Ficoll spheres. In an

another study, Biswas et al. observed that the microviscosities of mixture of Dextran-

70 (molecular weight 70 kDa) and Ficoll-70 (molecular weight 70 kDa) are higher than

the microviscosities of their individual solution [43]. They propose that the enhanced

microviscosity of the mixture of crowding agent arises due to the entanglement of

Ficoll-70 and dextran [43]. Experiments by Fissell et al. reveal that Ficoll penetrates

pores smaller than its size [44].

These studies suggest, in direct and indirect ways, that Ficoll is more complex

than a rigid particle; they raise questions on the applicability of Ficoll molecules as

model hard-sphere crowders. Nevertheless, a systematic study solely focusing on the

structure of Ficoll, its hydration properties and dynamics has not yet been reported.

This thesis reports the detailed experimental investigation of structure of Ficolls of two

different sizes, Ficoll-70 (MW = 70 kDa) and Ficoll-400 (MW = 400 kDa) examined

by rheological measurements, and two independent modalities of nuclear magnetic

resonance spectroscopy, along with small angle neutron scattering experiments of

Ficoll-400. The effects of crowding on the conformation and chemical kinetics of

probe molecules depends on the properties of the crowding agent such as shape and
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size of the crowder molecule.

Distinct crowding agents such as bovine serum albumin (BSA) and Ficoll are often

used to study the protein folding and refolding kinetics [45], amyloid formation of

lysozyme [46], and to evaluate quinary interactions, an interaction that mediates the

formation of dynamic complexes under crowding [47]. Questions about the nature of

the crowder are not restricted to Ficoll. As an example, Roosen-Runge et al. showed

that the globular protein has a structure that can be modelled by an ellipsoidal colloid

[48], while Sarangapani et al. establish limits for a colloidal picture for globular

proteins [49, 50]. Considering the extensive use of the protein crowder molecule BSA,

we perform a comparison of the BSA suspension properties with that of the artificial

crowder molecule Ficoll.

Unlike Ficoll, a synthetic polysaccharide, phytoglycogen is a naturally occur-

ring plant based polysaccharide molecule [51]. A SANS study by Dutcher and co-

workers indicates that the phytoglycogen is a hard-sphere-like colloid. By performing

quasielastic neutron scattering, they quantify the water content in the phytoglycogen

particles and study their hydration dynamics [51]. In this thesis, we also investigate

the concentration dependent self diffusion coefficient of phytoglycogen and water, as

well as the NMR transverse relaxation of water molecules in aqueous suspensions of

phytoglycogen nanoparticles.



16

1.7 Thesis structure

In Chapter 2, a detailed discussion on various experimental techniques used in this

thesis is described. Chapter 3 reports the complementary views of Ficoll structure us-

ing multiple techniques. Chapter 4 reports a comparison study, via nuclear magnetic

resonance (NMR), of bovine serum albumin and phytoglycogen. Chapter 5 summa-

rizes and provides conclusions for our experimental studies and future directions.



Chapter 2

Experimental techniques

2.1 Nuclear magnetic resonance spectroscopy.

The search for nuclear magnetic resonance (NMR) originated in 1930. Gorter, from

the Netherlands, reported attempts to observe a 1H NMR signal in KAl(SO4)212H2O

[52] using a calorimetric technique. He, however, could not succeed in his attempt,

presumably due to poor signal to noise ratio [52]. Using a 0.2T magnet, Felix Bloch

successfully measured the NMR signal for protons in water around 1945. Also, sur-

prisingly, he observed that the T1-relaxation for water is of the order of seconds,

which until then was thought to be of the order of years [52]. In 1952, Bloch and

Purcell received the Nobel prize for the discovery of NMR. Stejskal and Tanner there-

after introduced the concept of pulsed field gradient NMR (PFG-NMR). Karger et al

used this method to measure the molecular diffusion coefficient in a porous material,

zeolite. The application of NMR spectroscopy then started expanding to different

zones of research and one of the important inventions is magnetic resonance imaging,

independently developed by Lauterbur [53], Damadian [54] and Mansfield [55].
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Some nuclei possess an intrinsic property called nuclear spin angular momentum

(which does not have any classical analog). Associated with this nuclear spin angular

momentum there will be a nuclear spin magnetic moment. That is, the nucleus

acts as a tiny magnet with the strength represented by its magnetic moment vector.

When placed in an external magnetic field, the net magnetization vector, which is the

statistical average of individual magnetic moments, will align parallel to the external

field, B. It has to be noted that the individual spins still can point in random

directions due to the thermal motion of the nucleus but the net magnetization vector

aligns in the direction of the external field. If this bulk magnetization is set to an angle

β with respect to the external magnetic field, the vector will start to precess about the

magnetic field. This precession is called Larmor precession and the frequency with

which it rotates is called Larmor frequency. The rotation of the magnetization vector

from its equilibrium alignment is the key that we use to generate an NMR signal. A

radio frequency (RF) pulse of Larmor precession frequency helps in manipulating the

rotation of magnetization vector from the equilibrium.

When subjected to an external magnetic field, a spin- 1
2

nucleus, for instance, the

proton, 1H, will have two spin states, |α〉, the spin up, lower energy state and |β〉,

the spin down, higher energy state. In an ensemble of spin- 1
2

nuclei, if a measurement

is made, the system will collapse to one of its eigenstates. The eigenvalues for spin- 1
2

nuclei are m = 1
2

and m = −1
2
, i.e. if the z component of spin angular momentum

is measured, the measurement results in one of its eigenstates with corresponding

eigenvalue. Mathematically,

Izψm = ±m~ψm. (2.1)

Quantum mechanics restricts the transition between the two states by selection rules,

which states that the m can only change in steps of 1. The transition from the lower
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energy state |α〉, with eigenvalue m = 1
2

to higher energy state |β〉, with eigenvalue,

m = −1
2

and vice versa, are, therefore, the only allowed transitions. When placed

in an external magnetic field of strength B, the magnetic moment µ will interact

with the external field. The energy of interaction is E = −m~ γB, where γ is the

gyromagnetic ratio of the nucleus. The energy corresponding to the transition between

the |α〉 to |β〉 is E = ~γB = ~ωL where ωL is the Larmor frequency. This is the

same frequency with which the bulk magnetization vector rotates when placed in a

magnetic field at an angle β. If a radio frequency (RF) pulse of the same frequency

as the Larmor precession frequency is applied in a direction perpendicular to the

bulk magnetization, the magnetization vector tilts to an angle that depends on the

time duration at which the RF pulse is applied. Manipulation of the rotation and

relaxation of the magnetization vector are key to how different NMR experiments are

designed.

2.1.1 Frame of reference

The bulk magnetization vector precesses around the external magnetic field accord-

ing to the vector model (chapter 4 in ref [56]). Introduction of a rotating frame of

reference simplifies the vector analysis. Consider a frame of reference that is rotating

at the same frequency as the Larmor precession frequency. In this rotating frame, the

magnetization vector appears to be stationary. If the frequency of rotation of the ro-

tating frame is slightly different from the Larmor frequency, then the offset frequency,

Ω is,

Ω = ωL − ωframe (2.2)
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Then the reduced field in the rotating frame will be,

∆B = −Ω

γ
(2.3)

Apart from reducing the mathematical time dependent complexities, the concept of

the rotating frame hints that an RF field of strength much less than the external

magnetic field can manipulate the rotation of the bulk magnetization in the rotating

frame.

2.2 NMR Experiments

2.2.1 Longitudinal (T1) and transverse (T2) relaxation

When first rotated from equilibrium and then on removal of the perturbation, the

magnetization vector returns to equilibrium (in the direction of the magnetic field

along the z-axis) with a time duration τ . The duration with which the longitudinal

component reaches back to the equilibrium is the T1 relaxation time.

The T1 relaxation can be measured using the inversion recovery pulse sequence.

The magnetization vector rotates by π when an RF pulse is applied in the perpendicu-

lar (x-axis) direction of external field for a certain duration of time (in our experiments

it is 20 µs). On the removal of the RF pulse, the magnetization vector relaxes to its

equilibrium state and a π
2

pulse (an RF pulse of half the duration) is applied to detect

the signal in the detection (xy) plane. The time between the two pulses is progres-

sively increased (with τ typically varied from tens of milliseconds to seconds) to obtain

the signal intensity as a function of the time between the pulses. The pulse sequence,

known as the inversion recovery pulse sequence is shown in Figure 2.1. The intensity



21

of the magnetization vector at any time τ is

Mz(τ) = M0

(
1− 2 exp

(
− τ

T1

))
. (2.4)

In equation 2.4, T1 is the longitudinal relaxation time.

Figure (2.1) Inversion recovery NMR pulse sequence

There is a second kind of relaxation process in NMR, relating to the loss of co-

herence in the in-plane transverse component of the magnetization. This is known

as T2 relaxation. We measure T2 relaxation using the spin echo (SE) pulse sequence.

In an SE experiment a π
2

RF pulse is first applied along the x-axis which rotates the

magnetization vector to the -y-axis. after which the magnetization precesses in the

xy-plane. However due to local field inhomogeneities, some spins precess faster and

some precess slower than the Larmor frequency, resulting in the spread of vectors in

the xy-plane and thus a loss of phase coherence in the signal. After a time τ , a π RF

pulse is applied along either the x-axis or y-axis, which inverts the phase accumulated
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during the period between the initial pulse and the π pulse. A schematic of the pulse

sequence is shown in figure 2.2. At a time τ after the π pulse, the vector spread at

time τ is completely canceled and phase coherence is briefly regained. This is the spin

echo. We obtain the T2 relaxation time by repeating the SE sequence shown in Figure

2.2 with a variable delay time τ between the pulses, and fitting the magnetization to

My(τ) = M0 exp

(
−τ
T2

)
= M0 exp

(
− τR2

)
(2.5)

where R2 = 1
T2

is the transverse relaxation rate. Figure 2.3 depicts the growth of the

Figure (2.2) Spin echo pulse sequence [57]

longitudinal magnetization Mz in an inversion recovery test (left) and, the decay of the

transverse magnetization Mxy in an SE experiment (right). The intermolecular dipolar

interaction is a likely mechanism for T2 relaxation. Molecular tumbling results in local

fluctuations of magnetic field, which in turn affects the field of nearby dipoles. This

interaction, in turn, affects the rotational motion of the neighbouring molecules, which

occur on the picosecond-to-nanosecond time scale [58]. The rotational correlation



23

]

Figure (2.3) Growth of the magnetization vector in T1 relaxation measurement (left)
and decay in T2 relaxation measurement(right). The transverse relaxation rate re-
ported in this thesis is R2 = 1

T2
.

time, τc, is the time a molecule takes to rotate by 1 radian. The associated relaxation

rates, R2 ≡ 1/T2, are related to the rotational correlation time through the Solomon

equation,

R2 ≈ 3J(0) + 5J(ω) + 2J(2ω), (2.6)

where J(ω) is the spectral density,

J(ω) =
τc

1 + (ωτc)2
. (2.7)

The higher the relaxation rates, the higher the constraint on the rotational motions

of the molecule [58].

2.2.2 The Pulse-Acquire and Spin-Echo NMR experiments

We now discuss the simplest NMR experiments more formally. When a sample with

NMR active nuclei is placed in an external magnetic field, their spins will be in a
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superposition state, with the wave function, |ψ〉,

|ψ〉 = cα|α〉+ cβ|β〉. (2.8)

|cα|2 and |cβ|2 gives the probability of the states |α〉 and |β〉 respectively. If the

population of |α〉 is nα, proportional to |cα|2 and β〉 is nβ, which is proportional to

|cβ|2, then the net magnetization is related to the population difference by

Mz =
1

2
γ(nα − nβ). (2.9)

On application of an RF pulse along the x-axis, the x-component of average magne-

tization is not affected, however, the y and z-component evolves as,

〈Iy〉(t) = 〈Iy〉(0) cos(ωt)− 〈Iz〉(0) sin(ωt) (2.10)

〈Iz〉(t) = 〈Iz〉(0) cos(ωt) + 〈Iy〉(0) sin(ωt). (2.11)

The magnetization vector is

Mi = γN〈Ii〉 (2.12)

where i = x, y, z. Initially the magnetization is only along z with a magnitude M0 and

zero on other two axis. The effect of RF pulse on the components of magnetization

computed using equation 2.10, 2.11 and 2.12 are,

Mx(t) = 0 (2.13)

My(t) = −M0 sin(ωt) (2.14)

Mz(t) = M0 cos(ωt) (2.15)
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Therefore, if we apply an RF pulse for a duration t along x-axis such that the prod-

uct of ω and t is π
2
, the bulk magnetization will tilt to -y-axis, consistent with the

prediction of right hand rule of vector analysis.

The density operator, defined as the outer product of the spin wave function and

its conjugate wave, ρ =
∣∣ψ〉〈ψ∣∣ evolves as a function of time after the removal of the

RF pulse. In a pulse acquire experiment, a
〈
π
2

〉
x

RF pulse is applied followed by a

free evolution. During the
〈
π
2

〉
x

RF pulse, the density operator then evolves as

ρ̂(t) = exp(−iĤt)ρ(0) exp(iĤt) (2.16)

where the Hamiltonian

Ĥ = ωIx, (2.17)

and the density operator at t = 0 is ρ̂(0) = Îz. Using trigonometric identities and

simple mathematical procedures, we can show,

ρ̂(t) = cos(ωt) Îz − sin(ωt) Îy. (2.18)

If the frequency is applied for a duration such that the ωt = π
2
, then the magnetization

will completely flip to the −y-axis, i.e, ρ̂(t) = −̂Iy . In a pulse acquire experiment,

after the pulse, the magnetization undergoes a free evolution in the static magnetic

field, for which the Hamiltonian is given by H = ΩIz

ΩIzρ̂(t) = − cos Ωt Îy + sin Ωt Îx

which is the component being detected in a pulse-acquire experiment.

The spin echo experiment discussed in the previous section is a pulse-acquire
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experiment with an added π pulse applied (eg. along x) after a time τ . A spin

echo will be observed exactly at a time τ after the πx pulse. The result of the π pulse

on the free evolution vector after the first (π
2
) pulse is, cos Ωτ Îy + sin(Ωτ)Îx. Now,

the free evolution of the vector with Hamiltonian ΩÎz on the state after the π pulse

is,

ΩÎz[cos(Ωτ)Îy + sin(Ωτ)Îx] = cos(Ωτ) cos(Ωτ)Îy + sin(Ωτ) sin(Ωτ)Îy = Îy

Thus, there is a complete recovery of the signal at time τ after the π pulse. This is

the spin echo.

2.2.3 The pulsed gradient spin echo (PGSE)

To study the translational motion of molecules, we perform the pulsed field gradient

spin echo (PGSE) NMR experiment. In addition to the external magnetic field B, if

there is a gradient in the magnetic field, g = dB
dz

, the spins become spatially labelled

with different Larmor precession frequency,

ω = γB + γgz. (2.19)

In PGSE, the pulse sequence remains the same as spin echo sequence. However, two

gradient pulses of duration δ are applied at a time interval of ∆ as shown in Figure

2.4. The first gradient induces a phase development in the spin precession and the

second gradient inverts the developed phase. Therefore, in principle, if there are no

molecular motions, a complete spin echo will be observed as in the SE experiment. If,

the molecule has moved, the spin echo will be incomplete. Mathematically, the phase



27

Figure (2.4) Pulsed field gradient spin echo NMR pulse sequence [59]

developed at the end of the first gradient is,

φ(t) = γBt+ γg

∫ t+δ

t

z(t′)dt′, (2.20)

after the second gradient,

φfinal = γg

[ ∫ t+δ

t

z(t′)dt′ −
∫ t+∆+δ

t+∆

z(t′′)dt′′
]

(2.21)

at time t = 2τ = ∆, the spin echo intensity is,

I
(
g, δ,∆

)
= I0

∫ ∞
−∞

P
(
φfinal

)
exp

(
iφ
)
dφ. (2.22)

Upon ensemble averaging, assuming a Gaussian probability distribution for the phase

accumulation, the complex exponential becomes a real, decaying exponential. When

δ � ∆ and the gradient pulse is a rectangular pulse, the signal attenuation is given
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by [60],

I(g) = I0 exp

(
− γ2g2δ2D

(
∆− δ

3

))(
exp

(
−∆

T2

))
(2.23)

However, if the transverse relaxation is much smaller than the longitudinal relaxation,

then it imposes a restriction on the ∆. In such a case, a pulsed field gradient stimulated

echo pulse is used to obtain the echo signal decay, discussed next.

2.2.4 The pulsed field gradient stimulated echo (PGSTE)

Figure (2.5) Pulsed field gradient stimulated echo NMR pulse sequence

In the pulsed field gradient stimulated echo pulse sequence (PGSTE), the second

π pulse in SE is replaced by two π
2

pulses as shown in Figure 2.5. The second and

third RF pulses can either both be along x or y. The RF pulses are shown in purple

while the gradient pulses are the unfilled square pulses. The time duration between

the second and third pulse (τ2) is much longer than the duration between the first

two pulses (τ1). During time τ2, the magnetization is ′′stored′′ along -z. A spoiler
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gradient is applied between the second and third RF pulse to destroy any transverse

magnetization remaining. In systems with T1 longer than T2, for instance, the Ficoll

suspensions studied here, the PGSTE is the better pulse sequence to study their

diffusivity.

Figure (2.6) The natural logarithm of signal intensity vs gradient parameter b
=γ2δ2g2(∆ − δ

3
) for D2O, obtained using the PFG-STE pulse sequence. The slope

yields the diffusion coefficient of trace HDO in D2O and is used as a calibration
standard D = 1.902× 10−9 m2/s for all experiments.

To obtain the diffusion coefficient in a PGSTE experiment, the natural logarithm

of the signal intensity is plotted against the gradient intensity parameter, b, given by

b =
(
γgδ
)2
[
∆− δ

3

]
(2.24)

where γ = 2.675 × 108/sT is the gyromagnetic ratio of the hydrogen nucleus, g is

the applied magnetic field gradient (applied as a nearly square trapezoidal pulse of

duration δ = 2 ms, and ∆ = 50 ms is the diffusion time). For single component
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species, the intensity decay would be mono-exponential, with the form

I(b) = I(0) ∗ exp((−bD) (2.25)

The slope of a plot of ln(I(b)) vs b gives the diffusion coefficient D of the molecule.

The intensity decay for D2O obtained using the PGSTE pulse sequence is shown in

shown in Figure 2.6. The diffusion coefficient of trace HDO in D2O is used as a

calibration standard D = 1.902× 10−9 m2/s for all experiments.

2.2.5 Double stimulated echo pulse sequence

Any directed flow on top of the Brownian motion of the suspensions can give rise to

artifacts in the diffusion measurement. Such flow could arise due to events such as

thermal convection due to a temperature gradient in the sample. The presence of

a thermal gradient can be detected by performing a diffusion for different diffusion

time (∆) in a pulsed field gradient stimulated echo, otherwise keeping the sample

conditions identical. If thermal convection is present, it will manifest as an increase

in the diffusion coefficient with increase in ∆ [61, 62]. In a high magnetic-field-

gradient instrument such as the one in our laboratory (1800 G/cm), the possibility

of eddy currents on applying the field gradients is not negligible and can cause error

in baseline and phase in the spectra [63]. Bipolar gradients are used to compensate

for eddy currents. To suppress the effect of convection, a double stimulated echo

pulse can be used as shown in Figure 2.7. In a double stimulated echo sequence, the

diffusion time ∆ is split into such that each half of the cycle resembles the basic STE.

The unwanted convection generated echos arising from the first STE will be cancelled

by the echos from the second STE [62].
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Figure (2.7) Double stimulated echo pulse sequence

2.2.6 Convection compensation: Alternative approach

For a thermal gradient to set up convective flow in a cylindrical tube of radius r, the

Rayleigh number, Ra, is given by

Ra =
gα

kν ′
r4T ? (2.26)

where g is the acceleration due to gravity, α is the thermal expansivity, k is the

thermal diffusivity, ν ′ is the kinematic viscosity and T ? is the thermal gradient [62].

In our experiments, reducing the inner radius of the tube, is therefore, a very effective

way to suppress the convection. For all our experiments, we employ a home made

NMR insert tube (with an inner diameter of 4mm) which is inserted to a 5 mm NMR

tube.
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2.2.7 Coherence transfer path ways and phase cycling

In this section, we discuss coherence transfer pathways briefly. When an ensemble of

nuclear magnetic resonance active nuclei are placed in an external magnetic field, some

of the magnetic moments align parallel to the magnetic field and some align anti par-

allel. When tilted at an angle β, the magnetic moments precess at Larmor frequency

in phase and are said to be coherent. Their coherent precession is mathematically

represented by [56],

R̂ = R̂ exp(−ipφ) (2.27)

R̂ is the rotational operator which rotates the vector from z-axis about an angle φ. p

is the coherence order. p = 0 is the z magnetization. If an operation result in p =

± 1, then its said to be in single quantum coherence, p = ± 2 for double quantum

coherence and so on. In an operation where the magnetization is rotated to -y-axis

by applying an RF pulse in the x-axis, it generates all the coherence orders allowed

for single quantum coherence. Mathematically,

Îx =
1

2

[
Î+ + Î−

]
(2.28)

The operator Î+ has a coherence order of +1 and Î− has a coherence order of -1. In the

modern NMR spectrometer, only the signal with coherence order, p=-1, is designed

to be detected [56]. Phase cycling is an approach to eliminate any unwanted signals

with coherence order that are not equal to -1. Figure 2.8 shows the possible single

quantum coherence pathways. In the three generated coherences, the only desired

signal corresponds to p=-1. To achieve this, we adjust the phase of the receiver,

φreceiver = −Σm=n
m=1 ∆pφm (2.29)
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]

Figure (2.8) Coherence path ways for a single 900
x pulse.

where m is the number of pulses and φm is the pulse phase in the sequence. The

phase of the pulse is 2π
∆k

where ∆k = ∆pmax - ∆pmin + 1. In the case of single pulse

sequence, ∆pmax = 1 and ∆pmin = -1 leading to ∆k = 3. The pulse phase, therefore,

has to be advanced in steps of 2π
3

. For m pulses, there will be 3m coherence order

generated. To pick the signal with coherence order −1 for single pulse, for full phase

cycle we need three scans with phases 0, 2π
3

and 4π
3

.

2.3 Small Angle Neutron Scattering (SANS)

The pioneering work by Guinier introduced the concept of small angle scattering in

the 1930’s [64]. He used small angle X ray scattering to study metal alloys. In

the 1960’s, neutron research started developing to use neutrons for performing small

angle neutron scattering (SANS) experiments [65]. SANS is now recognized as a pow-

erful technique to address many experimentally challenging questions. The method of

deuterating only the polymer chains of interest, in a protonated surrounding helps to

enhance the contrast in neutron scattering experiments. Understanding the structure
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at segmental length scale, therefore, becomes possible with the help of SANS [66]. In

1974, Heinrich et al. studied H-D exchange reaction in proteins, obtained the molec-

ular weight distribution and the radius of gyration of biological macromolecules [67].

They concluded that SANS is a superior technique over other techniques like small

angle X-ray scattering (SAXS) to study the H-D exchange in macromolecules apart

from obtaining radius of gyration, shape and interaction in the system. Moreover,

unlike X-rays, which can ionize the sample under study, neutrons are far weaker in-

teracting. Neutrons neither ionize the sample nor heat it up. Therefore, SANS is a

widely used experimental technique to study biological samples [65].

In the present work, we perform our SANS experiments at the National Institute

of Standards and Technology (NIST), USA. At NIST, thermal neutrons are used for

scattering experiments. Thermal neutrons are neutrons that correspond to an energy

of 25meV . Typically, a fission reaction produces energy of 200 MeV . The moderators,

usually, heavy water, slow down the fast neutrons produced in the fission reaction.

These thermal neutrons help in sustaining the fission reaction and are also used for

scattering experiments [68]. Neutron guides transport these thermal neutrons to the

guide hall. The 30m SANS instrument is installed on a split neutron guide, NGB-30.

The scattering vector, q, which is the difference between incident and scattered wave

vector, falls in the range of 0.0015 to 0.6 Å−1 [69]. The corresponding probe size

is between 10 to 4000 Å. The reactor operates at 20 MW, and is a liquid hydrogen

moderated, helium gas refrigeration supported research reactor. A filter, consisting of

Bismuth (Bi), filters the fast neutrons and absorbs the γ radiations produced from the

source. A multidisk velocity selector is used to monochromatize the incident beam

and also to control the spread of the wavelength [69]. The monochromatized beam

is then collimated by circular apertures before it reaches the sample stage. A two-

dimensional position sensitive neutron detector records the scattered neutrons from
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the sample.

Strictly following the NIST data reduction package [70], we obtain the one-dim-

ensional intensity curve as a function of the scattering vector. We first obtain the

transmission of the sample container. This will be subtracted to obtain sample trans-

mission from the total transmitted neutron flux. The sample transmission is then

normalized against the empty beam transmission to obtain absolute scaled intensity.

We follow the NIST tutorials to reduce the absolute scaled intensity using Igor Pro

software [71].

2.3.1 Theory

In a small angle neutron scattering experiment, we measure the ratio of scattered

neutron intensity to the incident neutron intensity [72]. Suppose that a neutron flux

of intensity I0 hits the sample, and scatters to the two dimensional position detector,

then

dσ =
Isr

2dΩ

I0

(2.30)

where, dσ is the differential cross section, r2dΩ is the scattering area in which r is the

distance of the detector from the sample and dΩ is the solid angle. Under the static

approximation, which assumes that the light mass neutrons do not displace the heavy

mass molecules in the sample upon scattering and the energy transfer is negligibly

small [72], the differential scattering cross section, is given by

dσ

dΩ
=

1

V

〈∣∣∣∣∣
N∑
l=1

bl exp(iq.rl)

∣∣∣∣∣
2〉

(2.31)

where bl is the bound scattering length of the scattering nucleus and V is the total

volume.
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Consider a colloidal sample which subdivides to N cells, and each cell has a col-

loidal particle at its center. Assume that the position vector of the jth nucleus at the

ith cell has a position vector of the center of mass Ri and position vector relative to

the center of mass Xi, then the differential scattering cross section can be written as

dσ

dΩ
=

1

V

〈∣∣∣∣∣
N∑
i=1

exp(iq.Ri)
∑
cellj

bij exp(iq.Xj)

∣∣∣∣∣
2〉

(2.32)

the quantity
∑

cellj bij exp(iq.Xj)
2 is the form factor of the colloidal suspension. For

a mono-disperse colloidal particle suspension, the form factor is identical for each

particle and the differential scattering cross section is given by,

dσ

dΩ
=
N

V
|F (q)|2 1

N

〈
N∑
i=1

N∑
j=1

exp(iq.(Ri −Rj))

〉
. (2.33)

In the above expression, |F (q)|2 is the particle structure factor P (q). The structure

factor S(q) is

S(q) =
1

N

〈
N∑
i=1

N∑
j=1

exp(iq.(Ri −Rj))

〉
. (2.34)

The differential scattering cross section thus can be written as,

dσ

dΩ
=
N

V
P (q)S(q). (2.35)

The form factor analysis leads to the estimation of the volume of the object, radius

of gyration of the particle and fractal dimension [73]. If the volume fraction of the

colloidal suspension is φ then, the scattered intensity as q goes to zero is,

lim
q→0

I(q) ∝ φvobject (2.36)
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where vobject is the volume of the object. Regardless the shape of the particle, its

volume can be calculated as above. For an isotropic system that is free to rotate in

all directions, the form factor is,

P (q) =
1

N2

N∑
i=1

N∑
j=1

sin(qrij)

qrij
(2.37)

In the low q regime, SANS probes spatial scales much larger than the object. Then

for qrij less than 1, expanding the sinusoidal term and neglecting the higher orders,

the form factor will be,

P (q) = 1− q2

3

[
1

2N2

N∑
i=1

N∑
j=1

r2
ij

]
= 1− q2Rg

2

3
(2.38)

where Rg is the radius of gyration. This is known as the Guinier approximation.

2.3.2 Form factor and structure factor

The form factor, P (q), of a scattering object is the scattering intensity of the suspen-

sions in dilute solution. The scattering intensity at any higher concentration will be

the product of the form factor, P (q), and the structure factor S(q). Provided that

the form factor is independent of the sample concentration, the ratio of scattering

intensity at any concetration to the form factor will give the structure factor of the

suspensions.

S(q) =
I(q)

P (q)
=
P (q)S(q)

P (q)
(2.39)

In systems composed of soft particles or polymers, however, P (q) may not be inde-

pendent of concentration, equation 2.39 must be used with care.
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2.3.3 Rheology

We examine the variation of viscosity of the colloidal suspensions using Anton-Paar

MCR 301 rheometer. On application of a shear force on a sample confined under the

given space, the upper layer of the suspension undergoes a displacement while the

bottom layer remains stationary creating a shear profile as shown in Figure 2.9. The

shear stress then is defined as σ = F
A

and the shear strain γ is given by x
h

and the

shear rate is γ̇ = dγ
dt

. For a Newtonian suspension, the shear stress is proportional

to shear rate and the proportionality constant is called the dynamic viscosity, η, a

measure of sample resistance to flow against the applied force. In this thesis, we

Figure (2.9) Shear profile of sample under the action of external shear force.

employ a cone and plate geometry of angle 0.5o with truncation distance 0.053 mm to

shear the suspensions. The shear rate was varied from 10-200 1/s and the shear stress

development is monitored. The cone and plate geometry assures uniform shear across

the sample. We prepare the Ficoll suspensions in 0.2 % sodium dodecylsulphate, a

surfactant. This small amount of surfactant does not affect the viscous properties of

the suspension, but reduces the interfacial tension artefact, especially at low Ficoll

concentrations and low shear rates. All the data were taken at a temperature of 25o

Celsius.



Chapter 3

Is Ficoll a colloid or polymer? A

multi-technique study of a

prototypical excluded-volume

macromolecular crowder

3.1 Introduction

It is accepted that the in-cell environment is a crowded, macromolecular soup with a

variety of macromolecules, at high total concentrations (300 - 400 g/l), occupying a

significant fraction of the total volume [74]. This excluded volume is a primary input

to any fundamental understanding of macromolecular crowding [75]. An elucidation

of the relative importance of excluded volume and other non-specific interactions

[76] is predicated on a knowledge of the volume occupied by macromolecules as a

function of concentration. Yet even for the simplest macromolecular crowder, Ficoll
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(a branched and internally crosslinked polysucrose that is a co-polymer of sucrose and

epichlorohydrin), the analogy with a hard-sphere-colloid crowder is only approximate

[77, 78]: indeed various studies have proposed that Ficoll could be a semi-rigid sphere

[79, 44], an elongated spherocylinder or rod [80, 81], an open deformable structure

[82, 83], a porous particle [84] or a particle with multiple diffusive modes [85].

A colloidal model or a rigid-particle-based picture, however, has been found to

be only partly adequate in diverse polymer and protein systems. Two examples are

crosslinked microgels, whose polymer-colloid duality is now well recognized [86], and

globular proteins, where a purely colloidal picture is not adequate to capture protein

solution properties [50, 87].

In this work, we employ multiple experimental techniques to evaluate the structure

and hydration properties of Ficoll suspensions. We obtain complementary views of

Ficoll from the points of view of non-equilibrium response (rheology), quiescent equi-

librium structure (SANS), and equilibrium Brownian diffusion and relaxation (NMR)

dynamics. Under steady shear, the Ficoll viscosities exhibit a concentration depen-

dence that is completely consistent with a crossover between dilute linear chains and

reptating polymer chains exhibiting c15/4 (de Gennes) scaling [88]. Our neutron scat-

tering experiments, in addition, conclusively indicate that the low-concentration struc-

ture of Ficoll is consistent with that of a linear Gaussian polymer. Employing comple-

mentary NMR methods, we demonstrate, for the first time, that two different Ficolls,

Ficoll-70 and Ficoll-400 are super-hydrated and occupy a volume that increases in a

nonlinear fashion with the mass concentration. This volume fraction greatly exceeds

the value assumed in numerous previous studies (including our own [28, 84]) that

have assumed a Ficoll volume of v̄(ml/g)×m(g) where v̄ corresponds to the specific

volume of Ficoll and has a value of 0.65 − 0.67 ml/g [89, 84] for Ficoll-70 and 0.68
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ml/g [89, 90] for Ficoll-400. This result would affect all past studies that compare

crowding using Ficoll to models of rigid crowder particles of any shape.

3.2 Materials and methods

3.2.1 Sample preparation

Ficoll-400 and Ficoll-70 (with molecular weights of 400 kDa and 70 kDa respectively)

were purchased from Sigma-Aldrich. In each experiment, the required amount of Fi-

coll, mF is first weighed and then dispersed in D2O of mass mD2O using a Fisherbrand

homogenizer. The sample is stirred using a 7mm homogenizer probe for 3 minutes at

11000 rpm. This procedure is repeated 5 times with an interval of 1 minute between

each stirring. The weight fraction of the suspensions is

cF =

[
mF

mF +mD2O

]
× 100, (3.1)

as a concentration in wt %, or in w/w as a fraction between 0 and 1.

3.2.2 Nuclear magnetic resonance diffusion and relaxation

The samples for NMR measurements were filled in a capillary tube that fits into a

5mm NMR tube to remove the effects of convection (see Section 2.2.6). Experiments

were conducted at 298 K using a Bruker Avance II NMR spectrometer at a 1H res-

onant frequency of 600 MHz. Details of diffusion and nuclear magnetic relaxation

experimental probe parameters and methods are described in the Appendix.
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(a)

Figure (3.1) Rheology: The relative viscosity, for both Ficoll-70 and Ficoll-400
suspensions, follows polymer scaling with a crossover from dilute to semi-dilute be-
haviour. The dotted lines are fits to equation 3.2.

3.2.3 Small Angle Neutron Scattering

The small angle neutron scattering (SANS) experiments were performed on the NGB-

30m beam line at the Center for Neutron Research at the National Institute of Stan-

dards and Technology [69]. We reduced the 2-D neutron scattering intensity by fol-

lowing the methods outlined by Klein and co-workers, [70]. Details of the reduction

of neutron scattering intensity is provided in the Appendix.

3.3 Results and Discussion

3.3.1 Rheology: Polymer-like behaviour of Ficolls

We begin by evaluating the sample bulk properties of the Ficoll suspensions by steady-

shear experiments in a cone-plate rheometer probed between shear rates γ̇ from 10 -
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200 1/s. At all concentrations, the response is Newtonian, but the viscosities depend

in a nonlinear fashion on the concentration shown in Figure 3.1. We fit the relative

viscosity (ηrel ≡ ηsuspension/ηsolvent) of the Ficoll suspensions to the form

ηrel = 1 +

[
cF[η]0 + kH(cF[η]0)x

]
, (3.2)

where [η]0 is associated with the intrinsic viscosity, and in our formulation is dimen-

sionless (since cF is a mass fraction). Equation 3.2 was employed by Tuinier et al

[14] for a natural polysaccharide with a single backbone, the functional form captures

the crossover from dilute solution behaviour where ηrel ∝ cF to the concentrated de

Gennes reptation regime where ηrel ∝ c
15/4
F [88]. We obtain [η]0 = 0.234 ± 0.003 for

Ficoll-70 and 0.261 ± 0.003 for Ficoll-400. We also obtain an exponent x = 3.87

± 0.11 for Ficoll-70 and 3.71 ± 0.09 for Ficoll-400, which is remarkably consistent

with the de Gennes value 15/4 [88]. The prefactor kH, identified as the Huggins

constant, is a measure of hydrodynamic interactions between macromolecules: we

obtain kH = 1
25

, numerically the same as obtained for the natural polysaccharides

[14]. This result, indicating polymer-like behaviour, encourages us to look beyond the

hard-sphere paradigm.

3.3.2 SANS: The form factor of Ficoll-400

For soft, deformable particles, it can be the case that the apparent structure under

shear is not the same as the structure in the quiescent state. We used SANS to extract

the structure of Ficoll, in dilute solution, in the quiescent state. Given the reasonable

assumption of the absence of particle-particle interactions in the most dilute solution

probed (cF = 1%w
w

), we consider this to be the form factor. We report the normalized

neutron scattering intensity of Ficoll-400 (details of SANS methods in Appendix),
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(a)

Figure (3.2) SANS form factor: Form factor of Ficoll-400 obtained at the lowest
concentration, cF = 1%w

w
as a function of the scattering vector q. A good fit is

achieved to both the Debye model (for a linear Guassian polymer) and an extended
Debye–Anderson–Brumberger model for a crosslinked polymer blob.

which, because of its larger size, is a better neutron scatterer than Ficoll-70 at 1% w
w

.

This is depicted in Figure 3.2.

Interestingly, we do not observe any hint of Bessel-like oscillations in the form

factor, a typical characteristic of hard sphere colloids [91]. Rather, the form factor

(the scattered intensity I(q) at the lowest concentration) is a smoothly decreasing

function of q, and is well fit by the Debye model for Gaussian polymer chain, with a

form factor

P (q) =
I(q)

I0

=

(
2

y2

)[
exp(−y) + y − 1

]
, (3.3)

where y = q2R2
g, and Rg is the radius of gyration. From the fit (blue curve in Fig-

ure 3.2), we obtain an Rg of 11.07 ± 0.08 nm. We know that the Ficolls are highly-

branched and crosslinked. Thus, we also tried to fit the experimental form factor

to a polymer blob model [92]. The fit to the data is equally good (black curve in
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Figure 3.2), but requires an additional free parameter. The Rg obtained from the

Debye fit is also consistent with the model-independent Rg obtained from the Guinier

regime. We obtain a size ratio
RSANS

g

RNMR
H

= 1.52 ± 0.03 using the radius of gyration,

obtained by fitting the Debye model to the SANS form factor, and the hydrodynamic

radius, obtained from Ficoll-400 diffusivity measurements in dilute solutions (NMR

experiments, discussed next). The theoretical value for the universal size ratio for a

linear Gaussian polymer is 1.5045 [93] while a value of 1.59 ± 0.01 is predicted by

Dunweg et al for polymer chains in good solvent, who comment that the true error

is likely larger than the value they quote. In short, an experimental value of
RSANS

g

RNMR
H

between 1.5 and 1.6 is consistent with predictions using slightly different simulation

models. Thus, we conclude that the Ficoll molecules have distinct polymer-like prop-

erties. Next, we examine the nature of the free volume accessible for other molecules

in Ficoll suspensions of different concentrations using different NMR methods.

3.3.3 NMR: concentration dependent volume fraction of Fi-

coll

Different species can be distinguished in NMR spectroscopy via the chemical shift.

Thermally driven Brownian motion and rotational motions affect measurable quanti-

ties, i.e., diffusion and relaxation in multi-component macromolecular solutions [94],

and can be obtained for both the water (in the present case, trace HDO molecules in

the D2O) and the Ficoll.

Diffusion: The self-diffusion coefficients of HDO molecules in Ficoll-D2O solution

are plotted as a function of Ficoll concentration, cF, for both Ficoll-70 and Ficoll-400 in

Figure 3.3(a). They are obtained from signal attenuations that are mono-exponential

at all cF (Appendix Figure A1(b)). As a function of cF, the diffusion coefficient DHDO
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(a) (b)

(c) (d)

Figure (3.3) PFG-NMR: (a) Self diffusion coefficient of trace HDO in Ficoll-D2O
solution decreases linearly with increase in Ficoll weight fraction, cF with a small
quadratic dependence at high concentrations for both Ficoll-70 and Ficoll-400. (b)
Self diffusion coefficient of Ficoll-70 and Ficoll-400 exhibits a much more dramatic
(exponential) decrease as a function of cF. (c) Ficoll-bound water fraction fHDO

b

(Equation 3.5) increases linearly for Ficoll-70. (d) fHDO
b increases linearly until 10 %

w
w

for Ficoll-400 and has a quadratic contribution when fit over the entire concentration
range.
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decreases. The decrease is roughly linear, with a small quadratic correction at higher

concentrations, DHDO = DHDO
0 (1 − k1cF − k2c

2
F). For Ficoll-70 and Ficoll-400, we

obtain DHDO
0 = (1.89± 0.01)× 10−9m2/s and (1.88± 0.02)× 10−9m2/s respectively,

consistent with the bulk HDO-in-D2O calibration value [95] of 1.902× 10−9m2/s.

At the highest concentrations, the reduction in DHDO is significant, i.e., 60% lower

than the bulk value. Models of “obstructed diffusion” have been employed in the past

[96, 97], which show a more more modest (25%) reduction in DHDO/DHDO
0 . Given

that we know, first, that there is significant water in the Ficolls, and second, that

there will be very rapid exchange between free and bound water molecules, we expect

a single observable diffusion mode for the water (i.e., mono-exponential dependence

on the gradient parameter b of the raw signal attenuation), which is what we observe

(Appendix Figure A1(b)), with an observed diffusion coefficient

DHDO(cF) = fHDODHDO(0) + (1− fHDO)DHDO
bound (3.4)

The self-diffusivity of the Ficoll particles is shown in Figure 3.3(b). Since the Ficoll

diffusion shows two distinct modes (see Experimental Methods and Appendix Figure

A1(a)) we plot the average Ficoll diffusion coefficient Dave given by Equation A.2.

Dave shows an exponential decrease, with a fit giving characteristic concentrations of

10.76±0.47 and 11.59±0.68 wt % for Ficoll-70 and Ficoll-400. Dave is approximately

2 orders of magnitude lower than DHDO in the dilute limit, and 3 orders of magnitude

lower at cF = 15%. Since the Ficoll-bound water will diffuse as fast as the Ficoll itself,

i.e., DHDO
bound ≡ Dave, we can write an expression for the “bound” HDO fraction (which
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reflects on the total bound D2O):

fHDO
b ≡ 1− fHDO = (1−DHDO(cF)/DHDO(0))/(1−Dave(cF)/DHDO(0))

≈ 1−DHDO(cF)/DHDO(0) (3.5)

where fHDO is the fraction of bulk (i.e., free) HDO molecules and fHDO
b ≡ 1 − fHDO

is the fraction of Ficoll-bound HDO. Here, Ficoll-70 and Ficoll-400 show slightly

different behaviours. While fHDO
b increases linearly with cF for Ficoll-70 (Figure 3.3

(c)), there is a nonlinearity at higher concentrations for Ficoll-400. Perhaps related,

we also observe a small, but noticeable, deviation from the exponential decrease in the

self diffusion coefficient of Ficoll-400 above cF = 15%, while Ficoll-70 shows a simple

exponential decrease.

We fit the concentration dependence of fHDO
b to linear and quadratic contributions,

fHDO
b = k1cF + k2c

2
F: k1 = 0.0173± 0.0001 and the quadratic contribution is zero for

Ficoll-70 (Figure 3.3 (c)) while for Ficoll-400, k1 = 0.022 ± 0.001 and the quadratic

contribution is k2 = −1.18 × 10−4 ± 3.77 × 10−5 small but non-zero and is in fact

noticeable above 10 % w
w

(Figure 3.3 (d)).

Effective volume fraction: The finding that such a large fraction (up to 60%)

of the water is associated strongly with the Ficolls implies that it is incorrect to obtain

the pervaded Ficoll volume at all concentrations by multiplying the mass by a specific

volume, i.e.,

φs =
v̄mF

v̄mF + VD2O

, (3.6)

except in the dilute limit. The specific volume v̄ has a value of 0.65− 0.67 ml/g [89,

84] for Ficoll-70 and 0.68 ml/g [89, 90] for Ficoll-400. Indeed, a significant part of the

hydrodynamic volume occupied by the Ficolls is water, and this water is not part of
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the free volume accessible to other macromolecules!

Thus we calculate an effective Ficoll volume, Veff which includes the specific volume

of the Ficoll and the volume of bound water, defined as

Veff = v̄mF + fb
HDOVD2O, (3.7)

where v̄ is the specific volume (0.65 ml/g for Ficoll-70 and 0.68 ml/g for Ficoll-400),

mF is the mass of the Ficoll molecule in the suspension, fb
HDO is the fraction of bound

HDO molecules and VD2O is the volume of D2O. Then the effective volume fraction

is given by

φeff =
Veff

Veff + (1− fbHDOVD2O)
. (3.8)

Importantly, the solvent “free” volume is reduced by the volume of bound water that

is part of the Ficoll effective volume.

Alternatively, we can also estimate the Ficoll volume fraction by estimating the

hydrodynamic volume of the Ficoll molecules. For dilute systems, this volume would

simply be Vhydrodynamic =

[
4
3
πR3

h

][
mF

Mw

]
NA, where mF is the mass of Ficoll, Mw is

the molecular weight of Ficoll-400 (400kDa), and NA is the Avogadro’s number. The

hydrodynamic radius can be obtained from the measured self-diffusion coefficients of

Ficoll (Figure 3.3(b)) at the lowest concentrations (using the Stokes-Einstein equation)

and has a value of 4.06 ± 0.08 for Ficoll-70 and 7.26 ± 0.11 for Ficoll-400. So long as

fHDO
b ∝ cF, the bound water per Ficoll particle is constant. A concentration dependent

hydrodynamic volume must therefore account for the k2-dependent nonlinear term in

the relationship of fHDO
b with cF in Figure 3.3(c,d):

Vhydrodynamic =

(
1 +

k2

k1

cF

)[
4

3
πR3

h

][
mF

Mw

]
NA. (3.9)
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(a) (b)

Figure (3.4) Effective volume fraction: (a) Two alternative calculations of Ficoll
volume fraction that account for bound water, φeff and φhydrodynamic show a stronger
increase with cF than the traditional φs. Both (a) Ficoll-70 and (b) Ficoll-400 φeff

and φhydrodynamic show a nonlinear increase for cF > 10%.

The Ficoll volume fraction φhydrodynamic is then obtained as

φhydrodynamic =
Vhydrodynamic

Vhydrodynamic + (1− fHDO
b )VD2O

. (3.10)

These two distinct approaches of estimating the volume fractions, shown in Figure

3.4 (a) and (b), are remarkably consistent with each other, and yield much larger

volume fractions than the bare polymer volume fraction φs. The ratio of
φhydrodynamic

φeff

is 1.13 ± 0.01 for Ficoll-70 and 1.011 ± 0.004 for Ficoll-400. This gives us confidence

that the true volume occupancy of the Ficoll must exclude the Ficoll-bound water

from the accessible solvent free volume, and under crowding conditions, the volume

occupancy is not 30 % but 65-70 %, as seen from the high-concentration values of

both φhydrodynamic and φeff . Moreover, while φs shows a linear dependence on the con-

centration, cF , both the φeff and φhydrodynamic is seen to increase nonlinearly beyond
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cF ∼ 10− 15%, roughly consistent with overlap concentrations determined using sus-

pension viscosity measurements both in this work (Figure 3.3(b)) and elsewhere [89],

of 150 - 250 g
L

(≈ 13 - 16 % w
w

). Table A.1 in the Appendix shows the weight fractions

cF of Ficoll-70 and Ficoll-400 investigated here and corresponding volume fractions

φs, φhydrodynamic, φeff .

Relaxation: Next, we examine if the constrained environment for the solvent

molecules, implied by the above diffusion measurements, is borne out by NMR trans-

verse relaxation measurements, which are known to be strongly affected by the en-

vironment. Relaxation measurements report on nanosecond-to-picosecond molecular

rotational correlation times, while diffusion reports on millisecond-scale translational

diffusion: these measurements are thus very independent and yet performed on the

same samples. Shown in Figure 3.5 are the transverse relaxation rates R2 for Ficoll-

70 and Ficoll-400 as a function of φeff . These rates have a value of about 2 (1/s) at

φeff = 0, but have increased by an order of magnitude when φeff = 0.4 (≈ 15 %) for

Ficoll-70 and by φeff = 0.25 (≈ 10 %) for Ficoll-400, and by another order of magni-

tude at φeff = 0.7. These numbers are roughly consistent with overlap concentrations

of 13 to 16 % w
w

) determined using suspension viscosity measurements. We also ex-

amine directly the 2H spectra in the deuterium channel (shown in Supplementary

Information Figure A3), for cF = 1%, 15% and 35%. The significant broadening seen

for the latter samples is consistent with a confined environment.

Ficolls are super-hydrated: The NMR results consistently indicate that the

Ficolls are super-hydrated. The water and Ficoll diffusion coefficients enable us to

obtain a realistic Ficoll volume fraction, and the HDO relaxation confirms that the

average environment experienced by the water is severely constrained in the crowding

limit. It is instructive to obtain the ratio of the water bound to each particle to
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Figure (3.5) NMR transverse relaxation: 1H transverse relaxation rates of sol-
vent molecules, R2 shows a dramatic increase, above φeff = 0.4 for Ficoll-70 and
above φeff = 0.25 for Ficoll-400. Representative 2H D2O spectra, shown in Figure A3
of the Appendix, also show a significant broadening with increasing concentration,
indicating a increasingly confined environment.

the incremental volume added to the solution by adding a particle. This ratio can

be obtained from the individual terms in Equation 3.7. For Ficoll-400, this ratio

decreases with increasing concentration from 3 to 2.4; for Ficoll-70 this ratio is 2.4.

Thus, at any concentration, the water bound to Ficoll contributes 2.5 to 3 times

the particle volume as does the polymer. This is analogous to similar realizations

of a polymer-particle duality in the polymer microgel literature [86]. In PNIPAM

microgels [98, 99] the particles hold a significant amount of water; up to 60 % of the

particle volume is water, and microgels with lower crosslink density provide stronger

confinement (collapse more) under strong osmotic stress. In the case of the Ficolls,

Ficoll-400 is likely to have a more extended fuzzy shell than Ficoll-70, and thus,

analagous to the the above phenomenon in microgels, Ficoll-400 show stronger signs

of water confinement (larger R2).
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(a) (b)

(c)

Figure (3.6) SANS structure factors: (a) Structure factor of Ficoll-400 ob-
tained as the ratio of neutron scattering intensity to the form factor, assuming a
concentration-independent form factor. (b) Concentration-scaled structure factor of
Ficoll-400 in the q → 0 limit, S(0)/cF, which is a dimensionless osmotic compressibil-
ity. Error bars are close to the symbol size. (c) S(0) plotted against φeff and compared
with the hard-sphere (Percus-Yevick) values.
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3.4 SANS structure factors: Ficolls are soft

We now obtain the structure factor of Ficoll-400 suspensions, shown in Figure 3.6,

by dividing the neutron scattering intensity from the Ficoll suspensions by the form

factor. It has to be noted that the fb
HDO increase is only linear with Ficoll concentra-

tion, and the specific relaxation rates are only independent of Ficoll-400 concentration

up to 10 % w
w

(φeff ∼ 0.2). We interpret this regime as the dilute regime where the

particle-particle interactions can be neglected. Therefore, in this regime S(q) = I(cF)
Idil

is the true structure factor, where I(cF) is the neutron scattering intensity from the

Ficoll sample and Idil is Ficoll form factor. Beyond 10 % w
w

, the form factor could be a

function of the concentration and, in our experiments, the structure factor is not sep-

arable from the form factor; nevertheless, we can still extract the zero-q extrapolation

of the structure factor (since the form factor is 1 at zero q).

Figure 3.6(b) shows S(0)/cF as a function of cF, where S(0) is the extrapolation

of S(q) to zero q. This quantity can be identified as a (dimensionless) osmotic com-

pressibility χ, since χ = S(0)
kBTcF

. Following Cohen et al, we might expect the osmotic

pressure to follow a crossover scaling form that is a sum of the dilute concentration

dependence (Π ∼ cF) and semi-dilute concentration dependence (Π ∼ c
9/4
F ). Since

χ ∼ 1/(dΠ/dcF), we can therefore fit the osmotic compressibility to a form

S(0)

cF

∼ D

1 + (cF)z
. (3.11)

At low concentration, this form should have concentration-independent asymptote,

and this indeed appears to be the case, as seen by the fit to the crossover form at

low cF. At higher concentrations, for a polymer in semi-dilute solution, one expects

z = 9/4− 1 = 1.25 [13]. We, however, obtain z = 2.74 ± 0.01.
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Given this lack of agreement in the more concentrated regime, one might wonder

if, while the Ficoll single particle form factor is closer to a polymer than a colloid,

perhaps the Ficolls in their quiescent state interact with other Ficolls more like a

particle than like a polymer? To this end, we replot the S(0) against the effective

volume fraction φeff . The corresponding value of φhydrodynamic is shown as a one-sided

uncertainty in φeff - the values are provided for easy comparison in Appendix Table

1. It is seen in Figure 3.6(c) that this dependence, deviates significantly from the

Percus-Yevick (PY) hard-sphere form at low φeff but approaches it asymptotically at

higher φeff .

One potential reason for the osmotic compressibility being larger than the hard-

sphere value is weak, short-ranged attractive interactions: this can be examined via

computer simulation. Such attractions would be less relevant once the Ficolls are

in contact: this would roughly be consistent with the approach to hard-sphere-like

behaviour at high φeff .

3.5 Conclusion

Using multiple complementary experimental techniques, rheology, SANS and NMR

diffusometry and relaxometry, we have investigated the structure of a model polysac-

charide macromolecular crowder of two sizes, Ficoll-70 and Ficoll-400. For both Ficoll-

70 and Ficoll-400, the viscosity of the suspensions follow a crossover form from linear

dependence of the concentration cF in dilute solution, to de Gennes scaling for a rep-

tating polymer in concentration solution [88]. The prefactor to this crossover scaling

form, known as the Huggins constant, is identical to the previously reported value for

solutions of (non-crosslinked) polysaccharide polymer with a single backbone.
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The SANS form factor of Ficoll-400 does not exhibit a sphere-like character but

is rather well-fit to the Debye model for a linear Gaussian polymer, and the ratio

Rg/RH ∼ 1.52 which is within the range of values 1.44 - 1.59 expected for a Gaussian

polymer and/or polymers in good solvent [93]. This non-compact polymeric structure

could account for non-monotonic enzyme folding kinetics with Ficoll as the crowding

agent [100, 101, 102]. There is some complexity in this: the volume accessible for

macromolecules of size comparable to Rg is much smaller than the volume accessible

to smaller molecules (like the substrate molecule in enzyme kinetics studies).

The concentration-dependent reduction in the observed self-diffusion coefficient

of the trace HDO molecules in D2O helps us estimate the effective Ficoll volume

fraction, which includes particle-associated water. This water is “bound” only in a

statistical sense, because on the time scales of the NMR diffusion experiment (tens of

milliseconds), an individual water molecule exchanges rapidly between the free and

the particle-associated state. The bound water fraction is large, approaching fb = 0.6

in the crowding limit. Independently, and consistently, we see a sigmoidal rise in a

dimensionless specific transverse relaxation rate from zero (the value for free water,

by definition) towards a plateau value that is consistent with a highly constrained

environment. We identify a non-linear growth of the Ficoll-400 bound water fraction

(fb) with increase in cF, while fb for Ficoll-70 increases linearly. This suggests that

while the water content per particle is roughly constant as a function of cF for Ficoll-70,

it decreases a bit in Ficoll-400 (due either to particle overlap or particle compression).

The increase in Ficoll-bound water, obtained via long-time diffusion measure-

ments, are completely consistent with increasing NMR relaxation rates, which reflect

short-time rotational motions. In the future, one could also use Raman scattering

experiments to evaluate the nature of Ficoll-bound water under crowding [103] and
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to understand the difference in the magnitude of specific relaxation rates for Ficoll-70

and Ficoll-400 above the identified overlap concentrations.

Volume fractions traditionally calculated using the Ficoll partial specific volume,

in contrast, simply yield the additional solution volume due to the Ficoll polymer;

they do not capture the hydrated volume occupied by the Ficolls. We report, for the

first time, an effective volume fraction for Ficoll that reflects a particle volume which

includes Ficoll-bound water and more importantly, a solvent volume that excludes

the Ficoll-bound water. In the crowding limit the effective volume fraction is not

between 20 and 30%, but between 60 and 70%; this estimate is totally consistent with

the polymer-like rheology observed, which implies that Ficolls interpenetrate and/or

deform during shear.

From this multi-technique study, we say, conclusively, that Ficolls are not pro-

totypical colloid-like excluded-volume crowders, that they occupy a hydrodynamic

volume that consists of 2.5-3 times as much water as polymer, and that their struc-

ture is consistent with that of a Gaussian polymer: at the very least, it is a highly

non-compact object. There is an interesting parallel between these findings and find-

ings of polymer-colloid duality in the microgel literature [86]. Similar challenges are

also faced in understanding structure and dynamics in globular protein solutions [50,

87].

Finally, we discuss two examples of the impact of the current work. In their

study of polymer diffusion in Ficoll-70 solutions, Palit et al. identify a characteristic

concentration, c? for poly(ethylene glycol) (PEG) molecules, a concentration below

which the diffusion coefficient of PEG is independent of the PEG concentration. This

characteristic concentration, c?, however, decreases as a function of the Ficoll concen-

tration and reaches a plateau beyond a Ficoll-70 volume fraction of 0.1 (Figure 2 (c)
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of reference [28]). However, the volume fractions were estimated using the specific

volume of the Ficoll-70 suspensions, and is equivalent to the φs in Figure 3.4(a) in

this chapter; this thus corresponds to φeff = 0.25. Similarly, Dhar et al [100] studied

protein folding time scales in Ficoll-70 solutions as a function of the concentration of

Ficoll-70. They observed sharply non-monotonic behaviour: first a decrease in the

relaxation time as a function of Ficoll-70 concentration, and then, above 100 mg/ml,

a sharp increase. The bottom of this “inverse chevron” was calculated to occur at a

volume fraction of 0.1 (Figure 2 B of ref [100]). Again, this corresponds to a φs of

0.1, but a φeff of 0.25. This picture is rather consistent with our measurements of

the osmotic compressibility of Ficoll-70, where we observe that beyond φeff ≈ 0.2, the

osmotic compressibility is closer to that of hard spheres. Thus we strongly believe

that, our results will affect many past studies in which the volume fraction of Ficoll is

considered to be the independent parameter. Particle-based simulations of crowding

that require volume fraction as an input will need to consider Figure 3.4.



Chapter 4

Self-diffusion and relaxation of

bovine serum albumin and

phytoglycogen nanoparticle

solutions

In the previous chapter, we have identified that the self diffusion of water molecules is

a sensitive technique to examine the true hydrodynamic volume occupied by macro-

molecules in a suspension. In this chapter, we evaluate the self diffusion and NMR

relaxation dynamics of water molecules in bovine serum albumin solution and phyto-

glycogen suspensions as well as the self diffusion coefficients of these macromolecules.

Bovine serum albumin (BSA) is a single domain globular protein crowder molecule

extensively used as a biological crowder molecule in macromolecular crowding studies

[104, 105]. Ota et al. have reported a Raman spectroscopy study on the behavior of

bovine serum albumin in crowded environments [103]. From the Raman scattering
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experiments of BSA solution, the authors identify three different water species at

the physiological pH; bulk water, protein-hydrated water, and the interfacial water.

They observed reduction in the bulk water and an increase in the protein hydrated

water with an increase in BSA concentration. Interestingly, they report that the

reduced concentration of interfacial water reduces to zero at 80 mg/mL of the protein

concentration but in this range, the sum of protein-hydrated and interfacial water

concentrations is constant. This suggests strongly that one consider a simple picture

with two species: bulk water and bound water. The fraction of bulk water is roughly

constant in dilute solution and up to 80 mg/mL at a value of 0.89 ± 0.01, but decreases

steadily to≈ 0.75 by 300 mg/mL. The authors do not observe changes in the secondary

structure of the protein molecule even at higher concentration regime.

Roosen-Runge et al. have performed small angle X-Ray scattering on BSA solu-

tions, and report that the form factor resembles the structure of an ellipsoidal colloid

[48]. This observation is consistent with the form factor obtained through small angle

neutron scattering experiments by Bendedouch et al. [106]. By performing quasielas-

tic neutron back scattering, Roosen-Runge et al. report the self diffusion coefficient

of BSA in crowding conditions and observe that at the biological volume fractions,

the self diffusion coefficient decreases with increase in volume fraction. Moreover they

argue that the general features of the solution can be captured effectively assuming

the colloidal hard particle model of the suspensions [48].

In general, the excluded volume effect introduced by the colloidal crowders al-

ways stabilizes the probe protein structure [107, 108]. BSA, however, is reported to

exert varying effects on the stability of the probe protein depending on the pH and

concentration, thus raising question on the applicability of colloidal picture of BSA

crowders. Sarangapani et al. have reported that the definition of volume fraction in
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BSA is inappropriate, and invoking the hydrodynamic volume of the molecule leads

to the incorrect prediction of BSA as a rigid colloidal particle [50]. They report that

calculating volume fraction based on pH dependent specific volume rightly captures

the features of the suspension properties at a wide range of pH. They show that

phenomenological models based on excluded volume such as the Krieger-Dougherty

model for hard-sphere suspensions, or the Russel model which accounts for particle

surface charges, are insufficient to explain the viscosity of BSA at the the probed

concentrations, and pH [49].

BSA is widely used as a model excluded volume crowder in macromolecular crowd-

ing studies. In this chapter, we report the self diffusion coefficient of the BSA crowder

molecules and water molecules in the BSA suspensions of different concentrations at

physiological pH investigated by diffusion NMR experiments. We extract the fraction

of BSA bound water molecules and employ that to construct a volume fraction for

BSA molecules.

Next, in this chapter, we examine the diffusion coefficient of phytoglycogen den-

drimers (and of the solvent) in the same way as BSA. Based on prior viscosity mea-

surements [109], these phytoglycogen particles are a promising future candidate for

in vitro macromolecular crowding studies. Phytoglycogens are natural nanoparticles

that act as glucose storing units in some plants. The structure of phytoglycogen

nanoparticles is similar to that of dendrimers where one unit consists of regularly

branched glucose chains. Nickels et al. test several models for the form factor of

phytoglycogen particle and conclude that a best fit is obtained by modelling the par-

ticle as a uniform sphere [51]. Further, they have successfully applied hard sphere

structure factor model up to 25 % w
w

and estimated the interparticle distances. Their

study identifies two species of water molecules, the phytoglycogen bound water and
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the bulk water. They conclude that phytoglycogen is an efficient water retention

agent. Shamana et al. on the other hand show that phtoglycogen particles are rather

soft and they report the osmotic compressibility of the suspension [109]. The compres-

sional value for phytoglycogen they report, 15 kPa, is close to the value of microgels

and star polymers. They also calculate an effective volume fraction for phytoglyco-

gen nanoparticles, which exceed significantly beyond the hard sphere glass transition

volume fraction, indicating the softness of the particles. Further, by performing rheo-

logical measurements for a wide range of concentrations, they identify that until 20 %

wt, the phytoglycogen suspensions show Newtonian behavior and beyond that a shear

thinning liquid like behaviour. They model the rheology of the suspensions using the

Vogel–Fulcher–Tammann (VFT) model of glassy dynamics.

In this chapter, we investigate and compare the results of self-diffusion of BSA

and of phytoglycogen nanoparticles obtained in the millisecond time window, the

self-diffusion of water in the same suspensions, and thereby the fraction of water

molecules associated with the phytoglycogen nanoparticles and for BSA. We also

obtain relaxation rates for the water (probing rotational correlations at much shorter

timescales) for all these suspensions.

4.1 Materials and methods

We disperse the phytoglycogen particles in D2O by homogenizing the sample at 11000

rpm using a 7mm homogenizer probe for 3 minutes using a Fisher brand homogenizer.

The phytoglycogen nanoparticles were a gift from Mirexus Biotechnologies. This

homogenization is repeated 5 times with an interval of 1 minute between each stirring.

The sample is then loaded to a 4mm tube which is inserted to a 5 mm NMR tube for
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(a) (b)

Figure (4.1) PFG-NMR: Natural logarithm of NMR signal intensity decay against
gradient parameter b (defined in equation 2.24) shown for three concentrations for (a)
BSA (b) Phytoglycogen.

NMR experiments. We disperse the BSA in 0.1 M phosphate buffer solution. All the

experiments were performed at 25oC.

4.2 Results and Discussion

The NMR signal intensity decays mono-exponentially for BSA while a non mono-

exponential decay is observed for phytoglycogen particles as shown in Figure 4.1 (a)

& (b). In our experiments, the time between the first two pulses in PFG-STE is set to

δ = 2 ms and the diffusion time is ∆ = 50 ms (parameters in equation 2.24). We fit

the NMR intensity decay of phytoglycogen to a bi-exponential function as in equation

A.1 and obtain the average self diffusion using equation A.2. The NMR intensity

decays mono-exponentially for HDO in both BSA and phytoglycogen suspensions.
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(a) (b)

(c) (d)

Figure (4.2) PFG-NMR: (a) Self diffusion coefficient of HDO molecules decrease
linearly in BSA and Phytoglycogen suspensions. (b) Fraction of bound water show
a linear increase with suspension concentrations for BSA and phytoglycogen. (c) An
exponential decrease in self diffusion coefficient with concentration, cBSA, is observed
for BSA. (d) The self diffusion coefficient of phytoglycogen deviates from exponential
decrease around 15 % where the suspension property is reported to change from
Newtonian to shear thinning.
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Table (4.1) BSA volume fractions using different methods: the mass fraction cBSA

(as per equation 3.1), and the volume fractions based on polymer specific volume
(equation 3.7), polymer specific volume accounting for bound water (equation 3.8) and
particle hydrodynamic volume accounting correcting for bound water in the solvent
volume (equation 3.10).

cBSA (% w
w

) φs φhydrodynamic φeff

0 0 0 0
1 0.007 0.027 0.017

2.57 0.018 0.05 0.058
4.59 0.034 0.082 0.095
7.39 0.054 0.116 0.16
9.9 0.073 0.173 0.214

14.39 0.109 0.216 0.303
16.97 0.13 0.26 0.351
19.87 0.153 0.334 0.408
24.9 0.195 0.417 0.489
30 0.239 0.447 0.573

The self diffusion coefficient of HDO molecules decreases linearly with concen-

tration for both BSA and phytoglycogen nanoparticles in D2O as shown in Figure

4.2 (a). Using equation 3.5, we extract the fraction of particle bound water and we

observe a linear increase of fb with suspension concentration for both BSA and phy-

toglycogen as shown in Figure 4.2 (b). The self diffusion coefficient of BSA and phy-

toglycogen particles are shown in Figure 4.2 (c) and (d). The self diffusion coefficient

decreases exponentially with a characteristic concentration of 10.99± 0.76 % for BSA

and 11.74 ± 0.87 % for phytoglycogen. Interestingly, for all the crowder suspensions

studied in this thesis – Ficoll-70 (black circles in Figure 3.3(b)), Ficoll-400 (purple

squares in Figure 3.3(b)), BSA (Figure 4.2(c)), and phytoglycogen (Figure 4.2(d)) –

the decrease in D with concentration is exponential:

D = D0 exp(−c/c2). (4.1)

In addition, the characteristic concentrations c2 are all around 10-12 %. However, a
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marked deviation from the exponential decrease in self diffusion coefficient is observed

for phytoglycogen above 20 %. Interestingly, this is the concentration where the

rheological properties of the suspension is report to change from Newtonian to non-

Newtonian shear thinning behaviour [109], and indeed the decrease in D beyond

this concentration is even sharper. A smaller, but noticeable, deviation from the

exponential decrease of self diffusion coefficient was also observed for Ficoll-400 above

the overlap concentration (Figure 3.3 b).

By extrapolating the exponential fit to the self diffusion coefficient, we obtain D0 =

(8.34 ± 0.27) × 10−11 m2/s for BSA and (9.26 ± 0.21)× 10−12 m2/s for phytoglycogen.

The estimated hydrodynamic radius using the Stokes-Einstein equation is RH = 2.93

± 0.09 nm for BSA and 24.46 ± 0.60 nm for phytoglycogen. The specific volume of

BSA is 0.735 ml/g [48]. The specific volume of phytoglycogen is not yet reported.

We compute the effective and hydrodynamic volume fractions using equation 3.8 and

3.10 for BSA. The φeff deviates very slightly from linearity beyond 10-15 % while

φhydrodynamic and φs increases linearly as shown in Figure 4.3 (a). Table 4.1 shows the

weight fraction and corresponding φs, φhydrodynamic and φeff for BSA.

Next we compare the φhydrodynamic and φvisc for phytoglycogen nanoparticles. Shamana

et al. estimated a volume fraction, referred to as φeff in reference [109] but as φvisc

here, as a product of concentration conversion factor, k and concentration c in w/w

%: φvisc = kc. They obtain the proportionality constant k by fitting viscosity mea-

surements in the dilute limit to the Einstein-Batchelor equation (see, for example,

Ref [110]), a procedure that is strictly only valid for hard spheres: from this, they re-

port k = 0.0353. This volume fraction increases linearly with concentration as shown

in Figure 4.3 (b). The φhydrodynamic, estimated from NMR experiments, on the other
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(a) (b)

Figure (4.3) PFG-NMR: (a) φeff for BSA increases non-linearly beyond 15 % while
the φhydrodynamic almost increases linearly. (b) The φhydrodynamic for phytoglycogen show
marked deviation from linearity beyond 5% while φvisc defined by Shamana et al. [109]
increases linearly.

hand, increases linearly only up to 5 % w/w. An experimental measurement of spe-

cific volume for phytoglycogen is not yet reported. Therefore, the calculation of φeff

and φs for phytoglycogen is reserved for a future work. Table 4.2 shows the weight

fractions and corresponding φhydrodynamic and φvisc for phytoglycogen.

Relaxation: Transverse relaxation rates R2 of the solvent molecules are good,

independent indicators of the change in environment of the colloidal suspensions.

Increase in relaxation rates indicates the increased constraint on molecular mobility.

The R2 for BSA increases linearly up to 30 % w/w. While we do not have a model

for the transverse relaxation rates, the R2 for phytoglycogen increases linearly up

to 12 % and increases sharply thereafter. The corresponding hydrodynamic volume

fraction, φhydrodynamic, is ≈ 0.636, close to hard sphere packing fraction. Beyond

this concentration, as mentioned earlier, it has been reported that the suspension

is rheological properties change from Newtonian to shear thinning behaviour around

this concentration [109]. It is notable that the water in its most confined state in
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Table (4.2) Phytoglycogen volume fractions using different methods: the mass frac-
tion cphyto (as per equation 3.1), the particle hydrodynamic volume accounting cor-
recting for bound water in the solvent volume (Equation 3.10) and φvisc.

cphyto (% w
w

) φhydrodynamic φvisc

0 0 0
1.5 0.135 0.052
2.52 0.215 0.089
4.37 0.334 0.154
6.35 0.436 0.224
7.37 0.481 0.26
9.73 0.572 0.343
11.84 0.636 0.418
16.97 0.75 0.56
19.7 0.796 0.695
24.03 0.845 0.848

phytoglycogen has a relaxation rate R2 ∼ 250 (1/s), which is similar to the value in

Ficoll-400 at the highest concentration.

4.3 Conclusion

In this chapter, we have evaluated the volume occupancy of BSA, a globular protein,

and the phytoglycogen dendrimer. Two methods of taking water volumes into account

in the volume fraction were presented in this thesis: both volume fractions, φeff and

φhydrodynamic increase to a value above φ = 0.4: φeff increases to 0.57 at cBSA = 30%,

while φhydrodynamic increases to 0.45. The R2 relaxation rates of HDO molecules in

BSA solution increases linearly with concentration indicating increased constraints

on the solvent molecules. The maximum value of R2 is near 100 1/s, comparable to

the value in Ficoll-70, but significantly lower than the value in Ficoll-400.

The self diffusion coefficient of BSA and phytoglycogen decreases exponentially
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(a)

Figure (4.4) PFG-NMR: R2 relaxation rate for HDO in BSA and phytoglycogen
suspension increases with suspension concentration indicating the increased constraint
on the HDO molecule.

with increasing concentration and we estimate a characteristic concentration of 10-12

%. A similar observation is also made for Ficoll nanoparticles. This is discussed in

more detail in Chapter 5.

For phytoglycogen, we did not have sufficient quantities to obtain a partial specific

volume v̄, so we only obtained φhydrodynamic. The hydrodynamic volume fraction for

phytoglycogen show a linear dependence on cphyto up to 5 % and a marked devia-

tion from linearity at higher concentrations, being strongly sublinear: it nevertheless

reaches a value of 0.85 at 25 % w/w. Shamana et al. have also reported an effective

volume fraction which in this thesis is termed as φvisc, because it is obtained by using

the linear relation φvisc = kc and obtaining the proportionality constant k by fitting

viscosity measurements in the dilute limit to the Einstein-Batchelor equation, a pro-

cedure that is strictly only valid for hard spheres. φvisc reaches 0.85 at 25 % w/w.

However, the volume fraction, φvisc, increases linearly until crowding conditions. Our

work provides a self-consistent means to obtain a reliable volume fraction far from
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the dilute limit, and implies that phytoglycogen are also far softer than previously

thought. The self diffusion coefficient of phytoglycogen show significant deviation

from the exponential decay trend at around 15 % w/w.

The transverse relaxation rate, R2, of HDO molecules in phytoglycogen suspen-

sions increases linearly up to this concentration (identified as maximum hard-sphere

random-close-packing fraction from φhydrodynamic) and then a sharp increase indicat-

ing increased constraint on the solvent molecule mobility. Shamana et al. have

reported that the phytoglycogen suspensions undergo a Newtonian to shear thin-

ning behaviour at this concentration. We find that the R2 relaxation measurements

of solvent molecules is an independent method to obtain qualitative information on

the suspension properties. A sharp increase in the R2 for HDO molecules was also

observed for Ficoll-400 at a concentration where the diffusion of Ficoll-400 shows a

noticeable deviation from the exponential dependence on the concentrations (Figure

3.3 (b)).



Chapter 5

Conclusions and future work

5.1 Conclusions

Biological cells are the fundamental units of all living species [111]. Inside living cells,

there exist a mixture of macromolecular entities at a high concentration performing

different actions to sustain normal function. These molecules are under the simulta-

neous action of multiple interaction potentials which makes the study interesting but

challenging. Excluded volume interactions are a fundamental interaction in which a

molecule makes its occupancy space unavailable for other molecules to occupy. This

entropic interaction is always present regardless of any other physical or chemical

properties of the molecule [112]. A broad range of research has been previously re-

ported on the effects of excluded volume interactions induced by crowder molecules

on the conformations of molecular probes [113, 114, 115, 116, 117, 118, 119]. How-

ever, while the mass fractions are easy to measure, estimating excluded volume in

experiments has been challenging.
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In this thesis, we employ multiple experimental techniques to obtain reliable in-

formation about crowder excluded volume. We report a simple but efficient method

to determine the volume occupancy of the crowder molecules in aqueous suspensions,

which in principle can be applied to any system for measuring the total free volume

available for molecules to occupy. In our formulation, we estimate the self diffusion

coefficient of the solvent and crowder using pulsed field gradient nuclear magnetic

resonance spectroscopy. From the solvent and solute diffusion coefficients, and as-

suming that the solvent (water) either diffuses freely or is bound to the crowder, we

can obtain a robust estimate of the fraction of bound water. An independent probe of

the water environment, relaxometry, yields results very consistent with diffusometry.

We then estimate the volume of the suspensions using two different methods. In

one method, we compute an effective volume, Veff based on both the product of the

solute specific volume and mass, and the volume of solute bound solvent molecule.

In another method, we obtain the hydrodynamic volume obtained in the dilute limit,

but, we remove the overestimation of solute bound solvent volume using the concen-

tration dependence of solute bound water. This is referred to as Vhydrodynamic. The

volume fraction of the suspensions, then, is the ratio of calculated solute volume and

the solution volume. As an independent check, we also measure their NMR transverse

relaxation rates (which are related to short time motions) as a function of the concen-

tration, and find results that are consistent with the diffusion measurements (which

probe very long time motions) and the bulk rheological properties of the suspension.

For Ficoll-400 and Ficoll-70 crowder molecules, the volume fractions estimated

following the two approaches, φeff and φhydrodynamic, yield self-similar results. Interest-

ingly, our observation reveals that the volume occupancy of these suspensions is not

30 to 40 % at crowding conditions rather they reach 65-70 %. Moreover, the volume
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fractions increase in a non-linear fashion beyond a concentration which is identified

as the overlap concentration of the suspension from rheological measurements. These

observations conclusively say that Ficoll is highly porous rather than a hard sphere,

and the volume it excludes is largely determined by the water it holds: the pervaded

volume of Ficoll has 2.5 times more water than polymer.

Is Ficoll colloid or polymer? Our SANS experiments reveal that the form factor

resembles a Gaussian polymer chain. The self diffusion coefficient of Ficoll (obtained

by NMR) follows an exponential decrease, but shows a small but noticeable devia-

tion beyond the overlap concentration for Ficoll-400. The relative viscosity of the

suspension increases linearly in the dilute regime and follows a power law beyond

that, giving a de-Gennes coefficient of 15
4

for a reptating polymer. All the above in-

dicate polymer-like behaviour. Furthermore, the NMR relaxation of HDO molecules

in the Ficoll suspension follow a sigmoidal growth indicating increased constraint on

the molecular mobility. This, coupled with the quantitation of bound water, clearly

hint that if Ficoll is a colloid, it is a highly porous one. The osmotic compressibility

obtained as the structure factor S(q → o) as the wave vector tends to zero deviates

from the Percus-Yevick model for hard-sphere colloids. However, it also does not

follow the scaling behaviour expected for a linear polymer in good solution, in sharp

contrast with the agreement of the viscosity to de Gennes scaling, and in contrast to

the fitting of the form factor to a Gaussian polymer. Ongoing simulation work in the

group of Dr. Wallin [120] shows that the experimental osmotic compressibility can

successfully be modelled using a combination of softness and attractive interactions.

The detailed investigation on the structure of Ficoll molecules using multi-technique

experimental studies reveal that Ficoll is perhaps more polymer like than colloid like,

but one must account for some degree of “colloid-like” compactness imparted to the

Ficoll by its internal crosslinks.
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Investigations on solutions of the protein crowder molecule BSA shows that while

φeff increases linearly, φhydrodynamic shows a non-linearity beyond 10-15 %. The self

diffusion coefficient of BSA molecules follow an exponential decrease in trend until

crowding conditions. The NMR R2 relaxation follows a linear increase with suspen-

sion concentration. For the phytoglycogen dendrimer, the φhydrodynamic is non-linear

with concentration above 5 % w/w and the NMR R2 relaxation increases linearly

with suspension concentration until the maximum hard-sphere packing fraction ob-

tained using hydrodynamic volume fraction and then shows a sharp increase. The

self diffusion coefficient of phytoglycogen also shows a marked deviation from the

exponential decay. This concentration is previously identified as the concentration

at which the suspension properties changes from Newtonian to non-Newtonian shear

thinning suspensions.

The work of Palit et al. [28] showed that the self-diffusion coefficient of the poly-

mer polyethylene glycol in water exhibited an exponentially decreasing concentration

dependence. The work of Rozenfeld [121] and Dzugutov [122] proposed an exponen-

tial relationship between atomic diffusion and the excess entropy. Thorneywork et

al. [123] make a direct connection between long-time self-diffusion coefficients and

particle concentration: they too found an exponential dependence in both Monte

Carlo simulations and experiments, albeit in 2 dimensions and for hard-sphere col-

loids. As a result of the work in this thesis, we see that this exponential dependence

is widely valid: not just for the linear polymer PEG, but for more compact Ficolls

and for phytoglycogen nanoparticles (up to a high volume fraction), and as well for

the globular protein BSA.
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5.2 Future directions

While this thesis provides convincing evidence for two co-existing species of water,

it would be exciting to have direct spectroscopic evidence. A systematic Raman

scattering experiment on these suspensions would be an efficient way to quantify

the different kinds of water and their relative populations. This study will help us

in understanding the reason for the higher magnitude of relaxation rates of water at

the highest crowder concentration, seen for Ficoll-400 and phytoglycogen as compared

with Ficoll-70 and BSA. Indeed Ota et al. suggest three different water species in BSA

suspensions [103]. Comparison of the spectroscopic signature in different crowders can

help verifying this point. In addition, Brillouin scattering experiments can be used as

a quiescent probe of the rheological properties of the suspensions [124].

A neutron spin echo experiment would provide a way to access information about

short time motions. These experiment will provide a complete understanding of the

Ficoll system which will be a valuable source for any future macromolecular crowding

studies. We conclude with the observation that the study of macromolecular crowding

can greatly benefit from the use of multiple experimental techniques, diffusion NMR,

NMR relaxation, rheology, SANS and neutron spin echo along with Raman/Brillouin

scattering studies.



Appendix A

A.1 Ficoll volume fractions using different meth-

ods

We disperse the required amount of Ficoll (g) in 1 mL of D2O which weighed 1.1

g. The concentration of the Ficoll suspension is then defined as in equation 3.1.

Table A.1 below shows the volume fraction of Ficoll estimated through three different

methods. In one method, we calculate volume fraction based on the Ficoll-70 specific

volume 0.65 ml/g and Ficoll-400 specific volume 0.67 ml/g [89, 84] using equation 3.7.

In another method, we estimate the volume fraction using polymer specific volume

accounting for bound water using Equation 3.8. Using equation 3.10, we report the

volume fraction estimated using particle hydrodynamic volume accounting correcting

for bound water in the solvent.
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Table (A.1) Ficoll volume fractions using different methods: the mass fraction cF

(Equation 3.1), and the volume fractions based on polymer specific volume (Equa-
tion 3.7), polymer specific volume accounting for bound water (Equation 3.8) and
particle hydrodynamic volume accounting correcting for bound water in the solvent
volume (Equation 3.10).

Ficoll-70 Ficoll-400
cF (% w

w
) φs φhydrodynamic φeff cF (% w

w
) φs φhydrodynamic φeff

0 0 0 0 0 0
0.45 0.003 0.014 0.020 0.49 0.004 0.013 0.018
1.13 0.008 0.030 0.035 1.00 0.007 0.027 0.038
2.53 0.018 0.067 0.056 2.57 0.028 0.069 0.083
4.46 0.032 0.119 0.116 4.4 0.033 0.120 0.158
6.34 0.046 0.166 0.146 5.83 0.044 0.158 0.187
7.78 0.057 0.203 0.173 7.93 0.060 0.208 0.22
9.89 0.073 0.263 0.247 9.99 0.076 0.257 0.256
12.45 0.093 0.328 0.3 12.53 0.096 0.320 0.319
14.75 0.110 0.382 0.339 14.88 0.115 0.375 0.37
17.53 0.132 0.440 0.078 17.65 0.137 0.439 0.439
20.01 0.152 0.507 0.453 20.36 0.159 0.495 0.486
25.01 0.193 0.617 0.558 24.66 0.195 0.600 0.6
29.7 0.232 0.696 0.625 30.18 0.243 0.673 0.649
34.6 0.274 0.774 0.704 33.69 0.274 0.74 0.722
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A.2 Pulsed-field-gradient NMR experiments

A diffusion probe with a maximum field gradient 1800 G/cm is used to perform pulsed-

field-gradient NMR (PFG-NMR) diffusion measurements using the stimulated echo

pulse sequence [56]. (in the gradient range g = 0 − gmax G/cm, where gmax ranges

from 100 G/cm at low cF to 1400 G/cm for 35 %).

Figure A1 (a) shows the decrease of PFG-NMR signal intensity for Ficoll-400

for 3 different concentrations as a function of applied gradient parameter, b, given

by Equation 2.24. For single-component systems, the signal attenuation is a simple

exponential decay, and the diffusion coefficient is obtained as the slope of the linear fit

to the natural logarithm of the intensity vs the gradient parameter b. Since we observe

nonlinearity, i.e., a non mono-exponential intensity decay for Ficoll-400 suspensions

(Figure A1), we interpret this as the formation of clusters. We model the data using

(a) (b)

Figure (A1) Representative graphs for decay of nuclear magnetic resonance intensity
as a function of gradient parameter for different concentrations of Ficoll-400 (cF ≈ 0.5
%, 15% and 33% w

w
(a) Ficoll-400 signal: the data is fitted using a bi-exponential

function (Equation A.1). (b) Signal of trace HDO in D2O for the same weight fractions
cF: data is fitted to a monoexponential function.



79

a bi-exponential function of the form [84],

I(b)/I(0) = fm exp((−bD1) + (1− fm) exp(−bD2) (A.1)

where fm is the fraction of isolated Ficoll-400 particle (referred to as “monomer”) and

D1 is the self-diffusion coefficients of the monomer and D2 is the mean self-diffusivity

of the cluster. From the fitted values, we can compute the average diffusion coefficient

Dave = fmD1 +

(
1− fm

)
D2. (A.2)

The monomer fraction obtained using a bi-exponential fit for Ficoll-400 is almost

independent of the concentration as shown in Figure A2; 60% of them exist in the

monomer state.

Figure (A2) The monomer fraction of Ficoll-400 is relatively independent of the
concentration indicating the intrinsic polydispersity.

The HDO signal (Figure A1(b), on the other hand, is always mono-exponential,

and can be fit to Equation 2.25; however the diffusivity DHDO(cF) is a function of

the concentration cF, as discussed in the discussion around Equation 4 in the main
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Figure (A3) 2H D2O spectra for D2O in Ficoll-400: 1 % (blue line), 15 % (red line),
35 % (green line).

manuscript.

A.3 NMR transverse relaxation and 2H NMR ex-

periments

The Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence by applying a π
2

pulse for a

duration of 11 µs and π pulse for a duration of 22 µs with a delay time τ between the

two pulses. This delay time is then varied to record the transverse relaxation intensity

decay to calculate the transverse relaxation rates R2 (≡ 1/T2).

We obtained 2H spectra of the D2O in Ficoll-400 at 3 concentrations (Figure A3)

to verify the increase in line width that should arise from constrained motions. The

spectra is recorded in deuterium channel probe.
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A.4 Reduction of SANS scattering intensity from

raw data

Figure (A4) Small angle neutron scattering intensity as a function of wave vector,
q. The black solid line at the low q asymptote follows a −4 power law and the blue
solid line at the high q asymptote follows power law of −2.

Power law fits for the high-q asymptote: Figure A4 shows the neutron scat-

tering intensity as a function of the wave vector, q, for Ficoll 400 of 1 wt % . We

extract the contribution of incoherent background scattering by fitting the high q

asymptote to a power-law with a constant (solid blue line in Figure A4) of the form

I(q)hqa = Apre−factorq
x + Iincoherent, (A.3)

where I(q)hqa is the intensity at high q asymptote, Apre−factor is the prefactor, x is the

power law exponent, and Iincoherent is the background incoherent scattering intensity.
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We remove by subtracting the component Iincoherent from the raw intensity. The vari-

ation of Iincoherent (Figure A5) and Apre−factor (Figure A6) with Ficoll weight fraction

are shown in the Appendix. The high q asymptote renders a power law of −2 and the

observation holds good for all other weight fractions of Ficoll (Figure A8). The Debye

function for Gaussian polymer chains predicts a -2 power law for high q asymptote,

and we, therefore, first consider the Debye model to analyse our processed neutron

scattering intensity data as a function of scattering wave vector.

The protons from the Ficoll contributes to the scattered background intensity

and therefore the incoherent background intensity scales linearly with increase in

concentration as shown in Figure A5. This is consistent with a linear increase in

protonated Ficoll.

Figure (A5) The incoherent background scattering intensity extracted from the high
q asymptote of the raw neutron scattering data by fitting to I(q) = Aqx + Ibck as a
function of Ficoll 400 weight fraction.
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The prefactor for the power law (Equation A.3) with the incoherent background

fit to the high q asymptote scales linearly up to a concentration c less than 10 wt %

and deviates from linearity with further increase in concentrations as shown in Figure

A6. Coincidentally, beyond this concentration regime cluster formation in Ficoll is

reported [84].

Figure (A6) The prefactor extracted for the high q asymptote of the raw neutron
scattering data by fitting to Equation A.3 as a function of Ficoll 400 weight fraction.

Background and bubble contributions: Porod’s law predicts a -4 power law

for the scattering from a smooth spherical surface [125]. Interestingly, for at low q,

we observe an intensity that appears to drop off as a power law intensity fall: we fit

this low-q behaviour to

I(q)lqa = Abubbleq
x + Ibase, (A.4)

where I(q)lqa is the intensity at the low q asymptote, Abubble represents the micro
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Figure (A7) Neutron scattering intensity as a function of scattering vector, q, for
unhomogenized and homogenized D2O . The fall in intensity for homogenized sample
at low q asymptote follows a −4 power law indicating the presence of bubbles.

bubble factor and Ibase is the intensity at which the scattering intensity becomes

independent of the wave vector between the low q and high q asymptote. Here, the

power law exponent is −4.

To verify that the fall in intensity at low q arises from the scattering from micro-

bubbles in the sample, we carry out a test as follows. While a homogenized D2O

shows a power law fall in intensity with exponent -4 at the low q asymptote shown

in Figure A7, an unhomogenized D2O does not show a q dependent intensity fall.

This indicates that the power law decrease in intensity at the low q asymptote in

homogenized D2O /samples arises from the presence of micro bubbles in the sample

as predicted by Porod’s law [125].

Figure A8 shows the raw scattering intensity with fits to both the low-q and high-q

asymptote. Figure A9(a) and (b) shows the scaling of Abubble and Ibase respectively

(Equation A.4) with increase in Ficoll-400 weight fraction. We remove the contribu-

tion of micro-bubbles by subtracting the power law component from the background



85

Figure (A8) Blue solid lines (low q asymptote) are the fit to I(q) = Abubbleq
x + Ibase

(Equation A.4) and black solid lines (high q asymptote) are fits to I(q) = Aqx +
Iincoherent (Equation A.3). The low-q asymptote follows a -4 power law and high-q
asymptote follows a -2 power law.

corrected data. Figure 3.2 in the chapter 3 shows neutron scattering intensity that is

devoid of scattering from micro-bubbles and incoherent background scattering for a

concentrations, cF = 1 % w
w

, of Ficoll 400 normalized against volume fraction.

We first prepared Ficoll 400 of concentration cF = 13.62% w/w and diluted the

sample to obtain other weight fractions. The next batch was prepared at a concen-

tration of cF = 21.3 wt % and diluted to obtain samples until cF 14.3 wt % Ficoll 400.

Therefore, from cF = 13.62 % to 1 wt %, the prefactor of the -4 power law term (that

represents the fraction of bubbles) decreases. The concentration of micro-bubbles in

cF = 21.3 wt % is less than at cF = 13.62 wt % and it decreases as we dilute the

sample up to a concentration of cF = 14.3 wt % as shown in Figure A9(a).
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Figure (A9) (a) Bubble factor as a function of Ficoll weight fraction obtained by
fitting low q asymptote to I(q) = Abubbleq

x + Ibase. (b) The scattering intensity at
q = 0 as a function of Ficoll weight fraction obtained by fitting low q asymptote to
I(q) = Abubbleq

x + Ibase

The scattering intensity at q = 0 decreases almost linearly up to a concentration

of cF = 17.3 % w/w and then saturates. This might indicate that the system begins

approaching the crowding limit beyond 17.3 % w/w.

Figure (A10) (a) Neutron scattering intensity from Ficoll samples, I(cF), after re-
moving the contribution of micro bubbles and background scattering for different
suspensions investigated here.
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A.5 Radius of gyration from the extended Debye-

–Anderson–Brumberger form factor model

The extended Debye–Anderson–Brumberger form factor model for form factor renders

a form of

P (q) =
I(q)

I0

=
1[

1 +

[
D+1

3

]
(Rq)2

](D
2

)
(A.5)

If we let α = D+1
3

, β = D
2

, then

P (q) =
1

[1 + α(qR)2]β
, (A.6)

which for small x gives

P (q) ∼ 1− αβ(qR)2 +O((qR)4). (A.7)

The Guinier approximation I
I0

= exp(
−q2R2

g

3
) at small qRg can be expanded as

P (q) ∼ 1− q2Rg
2

3
. (A.8)

Comparing the prefactors of q2 in equation A.7 and equation A.8

Rg =
√

3αβR, (A.9)

substituting the values α = 1.07 ± 0.02 and β = 1.105 ± 0.03, calculated using the

fit parameter D = 2.21 ± 0.05, and using the fitted R = 6.79 ± 0.03 nm from the

extended Debye–Anderson–Brumberger model fit to the Ficoll form factor (Figure

3.2), we estimate an Rg of 12.78 ± 0.08 nm.
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