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The prevalence of degenerative conditions such as Alzheimer’s and Parkinson’s disease amongst an

increasingly elderly population has led to substantial research efforts into understanding the properties

and structures of amyloid protein aggregates. One such aggregate, the amyloid spherulite, consists of

a central core surrounded by long fibres of aggregated protein (fibrils) which grow radially outwards.

Spherulites (5–50 mm in diameter) exhibit four white lobes when observed using crossed polarised

microscopy, due to their birefringence. Here we report the growth of giant amyloid spherulites (GAS,

diameters 0.4–1 mm) that produce colourful patterns when placed between crossed polarisers. A ray

tracing model was developed that accounts for these patterns by calculating the effects of birefringence

on light passing through the GAS. This new model links for the first time the optical properties of

spherulites to the density and orientation of the fibrils, providing a route to understanding the

formation of these important protein aggregates.
Introduction

Amyloid protein aggregates have been linked with a variety of

important pathological conditions.1 The most commonly studied

of these aggregates are amyloid fibrils. These fibrils consist of

aggregated peptide/protein molecules that pack along the fibre’s

axis with a cross b-sheet structure2 (Fig. 1a). However, the

potential importance of other amyloid aggregates, such as

spherulites,3 has recently been emphasised with the discovery

that the peptide amyloid-b can form spherulites in vivo.4

Amyloid fibrils have two different refractive indices, depend-

ing on whether the polarisation of an incoming ray of light is

parallel or perpendicular to the fibril axis (Fig. 1b).

The radial orientation of these fibrils within a spherulite causes

incident rays with different polarisations to refract by different

amounts and follow slightly different paths through the spher-

ulite. For the giant amyloid spherulite (GAS) structures studied

here, the path differences between these light rays are much
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larger than for smaller spherulites. The interference of different

rays, exiting a GAS, results in the formation of coloured patterns

(Fig. 2a). These patterns are similar to those observed in nematic

liquid crystal drops5,6 and treated eye lenses7 where radially

birefringent structures also exist.
Fig. 1 Internal structure of giant amyloid spherulites (GAS). (a)

Insulin molecules in a chain folded inter-molecular b-sheet structure.

(b) Fibrils consist of many aggregated proteins in long thin fibres. Each

fibril has an ordinary refractive index for rays polarised perpendicular

to its axis and an extraordinary refractive index for those polarised

parallel. (c) A schematic illustrating an idealised arrangement of fibrils

inside a GAS. Fibrils are oriented radially. (d) Cryo-SEM image of the

inside of a GAS. No significant core is visible suggesting that most if

not all of the spherulite is composed of fibrillar material. The scale bar

is 100 mm.
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Fig. 2 Relating optical and structural properties of spherulites. (a)

Example of GAS showing the range of colourful patterns (isochromes)

that are observed. (b) Mean density measurements of individual spher-

ulites obtained from sedimentation kinetics. More colourful patterns are

observed as the spherulite density and radius increase. The average

reduced density (rspherulite � rliquid) of conventional spherulites has been

reported to be 34.5 kg m�3 which is in good agreement with the lower end

of our measured range.5
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Materials and methods

GAS structures were formed from Bovine Insulin (10 mg ml�1,

pH 2.8, 25 mM NaCl) by incubation in sealed glass vials

(T ¼ 67 �C). After 24 h a 2 ml sample was typically found to

contain just 30–50 spherulites (Diameter �400–1000 mm).

GAS stained with the amyloid dye Thioflavin-T were found to

fluoresce brightly, indicating that they contain amyloid species

(e.g. fibrils).
Results

GAS with similar radii taken from the same vial were found to

display different patterns when viewed through crossed polar-

isers (Fig. 2a). Some exhibited brightly coloured rings (iso-

chromes), while others displayed uniform white lobes. This

indicates that differences exist in the internal structure of GAS

formed under similar conditions. Conventional spherulites often

contain a central core composed of disordered protein aggre-

gates.3 The presence of a core would affect the optical properties

of a spherulite, altering the refraction and birefringence of the

central region. However, Cryo-SEM of GAS revealed no

evidence of a sizeable core (Fig. 1d). This suggests that other

structural differences in e.g. packing density and/or orientation

of fibrils, may exist between GAS aggregates.

The densities, r, of individual GAS of radius, R, were used to

determine the effect of such structural differences on the iso-

chromes. Individual GAS were deposited at the top of

a measuring cylinder containing deionised water. Their density

was then calculated from measurements of their terminal sedi-

mentation velocity (V) using:
3752 | Soft Matter, 2012, 8, 3751–3755
rSpherulite � rLiquid ¼
9Vh

2gR2
(1)

where h is the viscosity of water and g is the acceleration due to

gravity.8 Fig. 2b shows the density of GAS as a function of

their radius. A clear correlation is observed between the density

and/or radius of the GAS aggregates and the isochromes

produced. An increased density indicates a higher packing

fraction of fibril within the spherulite. Consequently, as the

radius and/or density increases, incoming rays will pass through

more fibrillar material whilst traversing the spherulite. This

increases the path difference between rays polarised parallel

and perpendicular to the fibril axis. When these path differ-

ences become comparable to the wavelength of light,

constructive and destructive interference gives rise to coloured

fringes (Figs. 2 and 3).

The refractive index of the liquid surrounding the spherulite,

also influences the isochromes. Images of GAS in water–glycerol

mixtures (nliq ¼ 1.333 – 1.473) under crossed polarisers were

collected using a x10 microscope objective (Fig. 3). In the highest

refractive index mixtures (where the index difference of fibril and

fluid is small) all spherulites appeared white. However, when

the refractive index difference was increased (low index fluid),

isochromes were formed.

Adjusting the refractive index of the liquid surrounding the

GAS alters the amount of refraction at the surface of the

spherulite. This changes the angle of propagation and introduces

small differences in the pathlength of each ray. However, this

effect is minor and unable to account for the observed changes in

the isochromes. Changing the suspending solvent also affects the

birefringence of the GAS. This birefringence has two compo-

nents, the first of which is the intrinsic birefringence of the fibrils.

This arises as a result of the different polarisabilities parallel and

perpendicular to their axes (Fig. 1a). Secondly, shielding of the

polarisation charges in the fibrils by a surrounding dielectric

liquid will be anisotropic (i.e. different parallel and perpendicular

to fibril axis). This gives rise to a so called form birefringence

which depends upon the refractive index of the suspending

liquid.9
The model

A Matlab (Mathworks) based ray tracing model was developed

in order to predict the positions of the isochromes observed in the

optical micrographs. The GAS model considers 2000 rays trav-

elling through a 2D disc which passes through the centre of the

structure (Fig. 4) and which is composed of 1000 segments

(supplementary information† 1 & 2). Each segment has an

ordinary (perpendicular) and extraordinary (parallel) refractive

index (Fig. 4) similar to a fibril (or a bundle of fibrils). The

component of the ray polarised perpendicular to the disc, refracts

only at the outer surfaces of the GAS as this component just

experiences the ordinary refractive index. However, the compo-

nent of the ray polarised in the plane of the disc encounters

a varying refractive index as it passes through the structure and is

refracted at each segment boundary due to the changing fibril

orientation (supplementary information† Fig. 2).10 The effects of

refraction on rays leaving the GAS are then also calculated.

Having modelled the ray path through the spherulite disc we
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Experimental and simulated images of a single GAS. The GAS (radius 190 mm, mean density 1.047 kg m�3) was immersed in water–glycer-

ol mixtures with different refractive indices. The left hand set of images show all the isochromes that are observed when the GAS is placed

between crossed polarisers and illuminated with white light. The next three columns show individual isochromes that are observed by placing

single colour filters in front of the light source. The images on the right hand side show the results of simulations obtained using the ray tracing

model described in the text.
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View Article Online
produce the full 3D spherulite by rotating the disc around the

vertical axis in Fig. 4.

The image formed at the CCD camera is the same as the virtual

image formed at S in Fig. 4, where the rays appear to originate.

Mapping individual rays to individual pixels on a screen (at S)

enables us to build up an image of the spherulite. The effects of

polarisers on the transmitted intensity of each ray are calculated

by resolving the polarisation of the output rays in the direction of

the polariser axes. Finally, the path difference between rays

which appear to have come from the same position in the virtual

image is calculated (ESI,† Fig. S3). We note that a result of this is

that interfering ordinary and extraordinary rays often originate

from different points on the initial wavefront.

Our model was used to estimate the mean refractive index and

birefringence of the spherulite when immersed in liquids of

different refractive index (supplementary information† 4).

Assuming refractive index values for insulin (np ¼ 1.54411) and

the water-glycerol mixtures12 (nliq) we estimate the volume frac-

tion of protein (4 ¼ 0.36) in the spherulites by fitting their fluid

dependent refractive index values obtained from experiment

(Fig. 4b).9

n z (n2liq(1 � f) + n2pf)
0.5 (2)
This journal is ª The Royal Society of Chemistry 2012
This value was then used to calculate the magnitude of the

form birefringence (dnform) assuming that fibrils are infinitely

long rods.9

dnform ¼ n 1�
1þ

�np
n

�2

2

�
1� ðn2 � n2pÞ

2n2liq

�
0
BBB@

1
CCCA

0:50
BBB@

1
CCCA (3)

Finally, using fits of eqn (4) to values of the total birefringence

obtained from fits of our model to images of spherulites

(ESI,† Fig. S4) we calculate the intrinsic birefringence, and an

order parameter (S), which characterises how well the fibrils are

aligned radially.

dn ¼ S(dnintrinsic + dnform(f, nliq)) (4)

The fits shown in Figs. 4b & c give an intrinsic birefringence of

0.004 and a form birefringence in water of 0.009. Our results

suggest a fairly small value for the order parameter (S ¼ 0.27).

This could be interpreted as poor ordering, or alternatively as an

indication of large amounts of branching of the fibrils that

comprise the spherulite.
Soft Matter, 2012, 8, 3751–3755 | 3753
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Fig. 4 The spherulite model. (a) The spherulite is treated as a 2-D disc with 1000 segments. Each segment has a birefringence such that the axis of the

fibrils/fibril bundles is/are radial. Rays enter the disc and are split into two polarisations; parallel (extraordinary) and perpendicular (ordinary) to

the plane of the disc. A virtual image is formed at S. Rotating the 2-D disc about its vertical axis results in the formation of a full 3-D model. Finally, the

effect of polarisers, the objective and interference are then calculated for each ray. (b & c) The model is used to make estimates of the mean refractive

index and birefringence of a spherulite in different refractive index liquids. Fits of eqn (2) & (4) enable us to calculate the intrinsic and form birefringence

as well as the orientational parameter (S).
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Discussion and conclusions

Fig. 3 shows a comparison of our model with experimental

images for a single spherulite.We see good agreement, which

indicates that our model captures the essential physics. The

symmetry of the isochromes with increasing radius can be

explained by considering how the optical path, D(nd), changes

for rays that are incident at different positions. Near the centre,

the distance travelled (d) is a maximum, but the two polarisations

experience the same refractive index (no) since they travel down

a fibril axis. At the edge of the disc, different polarisations

experience the maximum difference in refractive index (ne–no),

but the distance travelled by the rays inside the spherulite is

small. In both the above cases D(nd) will be small. At some

intermediate radial position, D(nd) becomes large and there is

a maximum in the path difference (Fig. 2a).

Some differences exist between the simulations and experi-

ments. In particular the central lobes observed in the simulations

extend to larger radii than those observed in experiment. The

edges of the coloured features in the simulations also extend

further outwards in a radial direction than in the microscope

images. This suggests that the path difference is being under-

estimated near the spherulite centre and overestimated at the

periphery. This is probably caused by the assumption that the

density is uniform throughout the GAS. In reality this would be

surprising, since variations in the local packing and branching of
3754 | Soft Matter, 2012, 8, 3751–3755
fibrils are likely to occur with increasing radius. It is also possible

that the order parameter changes with radius and the local fibril

packing density. Whilst the order parameter and spherulite

volume fraction are expected to vary within and between

spherulites, one would expect the intrinsic birefringence, which is

just a property of individual fibrils to be a general property of

all GAS.

An additional factor, not considered in this study, is that

amyloid spherulites may contain a proportion of amorphous

protein in amongst the packed fibrils as is observed in polymer

spherulites. This fraction is likely to be sensitive to the kinetics of

the assembly process and will depend upon experimental condi-

tions such as temperature. We would expect the amorphous

fraction to contribute to the index of refraction of the GAS

structures. As a result of this our estimates of the volume fraction

of birefringent material are likely to be slightly higher than the

true values. This would lead to a small error in the calculated

form birefringence but would not affect the calculated intrinsic

birefringence or the order parameter.

We have shown that the isochromatic patterns that are

generated when GAS are viewed between crossed polarisers can

be explained and modelled in terms of the birefringent properties

of the fibrils that comprise these structures. This model has the

potential to provide detailed information about the internal

packing and orientational order of fibrils within the GAS. This

will provide insights into the processes that result in the
This journal is ª The Royal Society of Chemistry 2012
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formation of potentially harmful protein aggregates and strate-

gies for the development of diagnostics and therapeutics.
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