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We report the first direct, non-invasive experimental evidence of a 2D isotropic–nematic transition for

highly anisotropic nanoparticles at liquid–liquid interfaces by using passive fluorescent particle

tracking. In order to illustrate the potential of this approach on systems of high real practical and

biological relevance, we select as a model anisotropic nanoparticles b-lactoglobulin amyloid fibrils of

varying aspect ratios. Upon nanoparticle adsorption at the interface, we follow, in real time and as

a function of fibril length and bulk concentration, the development of a 2D nematic phase by studying

the anisotropy in probe particle traces. We furthermore demonstrate the long-range nature of the

nematic phase by calculating order parameters for the traces as high as 0.8 over 102 to 103 mm2 areas.

The presented route is independent of the system investigated, and thus these findings open a new,

general strategy for the experimental assessment of 2D structural changes at anisotropic fluid–fluid

interfaces.

Introduction

The alignment of high aspect ratio molecules and particles

confined in two-dimensions (2D) has direct relevance in everyday

life phenomena and applications such as liquid crystal displays,

paints, sensors or biomimetic functions.1–3 Despite the great

advances in the theoretical understanding of this process over the

last four decades,4–7 the corresponding experimental progress has

been remarkably slow.8 As per today, the establishment of

a robust experimental route to the detection of two-dimensional

structural changes at fluid interfaces, such as the 2D isotropic–

nematic transition, which is at the same time generally applicable

and non-invasive, has yet to be found. Current experimental

techniques have relied most frequently on indirect observations

of the variations in the global surface properties associated with

the orientation of anisotropic molecules or nanoparticles—also

referred to as mesogenic units—confined in 2D geometries.

Examples include ellipsometry,9 optical second harmonic

generation,10 Brewster angle microscopy,11,12 interfacial bire-

fringence,3 UV adsorption spectroscopy13 or interfacial

rheology.14 Being ensemble techniques, however, these methods

are not able to resolve local phenomena such as the presence of

structural heterogeneities on the nanometre and micron length

scales. For example, they cannot distinguish a pure nematic

phase from the coexistence of isotropic and nematic domains

which is predicted to appear under specific conditions.7

Other methods, such as Langmuir–Blodgett film deposition,

do allow real-space characterization, but are also highly invasive,

since they require the transfer of a monolayer from a fluid–fluid

interface to a solid substrate.11,12,15 Two-dimensional organiza-

tion has also been observed for rod-like virus composite films

obtained via layer-by-layer deposition, although in this case the

visualization remains limited to AFM on solid substrates.16

Finally, for those rare examples in which a direct in situ visual-

ization of the orientation of the particles at the interface has been

possible, either macroscopic objects in quasi-two dimensional

geometries17,18 or highly specific systems19,20 were used, so that

a generalization of the corresponding experimental findings

remains very limited.

Results and discussion

Particle tracking offers a unique combination of time-resolved,

system-independent and non-invasive features, making it an

unchallenged candidate to quantify, in situ and at small length

scales, structural, dynamical and viscoelastic properties.21 The

method is well established to study quiescent22 and driven23 bulk

systems but it is still in its infancy to probe interfacial

phenomena.24 In what follows we monitor the motion of fluo-

rescent tracers (silica r z 400 nm) at a water/oil interface to

investigate the irreversible adsorption25,26 of anisotropic,
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unlabelled b-lactoglobulin amyloid fibrils. Structural changes in

the interfacial, self-assembled nanoparticles monolayer are

revealed by detecting topological variations in the probe particle

traces. The choice of amyloid fibrils as model anisotropic

nanoparticles is dictated by their paramount importance in

biological, medical and food science applications. Amyloid fibrils

are protein aggregates, which can occur in vivo and are implicated

in protein misfolding disorders such as Alzheimer’s, Creutzfeldt-

Jakob, Parkinson’s or Huntington’s disease27–30 and therefore

their migration/adsorption at biological interfaces is a topic itself

of crucial importance. Moreover, amyloid fibrils can also be

prepared in vitro from harmless or food-grade proteins31 and thus

they also bear great relevance in edible formulations or as food

stabilizers due to their remarkable surface activity.14 Among the

many fibril-generating food-grade proteins, b-lactoglobulin is

particularly important. The adsorption of native b-lactoglobulin

at oil/water and water/air interfaces has been assessed in

numerous studies using different techniques and under different

pH, ionic strength and competitive adsorption conditions. The

literature on the structural and rheological properties of native

b-lactoglobulin interfacial layers is extremely vast (several

hundred papers) and has been reviewed in detail by Dickinson32

and more recently by Murray.33 Despite the massive work on the

adsorption of native b-lactoglobulin at liquid interfaces, the

study of the behavior of b-lactoglobulin fibrils at interfaces is

however in its infancy. In particular, in a previous work we have

tackled the macroscopic interfacial rheology of b-lactoglobulin

fibrils at interfaces,14 but detailed information on the microscopic

behavior is currently missing. In this work we apply for the first

time probe particle tracking to the case of b-lactoglobulin

amyloid fibrils adsorbing at oil–water interfaces with the aim of

elucidating the occurrence of a two-dimensional isotropic–

nematic transition and hint towards the generality of this method

as a precious tool to test in situ and in a non-invasive manner the

structural properties of interfacial assemblies of anisotropic

nano- and microscale objects. To this end, we use here b-lacto-

globulin amyloid fibrils of less than 10 nm in diameter and

contour lengths varying from 102 nm to 104 nm, so to give access

to a broad range of nanoparticle aspect ratios.31,34,35 We focus on

two kinds of fibrils hereby referred to as long (Fig. 1a, 1–10 mm)

and short (Fig. 1b, 50–300 nm). Both fibril types are suspended in

a pH 2 water solution in which they acquire a high positive linear

charge density (monomer charge is +20e� at pH 2).34 We point

out that due to the fact that both the tracers and the proteins

exhibit a strong positive charge at pH 2 (see Methods section),

adsorption and anchoring of proteins onto the probe particles

are to be excluded due to electrostatic repulsion. In support of

this expectation, particle–protein flocculation and precipitation

were never observed at pH 2 over several weeks. Moreover, even

in the absence of the electrostatic repulsion dominating the

present fibril/tracer system, high surface coverage of the colloidal

tracers by the long fibrils is highly unlikely due to the mismatch

between the particle size and the high rigidity and length of the

fibrils (which have a persistence length $ 1 mm and contour

lengths [ 1 mm31). A semi-flexible object with a persistence

length larger than 1 mm and 5–10 mm contour length cannot

easily adsorb onto nanoparticles with a curvature radius of

�400 nm, e.g. a third of the persistence length of the rod.36 In

agreement with these expectations, neither large-scale interfacial

protein–particle aggregates nor correlated rigid-like motion of

particle clusters (as it would be expected for fibrils bridging

between particles) have ever been observed under the micro-

scope, confirming the absence of fibril–particle coupling.

Experiments at various bulk concentrations of fibrils (c # 0.1%

w/v) were carried out in a home-designed microscopy cell con-

sisting of an epoxy resin micro-well of 1.5 cm diameter and

150 mm thickness (Fig. 1c). By filling the micro-well up to the rim

with the aqueous protein solution seeded with fluorescent tracers

and subsequently carefully pouring medium chain triglycerides

(MCTs) oil on top, a flat liquid–liquid interface was produced at

a depth that could be imaged in an inverted microscope. Images

were grabbed as a function of waiting time tw from interface

creation (minimum tw ¼ 2–3 minutes). A small percentage of the

silica tracers got trapped at the interface (area coverage approx.

0.1–0.3%) while the rest sedimented towards the bottom cover

slide. This allowed us to locate the interface easily and to

distinguish the tracers that are moving within the interface from

the ones in the bulk of the suspension. In the absence of any

protein adsorbed at the interface, the tracers undergo two-

dimensional Brownian motion with a diffusion coefficient of

2.25 � 0.53 � 10�10 cm2 s�1. In the inset of Fig. 2a, a typical

fluorescence micrograph of the system is shown; the brighter

particles are trapped at the interface and only move in two

dimensions, while the dimmer ones are dispersed below the

interface and undergo three-dimensional thermal diffusion. Both

species of particles can be tracked and a representative outcome

of the tracking procedure is shown in Fig. 2a for a suspension of

long fibrils with a bulk concentration of 0.1% and for tw ¼ 95

minutes. The first striking evidence is that the motion between

Fig. 1 AFM images of long (a) and short (b) b-lactoglobulin fibrils. (c)

Schematics of the microscopy cell set-up used for interfacial particle

tracking.
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particles in the bulk (red) and at the interface (black) is very

different; the two-dimensional projection of the 3D Brownian

motion of the particles in the bulk shows much higher mobility

with respect to the 2D motion at the interface. The difference in

the mean square displacements (msds) is way too large to be

solely explained by dimensionality—msds in Brownian-diffusion

grow proportionally with time t as 6Dt and 4Dt, in 3D and 2D

respectively, D being the diffusion coefficient—but is to be

ascribed to the different viscoelastic properties of the bulk and

the interface. Secondly, it can be observed that while the motion

in the bulk is isotropic and homogeneous, the situation is

completely reversed at the interface. Here a high degree of

heterogeneity in the particle mobility can be observed, and more

importantly, strong anisotropy appears for some traces (Fig. 2a).

This anisotropy can be further quantified by expressing the tracer

msds as a function of time. Fig. 2b compares the msds for the

tracers in the bulk (top curves) to the ones at the interface

(bottom curves). The total msds (red) have been decomposed

along the main direction of motion (x, green) and the transverse

one (y, blue). In the case of the particles in the bulk, it can be

observed that they exhibit diffusive behaviour (msdz t) and that

x and y motion contribute equally to the total msd. For the

particles at the interface, the tracers show strongly sub-diffusive

motion and the total displacement is to be almost completely

addressed to x-motion. We ascribe the occurrence of strong

anisotropy in the traces to the formation of nematic domains of

fibrils at the interface, which force the particles to move along the

direction of fibril alignment. It should be pointed out that the

heterogeneity and anisotropy of the tracer motion cannot be

extracted solely by ensemble quantities such as the msds;

conversely, the possibility to resolve single particle traces offers

the unique opportunity to probe structural details of the interface

at length scales comparable with the probing particle size. As

a further demonstration of the information that can be extracted

from single particle traces, Fig. 2c shows an overlay of the traces

with a line indicating the respective principal direction of motion.

A high collective orientation of the one-dimensional diffusion

traces can be preserved for distances as large as 100 mm or more.

From all the observedorientations of the traces one can extract

a two-dimensional nematic order parameter of the particle

traces, defined as S2D ¼ h2cos2 Q � 1i, where Q is the angle

between any individual trace direction and the mean orientation

director h, and the brackets denote an average over all traces

(more details on the procedure and more examples are given in

the ESI†). For the traces shown in Fig. 2c, a nematic order

parameter as high as 0.78 has been calculated; by averaging over

several locations in the same interface (c ¼ 0.1%) a S2D of 0.59 �
0.06 is obtained. This trend, together with the occurrence of

isotropic traces co-existing with one-directional ones (Fig. 2a),

can be related to the presence of local isotropic domains in

co-existence with nematic domains, which is expected from

theoretical predictions7 but was not observed experimentally yet

in situ. It should be stressed out that the definition of a two-

dimensional order parameter used here refers to static condi-

tions, i.e. for short time scales relative to the dynamics of the

system. Specifically, the time scale for the 2D order parameter

calculation corresponds to trace acquisition times of 10–100 s

(see Fig. 2b) in mature interfaces after much longer adsorption

times (e.g. tw¼ 95 minutes for Fig. 2c). At these same conditions,

our previous work14 showed that the interface is highly elastic

(interfacial shear modulus dominating the interfacial loss

modulus) with a complex shear modulus practically independent

of the shear frequency at the time scales considered (10–100 s).

This demonstrates unambiguously that at the experimental time

scales of interest, the dynamics of the interface is essentially

arrested by the elasticity of the protein film; therefore the time

window used to acquire the probe particle traces is suitable to

calculate a time-averaged 2D order parameter for the probe

trajectories.

The effects of the bulk concentration, the aspect ratio of the

fibrils and the adsorption kinetics can also be conveniently

studied and disentangled. Fig. 3 reports the msds versus time for

three different concentrations of long fibrils (top row) and three

different concentrations of short fibrils (bottom row) at different

adsorption lag times. For each case a representative trace is

presented and related to the structure of the interface. Starting

from the long fibrils, at a bulk concentration of 0.001% (Fig. 3a)

it can be observed that, within the experimental time window

considered, the tracer particles always undergo isotropic motion.

At short adsorption times, diffusive motion with a diffusion

coefficient of 2.75 � 0.50 � 10�10 cm2 s�1 is observed. Upon

raising the bulk concentration to 0.0033%, the situation changes:

at short times tracer motion is isotropic and diffusive, but after

approximately 25 minutes, as the interfacial fibril concentration

increases, a small number of traces develop anisotropy

Fig. 2 (a) Example of particle traces at the interface (black) and below

the interface (red) for a 0.1% long fibrils suspension at pH 2 for tw ¼
95 minutes. In the green circles the traces with strong 1D motion are

highlighted and one of them is enlarged. Traces at the interface have been

collected over 2000 frames while the ones in the bulk for a maximum of

400 frames due to loss of focus at longer times. Inset to (a): typical

fluorescence micrograph of the system. The brighter tracers are at the

interface, the dimmer ones are those moving in bulk. (b) Mean square

displacements (msds) versus time of the same tracers below the interface

(top three curves) and at the interface (bottom three curves). The total

msds (red) have been decomposed along the main direction of motion (x,

green) and the transverse direction (y, blue). The solid lines highlight

slope 1 (diffusive behaviour). (c) Example of high order 2D nematic

phase, as revealed by the particle traces. The solid lines depict motion

directions.
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(see bottom trace in Fig. 3b). Overall the tracer dynamics remains

nearly purely diffusive, but heterogeneities do appear, indicating

the formation of local islands of nematic order (size z 102 mm2).

At even higher bulk concentrations (0.01%, Fig. 3c) nematic

islands are formed immediately upon interface creation and

anisotropy grows with time. At the highest bulk concentration

investigated for the long fibrils, 0.1% shown in Fig. 2, interfacial

diffusion becomes strongly sub-diffusive and it is accompanied

by long-range nematic order. The situation is different for the

short fibrils (Fig. 3d–f): all the tracers always show isotropic

motion for all bulk concentrations. As an effect of increasing

bulk concentration and adsorption times, the main change

observed is a transition from a dilute isotropic interfacial

assembly in which tracers freely diffuse (with a diffusion coeffi-

cient of 2.93 � 0.50 � 10�10 cm2 s�1) to a strongly viscoelastic

layer in which tracers are strongly caged, yet moving locally in

a isotropic fashion. The fact that the diffusion coefficients for

long and short fibrils at c ¼ 0.001% and short waiting times

coincide within the errors, and that they are very close to the

value for the bare interface, is yet additional proof that

anchoring of proteins on the tracers’ surface does not play an

important role in our case and that protein–particle interactions

do not affect strongly tracer motion. The slightly larger values in

the presence of proteins may be ascribed to a speeding up of

diffusion due to the repulsive interactions among tracer particles

and fibrils. At higher concentrations, when fibrils start to interact

significantly, the structural and viscoelastic properties of the

interfacial assemblies dominate the motion of the probe particles.

We point out that changing the bulk concentration has the

primary effect of modifying the adsorption rate of the fibrils; the

interplay between the interfacial protein concentration and the

rate at which new fibrils adsorb and rearrange at the interface is

responsible for the determination of the observed structure at

any given time. For bulk concentrations of 0.001%, the isotropic

motion of the tracers highlights the fact that the interfacial

concentration is too low to trigger fibril alignment within the

experimental time window. Upon increasing the bulk concen-

tration, the adsorption rate is sufficiently high to produce an

interfacial concentration which allows for the observation of an

alignment transition within our observation time.

The absence of a 2D IN transition for the short fibrils is

consistent with considerations based on their reduced aspect

ratio compared to longer fibrils and with corresponding results

observed in the homologue three-dimensional case.35 The bulk

IN transition for short b-lactoglobulin fibrils occurs at concen-

trations one order of magnitude larger (3–4%) than for the long

fibrils (0.3–0.4%). This also explains why all the particle traces

observed in bulk at the concentrations explored here always have

an isotropic path. In the case of a system confined in two

dimensions the additional geometrical constraints in the

Fig. 3 Tracer msds versus time for different bulk concentrations of fibrils (top row: long fibrils; bottom row: short fibrils). A representative track is

highlighted as inset at short (top left) and long times (bottom right) for each concentration and fibril type. (a) Long fibrils at a bulk concentration of

0.001% for:- tw¼ 6 minutes;, tw¼ 28 minutes. (b) Long fibrils at a bulk concentration of 0.0033% for:- tw¼ 4 minutes;, tw¼ 13 minutes;C tw¼
25 minutes (concentration for which the IN transition is observed); (c) long fibrils at a bulk concentration of 0.01% for: - tw ¼ 5 minutes;, tw ¼
13 minutes. (d) Short fibrils at a bulk concentration of 0.001% for:- tw ¼ 10 minutes;, tw ¼ 16 minutes;C tw ¼ 26 minutes. (e) Short fibrils at a bulk

concentration of 0.01% for: - tw ¼ 2 minutes;, tw ¼ 14 minutes;C tw ¼ 35 minutes. (f) Short fibrils at a bulk concentration of 0.1% for: - tw ¼
4 minutes;, tw ¼ 20 minutes;C tw ¼ 42 minutes. In each graph the solid line slope represents diffusive behaviour.
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excluded volume imply that at the interfacial concentration

necessary for the 2D IN transition to take place, the system may

already be frozen in a disordered, isotropic network of fibrils.

The scenario changes for the long fibrils; the 2D IN transition

happens at much lower concentrations due to their larger aspect

ratio, so it is possible for the fibrils to rearrange into nematic

domains at the interface upon adsorption, before a viscoelastic

interface builds up. Clearly, heterogeneities in the fibril

arrangement translate into heterogeneity in the tracer motion,

with some tracers locally trapped in small cages, others sampling

larger areas and others forced to follow a one-dimensional

motion within nematic domains. In order to explore these aspects

further we have built spatial maps of the anisotropy of particle

motion for the long fibrils at a bulk concentration of 0.1% and

two examples are shown in Fig. 4, where the mean ratio of the

main and transverse msd over 200 frames is plotted for each

tracer at the interface. We notice immediately that the tracer

behavior is highly heterogeneous with a certain number of

particles moving isotropically (triangles) and others showing

strongly anisotropic motion (squares). The values between the

tracers have been interpolated to give a visual representation of

domains in which the motion of the probe particles is strongly

influenced by the local fibril alignment. By comparing Fig. 4a

and b, we also see that in different locations on the same interface

the size of these anisotropic domains is also heterogeneous.

Heterogeneities for interfacial layers of native proteins at inter-

faces have already been resolved by particle tracking37 and

confocal microscopy.38 In the case of native proteins, these

heterogeneities have been interpreted in terms of intermolecular

cross-linking of proteins and predicted by numerical simula-

tions.39 In the present case, however, the physical origin of these

heterogeneities is very different since they result from the local

excluded volume associated with the fibrils. The present work

thus provides the first non-invasive experimental mapping of the

coexisting 2D isotropic and nematic domains generated by the

adsorption of stiff, long protein fibrils at liquid–liquid interfaces.

Since fibril dimensions set a limit to the maximum observable

mesh size of the interfacial protein assembly, for the short fibrils

the size of the structural heterogeneities is too small compared to

the tracer size to be resolved and therefore, at high enough

interfacial concentrations, the probe particles are effectively

caged in a strong, uniform viscoelastic matrix. Such conclusion is

further supported by Fig. 5 which compares the tracer msds for

c ¼ 0.1% of long fibrils, short fibrils and b-lactoglobulin mono-

mers as a function of adsorption time tw. For all cases we observe

a slowing down of the tracer dynamics upon protein adsorption

with strong caging at long times for the monomers and the short

fibrils, while the long fibrils still allow for sub-diffusive tracer

dynamics, given the larger mesh size in the interfacial assembly

and the presence of anisotropic motion within nematic domains.

In other words, the size of the tracers determines the length scale

of the structural features that can be probed; tracers of a size

intermediate between the length of the long and short fibrils are

sensitive to features in the micron range but are blind to struc-

tural details on the sub-500 nm length scale. Therefore, in the

case of the short fibrils, probe particles only yield a mean effec-

tive response, averaged over many structural units. In order to

elucidate this point further, we have analysed our data by

decomposing tracer motion along the principal (x) and trans-

verse (y) direction of motion in a local, particle-dependent,

co-moving frame of reference, as already described in Fig. 2c, as

a function of fibril length and bulk concentration. To clarify the

role played by tracer size we have also performed experiments

with larger tracers (5.4 mm diameter melamine-formaldehyde

(MF) resin particles). The results are summarized in Table 1,

which reports the ratio of the msds hDx2i/hDy2i at a time t ¼ 10 s

(corresponding to 200 frames, for which very good statistics is

obtained). As anticipated, for the long fibrils at low bulk

concentrations (c ¼ 0.001%) the motion of the silica tracers is

isotropic within the error, while it develops strong anisotropy at

high bulk concentrations (c ¼ 0.1%). The larger spread in the

values for c ¼ 0.1% is to be ascribed to the heterogeneous

behaviour at the interface as previously discussed. When looking

at the short fibrils, the motion of the silica tracers remains

isotropic at all concentrations underlining the size-dependence of

the probe particle relative to the length scale of the structure.

Fig. 4 Spatial maps of tracer anisotropy hDx2i/hDy2i at the two different positions at the same interface for long fibrils with a bulk concentration c ¼
0.1% and tw > 90 minutes. The symbols represent the average position of the tracers, whose motion is distinguished between strongly anisotropic (hDx2i/
hDy2i greater than 1.5, -) and weakly anisotropic or isotropic (hDx2i/hDy2i less than 1.5,:). The values between the tracers have been interpolated to

visualize regions of similar tracer motion.
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Such limitation in the probe spatial resolution is even more

convincingly highlighted by noting that the motion of the larger

MF tracers becomes practically isotropic even when the smaller

silica tracers show strong anisotropy, underlining how the tracer

size can mask the structural features of the interface. The choice

of different probe types can thus be exploited as a way to char-

acterize the interfacial properties over several length scales and

dynamical regimes. This fact also becomes apparent when

comparing our results to the anisotropy in tracer motion as

observed in bulk nematics.40,41 In the case of the long fibrils, the

aspect ratio between the probe particles and the anisotropic

objects is reversed compared to bulk nematics. As a consequence

of this, the observed anisotropy in tracer motion is much higher

than that observed for small molecules or short rods in bulk. By

increasing the probe size or using short fibrils, the aspect ratios

approach the ones found in the bulk cases, but, as described

above, no marked anisotropy is observed. The difference may

stem from the fact that in bulk the tracers are fully immersed in

a nematic environment, while at the interface they only see

a �10 nm thick anisotropic sheet. Therefore, unless an extremely

strong 2D anisotropic environment is present, as in the case of

the long, stiff fibrils, anisotropy in the 2D particle motion

appears to be weaker than in the 3D counterpart. Once more, the

technique’s sensitivity can be improved by reducing the tracer

size and thus detect anisotropy on smaller length scales.

Conclusions

In summary,we have presented a new strategy to follow structural

changes at fluid–fluid interfaces, in a non-invasiveway, in situ, and

at length scales comparable to the probe particle size. In particular

the non-invasive character of our method is confirmed by the fact

that the typical size of the structural domains found in the system

greatly exceeds (�102 mm) the probe particle size (�750 nm).

Moreover the average distance between tracer particles at the

interface is also much larger than the length (and thickness) of the

fibrils. Therefore, even if the adsorption and fibril orientation in

the immediate vicinity of a tracer were affected by the presence of

the latter, the overall structure of the interface would not be

disturbed by the probes. Moreover, the surface properties of the

probes were chosen to avoid anchoring andminimize interactions

with the proteins. Although the potential of this approach has

been illustrated for the case of IN transitions of amyloid fibrils at

fluid–fluid interfaces, the outcome remains general in terms of

investigated systems and structural changes. The emergence of

anisotropy in the probe traces, showing correlations over very

large distances, provides convincing evidence of long-range

nematic order for the long fibrils. Similarly, the reduction of

particle mobility versus time for the monomers and short fibrils

also demonstrates the capability of the method to observe the

microscopic build-up of viscoelastic interfaces.37 By performing

additional characterization, including measuring the contact

angles of the tracers in the experimental conditions, one can

further quantitatively extract local viscoelastic properties via a full

microrheological treatment of the observable quantities.21,34,37,42

It canbe anticipated that, if different tracer sizes are systematically

exploited, various dynamical regimes and distinct length scales

can be accessed, opening up the use of this technique to the study

of themany diverse systems in nano- and biotechnology involving

liquid–liquid and liquid–air interfaces.

Fig. 5 Mean square displacements vs time for tracer particles at the interface with a bulk concentration c ¼ 0.1% for monomers (-), short fibrils (C)

and long fibrils (:). (a) Short times: monomers tw¼ 3 minutes; short fibrils tw¼ 4 minutes; long fibrils tw¼ 4 minutes. (b) Intermediate times: monomers

tw¼ 16 minutes; short fibrils tw¼ 19 minutes; long fibrils tw¼ 14 minutes. (c) Long times: monomers tw¼ 30 minutes; short fibrils tw¼ 40 minutes; long

fibrils tw ¼ 32 minutes.

Table 1 Summary of tracer anisotropy for different tracers, fibril types and bulk concentrations. The ratio of msds in the principal and transverse
direction of motion has been calculated by decomposing particle motion in a local, particle-dependent co-moving reference frame and it has been
averaged over 200 frames corresponding to 10 s of live imaging.

Fibril/tracer type Bulk concentration

hDx2i
hDy2it¼10 s

Error
(standard deviation)

Long fibrils/silica tracers 0.001% 1.17 �0.17
Long fibrils/silica tracers 0.1% 5.49 �1.08
Long fibrils/MF tracers 0.1% 1.12 �0.03
Short fibrils/silica tracers 0.001% 1.19 �0.18
Short fibrils/silica tracers 0.1% 1.07 �0.07
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Materials and methods

Fibrils preparation

The long b-lactoglobulin fibrils were produced by heat dena-

turation of monomers at pH 2 and 90 �C for 300 min following

available protocols and previous literature reports.29–31 To obtain

the short fibrils, a solution of long b-lactoglobulin fibrils was

diluted to 1 wt% with pH 2 Milli-Q water and homogenized at

700 bar through five iterative cycles using a two-stage high-

pressure homogenizer (Panda 2K, Niro Soavi, Italy). In order to

remove unreacted monomers and small molecular weight surface

active components coexisting with fibrils after their formation,

both long and short fibrils suspensions were further dialyzed

against pH 2 Milli-Q water, using a Cellulose Ester Spectra-Por

dialysis membrane having a MWCO of 100 000 Da (Spectrum

Laboratories, Inc., CA, USA). The efficiency of the dialysis was

estimated by measuring the concentration in the dialysis bath via

absorbance measurements at 278 nm.

AFM imaging

10 mL aliquots of b-lactoglobulin fibril solutions were diluted to

0.1 wt% at pH 2 and deposited onto freshly cleaved mica, incu-

bated for 2 min, rinsed with Milli-Q water, and dried under

nitrogen. Images were collected using a MultiModeV (Veeco

Inc., Woodbury, NY, USA) operated in tapping mode in air.

Microscopy and particle tracking

The microscopy cells were prepared by stamping a PDMS replica

into UV-curable epoxy resin (Norland Optical Adhesive 81, NJ,

USA) on a 4 cm diameter #1 round borosilicate glass cover slide

(Thermo Scientific, Menzel-Gl€aser, Germany). Before fabrica-

tion, the cover slides were ultrasonicated in isopropanol and

Milli-Q water (30 minutes each) and immediately before imaging

they were exposed to 60 minutes of UV-ozone treatment (Boekel

UV Cleaner 135500, PA, USA) in order to make the bottom of

the micro-well highly hydrophilic. Fluorescent silica tracers

(diameter ¼ 774 nm � 90 nm from SEM, from Dr A. Schofield,

The University of Edinburgh, UK) were added at 0.3% v/w in the

water protein fibril suspensions. The surface modification of the

silica tracers used to incorporate the fluorescent dye (FITC)

renders the particle surface positively charged (z potential at pH

2 ¼ +80 � 2.5 mV).43,44 Melamine-formaldehyde (MF) resin

particles (diameter ¼ 5.41 � 0.12 mm, microparticles GmBH,

Germany) also have a positive charge at pH 2 (+66.0 � 5.2 mV)

and were added at 0.4% v/w in the water protein fibril suspen-

sions. The particle z potentials were measured using a ZetaSizer

instrument (Malvern, UK). Imaging was performed on a Zeiss

200M (Germany) inverted microscope using a 63� 1.4 NA Oil

DICIII Plan Apochromat lens. The collected images were

analyzed using standard particle tracking techniques as well as

custom-written software in IDL (ITT Visual Information Solu-

tions, CO, USA). Prior to the msd calculations and trace repre-

sentation, any drift present in the images was removed by

a ‘‘bootstrap approach’’.23 This consists of a first PIV-like step to

remove large advected motion and a second fine step where any

residual sub-pixel drift is calculated from the total particle

displacements and subsequently subtracted to the particle

motion to yield a true co-moving reference frame for each indi-

vidual particle.
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