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ABSTRACT 
 

We report the first direct experimental evidence of a 2D 

isotropic-nematic transition for highly anisotropic 

nanoparticles at liquid-liquid interfaces by using non-

invasive 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 model 

anisotropic nanoparticles β-lactoglobulin amyloid fibrils. 

Upon nanoparticle adsorption at the interface, we follow, in 

real time and as a function of 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 102-103 µm2 areas. The presented route is independent 

of the system investigated, and thus these findings open a 

general strategy for the experimental assessment of 2D 

structural changes at anisotropic fluid-fluid interfaces [1].   
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1 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[2-4]. Despite the great advances in the theoretical 

understanding of this process over the last four decades [5-

8], the corresponding experimental progress has been 

remarkably slow [9]. 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 of general applicability and non-invasive, has yet to be 

found. Current experimental techniques have relied most 

frequently on indirect and macrosocpic observations of the 

variations of the global surface properties associated with 

the orientation of anisotropic molecules or nanoparticles -

also referred as mesogenic units- confined in 2D 

geometries. Moreover, such ensemble techniques cannot 

resolve local phenomena such as the presence of structural 

heterogeneities on the nanometre and micron length scales.  

 

2 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 [10]. The method is well established to study 

quiescent and driven [11] bulk systems but it is still in its 

infancy to probe interfacial phenomena [12]. In what 

follows we monitor the motion of fluorescent tracers at a 

water/oil interface to investigate the irreversible adsorption 

[13,14] of anisotropic, unlabelled β-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. Among the many 

fibril-generating food-grade proteins, β-lactoglobulin is 

particularly important. Despite the vast literature on the 

structural and rheological properties of native β-

lactoglobulin interfacial layers [15], the study of the 

behavior of β-lactoglobulin fibrils at interfaces is however 

in its infancy [16]. In this work we apply for the first time 

probe particle tracking to β-lactoglobulin amyloid fibrils 

adsorbing at oil-water interfaces with the aim of elucidating 

the occurrence of a 2D isotropic–nematic transition [1].  

We used here β-lactoglobulin amyloid fibrils of less 

than 10nm in diameter and contour lengths of 1-10µm [17-

19] (Fig. 1a,). The fibrils are suspended in a pH 2 water 

solution in which they acquire a high positive linear charge 

density (monomer charge is +20e- at pH2) [18]. We used 

two kinds of tracers which also exhbit a positive charge at 

pH2 to limit adsorption and anchoring of proteins onto the 

probe particles. Fluorescent melamine-formaldehyde (MF) 

resin particles of diameter  5.41 ± 0.12µm (microparticles 

GmBH, Germany) and silica particles of diameter  774nm  
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Figure 1. a) AFM image of β-lactoglobulin fibrils. b) Schematics of the microscopy setup used for interfacial particle tracking. 

 

± 90nm (Dr. A. Schofield, The University of Edinburgh, 

UK) were dispersed at low concentrations (<0.3% w/v) in 

the aqueous fibril solutions and used for the imaging. 

Experiments at various bulk concentrations of fibrils (c≤0.1 

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

cell consisting of an epoxy resin micro-well of 1.5cm 

diameter and 150µm thickness (Fig. 1b). 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 (MCT) 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 = 2-3 minutes). A small percentage of the 

silica tracers gets trapped at the interface (area coverage 

approx. 0.1-0.3%) while the rest sediments 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±0.53x10-10 cm2/s for the silica 

tracers. 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 fibrils with bulk concentration of 0.1% and 

for tw=95 minutes. The 2D 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. 

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 mean square displacements (msds) 

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

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

(bottom). 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 (msd ~ 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. 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 100μm or 

more. From all the observed orientations of the traces one 

can extract a 2D nematic order parameter of the particle 

traces, defined as S2D= <2cos2-1>, where  is the angle 

between any individual trace direction and the mean 

orientation director η, and the brackets denote an average 

over all traces. 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 = 

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 predictions [8] 

but was not observed experimentally yet in-situ.  

The effects of the bulk concentration and the adsorption 

kinetics can also be conveniently studied and 

disentangled.We have observed that increasing the bulk 
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concentration the motion of the tracer particles changes 

from being isotropoic and diffusive (c=0.001%) to 

becoming strongly subdiffusive and showing  significant 

anisotropy (c≥0.01%). Viscoleasticity and tracer motion 

anisotropy at the interface also build up with time due to the 

accumulation of fibrils, and for intermediate concentrations 

(c=0.0033%), a transition can be captured within the 

experimental time window. 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. Overall the tracer 

dynamics remains nearly purely diffusive, but 

heterogeneities do appear, indicating the formation of local 

islands of nematic order (size~ 102μm2).  

Figure 2. a) Example of particle traces at the interface 

(black) and below the interface (red) for a 0.1% long fibrils 

suspension at pH2 for tw= 95 minutes. In the green circles 

the traces with strong 1-D motion are highlighted. 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 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.  
 

The occurrence of a 2D IN transition can be related to 

corresponding results observed in the homologue three-

dimensional case [19]. The bulk IN transition for such 

fibrils occurs at bulk concentrations of 0.3-0.4% while the 

2D IN transition happens at much lower concentrations due 

to the increased confinement. In order to explore these 

aspects further we have built spatial maps of the anisotropy 

of particle motion for the fibrils at a bulk concentration of 

0.1% and two examples are shown in Figure 3, 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 certain 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. 

3a and b, we also see that in different locations on the same 

interface the size of these anisotropic domains is 

heterogeneous. Heterogeneities for interfacial layers of 

native proteins at interfaces have already been resolved by 

particle tracking [20] and confocal microscopy [21].  

The size of the tracers determines the length scale of the 

structural features that can be probed. In order to elucidate 

this point further, we have analyzed our data by 

decomposing tracer motion along the principal (x) and 

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

dependent, co-moving frame of reference, as a function of 

fibril bulk concentration. To clarify the role played by 

tracer size we have also performed experiments with larger 

tracers (5.4µm diameter MF resin particles). The results are 

summarized in Table 1, which reports the ratio of the msds 

<Δx2>/<Δy2> at a time t=10s (corresponding to 200 frames, 

for which very good statistics is obtained). As anticipated, 

for the long fibrils at low bulk concentrations (c=0.001%) 

the motion of the silica tracers is isotropic within the error, 

while it develops strong anisotropy at high bulk 

concentrations (c=0.1%). The larger spread in the values for 

c=0.1% is to be ascribed to the heterogeneous behaviour at 

the interface as previously discussed. When looking at the 

large tracers, it can be noted that the motion of the MF 

partciles 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 then be 

exploited as a way to characterize the interfacial properties 

over several length scales and dynamical regimes. 

 

Tracer type 
Bulk 

concentration  
Error  

Silica  0.001% 1.17 ±0.17 

Silica  0.1% 5.49 ±1.08 

MF  0.1% 1.12 ±0.03 

Table 1: Summary of tracer anisotropy for different tracers, 

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 10s of live imaging. 

3 CONCLUSIONS 

In summary, we have presented a new strategy to follow 

structural changes at fluid-fluid interfaces, in a non-invasive 

way, in-situ, and at length scales comparable to the probe 

particle size. In particular the non-invasive character of our 
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Figure 4. Spatial maps of tracer anisotropy <Δx2>/<Δy2> at two different positions on the same interface for fibrils with bulk 

concentration c=0.1% and tw > 90 minutes. The symbols represent the average position of the tracers, whose motion is 

distinguished between strongly anisotropic (<Δx2>/<Δy2> greater than 1.5 ■) and weakly anisotropic or isotropic 

(<Δx2>/<Δy2> less than 1.5 ▲). The values between the tracers are interpolated to visualize regions of similar tracer motion.   

method is confirmed by the fact that the typical size of the 

structural domains found in the system greatly exceeds 

(~102µm) the probe particle size (~750 nm). 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 a convincing evidence of 

long-range nematic order for the long fibrils. Similarly, the 

reduction of particle mobility versus time also demonstrates 

the feasibility of the method to observe the microscopic 

build-up of viscoelastic interfaces [20]. 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 [10,18,20,22]. It can be 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 the many diverse systems in nano- and biotechnology 

involving liquid-liquid and liquid-air interfaces.  
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