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Introduction and Purpose of Visit:

Single biomolecule behaviour can reveal crucial information about processes not accessible by ensemble measurements. It thus represents a real biomedical challenge. Fluorescence Correlation Spectroscopy (FCS) is a powerful tool to retrieve essential information on single molecular behaviour based on fluorescence temporal fluctuation analysis. Standard FCS is however limited to sub nano-molar concentrations needed to isolate an individual molecule in the diffraction limited observation volume. A drastic reduction of the conventional observation volume, by at least three orders of magnitude, is needed to reach biologically relevant conditions often involving micromolar concentrations. Besides, this confinement is also crucial for mapping subwavelength heterogeneities in cells which play an important role in many biological processes.

Fluorescence correlation spectroscopy is an analysis of the correlation of the intensity of an excited fluorophore. Analysis of these fluctuations can be traced back to the characteristics of the diffusion of fluorophores in the observation volume. This allows access to information regarding the concentration of fluorophores, their size, their diffusion coefficient or the size of the volume of observation. The fluorescence correlation spectroscopy (FCS or fluorescence correlation spectroscopy) is widely used in biochemistry, biophysics and chemistry as a method of analysis. It has the advantage of not requiring physical separation components for their analysis or to work in vivo in a biological system.
FCS uses a standard confocal microscope. Fluorophores present in the volume in which light is focused are excited and emit fluorescence. FCS measures the intensity issued and the autocorrelation function of the measured signal gives access to the broadcasting time and
the number of fluorophore in the medium volume. Since the FCS is based on the amplitude
fluctuations in the intensity, the measurement is optimal when there are about a single fluorophore in the observation volume. In standard FCS, the volume of observation, or the “confocal volume”, is limited by the diffraction limit. It is typically 0.1fL. This fundamental limit imposes a limit on the concentration of fluorophores in the order of nanomole per liter. A second limitation comes from the uniqueness of the observation volume. Indeed, the FSC standard is well suited for measuring the properties of fluorophores in a homogeneous solution, but some applications, especially in biology, need to measure these properties simultaneously at different points (e.g. to track the movement of a protein in a cell). The adaptation methods of FCS in a spatial multiplexing already been studied, but at the expense of the size of the observation volume.

In this report we propose to introduce a new system of FCS: We use a fibre optic network coupled to a CCD camera to probe the volumes below the diffraction limit of a large number of fibers simultaneously, and compare this to a commercial Leica FCS set-up. The “nanofakir” surfaces of the fibre optic network provide volume confinement at the nanometer scale. They provide an elegant way to reduce dramatically the excitation volume and to enhance the fluorophore signal by several orders of magnitude. The associated electromagnetic singularities called “hotspots” are the result of the unique optical properties of surface plasmons. 
When dealing with live biological material, enhanced fluorescence and multiplexing capabilities provided by these surfaces are crucial. This project proposes a new parallel high speed imaging technique, resolving single molecular processes at the nanometric scale. It clearly offers new opportunities to tackle biological issues as compared to other recently proposed FCS techniques. Furthermore, fibered aspects open up complementary detection and excitation schemes for remote imaging configuration of particular interest for in vivo observations.  

The powerful capabilities offered by this new imaging technique will be demonstrated on a specific challenging biological issues dealing with Alzheimer disease: the link between Alzheimer disease and cholesterol at the membrane of cells, at the resolution of lipid rafts and with single molecule sensitivity. 

This researcher has already previously utilised FCS within the scope of Epitope Map to examine the interaction of the Alzheimer’s related protein, Amyloid Beta (Aβ), and nanoparticles, monitoring the effects of surface area, surface features and composition of the nanoparticle on the onset of Aβ fibrillation, which has been linked to the onset of Alzheimer’s disease. Here we propose to reduce the observational volume of FCS using nanoscale surfaces with a view to examining biologically relevant concentrations of cholesterol within lipid rafts of cell membranes and to monitor the effect of these cholesterol concentrations on the behaviour of Aβ in its relationship to Alzheimer’s.

The combination of the FCS technique with these plasmonic hotspots has many specific advantages: 
 -     a drastic reduction of the excitation volume as compared to standard FCS;

· a huge signal enhancement essential in single molecule measurements due to enhanced excitation rate (increased SNR ratio) and modified relaxation processes (reduced lifetime, increased quantum yield, increased photo-stability);

· easy multiplexing with CCD-camera detection to speed up acquisition time and imaging on the same sample;
Within this project we would like to perform imaging with confined nano-volumes to increase resolution and speed of FCS techniques. This issue is of major importance in two cases:
- In high concentrations which are pertinent for many applications in biology or biochemistry where many systems have micromolar concentrations. In that case, measurements are very difficult to perform since the signal coming from a single molecule is very low and the background noise is very high. Although fluorescence tagging is a very sensitive technique that allows single molecule detection, the background intensity makes it impossible to discriminate against the signal in diffraction limited optical geometries.                                                  

  - In the presence of subwavelength heterogeneities which alter the molecular diffusion. These heterogeneities are assumed to play a crucial role in many molecular processes inducing segregation and confinement of the biomolecules. In particular, nanometric lipid rafts are expected to play a crucial role in membrane trafficking.   
In this project we propose to use optical fiber nano-probes arrays, called nano-fakir surfaces, to achieve this goal. These arrays generate well localized near field electromagnetic fields when illuminated. They concentrate the electromagnetic energy in nanometric volumes. These volumes where the electromagnetic are concentrated are similar to “hotspots” and provide natural observation volumes particularly well suited for single molecule measurements with adequate surface density, huge local field enhancements and nanometric confinement.       

The project can be divided in 3 tasks:  

1. Confinement of fluorescence on the nano-fakir surfaces, in particular through Fluorescence lifetime and one photon or two photon Fluorescence correlation spectroscopy measurements on single tip. The goal of this task is to have a precise idea of the confinement volume around the tip.

2. Efficiency of collection and emission through the nano fiber bundle. Within this task we are planning to look at the possibility to illuminate or collect light with the optical fibers in order to perform in-vivo biological imaging.

3. Multiplexing through the nano fiber bundle. Using the arrays of nano-tips, we will look at the ability of nano-fakir surfaces to perform multi-probe measurements for imaging applications.  

This initial visit aims to optimise the nano confinement of the FCS sample volume using nano-scale surfaces that will lead to its’ biological application in the field of Alzheimer’s research.
Work Carried Out:


We set out to optimize the system using nano-fakir fibre bundles and 100 nm negatively charged fluorescent polystyrene particles with an excitation/emission of 540/560nm.

We began by using standard FCS with a confocal microscope over time. Our results were obtained by FCS through the bundle fiber in the configuration of the observation from the top of the microscope.
 
The measurements were also performed on the confocal microscope dedicated to the commercial FCS, and the data were analyzed by the Matlab program developed for the FCS with the fibres. The results of both experiments, the confocal and with the fibers, can be compared without any difference in the treatment of raw data (intensity measured as a function of time).

We also monitored the autocorrelation function of the intensity measured in the confocal volume, and fitted to a 3D model. The diffusion time of particles in the volume was seen to be τD = 2.5μs which gives a volume of wxy width = 160μm. The relationship between the vertical and horizontal dimensions aD =5.9, a volume of Veff = π3 / 2aDw3xy = 0.1fl. The value of G0 from the autocorrelation curve gives an average particle number in the volume of ND = 0.2, corresponding to a concentration of 3 nM.

Measurements with the optical fibre bundle began with focusing on the top of the bundle. This step is easier if the laser intensity is at a maximum, followed by an adjustment of the laser intensity to find a compromise between signal strength and observing the flashing fibers. At this stage we can also adjust the alignment of the bundle and the laser beam to improve the coupling. We can then continue using the camera in normal mode. It may be necessary to move the laser so that the zone of optimal coupling with fiber is placed at the bottom of the image taken by the camera (this is needed for crop mode). The camera is turned so that the fiber line to be studied is located on the lower pixel lines of the image. We can then physically hide the rest of the image using “crop mode” to keep only the pixel rows of interest illuminated. If nanoparticle flashing is visible with the smaller exposure time allowed by the crop mode, we can then switch to full vertical binning and proceed with the acquisition.

All results were obtained with the camera crop mode focused on between 12 and 24 lines of the bundle image, with a horizontal binning of 4 pixels and full vertical binning. Thus the exposure time is between 76μs and 130μs (depending on the number of lines). The acquisition creates files whose size is limited to 65,000 images, which corresponds to a time of about 5s. The acquisitions were performed on approximately 30 s, which corresponds to a dozen files with first two are not kept due to drift of the camera at the beginning of the acquisition.

The data obtained are in the form of a table in which one dimension corresponds to the line pixel and the other dimension to acquisition time. A 2D graph is generated in matlab to locate a fibre showing 3 consecutive pixels that are brighter than their surrounding pixels. Some fibers have no events (i.e. no passage of particles), others have many. Their signature is also about 3 pixels brighter over a certain period. The program "manually" selects the pixels of interest and plots the intensity of the fibre chosen over time. This signal is applied to an operation to put the noise floor to zero. The Fourier transform of the signal is plotted to verify the absence of parasitic oscillations. It then applies the autocorrelation function of the signal. We then performed a fit of this function with the 2D and 3D models. The only free parameter is the diffusion time τD. The intercept G0 is determined by hand by increasing the intercept of the experimental correlation function. We apply the corrections due to particle size for the effective time of diffusion in the volume. We then deduce the dimensions of this volume with the law of diffusion. For 3D fits, we must also set a parameter defined as the ratio between the axial dimensions and radial volume of observation. A typical value ​​for a confocal volume is between 2 and 7. We noted that for between 1 and 3 the model returned a poorly fitted experimental curve. The value of a = 5 was arbitrarily chosen for all simulations. The value aD was corrected taking this into account and the particle size was calculated and used to determine the effective volume of observation.

This gives the diffusion time of the same order of magnitude as those obtained with the confocal. The observation volume is the same order of magnitude as that of a confocal microscope (0.1 fL). Contrary to what was expected, the confinement observed thus far is not better with this system. We should be able to improve this with fibre tips that have a narrower opening at the tip. We also note that the observation volume has increased progressively during the use of the bundle, probably due to a progressive deterioration of the points as they are used (including cleaning with ethanol, exposure to ultrasound and high intensity light). The fits with 2D and 3D models are seen to be very similar.
On the generation of a 3D graph with a line of pixels versus time with an exposure time of 0.13ms, in which we saw two fibers whose intensity fluctuations indicate the passage of particles in the fiber. Correlation functions were determined for each fiber and the two fibers were seen to have very similar characteristics.

We plotted the Fourier transform of the signal of the first fibre and saw no oscillation.  Intensity versus time for this fibre was also plotted. Fit of the correlation function and parameters of the fit (diffusion time t, width w volume, average number of particles in the volume N to 2D and 3D). We repeated these measurements, altering the exposure time to 0.09ms. When a low amplitude is detected this indicates that only noise is detected.

Other measurements plotted include:

-Fourier transform, and pixel intensity corresponding to the fiber visible 2D graph.
-Fit 2D and 3D autocorrelation function. The diffusion time is τD = 4.5m which gives w = 0.2μm in diameter.
-Visualization of the spatial multiplexing. Several fibers can be analyzed in parallel.
-Time signals acquired simultaneously on several adjacent fibers for the spatial multiplexing FCS.
Future Collaboration:

This researcher has begun a postdoctoral research position with the host institution and will concentrate on furthering the aims of this project, with the next being to work on the reduction of the observation volume so that the technique may be used in biological applications.

Publications Arising:

A paper focusing on this work is in preparation. The ESF and collaborating researchers will be informed and acknowledged.



















































