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Abstract. A recurring topic in cell biology has been the study of cell membrane molecules. Specifically 

the involvement of the distribution and dynamics of these molecules on cellular function. Several 

microscopy techniques have been employed for these studies and this thesis is focused on the utilization 

of the Near-field Scanning Optical Microscopy (NSOM) technique combined with Fluorescence 

Correlation Spectroscopy (FCS). This approach provides high resolution and fast dynamic analysis at the 

cell membrane scale. Furthermore, the use of optical antenna probes has showed a significant 

improvement in the resolution [1,2]. However, these optical antennas lack the optical throughput 

necessary for FCS and have motivated the fabrication of Bow-tie Nano-Aperture (BNA) probes that have 

both the optical resolution as well as two orders of magnitude higher throughput [3]. On the other hand, 

the complex near-fields emanating from the BNA [3] complicates the interpretation of the FCS data. The 

goal of this thesis has been to design an optical probe that combines resolution, high optical throughput 

and simple excitation fields by using a new type of probe: Circular Nano-Aperture (CNA). The 

performance of BNA and CNA probes were compared in order to evaluate the viability of CNA probes to 

study cell membrane molecules dynamics.  

 

Keywords: Cell membrane compartmentalization; Near-field scanning optical microscopy; antenna 

probes; Fluorescence correlation spectroscopy.     

1. Introduction 

A current challenge in field of cell biology is to understand the distribution and organization of 

the molecules in the cell surface at the nanometer scale. The fluid mosaic model proposed by 

S.J. Singer and G.L. Nicolson in 1972 [4] defined the cell membrane as a two-dimensional 

liquid (lipid bilayer) in which both lipid- and protein-molecules are randomly mixed and 

undergo thermal diffusion. This means that the distribution of membrane molecules should be 

homogeneous and above all that they should undergo simple Brownian diffusion. However, a 

first clue that this was not the case was provided by the fact that the diffusion coefficients of 

membrane molecules were 1-2 orders of magnitude smaller compared with those found in 

artificial membranes [5]. This has led to the notion that lipids and proteins in the cell membrane 

are not freely moving, but their movement is somehow restricted. Furthermore, early 

biochemical data as well as imaging of artificial membranes [6] indicated that certain membrane 

components can become segregated, leading to the hypothesis of lipid rafts. Drugs that can 

reduce restricted motion and/or the segregation [7] of membrane components significantly alter 

cell function, demonstrating that membrane heterogeneity is essential for cell function. A large 

body of data has led to the hypothesis of a hierarchical organization of submicrometer (2 – 300 

nm) domains in the plasma membrane [8]; membrane compartments (40 – 300 nm range), lipid 

raft domain (2 – 20 nm), and membrane proteins dimers/oligomers (3 – 10 nm). These length 

scales are well below the diffraction limit of light, implying a genuine challenge to directly 
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observe the heterogeneity of the cell membrane. Several nanoscopy techniques has been use in 

order to perform this type of analysis. 

Atomic Force Microscopy (AFM) is a technique that can provide topographical details with 

nanometer resolution [9], but unfortunately AFM lacks multicomponent chemical specificity 

that is intrinsic to fluorescence optical. Förster Resonance Energy Transfer (FRET) is 

fluorescence based technique that is able to measure at spatial scales below 10 nm, due to the 

fact that the energy transfered between a donor- and an acceptor fluorophore is extremely 

sensitive to the distance separating them [10]. For this reason FRET has been useful in 

identifying cluster and regions of molecular mixing [11]. However, the technique is still 

diffraction limited and can therefore not visualize the spatial scales between 10 and 300 nm. In 

the area of far-field optical nanoscopy techniques, PALM (Photo-Activated Localization 

Microscopy) and STORM (Stochastic Optical Reconstruction Microscopy) techniques use 

consecutive activation and time-resolved localization of photo-switchable fluorophores to create 

high resolution images [12].  These techniques have been used to analyze the heterogeneity of 

proteins in the cell plasma membrane [13], but again there is a chemical specificity lack since 

one works with reconstructed images. An alternative method included also in far-field 

microscopy techniques is STED (Stimulated Emission Depletion Microscopy) [14]. STED 

technique consists in two beams overlapping: the first laser excites the sample, and the second 

one is used to de-excite fluorescent molecules by stimulated emission. The resulting STED 

beam has a doughnut shape, which switches off the fluorescence of the periphery and only 

allows fluorescence from the center of the doughnut; therefore the diffraction limit is reduced to 

10 – 20 nm. STED technique has been used to analyze single diffusing lipid molecules in 

nanosized areas in the plasma membrane [15]. The inconvenience of using STED is due to the 

complexity of the machinery, and also the high background obtained during analysis.  

Unlike far-field approaches, near-field super-resolution techniques take advantage of the 

evanescent field existing only near to the object. Because this field decays exponentially within 

a distance smaller than the wavelength, it cannot be collected by a detector placed farther away, 

e.i., in the far field. The near-field technique that is used to obtain super-resolution on cell 

membranes is near-field scanning optical microscopy (NSOM). In here, we used the NSOM 

technique in emission mode, meaning that the sample is illuminated with a subwavelength 

source of light [16]. This subwavelength light source is conventionally formed by a tapered 

optical fiber that has its side wall coated with an opaque metal to prevent light leakage. Because 

of its evanescent nature the subwavelength aperture is placed very close to the sample (~ 10 nm) 

in order to illuminate in the near-field (Figure 1). In order to create an image, the sample is 

scanned under the probe and by virtue of a feedback system, analogous to AFM, both 

topography and optical images are generated with a spatial resolution determined by the size of 

the aperture (50 – 100 nm in diameter). As the sample is illuminated in the near-field, only the 

surface of the sample is excited meaning that the background coming from the inner part of the 

sample is minimized. Therefore, the surface sample analysis is much more accurate, resulting in 

having greater specificity. Consequently, using NSOM we obtain the specificity and resolution 

needed in order to work at the cell membrane scale.  
 

Lateral diffusion of molecules within the cell membrane can provide information about their 

temporary movement restriction due to molecular interactions, local heterogeneities, or corrals. 

Furthermore, this association information can help to understand the connection between 

membrane organization and cellular mechanisms as signaling, trafficking, and adhesion [17]. 

Because membrane lipids molecules undergo very rapid diffusion, time resolution to resolve fast 

dynamics is needed. One technique used for the analysis of molecular mobility is Fluorescence 

Correlation Spectroscopy (FCS) [18]. By recording and correlating the fluorescence fluctuations 

of single labeled molecules through the exciting beam, FCS gives information on molecular 

mobility and photophysical and photochemical reactions. The combination of aperture-based 

NSOM and FCS allows reducing the observation area, making the observation area much 

smaller than membrane heterogeneities sizes; thereby, correlation analysis can provide 

information of restricted diffusion of molecules at the nanometer scale.  
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Lamentably, the low light transmission of conventional NSOM probes limits in practice the 

exploration region on living cell membranes to values greater than 120 nm. This thesis aims to 

explore new NSOM probes (Circular-NanoAperture, CNA) which are expected to increase the 

light transmission and highly enhance and confine the light at the end face of the probe, to 

perform FCS experiments at the nanometer scale. The reduction of the observation area permits 

study samples with higher molecule concentration, meaning that FCS experiments can be 

performed at physiological concentration on cell membrane.    

 

 
 

Figure 1.NSOM imaging scheme. The sample is illuminated by the probe aperture which diameter is 

much smaller than the light wavelength. Sample-aperture distance, which is controlled by a feedback 

system, is smaller than the light wavelength (near-field). The position of the probe is fixed, and the 

movement of the sample below the aperture is controlled by the scanner. In this configuration, the 

objective is placed in the far field to collect the optical signal. Image taken from 

http://www.olympusmicro.com 

 

 

2. NSOM probe fabrication 

One of the most relevant parameters for NSOM approach is the subwavelength aperture probe. 

In this project two kind of antenna probes have been studied and compared: Circular Nano-

Aperture (CNA) and Bow-tie Nano-Aperture (BNA) tips. CNA tips consist out of a coated 

optical fiber that has a circular nanoaperture at its tapered end, while BNA tips consist out of 

two trianglular openings faced tip-to-tip and separated by a small gap (figure 2). All the 

fabrication processes were carried out by Dr. Mathieu Mivelle.  

The probes were fabricated from the same single-mode optical fiber (633 nm wavelength 

SM600 from Thorlabs, http://www.thorlabs.de/Thorcat/12600/SM600-SpecSheet.pdf). Fiber 

tapering was achieved by heat-pulling the optical fiber with a P2000 fiber puller (Sutter 

Instruments). Afterwards, a 150 nm thick aluminum coating was deposited around the fiber by 

thermal evaporation. Aluminum was chosen due to its small skin depth at optical wavelengths. 

This coating procures a background free system. Next, the taper region was cut using focused 

ion beam (FIB) milling to create a well-defined glass opening with diameters close to the cutoff 

region (400 – 500nm). Unlike conventional tips, a second thermal evaporation was performed to 

coat a 60 nm and 120 nm thick aluminum layer, for the future CNA probes and BNA probes 

respectively. This extra fabrication step permits improve the coupling of light through the 

subwavelength apertures [19]. The taper coating is greater for BNA probes because that is the 

thickness necessary to make BNA resonant [3].  Finally, a CNA or a BNA of different 

dimensions were directly milled at the center part of the taper metal using the FIB. The accuracy 

of this technique allows the fabrication apertures with gaps and diameters as small as 50 nm. 

Figure 2 shows a schematic of the probes, together with two examples. 

 

http://www.thorlabs.de/Thorcat/12600/SM600-SpecSheet.pdf
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Figure 2. NSOM probes. (a) Schematic of side view of the probes showing the parameters used for the 

tapered region, with t1 = 150 nm, t2 = 120 nm for BNA and t2 = 60 nm for CNA , dt = 400-500 nm.  (b) 

Schematic of front view of CNA probe, with  = 70 nm. (c) Schematic of front view of BNA probe, with 

g = 70 nm, l = 300 nm, and= 45º. (d- e) Scanning electrons microscope side view images of CNA and 

BNA probes.  

 

3. Simulations 

Lumerical simulation software, based on finite-difference time-domain (FDTD) calculations, 

was used to determine the electric field intensity distribution at the aperture. FDTD is a 

numerical analysis technique used for computational electromagnetics. Space is discretized into 

small cells, and the time is quantized into steps representing the time needed for the field to 

travel from one cell to the next. The electromagnetic field is calculated by resolving Maxwell’s 

equations in each cell.  

The simulations were performed taking into account the fabrication parameters for each probe. 

The total volume of these simulations was 2.2 m x 2.2 m x 6 m (x, y, z). In the z direction, 

the simulation was extended 5m into the body of the probe and 1 m in air. Refractive index 

and taper angle of the dielectric body were selected to be 1.448 and 20º, respectively, and the 

material chosen for the coating layer was Aluminum (Palik). The aperture was located at the 

coordinate origin (x = y = z = 0). Simulation volume boundaries were defined as periodic 

matching layers (PML) to avoid any undesired reflections around the probe. The mesh gradient 

resolution varied from 10 nm for cells at the periphery of the computation volume to 5 nm for 

cells in close proximity to the aperture. Illumination conditions were different for the two 

apertures (BNA and CNA). For CNA probe a circular polarized Gaussian beam ( = 633 nm) 

was placed at z = -5 m. On the other hand, BNA probes were illuminated by a single linearly 

polarized Gaussian beam (same wavelength and same position as for the CNA case). For the 

BNA probes the excitation polarization direction was parallel to the metallic arms of the bowtie. 

This is because the confinement of the electromagnetic field depends on the excitation 

polarization direction used [3]: for parallel excitation (polarization direction of light parallel to 

the bowtie arms), the field is confined in the gap of the BNA, while for perpendicular excitation 

(polarization direction of light perpendicular to the bowtie arms) the field is expanded along the 

triangles consisting the bowtie. 

Figure 3 shows the simulation results of the normalized near-field intensities for the different 

components of the electric field in a (x, y) plane placed 30 nm beyond the aperture. It is clear 

from figure 3a) that the area where the field is confined at the end of the aperture has a diameter 

size comparable with the diameter of the CNA (black circle in figure 3a), and the same 

conclusion can be done from figure 3e), where the field confinement area has a similar size than 

the gap of the BNA.  
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Figure 3. FDTD simulations of the near-field intensities at the apertures. (a-d) Simulated total (a), x (b), y 

(c), and z (d) electric fields squares, |E|
2
, at 30 nm away from the CNA aperture for circular excitation 

polarization. (e-h) Simulated total (e), x (f), y (g), and z (h) electric fields squares at 30 nm away from the 

BNA, for excitation polarization parallel to the BNA metallic arms (see panel (e) for the excitation 

polarization of the BNA). The scale bars are 100 nm. 

 

The intensities represented in figure 3 are normalized with respect to the source intensity, thus 

the field enhancement achieved by each probe can be directly estimated. We can see from 

figures 3a and 3e that intensity enhancement at the end of the BNA (12-fold) is three orders of 

magnitude greater than CNA (2.4 x 10
 -2 

–fold). In addition, for BNA the three components of 

the electric field are delocalized around the aperture having different intensity values in each 

case. On the contrary, electric field components at the end of CNA are much localized, having 

|Ex|
2
 and |Ey|

2
 the same intensity value, and decreasing one order of magnitude for |Ez|

2
, hence 

the near fields emanating from the BNA probes are more complex than near fields of CNA 

probes. These simulations show then that the field enhancement achieved by BNA probes is 

higher than for CNA, although the confinement of the field is geometrically better defined for 

the CNA probes. 

 

The characterization of the NSOM probes was done obtaining two variables: Throughput and 

Intensity. Throughput (Th) value provides the amount of power transmitted through the probe, 

and is defined as the ratio between the output-power measured at the exit of the aperture (Pout) 

versus the power injected (Pin). This value was directly obtained by the simulation software.  

out

in

P
Th

P
      (1) 

However, the relevant parameter for FCS technique is the intensity (I), since fluorescence 

fluctuations will be better defined the higher the intensity, thereby facilitating FCS analysis. 

Intensity is generally defined as the ratio between power and surface. 

This power is the output-power at the end of the tip (Pout).  Pout of each probe was calculated 

using equation 1, since we already had the Th value. In order to define the same power injection 

for all the probes, Pin was selected to be 1mW, value that could be achieved experimentally. The 

surface expressed in this formula represents the surface where the light is confined at the end of 

the tip. This area is determined by the nanoaperture size, as shown in figure 3. These surfaces 

were then calculated as a circular surface (taking an approximation) whose radius was the 

gap/diameter size of the BNA/ CNA.  

 

2

1out inP Th PPower Th mW
I

Surface Surface Surface r

 
   


   (2) 
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Figure 4. Throughput (up) and Intensity (bottom) simulation values for CNA and BNA probes with 400 

nm taper-size (dt), and  = 633 nm laser excitation light. Aperture is equivalent to diameter of the aperture 

for CNA, and gap size for BNA probes. 
 

Throughput and intensity values were measure for BNA and CNA with different gap/diameter 

sizes, respectively. The results obtained for these calculations are plotted in figure 4. 

It is clear from figure 4-up, that by enhancing the gap and diameters of the BNA and the CNA, 

Th values increase faster in the case of CNA than in the case of BNA. This result was expected 

since BNA are resonating antennas, design to let the light go through easily whatever the gap 

size, however that is not the case with CNA probes.  

From figure 4-bottom, we see that the field intensity I  is higher for BNA probes than CNA 

ones. For BNA probes, intensity is greater for smaller gap sizes, while for CNA probes intensity 

increases by extending the aperture diameter.  This is because Th values for BNA are stable and 

when they are divided by the surface, smaller surfaces result in greater values of I . However, 

this is not shown in the case of CNA, since Th values change significantly.    

 

4. Experiment 

 

4.1. Set up 

Next step of this project was to characterize the NSOM probes experimentally. Several BNA 

and CNA tips were fabricated with different aperture and taper sizes as explained in section 2. 

In order to measure the throughput of these probes, the setup shown in figure 5 was used.  
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Figure 5. Schematic of the different elements used in the experimental setup. 

 

The laser used as illumination source was a diode laser emitting in continuous mode at 640 nm 

wavelength (1). Laser beam passed through a beam expander (2) which increased its diameter in 

order to completely fill the back focal plane of the objective 6. A filter unit (3) was used to tune 

the input power of the source. Next, a polarizer (4) was placed to well-define the polarization of 

the beam, acquiring linear polarized light. The half-wave plate (5) was used then to shift the 

polarization direction of the linear polarized light. Elements 4 and 5 were only used in the case 

of BNA probes, since they are highly sensitive to the excitation polarization [3]. Light was 

collected then by the objective (6) with the same numerical aperture than the optical fiber, in 

order to promote the in-coupling of the light, i.e., to have a better coupling of the light of the 

laser beam into the fiber. The bottom part of the optical fiber (cleaved section) was placed in 

support 7a, while the tapered part remained in 7b support. These brackets were provided with 

micrometer-screws in order to slightly shift the position of the fiber respect to the objective, to 

find the correct position for in-coupling the light into the fiber. Light coming out from the 

nanoaperture was collected then by another objective (8) and send it to the optical power meter 

(9), where the output power was directly measured.  

 

4.2. Measurements 

In order to obtain the output power experimentally, the first step was to cleave the bottom part 

of the optical fiber to obtain a perfectly flat end-face. This is necessary to avoid any reflection of 

light when the light of the laser beam is coupled into the fiber. Then, as said in the previous 

section, the probe was placed and fixed on the setup supports. To find the in-coupling of light 

into the fiber, different procedures were followed depending on the probe under study. In the 

case of CNA probes, the position of the optical fiber respect both objectives was calibrated until 

the maximum value of the output power was achieved in the power meter. However, for BNA 

probes measurements, the polarization of the light had to be tested after the position adjustment. 

This was done rotating the half-wave plate and selecting the correct polarization light 

(excitation polarization parallel to the BNA metallic arms). We were sure that the polarization is 

correct when the value of the output power is as low as possible. This is because parallel 

excitation polarization only allows light transmission through a small region, i.e., through the 

bow-tie gap [3]. 

The value of the output power, P’out , corresponding to the power light effectively coupled to a 

normal fiber, had to be taking into account to experimentally  calculate the throughput of the 

NSOM probes. This value was obtained by cleaving both ends of the same optical fiber used for 

the fabrication of the probes, and measuring the output power with a similar procedure 

explained above. This value was then defined as the injection power (P’out = Pin) for the 

throughput probes calculations, which were done using equation 1.  
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4.3. Results.  

Measurements explained above were performed for CNA and BNA probes with different 

diameter/gap sizes, and similar taper-sizes. The results obtained are shown in figure 6. Looking 

at the plots, we see high variability in the CNA data. Throughput and Intensity values for CNA 

probes diverge up to 6 orders of magnitude, something that was not expected from the 

simulations performed previously. However, the values obtained from BNA probes are much 

stable, since the variation of Throughput and Intensity values is only of one order of magnitude. 

Results obtained for BNA probes are then compatible with the ones achieved by simulations. 

These results make one thinks that CNA probes are much more sensitive to the fabrication 

parameters than BNA tips.  

 

 
Figure 6. Throughput (up) and Intensity (bottom) experimental values for CNA and BNA probes with 

400nm taper-size (dt), and  = 640nm laser excitation light. Aperture is equivalent to aperture diameter 

for CNA, and gap size for BNA probes.  
 

In order to understand why this variability, more simulations were run to check one extra 

fabrication parameter: the taper angle. This parameter was different for simulation plots and 

experimental plots. Taper angle was fixed at 20 degrees for the BNA and CNA tips in case of 

simulations; however this value is not stable when probes were built in the laboratory, giving 

random values of the taper angle.   

 

5. Simulations II 

To understand how Throughput and Intensity measurements were affected by the taper angle, 

simulations varying this parameter from to were created. Construction parameters were setting 

as explained in section 3; however, for these simulations, taper-size was fixed at 400 nm, and 

the CNA diameter and BNA gap size were set at 70 nm. Figure 7 shows light propagating inside 

the CNA and BNA probes with different taper angles. 
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Figure 7. Simulations showing the electric field intensity inside CNA and BNA probes with different 

taper angles. Color scale bar values represent the maximum intensity enhancement achieved by each type 

of probe for the 5 different tapper angles. The scale bars are 1m. 

 

From this figure we see that the position of the hot spots (maximum intensity points), moves by 

varying the taper angle. The hot spots for BNA probes are always achieved at the end of the 

aperture, while for CNA probes hot spots are placed inside the tip. This is due to the resonance 

properties of the BNA and thus explains why the Throughput for BNA probes is higher than for 

CNA.   

Figure 8 shows the results of the throughput measured at 30 nm plane beyond the aperture, as it 

was done in section 3. What we found is that the Th varies depending on the taper angle for both 

CNA and BNA tips. This plot shows more variability in the case of the CNA (increasing and 

decreasing) respect to the BNA, i.e., the variation is larger (from 10
-5

 to 10
-4

) in the case of 

CNA, than for BNA probes (~10
-2

). Besides, it has to be taken into account that the probe 

tapering simulated here is only 4m long, while in real probes the tapering is much longer, 

which should increase even more this variability. Therefore, the taper angle is one of the 

parameter that contributes of the high Th versatility. 

  

 

 
Figure 8. Th simulation measurements for BNA and CNA probes with different taper angles. Taper-size 

fixed at 400nm, diameter/gap of the CNA/BNA set in 70nm, and  = 633 nm laser excitation light. 
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6. Conclusions 

In this thesis the efficiency of BNA and CNA probes were compared in order to evaluate the 

viability of CNA probes to study cell membrane molecules dynamics. The evaluation of their 

performance was made by theoretical analysis of throughput and intensity followed by the 

corresponding experiments. It was found that CNA probes geometrically define better the 

electric intensity confinement than BNA probes, what means that the observation area for FCS 

is also better defined, thereby simplifying the analysis and understanding of the FCS data. 

However, the low throughput achieved by CNA probes, and the high variability they show 

depending on fabrication parameters as the taper angle, refuse the idea of working with them. 

Field enhancement provided by BNA probes is higher than for CNA probes, furthermore BNAs 

show higher stability and repeatability for the fabrication process, but the complexity of the 

near-field they achieved encourages that nowadays, new antenna structures are under study to 

avoid this problem and reach resolutions bellow 80 nm. 

 
Acknowledgments 

I would like to thank María García-Parajo, Mathieu Mivelle, and Thomas van Zanten for all the 

discussions and talks along these months.     

 

References 

[1] T..H.Taminiau, F.B.Segerink, and N.F. van Hulst. A monopole antenna at optical frequencies: Single-

Molecule Near-Field measurements. IEEE 2007 55 11:3010-3017. 

[2] T.S. van Zanten, J. Gómez, C. Manzo, A. Cambi, J. Buceta, R. Reigada, and M.F. García-Parajo. 

Direct mapping of nanoscale compositional connectivity on intact cell membranes. PNAS 2010. 107 

35:15437-15442. 

[3] M. Mivelle, T.S. van Zanten, L. Neumann, N.F. van Hulst, and M.F. García-Parajo. Ultrabright bowtie 

nanoaperture antenna probes studied by single molecule fluorescence. Nano Letters 2012, 12: 5972-5978. 

[4]  S.J. Signer , G.L. Nicolson. The Fluid Mosaic Model of the Structure of Cell Membranes. Science, 

175  4023: 720-731 

[5] A.Kusumi, C. Nakada, K.Ritchie, K.Murase, KSuzuki, H.Murakoshi, R.S. Kasai, and T. Fujiwara. 

Paradigm shift of the Plasma Membrane Concept from the Two-Dimensional Continuum Fluid to the 

Partitioned Fluid. Annu. Rev. Biophys. Biomol. Struct. 2005. 34:351-378 

[6]  B. J. Balcom* and N. 0. Petersen, Lateral Diffusion in Model Membranes Is Independent of the Size 

of the Hydrophobic Region of Molecules, Biophysical Journal 1993 65: 630-637 

[7] Lingwood D, Kaiser HJ, Levental I, Simons K. Lipid rafts as functional heterogeneity in cell 

membranes, Biochem Soc Trans. 2009 37(Pt 5):955-60. 

[8] A.Kusumi, K.G.N. Suzuki, R.S Kasai, K.Ritchie, and T.K. Fujiwara. Hierarchical mesoscale domain 

organization of the plasma membrane. Trends in Biochemical Sciences, November 2011, vol. 36, No. 11 

[9] Patrick L. T. M. Frederix, P. D. Bosshart, and A. Engel. Atomic Force Microscopy of Biological 

Membranes. Biophysical Journal 96 329–338. 

[10] http://www.olympusmicro.com/primer/techniques/fluorescence/fret/fretintro.html 

[11] Luís M.S. Loura, Rodrigo F.M. de Almeida, Liana C. Silva, Manuel Prieto. FRET analysis of do-

main formation and properties in complex membrane systems. Biochimica et Biophysica Acta 1788 

(2009) 209–224 

[12] R. Henriques and M. M. Mhlanga1. PALM and STORM: What hides beyond the Rayleigh limit?. 

Biotechnol. J. 2009, 4, 846–857 

[13] D. M. Owen, C. Rentero, J. Rossy, A. Magenau, M. Rodriguez, and K. Gaus. PALM imaging and 

cluster analysis of protein heterogeneity at the cell surface. J. Biophoton 2010. 3 7:446–454  

[14] S. W. Hell and J. Wichmann. Breaking the diffraction resolution limit by stimulated emission: stimu-

lated-emission-depletion fluorescence microscopy. Optics letters 19  11:780-782 

[15] C. Eggeling, C. Ringemann, R. Medda, G. Schwarzmann, K. Sandhoff, S. Polyakova1, V. N. Belov, 

B. Hein, C. von Middendorff, A. Schöle and S. W. Hell. Direct observation of the nanoscale dynamics of 

membrane lipids in a living cell. Nature 2009 457  

[16] L. Novotny and S. J. Stranick. Near-field Optical Microscopy and spectroscopy with pointed probes. 

Annu. Rev. Phys. Chem. 2006. 57:303–31 

[17] K.Simons and D. Toomre. Lipid rafts and signal transduction. Nature reviews 2000 1 

[18] C. Manzo, T.S. van Zanten, and M. Garcia Parajo. Nanoscale fluorescence correlation spectroscopy 

on intact living cell membranes with NSOM probes. Biophysical Journal 100:8-10 

[19] L. Neumann, Y. Pang, A. Houyou, M. L. Juan, R. Gordon, and N. F. van Hulst. Extraordinary optical 

transmission brightens near-field fiber probe. Nano Letters 2011, 11: 355-360 

http://www.ncbi.nlm.nih.gov/pubmed?term=Lingwood%20D%5BAuthor%5D&cauthor=true&cauthor_uid=19754431
http://www.ncbi.nlm.nih.gov/pubmed?term=Kaiser%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=19754431
http://www.ncbi.nlm.nih.gov/pubmed?term=Levental%20I%5BAuthor%5D&cauthor=true&cauthor_uid=19754431
http://www.ncbi.nlm.nih.gov/pubmed?term=Simons%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19754431
http://www.ncbi.nlm.nih.gov/pubmed/19754431
http://www.olympusmicro.com/primer/techniques/fluorescence/fret/fretintro.html

