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Abstract

Nonradiative Excitation Fluorescence Microscopy (NEFM) is a promising technique

allowing the observation of biological samples beyond the di�raction limit. By coating

a substrate with an homogeneous monolayer of quantum dots (QDs), NEFM is achieved

through a nonradiative energy transfer from QDs (donors) to dye molecules located in

the sample (acceptors). The excitation depth of the sample is then given by the För-

ster radius, which corresponds to few nanometers above the surface. The powerful axial

resolution of NEFM is highlighted by observing the adhesion of Giant Unilamellar Vesi-

cles (GUVs) on strong interaction with coated surfaces. In this paper, we demonstrate

that the QD-quenching level is valuable to calculate and map the distance between the

membrane and the surface with a high precision along the optical axis. By tuning the

electrostatic interactions between the membrane and the substrate, we have been able

to measure a height displacement of ≈ 1 nm of the lipid membrane. The experimental

results were discussed according to simulations, which take into account all the common

forces appearing between lipid membranes and surfaces.
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Förster Resonance Energy Transfer (FRET) is now a standard technique, widely em-

ployed in biophysics and biophtonics. FRET relies on a nonradiative energy transfer from

excited donor molecules to acceptor molecules in their ground state. This energy transfer

is e�cient as long as the distance between the two molecules is less than 10 nm. FRET

is usually considered as a nanoscale ruler with a broad area of applications that includes

structural biology,1 biosensing,2,3 binding measurement between molecules4 or structure of

intermembrane junction.5 The signal obtained from FRET is typically examined by spectra,

�uorescence pictures or by time-resolved investigations. In this paper, we propose an original

imaging method, based on donor quenching analysis, to measure, with a nanoscale accuracy,

distances involved in the adhesion of membranes on a surface.

Giant Unilamelar Vesicles (GUVs) are extensively used as biomimetic objects to explore

and understand physical basis of cell adhesion6,7 and to test new imaging techniques.8,9 As

membrane composition can be easily modi�ed with several kinds of lipids wearing charges or

speci�c functions, the vesicles spreading will change as their interactions with the substrate

change. Di�erent optical tools were proposed to observe and understand the adhesion of li-

pid membranes or cells. First, Re�ection Interference Contrast Microscopy (RICM)10�13 and

related improvements (dual wavelength,14 re�ned version of RICM theory9)or Fluorescence

Interference Contrast (FLIC) microscopy5,15,16 allowed quantitative measurements of the

membrane-surface distance. Second, microscopy techniques using evanescent wave and its

new adaptations, such as normalised Total Internal Re�ection Microscopy (nTIRFM)8,17 and

variable-angle Total Internal Re�ection Fluorescence Microscopy (vaTIRFM),18 are also well

suited to observe and quantify the adhesion of living cells or GUVs near a wall. However, all

these techniques do not allow the obervation of membrane nanometric displacement, related

to tiny modulations of the membrane/substrate interactions. This is mainly due to the axial

resolution of these usual techniques, which is, on soft material at room temperature, at best
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≈ 5 nm for RCIM and 5-10 nm for �uorescent technique. To measure membrane/substrate

interdistance with a nanometric accuracy, we have recently proposed an appealing alter-

native to interferometry or Total Internal Re�ection, based on FRET. This nanoimaging

technique is called Nonradiative Excitation Fluorescence Microscopy (NEFM).19 NEFM is

based on the activation of glass coverslip with quantum dots (QDs). This was �rstly achieved

through the deposition of a thin layer of PMMA highly doped with QDs.19 However, PMMA

dewetting occurred after few hours or less, and therefore long time observations were not

possible anymore. Moreover, the QDs density in PMMA cannot be controled properly. In

order to overcome these limitations, glass coverslips were activated by adding a monolayer

of CdSe/ZnS quantum dots (QDs) with a silanisation process.20 To highlight the powerful

axial resolution of NEFM and the bene�ts of this new substrate preparation, we observed

GUV spreading on glass substrate coated with QDs, when adhesion is mediated by electro-

static interactions. To this end the QDs were surrounded by a positively charged polymer,

Poly-L-Lysine (PLL), and membranes were labeled with a negatively charged dye (DiD).

The excitation depth in NEFM is typically ≈ 10 nm at the vicinity of the surface. This cor-

responds to two times the Förster radius. According to the FRET theory and by recording

both QDs-quenching and �uorescence induced by FRET, a distance map between the surface

and the lipid membrane can be reconstructed according to a straightforward image analysis

compared to others methods. For example, in RICM (even in dual-wave length RICM),14,21

all refractive index should be known to get quantitative informations. Moreover, the data

processing is very complex. FLIC or intermembrane FRET methods5,15,16,22 also involved a

complex data processing and the conversion from FRET e�ciency to a distance is di�cult.

In contrast, with our method, the absolute distance in each pixel of the picture can be obtai-

ned easily.

In this paper, we exploit NEFM to study the adhesion of GUVs mainly driven by van der

Waals attraction and electrostatic attraction or repulsion. By tuning the strength of electro-

static attraction on the membrane adhesion, we achieved a 1 nm axial resolution with NEFM.
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This constitutes a major breakthrough in nanoimaging. Until now, only the recent publica-

tion about cryogenic single molecule localization microscopy o�ers a sub-nanometer optical

resolution.23 At the opposite, more polular techniques such as STED,24 single molecule loca-

lization combined with supercritical angle25�27 or structured illumination28 or MIET,29 only

reach a resolution ≈ 10 nm at best, at room temperature. NEFM enables to overcome the

10 nm resolution barrier mainly because nonradiative energy transfer occurs between 1 and

10 nm.

Results and discussion

Surface characterization

We characterized our QDs layer on glass coverslips by SEM. The Fig.1 presents a SEM

picture of QDs bound on silicon wafer (SEM images on glass coverslips are similar in term

of homogeneity, but less contrasted due to glass substrate). This picture indicates that only

a monolayer of QDs was achieved at a large scale. Thus our new method of preparation

allowed us to create a homogenous surface coated with QDs. According to Fig.1, the surface

coverage is about 25 % with a density of QDs about 5000 QDs/µm2. This high surface

density gives rise to a homogenous photoluminescent signal within a di�raction limited spot

(no blinking was observed). This point is crucial for quantitative analysis in NEFM (the

measured �uorescence �uctuations should be induced only by distance changes between

donor and acceptor and not by QDs blinking). To exploit FRET theory, the quantum yield

(φD) of our surface has to be estimated. The quantum yield of QDs change drastically as

a function of solvents or environment. φD is given by Eq 1 where kr is the radiative decay

rate and knr is the non-radiative decay rate of QDs excited state.

φD =
kr

kr + knr
(1)
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Table 1: Values of kr, τ and knr to calculate the quantum yield φD of QDs in toluene solution
or deposited on a surface and surrounded with PLL

kr (ns
−1) τ (ns) knr (ns

−1) φD

QDs in toluene solution 0.0478 16.7 0.012 0.8
QDs in water 0.0338 - - -
QDs monolayer surrounded with PLL at glass/water interface 0.0399 8 0.0851 0.32

Figure 1: Typical SEM picture of surface coated with CdSe/ZnS QDs.

From the molar extinction spectra and emission spectra,30 we estimated kr for QDs in

toluene by using the Strickler and Berg formula.31�33 From this value, we have calculated

kr in water.34 Then kr is calculated for QDs monolayer at glass/water interface.35 These

results are shown in Table 1. Then knr is calculated by subtracting kr from the value of the

inverse of the measured �uorescence lifetime (τ) of QDs (Table 1). An example of lifetime

measurements is presented in Fig.S1. We have determined the mean lifetime as proposed by

A. I. Chizhik, I. Gregor, and J. Enderlein.36 φD was estimated according to equation 1. φD

≈ 0.32 for our surface covered with QDs and with Poly-L-Lysin while φD ≈ 0.8 when QDs

are in a toluene solution (as indicated by Sigma-Aldrich).

5



From QDs quenching and NEFM images to distance images

Calculation of R0, the Förster radius

The e�ciency Et of FRET process can be characterized according to:

Et =
1

1 + ( R
R0
)6

= 1− SD+A

SD

(2)

where R is the distance between donor and acceptor, R0 is the Förster radius, SD is the

signal emitted by donors without acceptors and SD+A, the signal emitted by donors when

acceptors are added. To validate the relevance of equation 2 in our experiment, we have

performed FRET experiments by controlling the distance between the QDs layer and a DiD

layer. The FRET e�ciency was then calculated and plotted as a function of the distance R

(Fig S2). These data can be �tted according to three di�erent models : one acceptor coupled

with one donor as depicted in equation 2, n acceptors coupled with one donor and a plane

of acceptors coupled with one donor(see Supplementary information). From the obtained

results, we have choosen the model when one acceptor is coupled with one donor. Then R6
0

(in cm6) need to be known and is calculated as following:

R6
0 =

9(ln 10)φDκ
2

128π5n4Na

J(λ) (3)

with φD the quantum yield, Na the Avogadro number, κ
2 the dipole orientation factor, n the

refractive index of the medium (1.338 for glucose solution). The spectral overlap integral

J(λ) between donor and acceptor was numerically calculated according molar extinction

and emission spectra (note that the maximum of DiD molar extinction coe�cient is 210000

M−1cm−1 at 457 nm37). κ2 is calculated from R. E. Dale, J. Eisinger, W. E. Blumberg.38

DiD dipole orientation is perpendicular to the optical axis39 and QDs dipole orientation is

randomly distributed. Therefore, the angle between the DiD dipole and the axis de�ned by

donors and acceptors is equal to π/2. Then κ2=1/3. So the value of R0 for our QDs surface
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surrounded by Poly-L-Lysine at glass/water interface in interaction with a DiD layer is equal

to 5.82 nm.

Quenching and �uorescence images

As vesicles contain sucrose (200 mM), and the surrounding medium is glucose at 250 mM

vesicles gently settled on the Poly-L-Lysin/QDs surface due to gravitational force. When

GUVs encounter the surface, lysis of all GUVs was observed in pure water due to the strong

electrostatic attraction between the surface and GUVs.8 Therefore, only supported membra-

nes are observed on the surface. As previously explained, the QDs layer is surrounded with

Poly-L-Lysin in order to obtain positively charged surfaces. This charge depends on the salt

concentration of the medium (Fig.S3). At the opposite, the vesicles are labeled with DiD

which is negatively charged. DiD charge does not change according to the salt concentration

(as the pKa of the benzene sulfonic acid of DiD is at 2.54, and the pH working range in our

experiments is higher than 6, the benzene sulfonic acid always exhibit a negative charge).

Fig.2 shows a supported lipid bilayer on the surface observed i NEFM at 457 nm and TIRF

at 633 nm. First, the TIRF illumination indicates the GUV lysis (no more vesicles were

observed with defocusing imaging) (Fig. 2.a). Next, All experiments were performed with a

laser irradiance of 50 mW/cm2 at 457 nm and an acquisition time of 300 ms . At this irra-

diance, no direct excitation at 457 nm of the acceptor (DiD) is observed. As a consequence,

the �uorescence emission of DiD (Fig.2b) is only due to FRET process.20 In the spectral

window of the QDs emission (Fig.2.c), quenching appears where DiD emission (Fig.2.b) is

expected. Spectra recorded on QDs with and without supported lipid layer also con�rms that

FRET occurs (Fig.S4). The �uorescence emitted by DiD through FRET is very homogenous

without any �uctuation in time. Undulations of the membrane (related to Helfrich force)

are suppressed due to the strong electrostatic attraction. Only photobleaching was observed

with a slow decay rate (≈ 60 s). The Fig.3 presents a zoomed representation of our system.

Due to the presence of octadecylamine ligands on the QDs, the PLL is deposited between
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Figure 2: Lysis of vesicles on a QDs layer surrounded by Poly-L-Lysine. a: TIRF image at
633 nm. b: �uorescence emission of DiD excited at 457 nm (spectral detection window :
670-694 nm). c: photoluminescence of QDs excited at at 457 nm (spectral detection window
: 490-610 nm).

the QDs, on the glass substrate, helped by electrostatic attraction between the amine groups

of PLL and silanol groups on glass. Because it was diluted in a low concentration NaOH

aqueous solution (i.e. poor solvent), in these conditions, PLL opted for a mushroom-like

con�guration as depicted in Fig.3. PLL hydrodynamic radius is about 5 nm in solution, so

the thickness of PLL is similar or smaller than the QDs diameter.40 Moreover the �uores-

cence observed on the lipid bilayer is laterally homogenous (Fig.2.b). This means that the

lipid bilayer seems to be �at above the QD layer.

Figure 3: Schematic view of the studied system. R is the distance between the center of the
QDs layer to the lipid membrane. d is the distance from the top of the QDs layer to the
lipid membrane. d0 is the corresponding equilibrium distance.

From the equation (2) and with image recorded through the detection spectral window

of QDs, we have calculated the e�ciency of FRET transfer, Et, for each pixels. We used the

NEFM image to determine on which pixel the transfer e�ciency must be calculated because

its contrast is very good. As a result, the �uorescence image is converted into a map of the

normalized distance, denoted R/R0, between the surface and the membrane (Fig.4). From

this map, we have also calculated the histogram of R/R0. The mean value (<R/R0 >) and
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Figure 4: a. R/R0 distance calculated from the data shown in Fig.3. b: Corresponding
distance histogram.

the standard deviation (σ) were obtained according a Gaussian model. σ takes into account

the height of the membrane �uctuation above the surface and also the heterogeneity of the

functionalized surface. As shown in Fig.4, in pure water at pH=6, <R/R0 >= 0.83 and σ

=0.003. If we used the value previously calculated for R0 = 5.82 nm, the mean distance <R>

= 4.83 nm +/- 0.02 nm. R corresponds to the distance from the center of the QDs to the

lipid membrane. Therefore, the water gap thickness from the top of QDs to the membrane

is ≈1 nm (the QDs radius is 4 nm as evaluated by SEM).

In�uence of the addition of salt on the equilibrium distance d0

In order to modulate the strength of the electrostatic attraction and measure how this mo-

dulation a�ects the equilibrium distance between the surface and the lipid bilayer, sodium

hydroxide was added in the glucose solution. The salt concentration varied from 0 to 233

µM. Below a concentration of 70 µM, lysis of all vesicles is observed (Fig.5). On Fig.5 A2,

A4, we observed the formation of a stack of lipid bilayers due to the presence of small ve-

sicles inside bigger one. This can be easily checked on TIRF pictures recorded at 633 nm

where brighter zones appear in the center. The �uorescence of the DiD is twice higher in

the center. This is the signature of the presence of two lipid bilayers stacked in the center of
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Figure 5: Images of supported lipid membrane for di�erent concentration of NaOH (series 1
: 23 µM, series 2 : 35 µM, series 3 : 47 µM, series 4 : 58 µM) observed in TIRF illumination
at 633 nm (Ai). Lipid bilayers are also excited at 457 nm and the emission of DiD (Bi) and
the quenching of QDs layer (Ci) were collected with relevant band-pass �lters.

the structure while only a single lipid bilayer is obtained at the periphery. At the junction

of the bilayer and the quadrilayer, the QDs quenching is stronger which could be due to

a decrease of the distance (Fig.5 C2, C4). At the same time, the DiD emission in NEFM
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images is lower due to a depletion of DiD during the formation of this structure (Fig.5 B2,

B4). In the center, the DiD �uorescence recorded in NEFM seems to be not a�ected by

the presence of the second bilayer. This clearly demonstrates that the second bilayer is out

of the range of FRET process and its distance is greater than 10 nm from the center of

the QDs layer. Indeed, the second bilayer is repelled by the �rst one, due to electrostatic

repulsion as both bilayers were negatively charged. On the series 3, only a single bilayer is

observed. On the series 1, the lipid organization in the center should be di�erent than a

simple stack of two lipid bilayer as the signal in NEFM decreases (Fig.5 B1). This should be

due to a depletion of DiD with a decrease of the distance. To avoid such artefacts related

to multistack, we have analyzed zones where only one lipid bilayer is obtained (usually at

the periphery of the structures). As previously, we have calculated from the quenching of

QDs and according to the Equation 2, the ratio R/R0 for several lysed vesicles (at least 10

vesicles for each sodium hydroxide concentration). Histograms of these distances are plotted

in Fig.6. All histograms were �tted with a Gaussian model to get the mean value (<R/R0 >)

Figure 6: Histograms of R/R0 distance obtained on at least ten vesicles at di�erent NaOH
concentrations (a: 23 µM, b: 35 µM, c : 47 µM and d : 58 µM).

and the standard deviation (σ). We observed clearly a shift to higher value when the NaOH
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Table 2: Evolution of the spreading factor (S) measured with TIRFM and NEFM pictures
as a function of the concentration of NaOH

[NaOH] (µmol/L) S(TIRF) S(NEFM)
87 0.66 0.23
116 0.50 0.13

concentration is increased. The water gap thickness increases wih the salt concentration.

Since R0 = 5.82 nm, we have plotted the evolution of <d0 > as a function of the sodium

hydroxide concentration (Fig.7). As the concentration increase, the interdistance d0 from

Figure 7: Variation of the average equilibrium inter distance d0, as function of salt concen-
tration. In red, the equilibrium distance calculated from the simulations (see supporting
informations).

the top of the QDs to the lipid membrane increases from 0.94 nm to 2.57 nm.

For salt concentration between 87 µM and 120 µM, we observed vesicles in adhesion without

any lysis (Fig.S5). As previously proposed,17 we have estimated the apparent diameter (D)

of GUVs in adhesion in this case. From TIRF and NEFM images we have measured a con-

tact area, denoted C, and then calculated a spreading factor, denoted S, for both excitation

cases (S= C/(π(D/2)2 )). As we can see in Table 2, S decreases as the salt concentration

increases. Therefore, the mean equilibrium distance d0 continues to increase as a function of

the salt concentration. For salt concentrations higher than 120 µM, all vesicles are repelled

far away from the surface and no �uorescence can be observed in NEFM imaging (S is lower

than 0.1 as indicated by TIRF imaging). These results clearly indicate that the equilibrium

distance d0 between the membrane and the QDs continues to increase as a function of the
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salt concentration.

To uncover which forces induce such behavior, we have performed simulations. In the case of

GUVs lysis, we have to consider 3 forces: van der Waals attraction, electrostatic attraction

and steric repulsion mediated by PLL and QDs ligands. These forces are detailed in the

Supporting Information. For the electrostatic force, the surface potential and the potential

of the lipid bilayer have been estimated. To characterize the potential of the functionalized

glass coverslips, we measured the ζ-potential with a Zetasizer (Malvern, Nano-ZS) of micro-

nic silica particles which exhibit the same surface functionalization with PLL. Note that the

QDs are neutral and do not contribute to the e�ective charge of the surface. The ζ-potential

was measured as a function of the salt concentration. We obtained that the ζ-potential

is positive when the concentration of NaOH is lower than a threshold value and becomes

negative for higher values of the salt concentration (Fig.S3). More we add salt and more

the positive charges on the PLL are screened and therefore the surface potential decrease.

This decrease was modeled by using the Graham equation (see supporting information) and

therefore the surface potential was calculated as a function of the salt concentration (Table

S1). We have also measured the ζ-potential of the lipid bilayer on Small Unilamelar Vesicles

(SUVs). Their potential appears to be always negative and its value is around -25 mV. From

all this data, one can calculate, for a given salt concentration the evolution of the potential

energy of membrane/substrate interactions resulting from these three forces as a function of

the distance between the surface and the lipid bilayer (Fig.S7). The equilibrium distance d0

can be easily deduced, as the minimum of the potential energy. This was done for various

salt concentrations and d0 was plotted together with our experimental data (Fig.7). We

obtained a relative good agreement between this model and our experimental results. In

both cases an increase of ≈ 1 nm of the equilibrium distance is achieved. The small jump

observed in the experimental data points could be due to an abrupt increase in the gyration

radius of repeller molecules when the salt concentration increases (only a gradual incease is

taking into account in the simulations).
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In the case where no lysis of vesicles was observed, two more forces must be considered.

The �rst one is the gravitational attraction as vesicles have sucrose inside and are suspended

in glucose solution. The di�erence of density between sucrose and glucose induce the sedi-

mentation of vesicles. The expression of this attractive potential is given in the supporting

information. The second force is the Helfrich repulsion and its expression is also given in

supporting information. Lipid membranes �uctuated freely in bulk, but when GUVs are

closed to a surface, the thermal �uctuation spectrum changed and it yielded to a repulsive

force. We have showed, as previously observed17 that the equilibrium distance is about few

hundreds nanometers (Fig.S8), which is in good agreement with our experimental results.

Materials and Methods

Materials

CdSe/ZnS quantum dots (748099), (3-mercaptopropyl)trimethoxysilane (175617), poly-L-

lysine solution (P4707) and DOPC (1,2-Dioleoyl-sn-glycero-3-phosphocholine, P6354) were

purchased from Sigma-Aldrich. DiD (DilC18(5)-DS (1,1'-Dioctadecyl-3,3, 3, 3'-Tetramethyl-

indodicarbocyanine-5,5'-Disulfonic Acid, D12730) was purchased from ThermoFisher Scien-

ti�c. Thickness-corrected glass coverslip (170 µm +/- 10 µm) were purchased from Assistant,

Sondheim, Germany.

Giant Unilamellar Vesicles (GUVs) preparation

GUVs were prepared using the standard electroformation method. We mixed DOPC (2

mg/mL in methanol/chloroform (9:1)) with DiD (18 µM in methanol /chloroform). The lipid

membrane is negatively charged due to the presence of two benzene sulfonic acid groups on

DiD. 50 µL of the mixture is deposited on two ITO (Indium Tin Oxide) conducting plates.

After evaporation of the solvent in a vacuum chamber, the plates were �xed face to face in

a te�on holders in order to make a hermetic chamber. A 200 mM sucrose solution at pH 6
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was injected to hydrate lipids.Then an alternative electric �eld was applied between the two

ITO plates at 10 Hz. The electric �eld intensity was increased from 0.2 V to 0.8 V and

maintained overnight. Later, the electric �eld was decreased to 0.2 V at 4 Hz for 20 minutes.

Then, GUVs were gently removed from the ITO plates with a thick needle syringe (18G) to

avoid lysis.

Surface preparation

Prior to any chemical treatment, glass coverslips were cleaned by immersion in a Piranha

Solution (50 % H2SO4, 50% H2O2) for 30 minutes and rinsed extensively with pure water.

S1813 photoresist was added between two coverslips to cover one side of coverslips, leaving

the other side free for the silanization. Then, this new structure was incubated in the

(3-mercaptopropyl)trimethoxysilane diluted in anhydrous toluene at 0.01 % for 12 hours.

Afterwards, the substrate was immersed in a solution of quantum dots (QDs) in toluene

(0.08 mg/L) for 24 hours. At last, the substrate is rinsed with toluene and next with acetone

in order to remove the S1813 photoresist. At the end, one can obtain 2 functionalized

coverslips with QDs on one side. All reactions were performed in a glove box under argon

gas. Then the coverslips were incubated for 60 min in a poly-L-lysine solution (0.01 % w/v).

Microscopy

Our set-up was extensively described in a previous paper.20 Brie�y, two laser beams were

implemented (one at 457 nm for QDs excitation, and one at 633 nm for DiD excitation). A

100 x Zeiss objective (plan-achromat, NA= 1.46) was used to create a wide�eld illumination.

A rotatable mirror was mount to switch between Total Internal Re�ection Fluorescence

(TIRF) and epi-illumination. Band-pass �lters (Semrock FF01-600/14 and Semrock FF01-

682/14) were added to observe the QDs emission (the spectrum window is 593 nm-607nm)

or the DiD emission (spectrum window is 670-694 nm). The camera used in all experiments

was a CoolSNAP HQ2 (Photometrics Scienti�c ).
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Conclusion

We have studied adhesion of vesicles using non-radiative excitation �uorescence microscopy

(NEFM). This original approach is based on a FRET process between a surface coated with a

monolayer of QDs and �uorescence probes present in the sample. From the quenching of the

QDs, the interdistance between the surface and the membrane was assessed for di�eérent

adhesion strength. The high sensitivity of FRET allows us to determine variation of the

equilibrium distance with ≈ 1 nm precision along the optical axis. Compared to other

super-resolution techniques like STORM,25�27 PALM,28 STED24 or MIET,29,41 NEFM does

not need long time acquisition, complex data processing or high laser power. Samples can

therefore be illuminated for a long time with a negligible photobleaching. Moreover this

technique can be easily implemented on any kind of inverted microscopes. Then, dynamical

aspects of cell adhesion and migration can be studied as the acquisition time is typically

few hundreds ms. NEFM is also relevant to study th interaction and di�usion of supported

lipid bilayers on nanoroughness surfaces.42 Finally, this method is also well suited to study

biological samples as it was previously demonstrated.19 We believe that our technic can be

used to probe the dynamic of focal adhesions and also localize precisely cell integrins involved

in the focal adhesion plaques.
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