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Abstract:  For the observation of single molecule dynamics with fluores
cence fluctuation spectroscopy (FFS) very low fluorophoreentrations
are necessary. For in vitro measurements, this requireimeasy to fulfill.
In biology however, micromolar concentrations are oftencemtered and
may pose a real challenge to conventional FFS methods baseohéocal
instrumentation. We show a higher confinement of the samgplolume
in the near-field of sub-wavelength sized apertures in aghld film. The
gold apertures have been measured and characterized wdttestence
correlation spectroscopy (FCS), indicating light confiesmbeyond the
far-field diffraction limit. We measured a reduction of theetive sampling
volume by an order of magnitude compared to confocal instntation.
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1. Introduction

In the last decade, fluorescence fluctuation spectroscé{®y) @merged as a powerful screening
tool in pharmaceutical industry and in biomedical resedfan FFS, a high numerical aperture
objective focuses a laser beam into a sample containintgldb®olecules at low concentration.
The fluorescence is collected by the same objective ancefiltey a dielectric band-pass filter
to suppress reflected excitation and Raman scattered Tietfluorescence is focused onto
a pinhole rejecting stray and out of focus light and keepimg Raman scattered light to a
minimum. A single photon detector is used to count the phgtand the recorded photon trace
is then evaluated according to the chosen FFS method [1-6].

The confocal setup provides a small sampling volume, anliextesignal to noise ratio
(SNR), and good statistical accuracy. In vitro, the samplecentration is chosen to maximize
the SNR|[7, 8]. For instance, typical sampling volumes of @868nd nanomolar concentrations
of the analyte are mostly used. However, many reactionsdlogpyy or biochemistry demand
measurements at micromolar concentrations. This resudtiigh number of labeled molecules
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in the confocal volume, with in consequence a small fluctuatimplitude or a high photon
number beyond the linear range of single photon detectors.

In order to perform these experiments, the size of the sagpiblume needs a further re-
duction. Webb et al. addressed the problem by limiting thepdieng volume in their setup
to far less than 1 al by using nano-wells in an aluminium m&kA potential drawback is
the background from direct-reflected excitation light. Michannels in fused silica have been
used as well and sampling volumes of less than 2 al were athig®]. Another approach
took advantage of a parabolic mirror in a total internal ften fluorescence correlation spec-
troscopy (TIR-FCS) setup, which resulted in a sampling nadwf about 5 al [11]. Hassler et
al. reported small sampling volumes of 60 al by taking adagetof a high numerical aperture
objective (NA= 1.45) and an evanescent field excitation [12]. They showedra3NR as well
as high count rates per molecule (CPM) and used their setugrfding-unbinding studies as
well as for investigations of enzyme reactions [13].

In this project, we fabricated sub-wavelength sized cacabertures in a thin gold film in
order to reduce the sampling volume. Back-illuminationwdtsan aperture results in a highly
confined excitation field. With the Green'’s tensor techniffiygd, we calculated an excitation
volume of about 7 al for an aperture with 150 nm diameter in@mrb thick gold film on top
of a glass cover slip. This results in a reduction of the aticib volume by more than an order
of magnitude. The detection volume is as for a conventioppt@ach given by the confocal
setup. The fluorescence is recorded from the volume in andhme the aperture while the
metal mask shields most of the excitation light. Finally @valuation of the fluorescence signal
provides information about the size of the excitation vadum

Fluorescence in the presence of a structured metal film isdeggendent on the local excita-
tion field, the local emission pattern, and the local fluoeese lifetime. Recently, Rigneault et
al. reported an increased excitation intensity and a deettfiuorescence lifetime enhancing
the CPM in circular aluminium nano-holes [15]. Using recfalar aluminium nano-apertures,
Wenger et al. demonstrated that the enhancement is maielyoda strong evanescent exci-
tation field [16]. Here, we report on trans-illumination reeeements collecting fluorescence
within but mainly behind a circular nano-aperture. The Idlteorescence emission would de-
serve further investigation but is out of the scope of thipgralnstead, we concentrate on
the three-dimensional excitation field, which can also bemed in detail with the help of a
photoresist [17].

2. Experiment

2.1. Aperture masks

The circular apertures were fabricated with a focused mladteam lithography process [18].
A 170 um glass cover slide was plasma cleaned and covered with 10ntimaay doped
tin oxide. The aperture structures were written into a spiated high contrast negative tone
resist. The resist was developed resulting in freestarrésigt structures. These structures were
coated with a titanium layer (5 nm) and with a 150 nm thick dihd. A final lift-o ff process
resulted in the apertures shown in Fig. 1. Figure 2 outliheddyout of the entire gold mask.
Within six fields, we fabricated a total of 144 arrays of 6 apertures. Each field was located
and oriented with the help of triangular marks. We verifieeldimensions of selected apertures
by scanning electron microscopy (SEM). In addition, we &edcall aperture arrays with an
optical trans-illumination microscope (Carl Zeiss Axio¥200m with Carl Zeiss AxioCam
HRm). The inset in Fig.12 shows the image of a homogeneoug ased for measurements.
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Fig. 1. Left: SEM image of a 420 nm aperture after evaporatidtihe 150 nm thick gold
film. We noticed small gold particles around the apertureeed¢pnoscale particles and
fibers were also found at the border of the gold cap. Right: $&ye of a single 230 nm
aperture within a & 6 array. This aperture was exempt of nearby gold particles.
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Fig. 2. Mask layout with orientation triangles and apertamays. Every square represents
an array with 6< 6 apertures of identical diameter. In each array, the apgsrtare located
on a square grid with am period. We selected 21 array pairs in order to cover apertur
diameters between 115 nm and 520 nm. Inset: Trans-illumim&hage and scheme of an
array pair with 2« 6x 6 apertures of 300 nm diameter in the 150 nm gold film. The aéntr
apertures in the selected arrays were measured with FCS.
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2.2. Experimental setup and measurements

Figure 3 outlines our confocal trans-illumination setuphve piezaxyztranslation stage (New-
port ULTRAIlign 561D withuDrive Controller ESA-C) for the sample positioning. A 12 mW
HeNe gas laser (Laser 2000 LHRP-1201, linearly polarized) @ laser-line clean-up filter
(Chroma Z63RL0x) provided a spectrally pure 633 nm excitation. The beas @xpanded to
fill the aperture of a Carl Zeiss 40x0.90 NA water immersiojeotive. The beam waist in the
focus was 350 nm. Neutral density filters (Thorlabs NDKO1)evesed to adjust the power in
the excitation volume. The fluorescent light was collectetth @ 40x1.20 NA water immer-
sion objective (Carl Zeiss) and filtered by a dichroic mir(@hroma Q660LP), a band-pass
filter (Chroma HQ71L00m) and a pinhole (Thorlabs ASH&25Y step-index fibers: 37&m,

50 um or 100um core diameter). The pinhole provided a spatial filterirgnde contributing
to the background rejection as well as to the limitation &f detection volume. A single pho-
ton counting module (PerkinElmer SPCM-AQR-14-FC) detgtite fluorescence photons. The
signal (number of photons over time) was correlated with 8 U8rdware correlator (Correla-
tor.com Flex990OEM-12C) attached to a standard PC. Thedigample, sandwiched between
the aperture mask and a microscope slide, was positionédiétmask in the focal plane.

Step—index
multimode
glass fiber

3 Cover slide

i Fluorescent liquid
© Aperture mask

Emission filter

Eyepiece ND filter - o Tube lens

Dichroic mirror

40x1.2 objective

Aperture mask

40x0.9 objective
Excitation filter

HeNe laser ><
'

Beam expander and neutral density filters

Fig. 3. Confocal trans-illumination setup. The 40x0.9 gahije and the multimode fiber
were mounted oxyztranslation stages. The aperture mask was aligned witbzopiyz
translation stage.

3. Theory

The FCS and FFS theory was recently reviewed by Krichevsély Et9]. Following the general
ideas, the fluorescence intensity is correlated during a time interva@l. The symmetrically
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normalized auto-correlation function is defined as

Tf‘T
[l ter) Ot
(I ®! (t+r)> 0
== T —T)———————— 1
D Doy 00T T @

J lodt[Igadt
0 T

The auto-correlatiof) allows to extract essential single molecule parametera the fluc-
tuating fluorescence intensity. Typical fluctuation soaraee difusion (Brownian motion) of
fluorescent particles through the detection volume; emissharacteristics like triplet state oc-
cupation; or changes of the molecular conformation inflirggn¢he emission characteristics.
The correlation amplitude is inversely proportional to thuenber of fluctuation sources (parti-
cles) in the detection volume. The shape of the correlatiomecencodes all these processes,
whereas the time dependencies modify the correspondiregvtiimdows.

3.1. Excitation field

Figurel4 shows the excited fields for thredfelient aperture diameters calculated with the
Green'’s tensor technique [14]. We simulated the transonissi a Gaussian beam through the
apertures in the gold film. The Gaussian beam had a wavelef@B3 nm and was linearly
polarized along the-axis corresponding to the HeNe laser. In the glass substittt a refrac-
tive index of 1.52, it was focused and centered on the bottibtmecaperture. The transmission
for an incident beam waisty = 350 nm was simulated. In the aperture and on top of the gold
film, we set the refractive index to 1.33 for water. The rekiilielectric constant of the gold
film was—-116+ 1.26..

Fig. 4. Simulated excitation fields for aperture diametérs5® nm (left), 250 nm (center)
and 400 nm (right) in a gold film of thickness= 150 nm. All dimensions are given in
nanometers. The coordinate origins are located in the cattiee bottom of each aperture.
A Gaussian beam with 633 nm wavelength was focused with animgpangle equivalent
to a numerical aperture of 0.6 on the apertures. The graphs 8iree surfaces of equal
intensity ate max (inner surfaces)e 51 may (middle surfaces) and 2Imay (outer sur-
faces)Imaxis the maximal excitation intensity at h. On top of the apertures, the average
intensity was reduced to 22%, 73% respectively 87% of the@mt intensity at the bottom.

For the 400 nm aperture, the excitation field is similar tofthais of the Gaussian beam.
The aperture mainly truncates the tails of the Gaussian laeandifraction shrinks the vertical
extension to 330 nm after the hole. In the close vicinity af #perture, the excitation field
shows a fine structure reflecting thgoolarization of the incident beam and the wave modes
in the aperture. With the 250 nm aperture, yhextension of the excitation volume is slightly
smaller, whereas thedimension is reduced significantly. Thifect is even more important
for the 150 nm aperture, where the excitation field extendis &hnm into the liquid. Table 1
compares the extensions of the ellipsoid-like excitatiefd§i and the estimated volumes. We
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estimated the excitation volumé&y with Wy [22] and the &ective sampling volum®es¢ for

FCS withW?2/W,, where
Wo =15 [ [ [ 15 )

Here, we approximated the product of the excitation intgrasid the detectionfgciency by the
excitation intensity alone. This is valid because the aticih intensity drops much faster than
the detection ficiency, if’ — oo . In both cases, we added the aperture voldxe= rhd?/4,
whereh = 150 nm is the aperture depth atithe diameter.

Table 1. Calculated extensions of the excitation fields@tbex, y andz axes, respectively
excitation volumesd/ex = W1 + Vap and éfective sampling volume¥est = Wf/Wz +Vap
for different aperture diametets The extensions are understoodead "half-axes” for
comparison with the 2 xy-waistwg = 350 nm of the incident beam.

[d [150nm]| 250nm| 400nm| o* | o° | o° |
Wy 140 nm| 240 nm| 230 nm| 350 nm| 250 nm| 180 nm
Wy 100 nm| 140 nm| 200 nm| 350 nm| 250 nm| 180 nm
Wy 80nm | 160nm| 330nm| 2.0um | 1.0um | 700 nm
Vex 6.7 al 17 al 38 al 130al | 130al 55 al
Vet 27 al 64 al 130al | 480al | 590al | 250al
* Atthe glass surface without aperture. In free liqifdy= 260 al andVetf = 960 al.

¢ State-of-the-art in free liquid for 633 nm wavelength [20].
° State-of-the-art in free liquid for 488 nm wavelength [20]

We would like to emphasize thatfttiaction and interference generate these highly confined
excitation fields. Iri?—space, diraction creates a transverse comporigpparallel to thexy-
plane. Because the length of the wave vektisrconstantk, has to adopt according to

kS = k> — Ky (3)

Sub-wavelength sized apertures enfokge> k resulting in an imaginark,. This gives the
transmitted field a dominant evanescent field charactemyatbe z-axis. The vertical exten-
sion w;, decreases with the aperture diameter. Moreover, the lagtansions decrease due
to destructive interference of many surface waves witfetentk. A simulation at identical
conditions but at a wavelength of 488 nm showed that the atiait fieldgrowsalong thez-
axis. Using sub-wavelength sized apertures, we took adgartf difraction to obtain highly
confined excitation fields below the far-fieldfdaction limit.

3.2. Auto-correlation model equation

As an approximation, we used the standard model equatidinferdifusion of a single fluo-
rescent species through a sampling volume with a 3D Gauskagpe [21, 22]. We modeled the
normalized auto-correlatidB) by

G =G +1—|—BZZ 1+l_1 1+ _1/2+ P 4)
@ =2 N K2rq I (s

G =~ 1 is the correlation amplitude in the long lag time limit> co, N is the average number
of molecules in the sampling volumey is the lateral dfusion time K is the ratio of axial over
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lateral extension of the sampling voluntg,is the probability of molecules in the triplet state
andr; is the correlation time of this triplet state populatibgis the background count rate and
(ly is the mean count rate (fluorescence intensity and backdjolmour case, we assumed
v to be /2 because the mask cuts half of the sampling volume [12].rEi§ushows typical
correlation amplitudes for fierent aperture diameters. For apertures larger than 25&qm,
(4) yielded good results. For smaller apertures, the aateetations had a significant tail for lag
timest between 0.1 ms and 1 ms. We attribute the tail to constraiifagstbn in the aperture,

1.6 i
) — 125nm
Vi 230nm
1.5,\\‘)\;‘\\ - — 340nm N
i, — - 490nm
I\ _—
1.4
T 13f
O]
1.2t
1.1f
1.0

0.1us 1.0us 10us 0.1ms 1.0ms 10ms 0.1s
T

Fig. 5. Afterpulsing corrected auto-correlatioBg; versus lag timer for aperture diam-
eters of 125 nm, 230 nm, 340 nm and 490 nm at a Cy5 concentrafid2 nM. The
correlation amplitude for the 490 nm aperture was multiply 3. For the 125 nm and
the 230 nm aperture, the correlation amplitudes showfarént slope for delays between
0.1 ms and 1 ms. We interpret this as constraindaision of molecules entering into the
150 nm deep aperture.

i.e. molecules entering into the 150 nm deep aperture wéeeally captured for some time
interval. Therefore, they needed more time téudie out of the sampling volume. The boundary
conditions for Eq.[(4) are not taking into account this tiaggnside the aperture. This leads
to a mismatch if the fit is based on Eg} (4). Figure 6 shows fitsrasiduals for measurements
at a Cy5 concentration of 30 nM. In free liquid and for the 490 aperture, Eq/ (4) fits well
with low residuals. For the 125 nm aperture, Ed. (4) leadsgnificant residuals and even a
bias at large lag times. Nevertheless, the extract&dsion timery is a good approximation
because it accounts only for theffdision in thexy-plane. Also, the number of moleculés
depends mainly on the correlation amplituglg) and the triplet probability. Therefore, it does
not change significantly for ffierent diftusion models.

3.3. Evaluation of the auto-correlation

For analyzing the experimental auto-correlation curves,carrected the correlation ampli-
tude for afterpulsing to avoid a systematic bias on shdftision times. Figure 7 shows how
afterpulsing &ected the auto-correlation amplitude up to a lag time 10 us. According to
Bismuto et al. [23], we estimated the afterpulsing contitouby averaging auto-correlations
Gyc for an uncorrelated source (daylight). For minimizing tiecdepancies between the curves,
we introduced an exponent for the mean count ¢kig.

Gapr) = ((Guan) = D (o)) (5)
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Fig. 6. Auto-correlations and fitS) versus lag timer for aperture diameters of 125 nm
(blue circles), 490 nm (red points) and for free liquid (Ida@otted) at a Cy5 concentration
of 30 nM. Inset: Fit residualgy) = Gyit /G - 1.

Subtracting the estimated afterpulsing contribul@m,/(l)l02 prior to parameter extraction
allowed to analyze diusion times shorter than 2& accurately. The model parameters were
extracted by fitting the curves with Eq. (4) on the measuread-aarrelations. For fitting, we
used a non-linear least-squares algorithm (multidimeraiGauss-Newton algorithm). The
background count ratiey and the mean count rate) were measured directly.

2.2 T

2.0F 1

1.8r

I(t) [kHZ]

1.6 1

G

14 ik 15 20|

1.2

1.0
0.1us 1.0us 10us 0.1ms 1.0ms 10ms 0.1s
T

Fig. 7. Auto-correlation$5) versus lag timer measured on a 125 nm aperture at a Cy5
concentration of 12 nM. The blue dotted line is the measutdd-eorrelation. The solid
line shows the afterpulsing corrected amplitude. The e#r¢tace a second measurement
on the same aperture. Inset: intensity trace.

3.4. Prediction of FCS results

In case of free dfusion, the dfusion timery is given byvvg/4D wherewy is the lateral beam
waist andD the difusion constant [22]. In our case, the extension of the samgpolume is
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limited by the excitation field, which in turn is restricteg¢ the diameted of the aperture.
Figure 5 suggests proportionality of thefdsion time and the aperture diameter. Based on our
calculations, we expect to fingy o« d* for small apertures. For large apertures, the sampling
volume is given by the beam waisp and the difusion time levels fi to some value.,, which
might be diferent fromry due to surfaceféects. Overall, we assume to get a behavior as
d2
ST e (©)

whered, marks the transition between the small and the large ajgertgime. Equation (6) is
understood as a first approximation of tiféeetive relationship betweern andd.

The number of moleculeN is determined by theffective sampling volum&es and the
fluorophore concentratiod.

N = CNaVesf (7)

Here, Na = 6.022x 10?2 mol? is the Avogadro number. For small apertures, the sampling
volume increases with the aperture diameter as shown ia/falffor large apertures, the sam-
pling volume gets constant because the excitation field lsmger constrained by the aperture.
Therefore, we expect a relationship similar to Eq. (6) betwé andd.

4. Results and discussion

For the mask layout shown in Fig. 2, we selected 21 array paitsver 21 aperture diameters
from 115 nm to 520 nm. Figurés[8-11 summarize the results fdstanm gold mask on a
150um glass substrate. A 12 nM respectively 30 nM solution of Qyiblécular Probes) was
excited at 633 nm. We kept the laser power constant at 0.3 neilfént onto the apertures.

4.1. Difusion time

For a concentration of 12 nM, we measured with 88 a 50um and a 10«m pinhole diam-
eter. Figuré 8 shows theftlision time versus the aperture diameter. For the 115 nmuapsrt
the difusion time was around 1. It increased with the aperture diameter and reacheg4.40
for the 500 nm apertures. On the 400 nm apertures, we meagpsetOOus against 2(is on
the 150 nm apertures. This ratio gblis in good agreement with the calculated ratio &f fbr
these aperture diameters.

The pinhole diameter had no significant influence on the nredsdifusion time. With the
40x objective and the 3@m pinhole, we got a projected pinhole diameter of roughlyriin
the mask plane, which was still much larger than the largesttare. Our measurements show
that the excitation volume wagtectively smaller than the detection volume, which undedin
the insensitivity to pinhole diameter variations. Also, see that an increase of the fluorophore
concentration to 30 nM did not significantly change the messwifusion time. Only for
aperture diameters above 300 nm, a slight increase was neea$\ke attribute this to detector
saturation leading to a virtually increased sampling vaufigure 10 shows that the detector
was driven at more than 1.0 MHz for apertures larger than 300At these count rates, the
detector death time of 50 ns started to become significantticpkarly during photon bursts —
and biased the FCS results [24].

Overall, Eq.((6) is well reproduced with a transition diaaret. of 450 nm and a diusion
time limit 7, of 240us. Including the lateral penetration of the excitationtigtio the aperture
walls, the excitation field had a diameter of about 500 nmh.atn agreement with Eq. {6J,
marked the aperture diameter yieldin{f bf the beam cross-sectimwg. In free liquid, we
measured a élusion timerg ~ 160us. When the confocal volume was placed at the cover slide
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Fig. 8. Diffusion timery versus aperture diametdr The data points show the average and
the error bars the standard deviation of 10 measurementgppeture diameter. For clarity,
the standard deviation is shown for one case only (12 nM C§mn5 pinhole). The black
dotted line was calculated with Eq./(6) fax, = 240us andd, = 450 nm. In free liquid, the
diffusion time was 16@s to 170us. Inset: concentration of Cy5 and pinhole diameter of
all cases.

surface;rg reached 25@s to 300us, which is consistent with,,. For the smallest apertures,
74 was less than/10 of the value measured in free liquid. We conclude that tt@duction
of the 115 nm apertures reduced the lateral extension ofxititagon volume to less thar/d.
Hence, the measuredfilision times indicate a reduction of the sampling volume $s khan
1/10 of the conventional confocal volume.

4.2. Number of molecules

For a Cy5 concentration of 30 nM, we show the number of mo&scabtained by fitting the
afterpulsing corrected auto-correlations in Fig. 9. Foaperture diameter of 115 nm, we meas-
ured about 3 molecules in average in the sampling volumee#sing the aperture diameter to
350 nm increased the number of molecules to about 12. Thenuimber of molecules leveled
off between 14 and 18 for larger apertures, which was rougHlyhe value in free liquid. The
measured ratios of the number of molecules for the 150 nmnpgb@nd 400 nm apertures are
close to the calculated ratios of the sampling voluMgs in tabl€ 1.

In contrast to the diusion time, the number of molecules ifexted by the background
contribution of each individual aperture. Therefore, weameed first the background on each
aperture with pure water. With the Cy5 solution, we meastirese apertures again. However, it
was virtually impossible to mutually realign the confocalume and the apertures identically.
Therefore, the excitation intensitiedigired by as much as 20% resulting in a 40% variance in
the background corrected number of molecules. This mad#iitwt to measure the sampling
volume for an individual aperture.

4.3. Signal to noise ratio

Figure 10 shows the background, the mean intensity and ter8&asured during the experi-
ment described in subsection 4.2. The mean intensity iseteaithd? from about 90 kHz on
the 115 nm apertures to 1.8 MHz on the largest apertures. ©attter hand, the background
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Fig. 9. Number of moleculeN versus aperture diametfor a Cy5 concentration of 30 nM
and a 50um pinhole. The data points show the average and the errortharstandard
deviation of 10 measurements per aperture diameter. Theddbine is for guiding the
eyes. In free liquid, we measured about 72 molecules in théocal volume.

depended very much upon the state of individual apertutestdndard deviation was particu-

larly low for apertures smaller than 200 nm. Thereby, degpi¢ small signal, we were able to

predict and correct background accurately for these agsrtu
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Fig. 10. Background count ratég, mean intensityl) andS NR= (l) /Ig — 1 versus aper-
ture diameted for a Cy5 concentration of 30 nM and a & pinhole. The data points
show the average and the error bars the standard deviatidhroasurements per aperture
diameter. In free liquid, we measured an intensity of 4.7 Mifdd a background of 6 kHz.

For aperture diameters up to 200 nm, we measured SNRs befyvgamd 6. The best re-

sults were obtained with aperture diameters of 300 nm, 34@md430 nm with correspond-

ing SNRs of 16, 19, respectively 25. Typically, conventidnatruments provide a SNR 50

(2 kHz background, 100 kHz to 500 kHz mean intensity). By éaging the Cy5 concentration

we could reach a SNR 10 for aperture diameters up to 200 nm. In our experimentStiR
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was limited by the large background, which was mainly duehtotp-luminescence of the gold
[25] and the glass slide; surface enhanced Raman scat{@6hgf water molecules, partic-
ularly at the aperture edge; and fluorescence of phototresiglues if any. By mastering the
lithography process, we could remove any photo-resistivesiFor reducing the background
further, we compared the photo-luminescence @ifedént materials. For instance, we meas-
ured the photo-luminescence of silver and found it an orfleragnitude lower than for gold.
Nevertheless, we kept using gold for greater compatibiliti biological applications (surface
chemistry).

4.4. Countrate per molecule

Figure 11 shows the CPM obtained from the experiment desttiilo subsectioh 4.2. Starting
at about 23 kHz for the 115 nm apertures, the CPM increasekilguio about 61 kHz for
the 250 nm apertures. Then, there was only a slight increasbdut 82 kHz for the 400 nm
apertures. This behavior qualitatively follows the caddatl excitation intensities. The intensity
on top of the 250 nm aperture is about 3.3 times the inten§itlyeo150 nm aperture, but only
about 12% lower than for the 400 nm aperture.

150,
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Fig. 11. Background corrected count rate per mole€iM versus aperture diametdr
for a Cy5 concentration of 30 nM and a fafh pinhole. The data points show the average
and the error bars the standard deviation of 10 measurerpengperture diameter. The
dotted line is for guiding the eyes. In free liquid, we ob&draCPM ~ 65 kHz for this
experiment.

If we compare the values for the large apertures, we notiiethie count rates per molecule
exceed the values measured in free liquid. We interprettipithe mirror €fect of the gold
film, which reflects a significant part of the fluorescent lightitted towards the aperture and
the gold film. In particular, the emission under high incidemngles falls onto the gold film
surrounding the aperture and iffieiently reflected back into the objective. For instance, we
measured a CPM of 103 kHz in case of the 500 nm apertures érgabe CPM in free liquid
by 60%.

5. Conclusions

We demonstrated that FCS on single apertures is an integesgtiproach for molecular inves-
tigations at 10 nM to 100 nM concentration. Using apertufegaoious sizes, we calculated
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and engineered the excitation field. For small aperturesesified that the dfusion time and
the number of molecules are proportional to the apertummelier. We measured a reduction
of the dfective sampling volume by an order of magnitude compareldddytpical volume in
confocal FCS.

The background on individual apertures was hard to prepétjcularly for the large aper-
tures. Therefore, we encountered sonf&dalilties measuring the number of molecules and the
count rate per molecule accurately. Nevertheless, theageevalues confirmed our calcula-
tions. In particular, we could report comparable or eveméigount rates per molecule than in
confocal FCS. Using homogeneous aperture arrays and anamombination of materials,
excitation wavelength and power, we expect to measure &l pa@ameters accurately.

We would like to point out that confocal trans-illuminatiBi€S performs nearly as well as
confocal epi-illumination FCS. With trans-illuminatiotihe excitation light falls directly onto
the detection pinhole. Therefore, the emission filter hasldok the full excitation power in-
stead of the small fraction of backscattered light. Thisiitesn a somewhat higher background
but can be compensated by using two microscope objectiveitwar side of the sample, there-
with doubling the detectionficiency. Finally, the alignment of the excitation and detect
volumes is more precise since the small aperture serves@aman pinhole.
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