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Appropriate anodizing of aluminum yields extended mem-
branes containing aligned nanopores with pore diameters of
a few tens of nanometers, high pore density, and well-de-
fined porosity.[1, 2] Such membranes may be used for separa-
tion as well as for analytical purposes.[3,4] These applications
are associated with motions of molecules inside the pores.
Detailed knowledge of the diffusive behavior of the mole-
cules on the nanoscopic[5–7] scale is therefore crucial for the
understanding and optimization of prospective device struc-
tures. Here we show that fluorescence correlation spectros-
copy (FCS) is a versatile tool to quantitatively evaluate the
mobility of fluorescent probe molecules and their interac-
tions with the pore walls.[8] Autocorrelation analysis of the
fluorescence signal reveals apparent one-dimensional (1D)
diffusion of the probe molecules inside the pores with a
dwell time in the confocal volume up to 19 times longer
than in the case of bulk diffusion. Analyzing the fluores-
cence lifetime changes in the nanostructure we find that no
collisional quenching of fluorescence occurs at the pore
walls. One-dimensional FCS in ordered nanoporous alumina
is potentially an efficient tool to study macromolecules in
channel-type confinement and to evaluate the performance
of membranes in separation and sensing. Our approach may

also be applicable in the context of fluid transport in nano-
scale pores.[9]

The ultimate limit in chemical analysis is the detection
of individual molecules.[10] Exploiting laser-induced fluores-
cence in a confocal arrangement, single-molecule detection
(SMD) in bulk solution has been applied to, for instance,
the study of protein folding,[11–13] protein–protein interac-
tion,[14] and DNA hybridization.[15] This technique, however,
suffers from two limitations. First, in a typical single-mole-
cule-solution experiment, the concentration of sample mole-
cules is limited to 100 pm to keep the probability of double
occupancy of the detection volume low. A reduction of the
detection volume enables higher analyte concentrations. To
this end, confinement of the laser field[16] or confinement of
the solution-accessible volume fraction using a single micro-
channel has been studied.[17] Second, the transit time of the
freely diffusing molecules through the confocal volume re-
stricts the timescale of internal dynamics that can be ex-
plored by this method. The 1D diffusion along the long axis
of the ellipsoidal confocal volume expected in a channel-
type confinement would increase the residence time of the
probe molecules in the focal volume and therefore extend
the timeframe within which their internal dynamics can be
probed. The high degree of order in the nanoporous mem-
branes as compared to less ordered mesoporous materi-
als[5–7] represents a system where all pores are oriented par-
allel, have uniform diameter, and extend from one side of
the membrane to the other for up to tens of micrometers,
which is advantageous in this context.

Using laser-induced fluorescence in a confocal micro-
scope, we study the behavior of fluorescent probe molecules
inside nanoporous alumina by means of FCS. As a model
system we selected ordered porous alumina membranes pre-
pared following the two-step procedure reported by Masuda
and Fukuda.[1, 18] The membranes feature a pore diameter of
35–40 nm, a porosity (volume fraction of the pores) of
20–25%, and a thickness of 35 mm (see Supporting Informa-
tion). The aspect ratio of the pores is thus �1000. We have
implemented the nanopores-confinement technique in a
state-of-the-art fluorescence correlation spectroscopy set-
up.[19] The alignment of the long axis of the pores with the
optical axis of the confocal microscope (Figure 1a) forces
the probe molecules to diffuse parallel to the long axis of
the laser focus. We use the coverglass thickness-correction
capability of the microscope objective to compensate for
the mismatch of refractive indices between water (n=1.33)
and the water-filled membrane treated as an effective
medium with n=1.57,[20] which is possible due to the similar-
ity of the refractive indices of glass (n=1.518) and the
water-filled porous alumina (see Supporting Information).

Prior to the measurements, we soaked the membrane in
a 107 mm bovine serum albumine (BSA) solution in order to
prevent nonspecific adsorption of analytes. This treatment
leads to an average BSA coverage of about 1 nm at the pH
value of the solution we use.[21] Widely used fluorescent
labels were selected as probe molecules, namely the auto-
fluorescent enhanced green fluorescent protein (EGFP) and
Alexa Fluor 488. EGFP is the F64L/S65T variant of the au-
tofluorescent compact globular green fluorescent protein

[*] Prof. C. G. H�bner
University Halle, Physics Department
Hoher Weg 8, 06120 Halle (Germany)
Fax: (+49)345-552-7221
E-mail: christian.huebner@physik.uni-halle.de

J. Hohlbein, Dr. M. Steinhart
Max Planck Institute of Microstructure Physics
Weinberg 2, 06120 Halle (Germany)

Dr. C. Schiene-Fischer
Max Planck Research Group for Enzymology of Protein Folding
Weinbergweg 22, 06120 Halle (Germany)

Dr. A. Benda, Dr. M. Hof
J. Heyrovsky Institute of Physical Chemistry
Academy of Sciences of the Czech Republic
Dolejkova 3, 18223 Prague 8 (Czech Republic)

[**] This work was supported by the Volkswagen Foundation (The-
matic Impetus Interplay between Molecular Conformations and
Biological Function, Az., I/80 778/779/780). J.H. acknowledges
financial support from the German Academic Exchange Service
(DAAD). A.B. and M.H. thank the Grant Agency of the Czech
Republic (A.B. via 203/05/2308) and the Ministry of Education,
Youth, and Sports of the Czech Republic (M.H. via LC06063) for
financial support.

Supporting information for this article is available on the WWW
under http://www.small-journal.com or from the author.

380 D 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim small 2007, 3, No. 3, 380– 385

communications



(GFP, 27 kDa), which has an increased fluorescence intensi-
ty in comparison to wild-type GFP. GFP forms a barrel-like
structure of about 2 nm in diameter and 4 nm in height sur-
rounding the p-hydroxybenzylidene imidazolinone fluoro-
phore.[22,23] Alexa Fluor 488 is a rhodamine-like dye, which
is known to have a high quantum yield, high photostability,
and a very low intersystem-crossing quantum yield.[24] The
corresponding diffusion coefficients in aqueous solution are
DAlexa=2.8A10�6 cm2s�1 (measured against the chemically
similar dye rhodamine 6G as a reference[25]) and DEGFP=

8.7A10�7 cm2s�1.[25]

Figure 1b shows the transient fluorescence intensity for
a 10 nm solution of Alexa Fluor 488 in buffer inside the
membrane, and, for comparison, in bulk solution. Both tran-
sients can be recorded for one and the same stock because
our experimental setup allows for locating the detection
volume inside and below the alumina membrane, respec-
tively (see sketch in Figure 1a). Before recording the tran-
ACHTUNGTRENNUNGsient intensities, equilibration was evidenced by a constant
time-averaged fluorescence intensity.

The two transients clearly differ in the average intensity:
77 kHz in bulk solution and 9 kHz within the membrane.
The detected intensity depends linearly on the dye concen-
tration. The ratio between the slopes of the plots showing
the fluorescence intensities inside the membrane and in the
bulk as a function of the concentration is 1 to 9 (Figure 1b,
inset). Similar behavior is found for EGFP, the second ana-
lyte we investigated, although with a smaller ratio between
the slopes of 1 to 4 (Figure 2a, inset).

The intensity drop inside the membrane could be caused
by either one or a combination of the following effects: a
lower average number of molecules in the detection
volume, a reduced excitation intensity, a quenched emissive
rate of the molecules, or a reduced detection efficiency. The
first effect concerns just the apparent concentration whereas
the latter three would change the molecular brightness, that
is, the apparent fluorescence intensity per molecule. We will
elaborate on the actual effects in detail in the following.

First, we will focus on the apparent sample concentra-
tion. In fluorescence correlation spectroscopy (FCS),[8] the
fluctuating intensity (Figure 1b) is analyzed in terms of the
intensity autocorrelation function (ACF)

GðtÞ ¼ 1þ dIðtÞ � dIðt þ tÞh i
Ih i ð1Þ

where dI(t) is the difference between the fluctuating intensi-
ty I(t) and the time-averaged intensity hIi. Assuming a
three-dimensional (3D) Gaussian for the instrument point
spread function with half axes w0 and z0,

[26]

I ¼ I0 exp �2
x2 þ y2
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and further assuming time-stationarity, the autocorrelation
function reads
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Figure 1. a) Schematic cross-sectional view of the sample geometry
(not to scale). The membrane was glued to a glass tube, which was
attached to a linear actuator (M-230.10, PI, Karlsruhe, Germany) to
adjust the spacing between the membrane and the coverslip to
about 100 mm. For measurements inside the membrane the focus of
the objective was moved 10 mm inside the membrane (view from the
coverslip); for measurements in solution the focus was placed
20 mm below the water/membrane interface. b) Transient confocal
fluorescence intensities for the dye Alexa Fluor 488 10 nm in bulk so-
lution (top trace) and nanopore-confined solution (bottom trace)
excited at 470 nm with a power of 8 mW. The inset shows the average
intensity for different dye concentrations in bulk solution (triangles)
and inside the nanopores (squares). Straight lines are linear fits.
c) Intensity autocorrelation functions for transients of different dye
concentrations in bulk solution (triangles) and in the nanopores
(squares). The arrow indicates increasing concentration. The solid
lines are fits according to Equation (3) assuming 3D and 1D diffu-
sion, respectively. The dotted line exemplarily shows a fit of a 3D
model to the ACF for pore-confined solution. Mean molecule num-
bers N in the confocal volume as a function of dye concentration are
plotted in the inset in bulk solution (triangles) and inside the nano-
pores (squares).
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if the intensity fluctuations are of purely diffusive nature.
Here, N represents the mean molecule number in the detec-
tion volume and D the diffusion coefficient. In our micro-
scope, the short half-axis of the instrument point-spread
function amounts to w0�250 nm and the long half axis to z0
�1000 nm as determined by confocal imaging of fluorescent
spheres embedded in agarose gel. We should emphasize that
the point-spread function in the alumina membrane is iden-
tical to that in water if the spherical aberrations are correct-
ed for using the coverglass correction ring as mentioned
above.

The quantity related to the apparent concentration is
the amplitude 1/N of the ACFs (Figure 1c), which increases

with decreasing dye concentration and is considerably lower
in the bulk solution than within the membrane. The ob-
tained average number of dye molecules in the detection
volume N is plotted versus the dye concentration in the
inset of Figure 1c. A linear dependence is obtained, where
the slope for the bulk data is about three times the slope
within the membrane. Therefore, the apparent molecule
number in the membrane is lower by a factor of three. This
result is in reasonable agreement with the reduced detection
volume inside the membrane with a porosity of 20–25%.

In contrast, we find for EGFP an apparent molecule
number in the focus that essentially matches that in bulk so-
lution (Figure 2b). Considering the transient intensity in
Figure 2a, an increased background signal as compared to
Alexa Fluor 488 is prominent. It is known that the uncorre-
lated background, which we assign to immobilized EGFP
molecules, has a huge impact on the apparent mean number
of molecules.[27] The assignment of the background signal to
immobilized molecules is strengthened by the finding that
for EGFP the average count rate is not reduced as much as
for the Alexa dye. The integral intensity from membranes
soaked with EGFP solution is thus the sum of diffusing mol-
ecules (as measured by FCS) and of immobilized molecules.
Assuming a reduction of the effective confocal volume as
for the Alexa dye, we can estimate the number of molecules
causing the constant background. We find that the number
of immobilized molecules in the confocal volume equals
that of the mobile fraction (see Supporting Information).
On the other hand, assuming a tenth of a monolayer of
BSA[21] at the pore walls one can estimate that some ten
thousand BSA molecules are located within the detection
volume based on geometry considerations. The fraction of
immobilized EGFP molecules related to the total amount of
adsorbed protein is thus extremely small. Here, we addition-
ally assume that the emitted fluorescence intensity is the
same for diffusing and immobilized molecules, respectively,
that is, no fluorescence quenching occurs.

We can now calculate the ratio of molecular brightness
of membrane-confined and freely diffusing molecules, re-
spectively. For the Alexa dye, the molecular brightness is re-
duced by a factor of 2.3, and for EGFP by a factor of 3.4
(see Supporting Information). The molecular brightness is
influenced by changes in excitation intensity and detection
efficiency, respectively, and by quenching of fluorescence.

In order to elucidate quenching effects due to pore–wall
interactions, we studied the fluorescence decay time of the
dyes in the membrane and compared it to the decay time in
bulk solution. Contact with the pore walls may lead to fluo-
rescence quenching, which can be experimentally identified
by a shortening of the fluorescence decay time. Besides
quenching processes the refractive index of the medium sur-
rounding the emitter can modify the fluorescence lifetime tf
via the radiative lifetime t0=1/krad, which is indirectly pro-
portional to the square of the refractive index.[28]

For Alexa Fluor 488 the fluorescence decays follow a
single-exponential law showing up as straight lines in the
semilogarithmic plot in Figure 3a. We find a decrease of the
fluorescence lifetime from tf;H2O=4.1 ns in bulk solution to
tf,M=3.0 ns within the membrane for all dye concentrations.

Figure 2. a) Transient confocal fluorescence intensities for the auto-
fluorescent protein EGFP in bulk solution (top trace) and in nano-
pore-confined solution (bottom trace). The inset shows the average
intensity for different dye concentrations in bulk solution (triangles)
and inside the nanopores (squares). b) Intensity autocorrelation
functions for the transient at 10 nm EGFP concentration in bulk solu-
tion (triangles) and in the nanopores (squares). The solid lines are
fits according to Equation (3) assuming 3D and 1D diffusion, respec-
tively. Mean molecule numbers N in the confocal volume as a func-
tion of protein concentration in the bulk solution (triangles) and
inside the nanopores (squares) are plotted in the inset.
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For Alexa Fluor 488 with its fluorescence quantum yield
close to unity in solution, the fluorescence decay is almost
exclusively governed by the radiative rate. With the refrac-
tive index of n=1.57 for the water-filled membrane we
expect a fluorescence lifetime of tf;M=2.9 ns, which almost
perfectly matches the experimental result. We thus reason
that the pore–wall modification with BSA prevents colli-
sional quenching processes.

For EGFP (Figure 3b), we apply a monoexponential-fit
model, which reflects the shortening of the fluorescence
decay due to refractive-index changes following SuhlingDs
approach.[29] We obtain a fluorescence lifetime of tf;H2O=

2.6 ns in the bulk solution and tf;M=2.2 ns in the membrane.
The quantum yield of fluorescence Ff=krad/(krad+knrad)=
kradtf for EGFP is Ff=0.6.[30] Combining the Strickler–Berg
formula with the definition of the fluorescence quantum
yield,

tf;M ¼ Ff

tf;H2O
þ 1�Ff

tf;H2O

n2M
n2H2O

� ��1

ð4Þ

we estimate a fluorescence decay time in the membrane of
tf;M=2.2 ns, which is again in perfect agreement with the ex-

perimental results and indicative of the absence of quench-
ing processes. At first, this finding is surprising because
there are immobilized molecules in the membrane that
might be prone to quenching. The chromophore of EGFP,
however, appears to be shielded by the protein structure
from the environment, thus preventing collisional quenching
by pore–wall contacts.

Having ruled out fluorescence quenching as the reason
for the reduction of the molecular brightness in the mem-
brane, only effects of excitation and detection remain. The
excitation intensity is not significantly altered in the mem-
brane due to the coverglass correction of the microscope
objective. However, the aperture angle for detection is only
508 in the membrane as compared to 648 in water. This
leads to a reduction in collection efficiency by a factor of
�1.6. The slightly higher reduction of molecular brightness
observed is probably caused by remaining optical aberra-
tions because of the difference of the refractive indices of
glass and water-filled nanoporous alumina.

We now concentrate on the dwell time of the molecules
in the focal volume, which is related to the decay of the
ACFs shown for Alexa Fluor 488 solutions in Figure 1c. If
we assume 1D diffusion along the z axis due to the channel
confinement, the first term in parentheses in Equation (3)
vanishes. The solid lines in Figure 1c represent fits to the
experimental ACFs with the 1D model for the signal mea-
sured inside the membrane and with the 3D model in bulk
solution, respectively. All ACFs have been corrected for
after-pulsing by application of a temporal filter.[31] The ex-
cellent agreement of the fitted curves and the experimental
autocorrelation functions for the transients taken inside the
nanopores is evidence of apparent 1D diffusion. No long-
time component is obvious in the ACFs, demonstrating the
absence of sticking effects. Defining the diffusion time for
the unconfined diffusion as t3DD ¼ w2

0=4D and for 1D diffu-
sion as t1DD ¼ z20=4D, the ratio between the diffusion time in
the 1D case along z and in the 3D case is simply the square
of the structural parameter s, which is defined as s=z0/w0

and amounts to s�4 in the microscope used. Assuming the
same diffusion coefficient in bulk and pore water, respec-
tively, we therefore expect a tD inside the membrane that is
16 times longer compared to free bulk diffusion. The ratio
between the visually easier-to-access ACF decay half times
t1/2, however, is even larger due to the different exponents
of the diffusion terms.

The fits of the model functions (Eq. (3)) to the experi-
mental ACFs yield diffusion times tD of t3DD = (54
3) ms in
bulk solution and t1DD = (1003
30) ms in the membrane with
negligible variations between the different concentrations.
The diffusion time tD in the membrane is thus 19 times
longer than in free solution. This is in reasonable agreement
with the model we apply and moreover indicates that the
diffusion time of Alexa Fluor 488 molecules is not affected
by interactions between the analyte and the pore walls and
that its diffusion coefficient is not altered due to confine-
ment. The same holds for EGFP, where we find a 14-fold in-
creased diffusion time in the membrane as compared to the
bulk solution. We can only speculate that the deviations of
the experimental ACFs from the model functions in solution

Figure 3. a) Fluorescence decay for 10 nm Alexa Fluor 488 in bulk so-
lution (triangles) and in the nanoporous membrane (squares).
b) Fluorescence decay for 10 nm EGFP in bulk solution (triangles) and
in the nanoporous membrane (squares).
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as well as under confinement for EGFP (Figure 2b) are re-
lated to the inherent photophysics of the EGFP chromo-
phore.[32]

In summary, we have demonstrated that functionalized
nanoporous alumina can be applied for single-molecule
fluorescence detection in nanoscale confinement. The con-
finement leads to apparent 1D diffusion with up to 19-fold
prolonged diffusion times through the focus. The sensitivity
of sticking to the pore walls depends on the chemical com-
position of the molecules under study. Changes in the diffu-
sion coefficient in even smaller pores may also be detected
by this technique. Single-molecule fluorescence in porous
alumina is a promising tool for the study of dynamical pro-
cesses in macromolecular systems and for highly parallel ul-
trasensitive analytical applications. The robustness and rela-
tive ease-of-use of our approach will be advantageous in
this respect. Moreover, the technique allows for the evalua-
tion of functionalized nanoporous deACHTUNGTRENNUNGvices for sensing and
filtration with unsurpassed detail.

Experimental Section

A confocal optical microscope (Zeiss Confocor 1, objective
406 magnification, NA 1.2 water, C-Apochromat) was used for
the experiments and was upgraded with a pulsed diode laser
emitting at 470 nm (PDL 470, PicoQuant, Berlin, Germany). The
driving circuitry (PDL800-B PicoQuant, Berlin, Germany) provided
electrical pulses synchronously with light pulses necessary to
perform time-correlated single-photon counting (TCSPC). The rep-
etition rate of the laser was set to 40 MHz. A single-photon ava-
lanche photodiode (SPCM AQ-14, Perkin–Elmer, MA, US) was
used as the detector. The pulses from the detector and the syn-
chronous pulses from the laser driver were fed into a TCSPC
board (TimeHarp 200, PicoQuant, Berlin, Germany) operated in
the time-tagged, time-resolved mode, providing a timing resolu-
tion of 39 ps for recording the fluorescence decay and 100-ns
resolution for recording photon arrival times. The overall instru-
ment-response function had a full width at half-maximum of
550 ps. Laser light was linearly polarized with an intensity of
about 8 mW. For further descriptions of the confocal optical mi-
croscope see Reference [19].

Highly ordered porous alumina was prepared following the
procedures described elsewhere.[1,33] The second anodization in
0.3m sulfuric acid solution took 7 h, yielding pores with a diam-
eter of 25 nm and a depth of �35 mm. The pores were then wid-
ened to 35–40 nm, as determined by scanning electron micros-
ACHTUNGTRENNUNGcopy (data not shown), by isotropic etching with 0.3m oxalic
acid for 1 h at 30 8C. We temporarily protected the surface of the
membrane with a polymeric coating and removed the underlying
aluminum substrate connected with the alumina membrane by a
selective wet-chemical etching step with a mixture of 1.7 g
CuCl2–H20, 50 mL concentrated HCl, and 50 mL deionized water.
Then, the remaining membrane was treated with 10% phospho-
ric acid at 30 8C for some minutes. By this isotropic etching step
the barrier oxide at the pore bottoms was removed so that the
pores were open at both ends. The membrane was glued to a
glass tube, which was attached to a linear actuator (M-230.10,
PI, Karlsruhe, Germany) to adjust the spacing between the mem-

brane and the coverslip to about 100 mm. For measurements
inside the membrane the focus of the objective was moved
10 mm inside the membrane (view from the coverslip); for mea-
ACHTUNGTRENNUNGsurements in solution the focus was placed 20 mm below the
water/membrane interface. Before any measurement the mem-
branes and the chamber were incubated with 107 mm bovine
serum albumine in order to prevent unspecific adsorption on the
fluorescent molecules. After incubation the membranes were
rinsed with deionized water. For use in the experiments the dye
Alexa Fluor 488 (Invitrogen, Carlsbad, CA, US) and EGFP were
dissolved in 10 mm phosphate buffered saline (PBS) buffer
(+137 mm NaCl, +2.7 mm KCl, pH7.4, Sigma–Aldrich). EGFP
was expressed as a (His)10 fusion using the pET19b-EGFP expres-
sion plasmid in E. coli BL21 (DE3) cells at 25 8C and purified as
described.[34]
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