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Two-dimensional hexagonal arrays of micrometer-sized spheroidal cavities were fabricated from poly(vinyl
alcohol) films on microscope cover glasses. The patterned surfaces in contact with solution and another regular
cover glass were used to contain single molecules. Bursts of fluorescence from a series of single molecules
entering and leaving the beam focus were observed. The molecules were all rotating rapidly compared with
the fastest binning time of 10@s. The fluorescence anisotropy decayed on the nanosecond time scale. The
fluorescence spectra of mixtures of dyes confirmed that the bursts separated by time intervals of several to
tens of seconds are from different molecules, while those bursts spanning intervals of several to tens of
milliseconds are from the same molecule continually reentering the focus. The autocorrelation function of
the time-resolved fluorescence intensity suggests a translational diffusion coefficient oflD? cn? st

for 6-carboxyrhodamine 6G hydrochloride molecules near the pattern, whiebG8 times smaller than that

in free solution. The mechanism of slowing the transverse diffusion process of single molecules near the
pattern was further elucidated by total internal reflection microscopy, from which the molecules were observed
to be avoiding the cavities.

Introduction molecules reside in the probe volume for a certain period, and
it is advantageous to make this time as long as poskible.
Several effective single-molecule immobilization techniques
ave been employed, such as attaching them to surfaces by
charge attractiof? tethering them to surfaces through chemical
bonds!? or encapsulating molecules in viscous mateddfst®
However, the behavior and properties of such immobilized
single molecules may be modified from those in free solution
by the encapsulating material. There are numerous examples
of such variations for dye moleculés!® In another example,
the conformational dynamics of single immobilized peptides
were shown to be influenced by proximity to a surface, even in
buffered solutions on chemically modified surfaéésingle
molecules that are free in solution have also been detected while
they diffuse through the focus of the laser be&ifiThis method,
* To whom correspondence should be addressed. S .
t Department of Chemistry. which is based on correlation spectroscopy, has been used to
* Department of Materials Science and Engineering. study the diffusion process of single molecules in solutfof?

The development and application of techniques for detecting,
characterizing, and manipulating single molecules has been one,
of the important efforts in the area of chemistry and physics
within the past decade® Single-molecule measurements are
no longer technological demonstrations but are employed to
acquire properties of materials and biological systems that are
not readily obtainable by ensemble measureménisThe
single-molecule method based on laser confocal fluorescence
microscopy is a common experimental approach. The single
molecules are detected either when they are immobilized at the
focus of the microscope or when they are freely diffusing
through the confocal region of the focused laser. In both cases
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and to investigate the folding and unfolding dynamics of by sonicationin 0.3 M NaOH, deionized water, 2%3@,, and
proteins, peptides, and DNK:2324 In a recent advance, a deionized water then dried under nitrogen. 6-Carboxyrhodamine
microfabricated laminar-flow mixer was coupled to a confocal 6G hydrochloride (Rh6G), tetramethylrhodamine ethyl ester
microscop& and the FRET efficiencies of individual dye- perchlorate (TMR), and TMRdextran (all from Molecular
labeled protein molecules were obtained as they flowed through Probes) were used as single-molecule probes. The concentrations
the probe volume at selected times. of the sample solutions were all in the range of 0.1 nM.

While the free-diffusion single-molecule method does offer  Time-resolved fluorescence anisotropy experimentsere
a very effective way to study molecules that are not perturbed carried out by a conventional time-correlated single-photon-
by surfaces, the observation time window is limited. The counting method combined with the microscope system de-
residence time of a molecule in a spherical cavity of diameter scribed below. A Nd:YAG, operating at 76 MHz, was to
R is (R?6D, where D is the diffusion coefficient® For generate the 532 nm pulses used in the experiments. The

rhodamine 6G (Rh6G) in waté?,D = 2.8 x 10 °cn?s?, so commercial software FluoFit (PicoQUANT) was used to fit the
for R=500 nm, which is comparable with thesd Hiameter of time-resolved anisotropy data.

a focused laser beam,is ~150 us. It would be desirable to
record signals from each single molecule for much longer than
this. However, for the strong emitter Rh6G at 1.0 mW laser
power yields only ~1 detected photont in a confocal
arrangement. Therefore, ontyl50 photons can be obtained
per burst in the correlation mode, which does not allow all the
properties of interest from a single molecule to be obtained with microscope (Nikon, Diaphot 300). The 514.5 nm line of an
suitable accuracy. For example, it is not enough for a definitive .

. h itive CCD F argon ion laser was circularly polarized and used to excite the
spectrum even using the most sensitive camera. or asamples. The excitation power was maintained in the range of

lifetime measurement, assuming a background-free monoexpo-3_50ﬂw_ A Nikon FLUOR 40x, 1.3 numerical aperture (NA)
nint'ﬁl decgy, ab(_)ut 18.5 photons are reﬁU%m determlLle objective was used to produce a nearly diffraction limited focus
whether a decay Is or Is not exponential, many more photons ;" e sample and to collect the fluorescence. Appropriate

(~4000005° are ”?Ed?d- Furthermore, th_ere Is always a comninations of notch (Kaiser Optical), band-pass, long-pass,
background.5|gnal n smgle-molgcule exPeT'm.e“tS- The count and dichroic filters (Chroma Technology) were used to spectrally
rate can t_)e mcreasgd _by increasing the excitation power, but Alisolate the signals. Two single-photon-counting avalanche diodes
some point the emission rate becomes |r_1dependent Of POWeTyetected the photons reflected and transmitted by a polarizing
bgcause O.f t.he finite ﬂuorescence. lifetime. For Rh6G, a beam splitter, thereby isolating the fluorescence emitted by the
d|ffract|_on-!|m|ted_ beam at 1 mW.'S already close to the molecules into orthogonal polarization directions, s and p, in
;aturatlon intensity. Furthermore, with a more intense laser t.hethe focal plane of the objective. The fluorescence spectra of
:giicfsk?ﬂet?otg?cc))tl;)::\?;tri]or? t%?ﬂ”ﬁ';i#ﬁgﬁﬁ?g' I:_'h'Ch single molecules were obtained by means of a monochromator
9 (Acton Research) equipped with a back-illumination liquid

molecule experiments, the excitation power is often varied from nitrogen cooled CCD camera (Princeton Instruments, Trenton,
several hundred microwatts to more than 1 mW, whereas for )

immobilized molecules about/ AW or less is typically required . . .
to obtain a good signal-to-noise rafb3® While the free- .The microscope for total internal reflection 'fluorescent
diffusion single-molecule method has the significant advantage Microscopy (TIRFM) was based on a commercial Olympus

of being surface free, it is important to find methods which can X81 inverted microscope. The laser beam from art Aon
slow the diffusion of molecules in solution, especially for !aser (National Laser Co., 514.5 nm) passes throug plate

studying single biomolecules in physiological environments. t© generate circularly polarized light which is then focused by
Attaching the molecules to larger particles that diffuse more lenses onto the back focal plane of a microscope oil-immersion

slowly may sometimes be useful, but the presence of a possiblyOPiective (Olympus, 6@, NA = 1.45). The lens, coupled with
perturbing surface is reintroduced by the drag. a translation stage, was used to align the excitation beam across

the objective’s back aperture to achieve easy illumination, angle

In the present work, patterned surfaces were fabricated using™ . .
methods that had been developed for obtaining ordered three-adJUStment' and interconversion of the setup between through-

dimensional arrays of spherical cavit®és3® Similar two- the-objective TIRFM and epifluorescence microscopy. The glass

; ; : i lides’ (Fisher Scientific) refractive inder € 1.53 at
dimensional arrays of spherical cavities have been used toCOVErs s .

restrict Brownian motion of single DNA molecules within 500 nr::) ma_t(_:hels perflect]!y P\LAsmdex Ofr:efraft'm_' ¢1.53),
cavities3® The question we explore in this study is how the and the critical angle for the P ethanol = 1.33)

patterning of the surface influences the diffusion of molecules 'f!tefface was 60'04_ The excitation spot was 3BS um in
in the solution in contact with it. diameter. The maximum incident intensity at the sample plane

was 0.75 kW/cry although in many experiments it was
attenuated to much lower values to minimize the photobleaching.
The excitation was filtered by a laser band-pass filter and a
Materials. Samples were prepared from commercially avail- dichroic mirror (Chroma). The fluorescence from the sample
able poly(vinyl alcohol) (PVA; MW= 108000, hydrolyzed  was collected by the objective and directed to a CCD camera
99.7%, Polysciences), chloroform, and methanol (both HPLC with multiplication on chip capability (Roper Scientific, Cascade
grade, Fisher Scientific). All materials were used as received. 512F) by means of a beam splitter and an appropriate set of
Aqueous suspensions of polystyrene microspheres (Poly-filters (540LP and 630SP, Omega Optical). With thexl16ns
sciences) were used for patterning. Spheres with averagethe total magnification of the microscope was>Q6which
diameters of 0.5 and &m were employed in separate experi- corresponds to a pixel size in the image plane of 167 nm.
ments. The polymer and microspheres were spin cast ontoSpecially designed LabView (National Instruments) based
microscope cover glasses, which had been rigorously cleanedsoftware was developed to record sequences of images with

Microscopy. The scanning confocal microscope, described
previously3” uses a sample-scanning stage (Queensgate) with
closed-loopX—Y feedback for accurate sample positioning and
location of individual molecules. The stage is controlled by a
modified Nanoscope E controller (Digital Instruments). The
sample and stage were mounted on an inverted, epiilllumination

Materials and Methods
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Figure 2. Schematic of the sample prepared by the method described
in the text and used in our experiments. The probe molecules and
solvent are trapped by two cover glasses and the surrounding polymer
wall visualized in Figure 1c,d. Molecules are detected only when they

diffuse through the focus of the laser beam.

after dissolution of the microspheres. The total height of the
polymer features as measured by AFM was 300 nm tan]
depending on the location within the film. As shown in Figure
1b,c, in the locations where there is disorder, the films are thicker
Figure 1. Topographic AFM images of the patterned surface at than in the surrounding ordered areas. The formation of those
intermediate steps during its fabrication: (a) |mage'of the monolayer ordered regions is consistent with the polymer solution having
of 1 um polystyrene spheres on a glass substratedfbmages of the . - " .
PVA network and templates remaining after solvent extraction of the penetrated into the 'n,terSt't'al voids ,between the, p0|yStYre,ne
1 um spheres (c, d) and 0:6n spheres (b). The arrows in (c) and (d) SPheres. The synthesis and mechanism of formation of similar
indicate the polymer wall surrounding the pattern. Image size: (a) 8.4 meso- or macroporous materials have been described in several
x 8.4um; (b) 6 x 6 um; (c) 30 x 30 um; (d) 10x 10 um. reports where more information can be obtaifed>38 The
focus of the present work is on the role of the polymer network
in altering the motion of single molecules.

To photobleach as many impurities as possible and improve

various exposure times (typically 260 ms in our experiments)
and a maximum possible collection rate of 27 frames/s for the
whole (512 x 512 pixels) image frame. The signal-to- the single-molecule detectability, the cover glasses with the
background ratio in most of the experiments was-13, so patterns were immersed in a methanol sonication bath-8f
easy discrimination of single-molecule fluorescence was pos- min and then exposed to a multiline argon laser4@& h at a
sible. MatLab (Mathworks Inc.) based software was used for laser power of~3 W/cn?. The cover glass was mounted on
image analysis. the sample scanning stage with the template facing upward. The
All atomic force microscopy (AFM) images were obtained outline of the network was visible under the optical microscope
using the Digital Instruments Dimension 3000 SPM equipped so the cover glass could be moved to positions where the laser
with the Nanoscope Illa controller. The AFM tips used were focus was on an ordered region. These procedures were repeated
commercially available non-contact-etched silicon probes from until the background signal was less thad00 counts/s. At
MicroMasch (NCS15, force constant40 N/m). All images that point, 5uL of sample solution was added to the template,
were collected in intermittent contact mode. Images were which was then capped with another clean cover glass. Figure
corrected by plane fitting and are shown unfiltered. 2 shows a cartoon of the sample structure used in the single-
Surface Pattern Fabrication. Approximately 2QquL samples ~ Molecule experiments. As shown in Figure 1c,d, the patterned
of aqueous suspensions of polystyrene microspheres werePolymer regions are completely surrounded by a wall of
deposited on a clean microscope cover glass. The samples wer@0lymer. This wall, which defines the crater of patterned surface,
then spin cast to form a thin film. A monolayer or multilayer IS importantin preventing evaporation of the methanol. So some
array of spheres is formed on the cover glass, in agreement withS@mples remained viable for hours, whereas it took less than
previous reportd34350nly monolayer films, as identified by ~ ~10 min for 5uL of methanol sandwiched between two cover
optical microscopy, were selected for the next step. The glasses to dry as evidenced by the immobilization of the single
microsphere-coated substrates then were dried at room tempermolecules.
ature for~24 h. They were subsequently coated with a thin
layer of PVA by spin casting 20L of PVA aqueous solution
(2.5% by weight) and redried at room temperature for another  Single-Molecule Detection and CharacteristicsWhen the
~24 h. Figure 1a shows a typical image of an ordered array of |aser was focused onto the center of one of the patterned regions
spheres obtained by intermittent contact mode AFM. The and the fluorescence signal collected in two orthogonal polariza-
addition of water-soluble polymer to the dried monolayer and tion directions, the typical fluorescence intensitime records
subsequent spin casting did not substantially disorder thesecollected time bins of 1 ms and 10& as shown in Figure 3.
arrays. According to the observations by optical microscopy These records contain a series of photon bursts, each corre-
and the AFM images, ordered regions with sizes ranging from sponding to a molecule traversing the probe volume defined
several tens to several hundreds of micrometers are easilyby the focus of the laser. The bursts are separated by relatively
fabricated by this method. longer periods where there is no emission. The length of the
The dried arrays of spheres in PVA on cover glasses were dark period between two bursts corresponds to the time between

Results and Discussion

then soaked in chloroform for24 h to remove the polystyrene.
The films were then dried in air for10 h. Figure 1b shows
the AFM image of the template that remains in the PVA films

a molecule exiting and another, or the same one, reentering the
probe volume. This period should depend on the concentration
of the sample and may also be affected by optical trapffing.
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Figure 4. Distribution of dichroismA and the total count distribution
10 (inset) calculated from the data in Figure 3a. Only data for whigh
+ Ip(t) > 80 were used in the calculation. The solid curve is the best
P
w 0 Gaussian fit. The dashed curve shows the calculated distributién of
£ 10 when shot noise is the only source of deviation from zeré.of
S of A is zero. When fitted to a Gaussian, the histogram has a
< standard deviation of 0.23. The inset of Figure 4 shows the
§ background-subtracted histogram of the total number of counts
(3 per bin,It) + 1,(t), obtained from the complete data set shown
10 in Figure 3a. When normalized, this histogram describes the
0 probability f(s) that a total number of counsswill be obtained
in a bin. We can use these data to estimate the distribution of
10 Avalues that would arise if the molecules were rotating infinitely
' ! L ' ' quickly. For eachf(s), the probabilityP(A) that a particular

I
28.28

28.26 28.30 28.32 value of A would be measured can be calculated if Poisson
statistics and a mean vali&= 0 are assumed. The normalized
Time (s) sum of these distributions is the estimate of the dichroism

distribution if shot noise is the only source of deviation frém

= 0. The results, shown via the dashed curve in Figure 4,
exhibits a standard deviation of 0.21, which is similar to the
experimental result. The same procedures were also used to
evaluate the distribution oA of the intensity-time records
collected with time bins of 10@s, and again the observed

has a mean value of zero and standard deviation close to that

Figure 3. Typical fluorescence intensittime records of single Rh6G
molecules diffusing in methanol through the laser focal region obtained
with the same excitation powers of 40, but different integration
times: (a) integration time of 1 ms; (b) expanded view of the burst
indicated by the arrow in Figure 1a; (c) integration time of 1430(d)
expanded view of the burst indicated by the arrow in Figure 1c. The
patterned surface used here was created withuthSpheres.

As shown in Figure 3, the fluorescence fluctuations are nearly
identical in the two polarization channels. This result indicates

the molecules are rotating during the measurement. The sngnalé‘

in the two channels are not expected to be identical even if
there is free rotation because of alignment, nonideal optical

expected from shot noise. It is concluded that the rotational
correlation time is short compared with the binning time of 100

To further evaluate the effect of patterned surfaces on the
rotational diffusion of molecules close to it, we measured the
time-resolved fluorescence anisotropy of TMR molecules

elements, and the different quantum efficiencies of the two
detectors. These factors might account for some of the small
differences in signals from the two channels. The molecular
rotation can be assessed from measurements of the dichroisnf
A(t), which is defined as

sandwiched between the patterned surface and a regular cover
glass. The confocal microscope was used in these anisotropy
xperiments, and the laser was focused on the surface of the
patterned area to make sure the detected fluorescence signals
were only from the molecules close to the patterned surface
(the 1# radius in thez direction is~1000 nm, which is the
detection depth above the surface). The bulk measurements yield
a rotational correlation time of1.5 ns, which is consistent with

the observations from our single-molecule experiments. The
wherelg(t) andly(t) are fluorescence intensities recorded at time same setup has also been used to measure the rotational
t in the two polarization channels amdis the factor used to  correlation time of rhodamine dyes in free solution, where a
balance the two channels, determined by recording isotropic picosecond time scale rotational correlation time has been found,
bulk emission. The intensiti(t) is defined as the number of  consistent with previous repof$These measurements indicate
photons per bin of duration 1 ms for Figure 3a,b and duration the rotational diffusion of molecules close to the patterned
100 us for Figure 3c,d. Figure 4 shows a histogram of the surfaces has been slowed compared with that in solution.
observedA values. The fluorescence bursts were included in  The fluorescence intensity fluctuations among bursts and also
Figure 4 only if the sum of the s and p count rates exceeded athose within one single burst shown in Figure 3 are influenced
threshold, which was carefully selected to ensure that all the by a number of dynamical processes. The laser transverse
background signals were subtracted from the intergitye intensity profile is Gaussian; therefore, the instantaneous excita-
record. The histogram in Figure 4 indicates that the mean valuetion and fluorescence intensities will vary depending on the

140 — al (1)

A= T a 0

@)
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Figure 5. Representative time-resolved fluorescence spectra of fluo- interval there is a relatively small probability of detecting a burst.
rescence bursts recorded for the sample with equal concentrations ofin practice about 15% of the 120 sequential attempts showed
RNGG and TMR. The spectra were recorded sequentially, each with an\ye||-defined spectra above the background. The exposure time
T e ol s Tl e of 500 ms easily brackets a 60 ms cluster such s the one shown
here because it only contains a background signal. The two vertical IN Figure 3d. In total we examined 60 sets of 120 spectra. Only
lines indicate the peak positions of Rh6G and TMR. The peak positions, ~2% of the individual spectra showed the fluorescence of both
determined under the same experimental conditions but with higher dyes. This is consistent with the 1.5% probability calculated
concentrations, are 552 and 575 nm for Rh6G and TMR. All spectra from Poisson statistics of two molecules being in the probe
have baselines around zero. The unzeroed baselines for spectra 8, 18;9Jume when the mean number of molecules in the volume is
and 11 were created deliberately to show the peak positions clearly. obtained from the concentration of 6 M. Since the solution
locations of molecules in the probe volume. For our microscope, contains an equal number of Rh6G and TMR molecules, this
the 1£2 radiusr and confocal length are ~260 and~1000 result strongly suggests that the clusters of bursts, such as in
nm, respectively. The Brownian motion of single molecules in Figure 3d, correspond to one and the same molecule repeatedly
the excitation probe volume is expected to be a major contributor leaving and reentering the probe volume. Roughly the same
to the fluorescence intensity fluctuations shown in Figure 3. number of Rh6G and TMR emitting clusters were observed
Intersystem crossing from singlet to triplet states can also causeacross the complete data set. Figure 5 shows a selection of the
intensity fluctuation$-42 but is not expected to be a primary spectra obtained in one of the sequences of 120 exposures. In
contributor in this work. For Rh6G, the intersystem crossing each exposure either Rh6G or TMR is detected. As an additional
efficiency is~0.2%, so on average, for every 500 fluorescence check we examined the sequences of the spectra of a sample
cycles, the molecule crosses once into the triplet state. At 1 containing only Rh6G. No significant spectral shifts were
mW, the fluorescence cycle is10 ns and the triplet state observed between the different exposures. This confirms that
lifetime is ~4 us; therefore, triplet-related dark states occur the spectral shifts seen from the mixture are caused by the
every 5us and have an average duration-o4 us. The data presence of the different types of dye molecules in the focal
would need to be collected with an integration time~af us volume and not by fluctuations in the spectra of one type of
in order that the fluorescence intensity fluctuations caused by dye.
triplet states be directly observed. For integration times of 100 In Poisson statistics, longer intervals between photon bursts
us or longer, triplet states are not expected to contribute are less probable than shorter intervals and the probability
significantly to the observed fluctuations. distribution of intervals is expected to be exponential. Figure 6
Parts b and d of Figure 3 show expanded versions of the shows the logarithm of the distribution of interv&lgAt) plotted
emission bursts indicated by the arrows in Figure 3a,c. Most of against the intevalAt. Figure 6 shows that at longer time
the apparent bursts shown in Figure 3a,c actually consist of intervals (10< At < 60 ms) the data are described moderately
several shorter bursts separated by brief dark states havingwell by Poisson statistics. But foAt < 10 ms there is a
durations from 1 to 20 ms, which are comparable with the widths deviation away from a single-exponential decay. The reentry
of the bursts. As shown in Figure 3a,c, usually it takes many probability is 6.2 times higher than that predicted by Poisson
seconds for another cluster of bursts to appear after the previousstatistics within the interval of 15 ms. The increased reentry
one disappears. The intervals between bursts in Figure 3b,d isprobability at short time intervals is typical of optical trapping,
usually in the range of milliseconds or tens of milliseconds. which has been reported by Zare and KlenerdigAHowever,
Therefore, at the 13° M concentrations used in the present as discussed below, the laser power in our experiments is much
work, clustering of bursts is statistically more likely to be caused lower than that required for such trapping. Another possibility
by the same molecule recrossing the boundary of the probeis that the way the liquid wets the surface in the neighborhood
volume several times before finally diffusing away. This of the cavities forces the molecules that attempt to diffuse away
conclusion is also reached from the analysis of spectral databack into the most stable regions.
from mixed samples, which are shown in Figure 5. To explore the diffusion close to the patterned area, we used
To check whether the bursts are from the same molecule total internal TIRFM to directly observe movements of single
continually reentering the probe volume, we carried out experi- TMR molecules. The penetration depth of the evanescent field
ments with a solution containing equal amounts of the two is about 156-200 nm, so only molecules close to the surface
fluorescent dyes Rh6G and TMR, which have distinguishable could be excited. Figure 7 shows the results of some experi-
fluorescence spectra. The fluorescence spectra of the bursts werenents. Figure 7a is the regular sample image obtained by laser
recorded on a CCD/monochromator system. The experiment isillumination without addition of the fluorescent probe. TIRFM
best described with reference to Figure 3, which is a typical images were taken on the same area after addition of MO
signal. A sequence of ca. 120 spectra were obtained from eachTMR solution. TMR molecules excited by the evanescent field
time record of this type: the exposure time for a spectrum was appear as bright spots on the CCD image. Figure 7b represents
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Figure 8. Representative autocorrelation functi@(r) calculated from
the fluorescence intensittime records of Rh6G. The solid curve is
the best fit to a three-dimensional model.

sampling. The measured autocorrelation decay, shown in Figure

8, was fitted by two standard models, one involving diffusion

in two and the other in three dimensiol{s'>We first assumed

that detected molecules were diffusing exclusively on the

. : ey patterned surface, and hence, the decay was fitted to the

P A ek e ot correlation function for molecules diffusing in and out of the

Figure 7. Images obtained by TIRFM. Image a shows the structure !aS€r beam in a plane representing the patterned surface. The

of the patterned surface obtained on the CCD camera with laser light beéam was assumed to have a Gaussian transverse profile so

illumination. Image b was synthesized by overlapping 500 single- that the photon count rate from a molecule depended on its

molecule images. For the average all the single-molecule images werecoordinates on the plane. This procedure yielded a best fit

obtained from the same patterned area shown in (a). A single-moleculeitfysjon coefficient of 1.7x 10-8 cn? s~ This would be the

'Sri':]agﬁ’: %‘ﬁg?&%ﬁdﬂ\gr tt}?: gz%tlgﬂ;?ggﬁgg e(.c) shows the diffusion of a_ppropriate treatment if the only molecules contributing_to_th_e
signal were those very close to the surface. Another limit is

an image consisting of 500 frames taken sequentially and that the emitting molecules are inside the three-dimensional
superimposed on one another. Surprisingly, molecules are notGaussian intensity profile created by the laser focus (the half-
distributed over the sample uniformly, but follow the structure axes of the Gaussian intensity profile in tkey plane and in
of the patterned surface. This image suggests that moleculeghezdirection in this case are, respectively, 260 and 1000 nm).
do not diffuse inside the holes. To clarify this phenomenon, This model would be appropriate for the signal that originates
we performed another experiment where only a thin layer of from molecules in the liquid between the cover glass and the
TMR solution (hundreds of nanometers) on the sample surfacePattern. This region has a total depth of several micrometers.
was formed in saturated methanol vapor. In such a preparation,A diffusion coefficient of 1.8x 10°° cn? s™* was found by
molecules are not free to diffuse away from the sample surface, fitting to the correlation function for this case. The molecules
but are limited to diffuse in the sample plane. We recorded a diffusing within the laser intensity profile but not close to the
series of TIRFM images and overlapped them with the regular Surface have much less contribution to the signal because fewer
image of the pattern. Figure 7c is one such image; indeed all fluorescence photons can be detected from those more rapidly
molecules in all images such as Figure 7c were observed to bediffusing molecules. The much lower count rate detected for
diffusing in the regions between the holes: no molecules were Mmolecules freely diffusing in the solution defined by the three-
seen to be trapped in the spheroidal cavities. dimensional Gaussian intensity profile was proven by control
Autocorrelation Analysis. In fluorescence correlation spec- €xperiments with the sample sandwiched directly between two
troscopy, which has been widely used to study the diffusion of COver glasses, as discussed below and shown in Figure 10.
molecules in solution¥2the autocorrelation function of the ~ However, the fits to these two- and three-dimensional models
fluorescence intensity of molecules diffusing through the focus are not excellent at short times as can be seen from Figure 8.
of the laser is defined &% Better fits over the whole time range could be obtained by
assuming both a fast and a slow diffusion, with the former small
.1 et contribution presumably arising from the molecules in the bulk
G(r) = I'm’i/; SO S+ T)] @) region. However, the estimate of the surface diffusion, which
is the main point of this work, remains unchanged by this type
whereS(t) is the fluorescence intensity detected at tim&he of fitting. The diffusion coefficient of 1.7« 108 cm? st is
autocorrelation decays fro@(0) = [$2[to G(«) = [S3. Figure approximately 260 times smaller than the translational diffusion
8 shows a typical autocorrelation function calculated by using coefficient of Rh6G in methano)( = 4.5 x 1076 cn? s71).46
the fluorescence intensitstime records of Figure 3a. The The G(r) functions for TMR and TMR-dextran (molecular
autocorrelation functions were also calculated with data collected weight 10K) on the patterned areas created by usijmm Sized
at 100us binning, and they gave the same result. The accuracy spheres were measured by the same procedures to yield diffusion
of the diffusion coefficient calculated from single-molecule coefficients of 1.1x 1078 and 1.7x 1078 cn? s, respectively,
fluorescence correlation spectroscopy is dependent on thefor the three-dimensional correlation function fitting. Similar
sampling time being less than the residence time, but greaterresults were obtained for Rh6G, which has approximately the
than the time scale of fast dynamics such as intersystemsame hydrodynamic radius as TMR. The similarity of the
crossing®* In the present case, the residence time exceeds 1derived diffusion coefficients for these molecules in the region
ms, so intensitytime records could be collected with 1 ms of patterns made from spheres of different sizes is consistent
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an T T T L undulations across an area of/@®2. The diffusion coefficients

L0 \ obtained in these samples indicate that neither glass nor

L T =27ms e unpatterned polymer surfaces significantly influence the lateral

diffusion. Furthermore, in these control experiments the solvent

0.6F |\ <t} =34ms . o i usually evaporated in-510 min, whereas the sample in contact
s with the patterned surface can last much longer. The wall

Iﬂn f}i\ﬂ%i i surrounding the pattern (shown in Figure 2) may prevent the

W

Probability

i
i J{I solution from evaporating and help to keep solvent in the
e T patterned region.
— L Generally, the translational diffusion coefficient is propor-
0.1 0.2 03 tional to the inverse of the viscosity. The properties of waterlike
Time (ms) fluids in micrometer-sized pores have peen widely |nvest'|gated
_ R _ recently?®-55 Thompson et &ai! have studied the water confined
o e e o e e i o e e 1 OYintial icropores, whih ae sruturally simiar o o
exponential fit yieldsr = 27 ms, t'em.plated voids. .In their study, they foynq that, with satura}ted
liquid water outside the pores, the fluid inside the pores is a
T T T T vapor until the pore radius is increased to a critical size, after
which it is a liquid. The critical pore radius is rather large,
~1500 nm, for hard wall pores, for which the Lennard-Jones
potential parametess, for the fluid—wall interaction is zero,
and becomes much smaller rather dramaticalbygis increased
to ~2 kJ/mol. For a watersilicate systemggy, = 1.422 kJ/
mol,>1 which means, in the presence of bulk liquid outside the

=)
2
T

b2
<
T
1

Counts/1ms

20F . pores at ambient conditions, the stable phase inside the silicate
200 : 2(‘}4 . ,){‘) 3 pores with radii less tharr100 nm is predicted to be vapor.
J ‘ 2 erw for the MeOH-PVA system is not known, but according
Time (s) to this theory the effective viscosity of the fluid in the small

Figure 10. Typical fluorescence intensittime record of single RheG ~ Spherical holes is unlikely to be larger than that of the bulk
molecules diffusing in a methanol solution sandwiched between two solution, whereas we seek-@00-fold increase of viscosity to

cover glasses (excitation power &V, binning time 1 ms). explain the unusually small diffusion coefficient.

with the molecules avoiding the spherical holes. The hydrody- Optical trapping can affect the diffusion residence time_ from
namic radius for 10K dextran is3 nm47 which is ~5 times S free value of about 0.15 to2 ms when a 0.9 mW laséris

larger than that of Rh6GR(= 0.56 nm for Rh6GY8 Therefore, focused to the diffraction limit. T_he maxiQO excitation power
the characteristic diffusion time for TMRdextran was expected W€ used was~40 xW, so optical trapping should not be
to be 5 times longer than for Rh6G or TMR in solution. The responS|b_Ie for thevspo times increase in _the residence time
similarity of theG(z) functions for TMR and TMR-dextran in observed in our experiments. The data obtained by TIRFM show
the present experiment indicates that the dynamics of the lateralth@t molecules are diffusing close to the patterned surface,
motions are not simply predictable from conventional formulas @voiding the holes. This suggests two possibilities. Perhaps the
for translational diffusion in solutions. Rather there is some Surface tension, or wetting of the pattern, may result in a slowing
surface control of the tumbling motions on the surfaces. of the diffusion. However, we have not established any details
The residence time of single molecules in the probe volume ©f how the lengthening of the residence time is related to the
has also been obtained from direct measurements of the widthdiauid patterns created by those micrometer-sized holes. Another,
of the bursts. Figure 9 shows the distribution of the residence Perhaps related, possibility is that the rough surfaces made at
times of single Rh6G molecules near a pattern, created with the |r_1terfaces of the dissolved spheres are made particularly
0.5um spheres. A fit of the distribution to a single exponential reactive L_JIue to some aspect of_the dissolution processes or that
yields a mean residence time of 27 ms. The average of all thethey retain solvent after the drying process. Then the molecules
data in Figure 9 is 34 ms. Both estimates agree well with the May be attached or adsorbed to these edges and tumble along
results from the autocorrelation analysis. Fhe_m without ever managing to diffuse into the pulk. Our data
Samples were also prepared by directly sandwiching.5 indicate that any tumbling process assouatgzd vylth a syrfacg or
TMR or Rh6G solutions either between two regular cover €dge would require the molecule to average its dipole orientation
glasses or between a PVA-coated cover glass and a regular one®n the nanosecond time scale. As noted earlier the presence of
Similar results were obtained from these two samples, typified the polymer surface on glass does not cause the extreme slowing
by the time-intensity record shown in Figure 10 for an incident  Of the diffusion that we have found on the patterns. Some future
power of 504W. The signal-to-noise ratio and the count rate Work will be required to address these issues.
for the data in Figure 10 are significantly lower than obtained  In conclusion, nanostructured surfaces have been found to
for the data in Figure 3a,b. The difference arises because theslow the translational diffusion of single molecules while
residence time of molecules in the probe volume is significantly retaining their freedom to rotate faster than the binning time of
less than that found for the patterned surfaces. Autocorrelation100us. The rotational averaging occurs on the nanosecond time
analysis leads to a diffusion coefficient of 16107 cm? s74, scale according to bulk measurements on the patterns. The
which is close to that for Rh6G in water. By means of AFM translational diffusion coefficients of TMR, Rh6G, and dextran
studies, we found that the glass surface is very flat, having only TMR diffusing near the patterns are300 times smaller than
~10 nm variations in height across an area of/56°. The those in free solution. The slowed diffusion increases the
surface of a spin-coated PVA film is rougher than a glass surfaceresidence time for single molecules in the laser probe volume,
but flatter than the patterned surface; it shows 100 nm which enables an increased amount of spectroscopic information
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to be obtained from single fluorescence bursts or clusters of
fluorescence bursts from a single molecule. Direct evidence that
the cluster of fluorescence bursts is formed by one molecule
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107, 6258.

(22) Daniel, D. C.; Thompson, M.; Woodbury, N. \4..Phys. Chem. B

repeatedly reentering the probe volume has been obtained200q 104 1382.

Observations by TIRFM have shown that molecules are
diffusing around the spheroidal cavities rather than inside them.
The detailed mechanism of the diffusion process of single
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be related to the wetting patterns created by the regular array
of micrometer-sized cavities and/or to molecules tumbling on
the network of rough edges defining the pattern. The goal of

immobilizing freely rotating single molecules within the dif-

fraction-limited spot for substantial periods of time is neverthe-
less accomplished by this technique. However, applications to
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