inner core growth, which should preserve
radial symmetry. They are reminiscent of
what one might expect to observe if large-
scale low-order convection were the dom-
inant cause of anisotropy in the inner core
(Fig. 4D). This model is oversimplified
and is only shown for qualitative compar-
ison. Note, however, that the range of
predicted velocities is in good agreement
with that obtained by inversion. In a con-
vecting inner core, anisotropic effects of
crystal alignment are expected to domi-
nate over lateral heterogeneity due to den-
sity anomalies (12, 17).

Mode 1 convection (Fig. 4, D and E) is
not necessarily the dominant mode of con-
vection in the inner core. The longitudi-
nal averaging inherent in our modeling,
the limited parameterization, errors in the
data due to unmodeled mantle effects, and
possible lateral heterogeneity in the inner
core prevent us from further characteriza-
tion of these patterns. However, since an-
isotropy extends to the center of the inner
core (10), the likelihood of low-order con-
vection is supported by numerical compu-
tations (17), which indicate that high
Rayleigh number chaotic solutions would
tend to concentrate effects detectable by
means of anisotropy at shallow depths in
the inner core. A physical explanation for
why a low-order convection pattern in the
inner core should align with the Earth’s
rotation axis remains to be found (30).
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Three-Dimensional Imaging of Single Molecules
Solvated in Pores of Poly(acrylamide) Gels

Robert M. Dickson, D. J. Norris, Yih-Ling Tzeng,
W. E. Moerner*

Individual fluorescent molecules and individual singly labeled proteins were observed in
the water-filled pores of poly(acrylamide) gels by far-field microscopy. Brownian motion
was markedly reduced by the gel framework, thus enabling extended study of single
fluorophores in aqueous environments. A highly axially dependent laser field was used
both to excite the fluorophores and to image the molecules in three dimensions. Single
molecules were followed as they moved within and through the porous gel structure. In
contrast to dry polymeric hosts, these water-based gels may form a useful medium for
single-molecule studies of biological systems in vitro.

Since the first reports of optical detection
of single small molecules (1-3), an impor-
tant goal has been to address chemical and
biological problems with the unique local
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environmental sensitivity that single mol-
ecules provide. One promising technique
is the observation of single-fluorophore
emission in flowing streams (4, 5) or the
use of confocal microscopy (6) to detect
molecules directly in solution. These tech-
niques have demonstrated their powerful
analytical utility for identification of flu-
orophore-labeled biomolecules; for exam-
ple, the detection of individual DNA
strands both in solutions (7) and during




capillary electrophoresis (8) was achieved
by observing fluorophores diffuse through
the focal volume.

Although low-temperature imaging has
produced exciting results (9), ambient
single-fluorophore microscopy has only re-
cently begun to address chemical and biolog-
ical questions. Examples include imaging of
single fluorophores bound in two-dimension-

Cover b

slips — e

Microscope
objective

Detect emission

Fig. 1. Apparatus schematic for TIR excitation of
fluorophores in PAA gels trapped between two
cover slips. The CW laser source was either a
532-nm laser (nile red) or a 632-nm laser (Cy-5
fluorophore). (Inset) The random cross-linked gel.
The labeled proteins or single fluorophores (aster-
isks) were isolated in the water-filed spaces be-
tween the polymer chains.

Fig. 2. (A) Fluorescence image of single nile red
molecules in an 18% PAA gel over a spatial field of
43 um by 41 um with ~200-nm resolution with a
1-s exposure time. Emission was collected with
an inverted microscope (Nikon) and a cooled Si
CCD (Princeton Instruments). (B) Three succes-
sive expanded images of a molecule fixed in spa-
tial position from frame to frame. (C) Three suc-
cessive expanded images of a molecule moving in
position from frame to frame.

al lipid bilayers (10) and distance determi-
nation between two chromophores on a sin-
gle surface-bound poly(peptide) (I11). Be-
cause extracting detailed information re-
quires that the fluorophore be localized long
enough for the interaction of interest to be
observed multiple times, the success of these
experiments arose in large part from the
spatial confinement of the molecules stud-
ied. Other experiments have detected and
imaged individual fluorophores immobilized
in solid hosts or on surfaces. Similar to the
low-temperature work, useful information
about the molecules and their local environ-
ments was obtained (12-18). Liquid-helium
temperatures, dry surfaces, and nonaqueous
polymers, however, are incompatible with
most biological systems. A central challenge,
therefore, is to develop more biologically
amenable  single-fluorophore  detection
methodologies that facilitate prolonged bio-
chemical or biophysical study. In one recent
example, diffusion was reduced by indirect
attachment of the fluorophore-labeled bio-
molecule to a surface (19).

In the hope of opening more areas of
biophysics to single-molecule studies, we
have used as a host matrix the easily ma-
nipulated poly(acrylamide) (PAA) gels,
which polymerize into cross-linked matri-
ces. Depending on the acrylamide and
cross-linker concentrations, the pores en-
house water-filled cavities ranging in diam-
eter from 2 to several hundred nm (20-22).
Thus, these gels, used routinely as sieves to
separate proteins by molecular weight, pro-
vide a candidate matrix for restricting the
motion of water-soluble molecules, while
allowing the molecules to retain solution-
based behavior.

To study single fluorophores in the pores
of PAA gels, we prepared samples containing
1071° M nile red in deoxygenated aqueous
acrylamide-methylenebisacrylamide solution
according to standard sodium dodecyl sulfate
gel preparation methods (catalysts: tetram-
ethylenediamine and ammonium persulfate)
(23, 24). Each sample consisted of a 2-pl

Fig. 3. Detected photons from 2000

REPORTS

aliquot that polymerized rapidly between
glass cover slips and remained optically
transparent. Even high-concentration PAA
gels consist of interconected pores that allow
small molecules to diffuse through. The nile
red molecules observed in this study were
observed in 18 weight % acrylamide gels
with 5 weight % cross-linker, yielding aver-
age pore diameters of ~2 nm (20).

The fluorophore-doped gels were excited
with the well-known evanescent wave gen-
erated by total internal reflection (TIR) of a
532-nm continuous wave (CW) laser at the
cover slip—gel boundary (Fig. 1). The eva-
nescent field intensity, I, falls off exponen-
tially with distance z from the interface, as

(25)

47rnz( { sind \? 12
I = lpexp| — X sinb, -1 (1)

where I, is the field intensity at the cover
slip—gel interface, N is the vacuum wave-
length, n is the refractive index of the less
optically dense medium, and 6 and 6, are
the experimental angle of incidence and
the critical angle giving TIR, respectively.
In our experiments, the exponential decay
length was 125 nm; hence, only a thin layer
of material close to the interface was excit-
ed. The chief advantage of TIR is that the
volume capable of producing background is
greatly reduced (19). The emitted fluores-
cence was filtered and observed as in Fig.
2A.

For many images similar to those shown
in Fig. 2A, most of the bright spots exhib-
ited transverse (x-y) and axial (z) motion
from frame to frame (Fig. 2C). A few
single molecules were immobilized in the
gel matrix in extremely small pores (Fig.
2B). As confirmation that these stationary
bright spots were single molecules, the
observed signals remained essentially con-
stant from frame to frame, then suddenly
and permanently fell to the background
level (“digital” bleaching), resulting from
an irreversible photochemical reaction

three representative nile red mole-
cules in 100-ms frames, excited
with an intensity of 5 kW/cm? at the
cover slip—gel interface. These mol-
ecules were spatially fixed in the
PAA matrix and illustrate digital
photochemical bleaching with a
bleaching quantum yield of ~10-6.
The differences in signal intensity
from these three molecules arise
from a combination of different di-
pole-laser polarization alignments
and evanescent field intensities (dif-

1500 A

100

Detected photons per frame

ferent axial positions).
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(Fig. 3). In separate measurements with
fixed molecules, the expected strong po-
larization anisotropy of the absorption was
also confirmed.

The TIR excitation scheme provides a
three-dimensional (3D) imaging technique
by making use of the exponential fall-off in
excitation intensity to determine the dis-
tance of the fluorophore from the interface.
We assume that the transition dipole sam-
ples all orientations relative to the excita-
tion polarization during the observation
time. In solution at room temperature, this
assumption holds very well, because the
rotational period is approximately 1077
(26). Hence, the total number of detected
photons from a molecule during an expo-
sure can be used as a measure of the local
laser intensity, producing a relative distance
measurement by inversion of Eq. 1 (27).
Thus, using TIR at a glass/solution interface
enables 3D imaging over the entire disk-
shaped focal volume of 120 wm by 120 pm
by 250 nm.

In contrast to the spatially fixed mole-
cules, most of the molecules observed in
these gels move dramatically, diffusing into
and out of the field of view, staying for one
to two frames, then disappearing. A subset
of the moving molecules (~2%) remained
visible for several frames, simultaneously
defocusing and losing brightness, and it is

the motion of these that we analyze. If a
molecule emitted the same number of pho-
tons in each frame, drifting out of the focal
plane would merely spread these photons
over more charge-coupled device (CCD)
pixels, leaving the total (spatially integrat-
ed) signal unchanged. However, in our ex-
periments, the integrated signal from a giv-
en bright spot changed substantially from
frame to frame while staying in focus. This
result is consistent with the evanescent
field intensity being reduced by a factor of 8
for z motion of the molecule by one focal
depth” (~250 nm). Using the integrated
signal from individual bright spots from suc-
cessive frames, we obtained 3D trajectories
for individual molecules (Fig. 4). The

_ strong distance dependence of the evanes-

cent field, which allows the 3D imaging of
these molecules, simultaneously biases our
measurements in the z direction. We can
only analyze molecules that linger in the
focal volume for several successive frames,
meaning that the axial (z) motion must
remain very small (on the order of 200 nm,
such that the evanescent field retains suffi-
cient intensity to excite the molecules);
therefore, only the transverse motion is an-
alyzed in detail.

Simple Brownian motion requires a sin-
gle nile red molecule to exhibit mean-
square displacement of 900 pm? in a 1-s

Table 1. Mean-square displacements of single molecules in successive exposures at two different data

acquisition rates.

1-s exposures at 0.4 Hz*

0.1-s ekposures at 1.5 HZ*

Molecule (x®) (wm?) (y®) (wm?) Molecule (x2) (wm?) (y?) (nm2)
D 0.0893 0.214 L 0.333 0.125
E 0.0536 0.259 M 0.0714 0.286
F 0.0417 0.0729 N 0.125 0.125
G 0.135 0.0521 . 0 0.286 0.179
H 0.0625 0.0750 P 0.200 0.100
[ 0.0938 0.281 Q 0.125 0.125
J 0.0781 0.219 R 0.179 0.143
K 0.292 0.125 S 0.107 0.0714

Mean £ SD 0.105 * 0.075 0.162 * 0.085

0.178 = 0.085 0.144 = 0.061

*Typically, six frames were used for each mean-square measurement.

Fig. 4. Three-dimensional A
trajectories of three sepa-
rate nile red molecules in
18% PAA gels. (A and B)
The 3D trajectories of two
separate  molecules ob-
tained from successive 1-s
exposures. (C) The three-
dimensional trajectory ob-
tained with 100-ms expo-
sures. Molecules A and C
moved out of the focal
volume after 8 frames,

whereas molecule B lingered for 15 frames. X and Y distances are in mi-
crometers, Z distances in nanometers. Errors in locating the molecular posi-

Z (nm)

tions were ~0.1 um in X'and Y, and ~16% of the observed Z position. The
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interval, t, according to the expression {x%)
= (kT/3mmna)t, where k is Boltzmann’s con-
stant, T is the absolute temperature, 7 is the
solvent viscosity, and a is the molecular
radius. We obtained average squared dis-
placements ({(x*) and {y%)) by following 16
different single molecules (Table 1). The
3D trajectories (Fig. 4) and the mean-
square displacements (Table 1) indicate
that the gel matrix hinders the Brownian
motion of single molecules. The discrepan-
cy between observed motion and theoreti-
cal Brownian motion occurred for all the
molecules studied. For 1-s exposures, the
distance traveled was reduced by a factor of
~100 [or, equivalently, the diffusion con-
stant D = (kKT/6mma) = (x*)/2t was reduced
by a factor of 104] in each dimension by the
presence of the porous gel matrix. We also
found that the average mean-square excur-
sions for longer exposures (1 s) and those
for shorter exposures (0.1 s) with a frame
rate four times as high were essentially
equal. This failure of the mean-square dis-
placement to scale with time is consistent
with the observed strong departure from
Brownian behavior, thus making these
PAA gels suitable for long-time observation
of single molecules in solution. Whether or
not the motion of the molecules is Brown-
ian between wall encounters, however, pos-
es a difficult experimental problem that
requires short-time information. The dis-
tances traversed by the observed molecules
would occur as a result of simple Brownian’
motion in only 150 s, a much faster time
than present single-molecule imaging
methods are capable of measuring (10).
To illustrate the utility of PAA gels for
studying singly labeled proteins in aqueous
environments, we isolated and imaged sin-
gly labeled goat antibodies to rabbit immu-
noglobulin G (IgG) in 5% PAA gels, which
should have pores large enough to accom-
modate the antibodies (20, 28). Digital
bleaching of the Cy-5 fluorophore con-
firmed that we observed single antibodies.
Unlike the free small-molecule fluoro-
phores, however, the labeled proteins re-

c
of
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zero of the Z axis is defined as the closest approach to the cover slip—gel
boundary; motion away from this interface is negative.



mained completely stationary in space, but
still exhibited intensity fluctuations of up to
40%. Because individual small fluorophores
locked in the gel matrix yielded stable in-
tensities (Fig. 3), we tentatively interpret
these amplitude fluctuations as resulting
from slow orientational changes of the flu-
orophore relative to the laser polarization.
The motion of the fluorophore label is like-
ly to be hindered by the gel matrix and the
nearby protein conformation.

Our experiments indicate that PAA gels

 offer promise as hosts for single-molecule stud- -

ies of biological systems. Ease of preparation
and controllable pore size make this host ma-
terial a particularly flexible matrix that should
facilitate the study of singly labeled proteins,
electrophoresis (29), and individual reactions
in solutions. For small fluorophores like nile
red, gels as hosts hinder the distance traveled
as a result of Brownian motion by approxi-
mately two orders of magnitude in each direc-
tion for observations on the order of 1 s. This
observation means that the signal from any
one solvated molecule is concentrated in
1/10,000th of the area of a similar molecule in
free solution, thus providing a large increase
in detectability.solely from the use of the
PAA matrix. Although biased in the axial
direction, the use of the evanescent field gen-
erated by TIR has yielded 3D trajectories of

single: molecules in solution (30).
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Rate Constants for Charge Transfer Across
Semiconductor-Liquid Interfaces

Arnel M. Fajardo and Nathan S. Lewis”

Interfacial charge-transfer rate constants have been measured for n-type Si electrodes
in contact with a series of viologen-based redox couples in methanol through analyses
of the behavior of these junctions with respect to their current density versus potential
and differential capacitance versus potential properties. The data allow evaluation of the
maximum rate constant (and therefore the electronic coupling) for majority carriers in the
solid as well as of the dependence of the rate constant on the driving force for transfer
of delocalized electrons from the n-Si semiconducting electrode into the localized mo-
lecular redox species in the solution phase. The data are in good agreement with existing
models of this interfacial electron transfer process and provide insight into the funda-
mental kinetic events underlying the use of semiconducting photoelectrodes in appll-

cations such as solar energy conversion.

Charge-transfer‘ rate constants from delocal-
ized carriers in a semiconducting electrode to
outer-sphere redox systems in a liquid electro-
lyte are an important, controversial, and rel-
atively unexplored aspect of photoelectro-
chemical energy conversion devices (1-7).
The kinetic behavior of the delocalized elec-
tron in the solid transferring to an electron
acceptor in the solution phase is a key issue
that is not as fully understood as the process of
charge transfer between molecular donors and
acceptors in the photosynthetic process (8)
and related model systems (9). Research has
recently focused on the magnitude of the elec-
tronic coupling terms of these interfacial pro-
cesses, because such quantities are required to
estimate the maximum charge-transfer rate

" constant expected under conditions of opti-

mal exoergicity (2, 6, 10-12). Very large
charge-transfer rate constants of majority car-
riers in the semiconductor can lead to sub-
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stantial levels of recombination and efficiency
losses in photoelectrochemical energy conver-
sion devices, whereas very small interfacial
rate constants would be undesirable because
they could prevent efficient collection of pho-
togenerated minority charge carriers by redox
ions in the solution. Experimental measure-
ments of these rate constants have largely
been thwarted by the nonideal energetic be-
havior of stable semiconductor-liquid contacts
(1) and by the lack of reliable kinetic mea-
surements on stable semiconductor electrodes
in contact with outer-sphere redox couples
(2). Here, we describe measurements = of
charge-transfer rate constants for n-type Si
electrodes in contact with a series of viologen
acceptors. These data have yielded experi-
mental values for the maximum majority car-
rier charge-transfer rate constant at optimal
exoergicity and for the reorganization energy
for charge transfer across these solid-liquid
junctions.

Single-crystal, (100)-oriented n-Si elec-
trodes with donor densities Ny of either
7.84 X 10" or 6.95 X 10'° cm™> were used in
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