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Direct Measurement of Single-Molecule 
Diffusion and Photodecomposition 

in Free Solution 
Xiao-Hong Xu and Edward S. Yeung* 

Continuous monitoring of submillisecond free-solution dynamics of individual rhoda- 
mine-6G molecules and 30-base single-stranded DNA tagged with rhodamine was 
achieved. Fluorescence images were recorded from the same set of isolated molecules 
excited either through the evanescent field at the quartz-liquid interface or as a thin layer 
of solution defined by micron-sized wires, giving diffraction-limited resolution of inter- 
connected attoliter volume elements. The single-molecule diffusion coefficients were 
smaller and the unimolecular photodecomposition lifetimes were longer for the dye-DNA 
covalent complex as compared with those of the dye molecule itself. Unlike bulk studies, 
stochastic behavior was found for individual molecules of each type, and smaller dif- 
fusion coefficients were observed. 

A variety of approaches have recently been 
demonstrated for single-molecule detection 
(SMD) (1-9). SMD is a way to study and 
characterize detailed physical and chemical 
~ronerties that allows the testing of funda- 

u 

mental principles and may lead to techno- 
logical and methodological developments 
with applications in medicine, biotechnol- 
ogy, and molecular biology ( 5 ,  8, 10). The 
detection of single molecules in solution 

%, 

has become relatively straightforward. 
However, continuous monitoring of a single 
molecule in free solution remains a chal- 
lenge (6-9, 11). We report here that real- 
time observation of individual rhodamine- 
6G (R6G) and rhodamine-labeled 30-base 
single-stranded DNA (ssDNA) (DNA- 
R6G) (1 2)  molecules in water solution can 
be achieved by the simple combination of 
an optical microscope and an intensified 
charge-coupled device (ICCD) camera. De- 
pending on the arrangement, molecular dy- 

namics either at the quartz-liquid interface 
or in the bulk liquid can be followed with 
submillisecond time resolution. 

To increase the signal-to-noise ratio in 
SMD, one can reduce the observation vol- 
ume (2 ,  6,  13), thereby increasing the ef- 
fective concentration of the molecule of 
interest. Miniaturization helus to isolate in- 
dividual molecules, allowing the signal to 
be assigned to distinct entities. However, 
fixing a small observation volume and al- 
lowing a molecule to diffuse into and out of 
the region requires either statistics (5) or 
deconvolution with respect to the many 
possible paths (7) in order to extract mo- 
lecular motion and other kinetic informa- 
tion. One must follow the same molecule 
continuouslv because assemblv of a large 
number of si'ngle-molecule signils for inte;- 
 ret tat ion (1  1 )  cannot reveal characteristic 
differences among molecules as opposed to 
just mapping out the shape of the probabil- 
ity distribution. The data rate is important 

Ames Laboratow-U,S, Department of Energy and De. in free because confinement such 
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use of video microscopy (8). A small vol- 
ume can be defined bv a high-resolution - 
microscope objective when a thin layer of 
solution is imaged (Fig. 1A). The volume 
can be further reduced by evanescent-wave 
excitation of the immediate quartz-liquid 
layer (Fig. 1B). Recent developments in 
ICCD sensors provide single-photon count- 
ing capability for each pixel element. The 
associated high-speed readout electronics 
further allows good temporal resolution to 
be achieved. This combination forms the 
basis for the Dresent studv. 

The measurement of single-molecule 
photodecomposition lifetimes (7) in the 
presence of molecular diffusion requires 
careful experimental design. For a given 
fluorophor, T is typically inversely propor- 
tional to the excitation vower. A lower 
laser power allows the fluorophor to contin- 
ue to emit over a longer time, which favors 
the monitoring of long-lived molecular dy- 
namics. However, the laser power must be 
high enough to overcome dark counts from 
the image intensifier. Also, the observation 
time affects the isolation of fluorophors. 
Longer observation times allow more (dif- 
ferent) molecules to approach the interfa- 
cial region (in the evanescent-wave mode) 
and accumulate ereater lateral diffusion dis- - 
tances for each molecule (in the thin-layer 
mode). Therefore. there is an ovtimal com- 
bination of laser power and exposure time 
for each excitation geometry, laser wave- 
length, fluorophor, and concentration. 

Histograms of intensities from images 
acquired from water, 5 nM R6G, and 40 nM 
R6G show more high-intensity pixels for 5 
nM R6G than for water and more for 40 
nM than for 5 nM R6G, confirming single- 
molecule emission. Selection of an appro- 
priate cutoff threshold [>20 electron 
counts, based on single photoelectron 
events and taking into account the gain of 
the intensifier (80X), the transmission of 
the fiber optics (50%), and the quantum 
efficiencv of the ICCD (50%)1 ensures a . - 
negligible number of false positive counts. 
Further discrimination exists because the 
signal zones registered by single R6G mol- 
ecules occupy a larger area than those in 
water (Fig. 2). Because the evanescent-field 
thickness is approximately equal to one 
edge of a pixel, each molecule is equally 
likely to move out of the excitation zone or 
move to a neighboring pixel every 0.1 ms 
(16). Thus, the R6G zones in Fig. 2B are 
broadened because of diffusional motion. In 
water, most of the signal zones (arising from 
scattering background) occupy fewer than 
two pixels per side. This confirms the spa- 
tial resolution of the optical system. Occa- 
sionally we observed larger spots in water at 
a frequency of occurrence equivalent to 
<lo-" M. These may be attributable to 

Fig. 1. Schematic diagram of the instrumental setup for A Objective 
SMD. (A) Thin-layer mode. (B) Evanescent-wave mode. 
An Ar+ laser beam is first passed through an equilateral 'lip 

prism to filter out the laser plasma. The unfocused output 
is directed into a fused-silica right-angle prism located on Pr~srn 
the microscope stage. This gives a relatively uniform, 
total internal reflection spot with a diameter of approxi- 
mately 5 mm. The excitation zone is imaged by a micro- 
scope through a 0.08-mm cover slip without immersion 
oil 1.3) (A) immersed or through directly a 100X in objective the solution (numerical (B). A mechanical aperture = rn Objective Laser 

shutter placed in front of the laser beam is used to limit 
exposure of the sample to the laser. Fluorescence was 
detected by a 384 x 576 pixel ICCD (Princeton Instru- 
ments, ICCD-576 EMG/RB with ST-1 38 controller) that 
was mounted at the top entrance of the microscope, 
facing downward. Each pixel represents a square with 
0.2-pm edges, as calibrated by the microscope stage 
micrometer (0.1 mm per 50 division movements). The image intensifier was coupled to the ICCD through 
an ordered fiber-optic coupler, and the ICCD element was maintained at -38°C by a thermoelectric 
cooler. A combination of band-pass and long-pass interference filters was used to collect the signal. The 
microscope, sample prism, and ICCD were placed inside a box to reduce ambient light and laser 
scattering. All measurements were made in a darkened room. In (A), the excitation depth was defined by 
placement of two 4-pm tungsten wires on the prism surface -50 pm apart. One drop of sample was 
placed between the wires and a cover slip. The laser penetrates the solution before being totally reflected 
at the cover slip surface, providing a lower background than epifluorescence arrangements. The total 
observation region of 3.6 X lo-" liter can be thought of as being made up of 100,000 independent 
observation zones (3.6 X 10-l6 liter each) defined by the ICCD resolution of 1.5 X 1.5 pixels. Concen- 
trations up to 5 nM can then be used to isolate individual molecules. In (B), the estimated 0.15-pm 
thickness of the evanescent field defines an observation zone of only 14 al (an attoliter equals 10-l8 liter). 
For a fluorophor concentration lower than 1 0-7 M, the molecules will, on average, be isolated from each 
other within the 100,000 separate observation zones. 

R6G or other fluorescent contaminants. 
Although the spread of the fluorescent 

spots in the evanescent-wave mode reflects 
two-dimensional molecular diffusion during 
exposure, one must follow each molecule 
continuously to avoid assuming one-to-one 
correspondence among successive images to 
define trajectories (7, 15) or confusing pho- 
tobleaching with molecules leaving the ev- 
anescent-wave region (15). In the thin- 
layer mode (Fig. lA), even molecules mov- 
ing up and down in the thin-layer solution 
will be continuously excited and their flu- 
orescence will be recorded. 

Figure 3 allows one to determine either 
the diffusion coefficient (D) or T when the 
other is known. The predicted full-width 

diffusion distances (17) 2 i ,  for R6G and 
DNA-R6G at a 100-ms exposure time, are 
75 pixels and 35 pixels, respectively. The 
much smaller zone sizes in Fig. 3 indicate 
that every molecule is rapidly bleached or 
else D is much smaller under these experi- 
mental conditions. From the average ob- 
served zone widths of 5.4 and 5.1 pixels, we 
can calculate T [ h m  the literature value of 
D (1 6, 17)] of the R6G and DNA-R6G 
molecules to be 0.53 and 2.2 ms, respective- 
ly (Table 1). Both T and the integrated 
intensities are consistent with photodecom- 
position quantum yields of lop5 to 
and a detection efficiency of 0.1%. 

To measure D and T independently and 
to increase the data rate, we can take ad- 

Fig. 2. Subframe images A B 

diffusional motion. Exci- 
tation occurs only when the molecules approach the evanescent-wave region. The gray scale is from 30 
to 50 electron counts. 
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vantage of a special feature in CCD camer- to a register and digitization proceeds for 
as. During analog-to-digital conversion, consecutive pixels in that row. The process 
each row of the sensor is first shifted upward is repeated until all rows are read. If the 

Fig. 3. Contour plots of fluorescence intensities from continuous monitoring of single molecules taken 
from images of 0.5 nM R6G (A through C) and 0.5 nM DNA-R6G (D through F). The different zone widths 
for R6G reflect different photobleaching lifetimes and different diffusion distances. In (D) through (F), the 
zones are about the same width as in (A) through (C), despite a slower diffusion coefficient for DNA-R6G. 
This is due to a substantially longer photobleaching lifetime for DNA-R6G. Images were acquired with 1 
mW of laser power at 514 nm and a 100-ms exposure time in the thin-layer mode (Fig. 1A). Contour 
levels start at 20 electron counts and increase every 7 electron counts. 

As. 4. Subfrarne imacres A B 

the camera. Images were 
acquired with 1 mW of laser power at 514 nm in the thin-layer mode (Fig. 1A). The shutters were forced open 
during exposure and readout. The gray scale is from 20 to 40 electron counts. 

Table 1. Representative single-molecule photodecomposition lifetimes (T, in milliseconds) and diffusion 
coefficients (D, lo-' cm2 S-l) in free solution. 

Molecule 1 2 3 4 5 6 7 8 

Normal images 
T~ (R6G)* 0.45 0.64 0.45 0.45 0.88 0.45 0.64 0.29 
T, (DNA-R6G)* 1.3 2.0 1.3 2.9 2.0 4.0 2.0 2.0 

Open-shutter images 
D2 (R6G)t 3.9 5.5 3.9 2.5 3.9 3.9 4.2 4.2 
D, (DNA-R6G)t 2.5 1.4 1.4 3.9 1.4 3.9 2.5 2.5 
T, (R6G)S 3.6 3.7 4.0 4.3 3.7 3.6 3.6 3.7 
T~ (DNA-R6G)S 5.1 7.9 4.8 3.6 4.5 4.0 4.3 3.9 

'From FQ. 3, assuming D = 2.8 X cm2 s-I and 6.2 x cm2 s-I for R6G and DNA-RGG, respectively. ?From 
Fig. 4 through direct measurement of thezone width w during the3.25-ms staticexposure. $From Fig. 4; direct clocking 
through the measured tail length after correcting for diision distance as measured by the zone width w (from t above). 
If the total length of the spot is I pixels, the first-order corrected tail length is ( I  - w) pixels, giving an addiiional lifetime 
(beyond 3.25 ms) of 0.377 (1 - w) ms and an addiional diffusional distance of w ( I  - w) 0.37713.25 pixels. 

camera shutter is kept open during readout, 
smearing of the image will occur along the 
column direction. In Fig. 4, single-molecule 
emission is clearly distinguishable from the 
background and is characterized by long 
tails. 

The heads of the spots are wider than 
the tails (Fig. 4), reflecting molecular diffu- 
sion in the row direction during static ex- 
posure. This provides an independent 
means of measuring D and T (Table 1). 
There is also diffusion along the column 
direction. Our ICCD has a digitization rate 
of 500 kHz and a shift time of 15 1.1,s per row. 
The time interval between each pixel in a 
column (for subframes 181 pixels wide) is 
therefore 0.377 ms. There is also a 3.25-ms 
exposure time before readout is initiated. So 
T = 13.25 + 0.377nl ms, where n is the tail 
length in pixels after correction for longi- 
tudinal diffusion. 

Stochastic behavior in both D and T is 
clearly evident in Table 1. D measured di- 
rectly (Table 1) is, respectively, seven times 
and 2.6 times smaller for R6G and DNA- 
R6G as compared with literature values (7, 
17), and T measured directly (Fig. 4) is 
seven times and 2.1 times longer than pre- 
dicted from spot sizes (Fig. 3). Our results 
are thus internally consistent. This implies 
that in micron-sized domains, bulk values 
for D no longer apply (7, 15). Because 
DNA-R6G is highly negatively charged 
compared to R6G, the deviation of D from 
bulk values is less near the negatively 
charged quartz surface. On  average, DNA- 
R6G shows a slightly longer T (4.6 * 1.4 
versus 3.8 * 0.3 ms) and an obviously 
smaller D (2.4 0.5 versus 4.0 0.4 x 

cm2 s-') as compared with R6G. The 
larger size of DNA-R6G accounts for the 
smaller D. Binding to ssDNA can increase T 
for rhodamine by stabilizing the excited 
state (7, 18). 

The direct measurement of molecular 
diffusion coefficients and unimolecular 
photodecomposition rates for single fluoro- 
phors in free solution allows determination 
of characteristics of each molecule (1 9), not 
just the population average. The experi- 
ments described here are relatively easy to 
do because the key components are stan- 
dard items in commercial product lines. In 
the evanescent-field mode, phenomena on 
surfaces-such as chromatographic interac- 
tions, catalytic surfaces, sensor systems, 
DNA hybridization, and immunological 
binding-can be studied at the single-mol- 
ecule level (8). In the thin-laver mode. . , 
biomolecular reactions in solution can be 
followed one step at a time when a fluoro- 
phor is being created or destroyed during 
the reaction. The latter will be reflected as 
a decrease in the measured lifetime as com- 
pared with photobleaching. By synchroniz- 
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ing observations with the initiation of a 
reaction [for example, temperature jump 
and nhotochemical or electrochemical (9.  ~, 

11) generation of a reactant], one can fol- 
low each molecule as it reacts to see how 
confined spaces and lovv concentrations af- 
fect reaction rates and equilibrium in order 
to comnare those measurements with mac- 
roscopic measurements. The temporal reso- 
lution of the open-shutter experiment can 
be further improved with higher speed A/D 
cameras (4 MHz is commercially available) 
or by imaging narrow subframes. If the 
frame rate is increased to >10 kHz (IG), 
then movies can be taken to construct tra- 
jectories (14, 15) in free solutions. 
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Mass Survival of Birds Across the Cretaceous- 
Tertiary Boundary: Molecular Evidence 

Alan Cooper* and David Penny 

The extent of terrestrial vertebrate extinctions at the end of the Cretaceous is poorly 
understood, and estimates have ranged from a mass extinction to limited extinctions of 
specific groups. Molecular and paleontological data demonstrate that modern bird 
orders started diverging in the Early Cretaceous; at least 22 avian lineages of modern 
birds cross the Cretaceous-Tertiary boundary. Data for several other terrestrial vertebrate 
groups indicate a similar pattern of survival and, taken together, favor incremental 
changes during a Cretaceous diversification of birds and mammals rather than an 
explosive radiation in the Early Tertiary. 

T h e  Cretaceous-Tertiary (K-T) boundary, 
65 nlillion years ago (Ma), was a key epi- 
sode in recent vertebrate history, marking 
the end of the dinosaur era and the rise to 
predominance of mammalian and avian 
taxa. This boundarv is associated with both 
an extraterrestrial impact directly at the 
boundarv and neriods of flood-basalt vol- 
canism ('1 ).  hi biological consequences of 
these physical events are poorly  understood 
and controversial (2) ,  and several hypoth- 
eses have emerged in the absence of direct 
biological data. 

It has been generally thought that Cre- 
taceous avian and mammalian lineaees also " 
suffered a mass extinction and that a period 
of r a ~ i d  ada~t ive  radiation followed in the 
Tertiary from a few, or perhaps only a sin- 
gle, surviving lineage (3). Alternative hy- 
potheses are that most modern avian (4) 
and lnammalian orders survived the K-T 
boundary or that several lineages survived, 
perhaps on different continents. The last 
hypothesis is supported by ~nolecular studies 
indicating that there are a few deep diver- 

gences in small sets of both birds and mam- 
mals (5, 6) .  To  further analyze this issue, vve 
combined ~aleontoloeical and molecular " 
data to examine the K-T boundary extinc- 
tions and estimate the times of divergence 
of modern avian orders. 

Molecular data alone cannot be used to 
deter~nine the extent of extinctions, but, bv 
inverting the question and estitnating the 
nu~uber of modern avian and ~uammalian 
lineages that survived the K-T boundary, it 
is possible to estimate some of the biological 
consequences of the physical events at the 
boundary. We used early Tertiary fossil 
records of seven avian orders (Fie. 1 )  to- " ,  

gether with DNA sequences from mito- 
chondrial and nuclear genes of a wide vari- - 
ety of avian taxa (7) to obtain a minimal 
estimate of the number of extant avian 
lineaoes that crossed the K-T boundarv. We 
obtaGed a total of 42 sequences (8) &om a 
390-base pair (bp) region of the mitochon- 
drial ribosomal small subunit RNA (12s) 
for 16 avian orders and 16 sequences (9) of 
a 600-bp region of the single-copy nuclear 
c-mos proto-oncogene (10) for 10 avian 

A. Cooper. School of Biological Sciences, Vlctoria U n l  orders i l  1 ). We concelltrated on groups for 
verslty of Wellngton. PO BOX 600, Welngton, New Zea- which Early Tertiary fossil dates were avail- 
land, and Molecular Genetlcs Laboratory, National Zoo- able (Fig, 1) .  
logical Park, Smlthsonian Institution, Washington, DC 
20008. USA Our primary method for estimating the 
D. Penny, School of Biologlca Sciences, Massey divergence times of avian orders is by a 
University, PO Box 11 222. Palmerston North, New nuartet method that \$,arks in two stapes. 111 
Zeaand. 

- 
the first step, DNA sequences are compared 
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