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ABSTRACT

We describe progress towards sequencing DNA at the single molecule level. Our technique
involves incorporation of fluorescently tagged nucleotides into a targeted sequence, anchoring the
labeled DNA strand in a flowing stream, sequential exonuclease digestion of the DNA strand,
and efficient detection and identification of single tagged nucleotides. Experiments demonstrating
strand specific exonuclease digestion of fluorescently labeled DNA. anchored in flow as well as
the detection of single cleaved fluorescently tagged nucleotides from a small number of anchored
DNA fragments are described. We find that the turnover rate of Esherichia coli exonuclease III
on fluorescently labeled DNA in flow at 36° C is ~7 nucleotides per DNA strand per second,
which is approximately the same as that measured for this enzyme on native DNA under static,
saturated (excess enzyme) conditions. Experiments demonstrating the efficient detection of single
fluorescent molecules delivered electrokinetically to a ~3 pL probe volume are also described.
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1 Introduction

We describe recent experimental progress towards the goal of rapid, flow-based sequencing
of long DNA fragments at the single molecule level. This technique will allow the rapid de-
termination of long (~40 kilo-base pair) DNA sequences.' Briefly, the method involves: (i)
the incorporation of fluorescently tagged nucleotides into a targeted sequence, (ii) anchoring of
the tagged DNA strand in a flowing stream, (iii) exonuclease cleavage of the tagged nucleotides
from the free end of the DNA strand, and (iv) detection and identification of single cleaved
nucleotides by laser-induced fluorescence. The current status of our progress in each of these

areas is summarized in Section 2 of this paper.

We describe the efficient detection of single tetramethylrhodamine isothiocyanate (TRITC)
molecules. We used electrokinetic sample delivery from a pulled micropipette located in the
sheath flow ~50 um upstream of the detection volume. These experiments are important steps
towards the goal of low-based DNA sequencing. Sample introduction from a micropipette simu-
lates the deﬁvery of cleaved nucleotides from the free end of an anchored DNA strand stretched
out in flow. We have also detected single TRITC-labeled nucleotides cleaved from as few as 15
to 30 fluorescently tagged DNA strands anchored in flow. This is a major step towards proving

the feasibility of our flow-based DNA sequencing method.

2 Current Status

2.1 Synthesis of Fluorescently Labeled DNA

A number of requirements are critical for the success of the method. First is the accurate

incorporation of fluorescently tagged nucleotides into a targeted sequence. This is accomplished




by enzymatic synthesis of the complementary strand of the targeted DNA sequence using fluo-
réscently labeled nucleotides as substrates. Initial work derﬁonstrated the replication of single
stranded M13 DNA out to 5000 to 7000 base pairs with two fluorescently tagged nucleotides
(rthodamine-dCTP and fluorescein-dUTP) using T7 polymerase.? The probability for misincor-
poration of the fluorescently labeled nucleotides is in the range of 10~% to 10~ per site.> More
recent work has demonstrated the complete replication of M13 DNA with two fluorescently
tagged nucleotides as well as the replication of M13 DNA out to several thousand base pairs
with three labeled nucleotides (fluorescein-dUTP, rhodamine-dCTP, and rhodamine-dATP) us-
ing a mutated T4 polymerase. In principle, only two distinct fluorescent labels are needed for
sequencing; the sequence is built up using different combinations of the two tags and DNA bases

in separate runs.*

2.2 Handling Single DNA Fragments

Our technique requirés the ability to manipulate and anchor a'single fragment of the fluo-
rescently labeled DNA in a flowing stream. We have demonstrated binding of small numbers
of biotinylated \-DNA fragments to 2.8 ym diameter streptavidil_lated microspheres. The mean
number of bound DNA fragments per microsphere can be controlled by varying the concentra-
tion of biotinylated A-DNA incubated with the microspheres during the binding step. Binding
conditions can be adjusted to give a mean number of attachments per microsphere of less than
one. The number of attachments per microsphere roughly follow Poisson statistics and the peak
of the distribution is proportional to the DNA concentration.? The biotin-avidin bond is robust.
We have placed A-DNA bound to the microspheres in flowing streams and observed the DNA
strands® stretch out to their full extension (~16 um) at linear flow velocities of > 0.1 mm/sec.?
Flow velocities of at least 10 mm/sec can be sustained without breakage of the biotin-avidin

bond or the DNA. Extension of the end of the DNA strand out into the flow stream away from




the relatively stagnant region immediately downstream of the microsphere is necessary to avoid

mis-ordering of the released nucleotides by diffusion.®

2.3 Exonuclease Digestion of Fluorescently Labeled DNA

Earlier work showed that a number of different exonucleases are able to digest fluorescein and
rhodamine labeled DNA under static conditions (no flow).? Preliminary measurements of the
cleavage rate of Esherichia coli exonuclease III (Exo III), a 3' — 5 exonuclease, on rthodamine-
labeled, (ds) M13 DNA in flow at room temperature indicated a rate of ~ 3 nucleotides per
DNA strand per second.? This rate is approximately that measured using native DNA under

static, enzyme saturated conditions.”

2.4 Detection and Identification of Single Fluorescently Labeled Nu-
cleotides

Efficient detection and identification of the fluorescently tagged nucleotides after they are re-
leased from the DNA strand is crucial to the success of our approach. Single fluorophore detection
by laser-induced fluorescence of chromophores commonly used as labels has been demonstrated
by a number of groups during the past five years.®'® Two chromophores, Rhodamine-6G and
Sulforhodamine 101, have been detected concurrently and identified at the single molecule level
using two excitation lasers and two spectrally distinct detection channels.}” More recent work
has focused on effects that limit the detection efficiency of single molecules in flowing sample
streams.'®20 Diffusion of the analyte out of the sample stream and photodecomposition of the
analyte in the probe laser prior to its detection are particularly important. Li and Davis have
demonstrated detection of single Sulforhodamine 101 molecules with a reported efficiency of

~80%. A micropipette with a submicron opening was used to introduce a dilute sulforhodamine




solution into a sheath flow ~15 um upstream of the probe laser.2°

3 Experimental Methods

3.1 Single Molecule Detection Apparatus

The excitation source was an extended cavity Rhodamine 110 dye laser, synchronously
pumped by a mode-locked argon ion laser operated at 514.5 nm. The dye laser was tuned
to 554 nm, near the absorption maximum of TRITC and the TRITC labeled nucleotides and
focused to a e~2 diameter of 14 um in the center of a square bore flow channel (250 x 250 pm?).
Fluorescence was collected at 90° using a x40, 0.85 NA microscope objective. The fluorescence
collection side wall of the flow cell was fabricated to a coverslib thickness to accommodate the
short working distance (370 pm) of the microscope objective. A slit (600 x 1000 um?) located
in the image plane of the collection objective with its long axis oriented parallel to the flow
axis limited the detection volume to ~3 pL. A bandpass filter (575 nm center wavelength, 26 nm
FWHM) was located behind the slit. A long working distance x32, 0.55 NA microscope objective
focused the light transmitted through the slit and filters onto the active area (100 x 100 um?) of
a single-photon avalanche diode.?! The time-correlated single-photon counting electronics used
to discriminate the fluorescence from the prompt scattered light background are described in

detail elsewhere.??

3.2 Flow System and DNA Handling

A schematic of the flow system used for the exonuclease digestion experiments is shown in
Figure 1. Sheath buffers were delivered to the flow cell at a constant volumetric flow rate using

a syringe pump. A four-way valve was used to select which buffer passed through the flow cell.




Fluorescent impurities present in the buffers were photolyzed prior to their introduction into the

flow cell using an in-line photolysis cell.?

A micropipette, pulled from a quartz capillary (240 pm O.D., 100 pm 1.D.), was used to
hold a single streptavidin coated microsphere to which DNA was bound in the flowing sheath
stream. A microsphere was loaded by pushing the tapered end of the micropipette out of the
square bore flow channel and inserting it into a droplet of buffer containing a suspension of
microspheres. Suction applied to the back of the quartz capillary was used to capture a single
microsphere. The micropipette and trapped microsphere were then pulled back into the flow
channel. We were able to verify that a single microsphere was trapped by viewing the end of the
micropipette through the x40 microscope objective used to collect fluorescence. Two views of
a micropipette, with and without a trapped microsphere, are shown in Figure 3. The trapped
microsphere was positioned approximately 50 pm upstream of the focused excitation laser beam.
For measurements at elevated temperatures, the quartz flow cell was warmed using a thin film
heater (not shown in Figure 1) attached to the flow chamber face opposite the collection side.
After each experiment, a small thermocouple was inserted into the flow channel to measure the

temperature of the fluid inside the flow cell.

3.3 Electrokinetic Sample Delivery

For some of the experiments, a smaller micropipette was used for electrokinetic sample de-
livery. This was a quartz capillary (90 pm O.D., 20 ym I.D.), approximately 15 cm long. One
end of the capillary was pulled to a tip with a opening <1 pm in diameter. The capillary was
inserted into a larger capillary (240 ym O.D., 100 pm 1.D.) in order to keep it approximately
centered in the 250 x 250 pum? square bore flow channel. A solution of fluorescent dye (1 pM

TRITC) dissolved in a salt buffer was delivered electrokinetically from the capillary tip into the




sheath flow. The back end of the capillary was connected to the positive electrode of a DC power
supply through a salt bridge consisting of a 100 ym I.D., 15 cm long capillary filled with buffer.
The power supply return was connected to the sheath buffer at the flow cell drain. The potential
drop across the sample delivery capillary pumped the fluorescent dye with electrokinetic flow, the
sum of the electroosmotic fluid velocity and the electrophoretic drift velocity of the fluorescent
dye.?* Figure 3 shows the capillary tip and sample stream fluorescence excited by the laser as
viewed through the collection objective. Sheath fluid was delivered by the same flow system used
for the exonuclease cleavage experiments (Figure 1), however, only one of the delivery paths was
used. Again, fluorescent impurities present in the sheath buffer were photolyzed upstream of the

flow cell.?3

3.4 Materials

Two sheath buffers were used for the exonuclease digestion experiments. The “inactive”
buffer was 50 pM TRIS-HCl and 5 mM MgCl, dissolved in high purity water. The “active”
buffer was identical to the inactive buffer except for the addition of Exo III exonuclease (New
England BioLabs, Beverly MA) at a concentration of 300 units per mL. Two different sources
of fluorescently labeled DNA were used in these experiments. The first sample (provided by
Dr. J. Harding, Life Technologies Inc., Gaithersburg, MD) was from M13mp(+) single stranded
vector that was replicated using three normal nucleotides (dATP, dGTP, and dTTP) and one
fluorescently labeled nucleotide, TRITC-dCTP. The M13 vector was hybridized with a biotiny-
lated primer. The complimentary strand was polymerized in a primer extension reaction using a
modified T5 polymerase lacking 5 exonuclease activity resulting in fluorescently labeled double
stranded DNA. This sample was not completely replicated, the size distribution (measured using
gel electrophoresis) of the labeled DNA extended from a few hundred bases pairs (bp) up to

~ 7000 base pairs with a mean replication length centered between 2000 and 3000 base pairs.




Incubation of the sample with 10.5 um diameter avidin coated latex microspheres was carried out
with a large excess ratio of DNA fragments to microspheres to enhance the number of fragments
bound to each microsphere. Approximately 50 to 100 fragments of DNA were bound to each

microsphere.?

Linda, please describe your fluorescently tagged M13 DNA sample and the characterization

of the distribution of tagged lengths here.

A second sample was biotinylated (ds) M13 DNA with the (—) strand completely (?) replicated

using three normal nucleotides (dATP, dGTP, and dCTP) and fluorescent TRITC-dUTP.

This sample was incubated with 2.8 ym diameter streptavidin coated magnetic microspheres
(Dynal Inc., Lake Success, NY). Approximately 15 to 30 DNA fragments were attached to
each microsphere under the conditions used. This was determined by staining a sample of
the microspheres with YOYO-1 (benzoxazolium-4-quinolinium dimer, Molecular Probes Inc.,
Eugene OR), a DNA intercalating dye, and viewing the microspheres under an epi-fluorescence
microscope. The average number of bound DNA fragments per microsphere was estimated by
counting the number of fragments observed on ~50 microspheres. Two views of YOYO-1 stained
M13 DNA fragments bound to a microsphere are shown in Figure 4. For the electrokinetic
sample delivery experiments, the sample was a 1 pM solution of TRITC (Molecular Probes,
Inc.) dissolved in Dulbecco’s Phosphate-Buffered Saline (1x D-PBS, GIBCO BRL). The salt
bridge used a 1x D-PBS buffer. The same buffer diluted by a factor of 50 to 100x in high purity

water served as the sheath fluid for the electrokinetic sample delivery.




4 Results

4.1 Efficient Detection of Single TRITC Molecules

We used electrokinetic delivery of TRITC tb the probe volume to optimize the experimental
parameters as well as to demonstrate eflicient detection of this species at the single molecule
level. Figure 4 shows the sample stream illuminated by the focused excitation beam under the
flow conditions (sheath volumetric flow rate, 20 pL/min; linear flow velocity, ~1 cm/sec) used for
the experiments. The elongated shape of the illuminated sample stream reveals that its diameter
(<10 pm) is significantly smaller than that of the focused excitation laser beam ( e~2 diameter:
14 pm). At electrokinetic drive voltages (voltage drop across the whole circuit, including the
salt bridge) on the order of 1000 volts, the delivery rate of the TRIT'C was high enough to make
the illuminated sample stream visible to the naked eye (as shown -in the figure). Reduction of
the voltage allowed sample delivery to the detection volume at extremely low rates. This is
demonstrated in Figure 5 where we plot the number of delayed fluorescence photons detected
in successive 0.25 millisecond time intervals for four different drive voltages. At 2.25 volts the
delivery rate of TRITC molecules is still too high for single molecule detection-more than one
molecule is in the probe volume at any given time. As the drive voltage is lowered to 1.5 volts,
the delivery rate drops to the point where individual TRIT'C molecules can be seen transiting the
probe volume. The similarity in the sizes of the photon bursts at the lowest drive voltage is the
result of all TRITC molecules in the sample stream receiving approximately the same integrated

excitation.

A more quantitative measure of the size distribution of fluorescence bursts due to TRITC
delivered from such a capillary is shown in Figure 6. For this experiment, the average excitation

laser power was 20 milliwatts, the sheath (0.02x D-PBS buffer) volumetric flow rate was 20




pL/min, and the electrokinetic drive voltage was ~2 volts. Approximately 64 seconds of data
were sifted for photon bursts using a search algorithm described .elsewhere“’22 ; these results
are shown as open circles in panel a) of the figure. The filled circles are the result of sifting
approximately 64 seconds of blank data (taken with the capillary tip positioned to cause the
sample stream to miss the probe volume); this distribution reflects the presence of fluorescent
impurities in the sheath fluid that either survived the photolysis step or were introduced down
stream of the in-line photolysis cell. The peak at ~40 photoelectrons (PE) is due to the passage
of single TRITC molecules through the probe volume; the shoulder on the high side of the main
peak extending past 100 PE is due to fluorescence bursts detected from two or more TRITC
molecules passing through the probe volume simultaneously. The experiment was numerically
simulated; the distribution shown in panel b) is the result of sifting 64 seconds of synthetic data
for fluorescence bursts. The Monte Carlo simulation used to generate this data accounts for
spatial variations in the intensity of the focused excitation laser, the light gathering efficiency of
the optical collection system,? optical saturation, photobleaching and diffusion of the analyte
molecules. The simulation used a mean delivery rate of 100 TRITC molecules per second from
a source 1 ym in diameter located 50 pm upstream of the probe volume. Additional parameters
used in the simulation are listed in Table 1. The good agreement between the experiment and

simulation corroborates our assertion that we are detecting single TRITC molecules.

If a threshold for detection is set at 20 PE, the simulation predicts that >90% of the TRITC
molecules leaving the capillary are detected. According to the simulation, approximately 10%
of the TRITC molecules photobleach prior to crossing the probe volume; about half of these
are detected. The measured background rate for bursts >20 PE was ~3 sec™:. The estimated
detection rate of TRITC molecules was ~100 sec™ (accounting for bursts from two molecules

simultaneously present in the probe volume).




Table 1. Simulation Parameters

TRITC absorption cross-section at 554 nm® 3.1 x 10~ 16cm?
TRITC fluorescence quantum yield?” 0.28

TRITC photodestruction quantum yield? 6 x 1076

TRITC diffusion coefficient® 3.3 x 107 cm? sec™!
TRITC saturation intensity® 4 x 10* Watt cm—2
Average excitation laser power 20 x 1073 Watt
Excitation laser beam e~? diameter 14 pym

Sheath fluid linear flow velocity? 0.79 cm sec™!

Absolute fluorescence photon detection efficiency 1 x 1072
Background count rate per Watt excitation power 1.4 x 10° sec™! Watt™!

%Estimated from the TRITC absorption spectrum and the reported?® absorption cross-section at 515 nm.
bValue measured for the dyes Eosin and Rhodamine-B dissolved in water.28

“Time averaged saturation intensity (intensity at which the fluorescence emission rate is one half of its saturated

value) measured using the mode-locked dye laser.
4Derived from the measured transit time (1.8 msec) and the excitation laser beam diameter.

4.2 Exonuclease Digestion of Fluorescently Labeled DNA in Flow

Preliminary experiments were carried out with fluorescently labeled M13 DNA fragments
attached to 10.5 um diameter streptavidin coated latex microspheres.? Buffers were delivered
at a volumetric flow rate of 25 pL/min; the average sheath fluid velocity down stream of the
microsphere was ~0.7 cm/sec. The average excitation laser power was 10 milliwatts. The in-line
photolysis step shown in Figure 1 was not used for these experiments. We estimate that 50
t0100 fluorescently labeled M13 fragments were bound to the microsphere. The experiment was
done at room temperature. Data from one of these measurements is shown in Figure 7. The
fluorescence (photons detected in a time window excluding the prompt scattered background)
count rate is plotted against time. Initially, inactive buffer was flowed over the DNA anchored
~50 pm upstream of the probe volume. At 60 seconds the four way valve was switched to admit
active buffer to the flow cell. After a delay of ~300 seconds (due to the dead volume between
the valve and the flow cell) the count rate started to increase as the exonuclease began to digest

the anchored DNA. The gated photon count rate reached a maximum of 4000 sec™!and then




decreased as the fluorescently tagged DNA fragments were digested. At 1560 seconds the valve
was switched to admit inactive buffer to the flow cell. The count rate dropped again as the
active buffer was swept out of the flow cell. This difference was due to the increased fluorescent
impurities present in the active buffer compared to the inactive buffer. At 2400 seconds the
valve was again switched to admit active buffer. Note the smaller rise in the fluorescence count
rate — the fluorescently labeled DNA was completely digested. Finally, at 3400 seconds the valve
was switched back to inactive buffer. This experiment demonstrates exonuclease cleavage of
fluorescently tagged DNA in flow. The exonuclease cleavage rate under these conditions was
estimated to be approximately 3 bases per DNA strand per second.? This rate is somewhat
higher than that (1.7 bases per DNA strand per second) measured” for Exo III on native DNA
under static, enzyme saturated conditions. This discrepancy may be due to the uncertainty in

the mean size of the fluorescent DNA fragments used in the experiment.

A number of changes were made to improve the exonuclease cleavage experiment. First, was
the addition of the in-line photolysis step, shown in Figure 1 and described in the Experimental
Methods section, to reduce the background due to fluorescent impurities present in the inactive
and active buffers. Photolysis of the buffers reduced the background burst rate by approximately
a factor of ten without reducing the activity of the Exo III exonuclease significantly.?® Smaller
2.8 pm diameter microspheres were used to anchor the DNA in flow to decrease the diameter
of the stream of cleaved nucleotides released into the sheath flow. Narrow sample streams allow
more efficient detection of cleaved fluorescently labeled nucleotides. Fluorescently labeled M13
DNA fragments with both a larger average length and a narrower distribution of lengths were
used. Finally, the flow cell was heated to 36° C to increase the exonuclease digestion rate. The
buffer flow rate and excitation laser power were the same as those in the previous experiment.
Results of one such experiment are shown in Figure 8. Panel a) is a plot of the fluorescence count

rate versus time. Initially, inactive buffer was flowing through the cell; the four way valve was



switched to admit active buffer to the flow cell at time “A”. After ~1000 seconds the fluorescence
count rate increased as the active buffer reached the DNA bound to the support. At time “B”
the valve was switched to admit inactive buffer to the flow cell. The data was searched for
photon bursts >5 PE in size. A time sequence of the detected burst rate is plotted in panel b).
Each point is the burst rate derived from 30 seconds of data. The solid line is an estimate of the
background burst rate due to the inactive and active buffers. Panel ¢) of the figure shows the

time sequence of the burst rate after subtraction of the background.

Integration of the time sequence shown in panel c¢) of Figure 8 results in ~22900 detected
bursts. Assuming these are due to individual cleaved fluorescently labeled nucleotides, a lower

limit estimate of the number of M13 fragments bound to the support and accessible by the

229004

exonuclease is, =52

~ 14. Here it is assumed that approximately one quarter of the cleaved
nucleotides are fluorescently tagged (TRITC—dUTP), the TRITC-dUTP detection efficiency is
unity, and each M13 fragment is labeled out to its full length;, i.e., 6600 base pairs. This number

is on the low end of the estimated number of fragments (15-30) seen on the microspheres using |
epi-fluorescence microscopy, however, some of these are not accessible by the exonuclease due to
the interference of the micropipette holding the microsphere (Figure 3). Another possibility is
that the sample stream diameter of cleaved nucleotides is still too large and/or not well aligned
with the probe volume and hence the detection efficiency for fluorescently labeled nucleotides
is significantly less than unity. We know that the sample stream of nucleotides released from
the microsphere was either not as small and/or not as well aligned with the probe volume as
that obtained using electrokinetic samplé delivery from the pulled capillary. This is based on
the observation that the burst size distribution from the cleaved fluorescently labeled nucleotides
is not peaked away from zero PE as is the case for the pulled capillary (Figure 6). We expect,

however, that the detection efficiency for cleaved fluorescently labeled nucleotides was >0.5 based

on the number of M13 fragments (15-30) seen on the microspheres.




An estimate of the exonuclease cleavage rate based on the peak burst rate (~25 sec™!) and
the number of DNA fragments (~14) from which cleaved fluorescent nucleotides were detected
is, 25—1}‘3 ~ 7 nucleotides per DNA fragment per second. Again, it is assumed that approximately
one quarter of the nucleotides are fluorescently labeled dUTP’s. Note that this estimation of
the cleavage rate does not depend of the single molecule detection efficiency — this factor drops
out of the ratio used to calculate the rate. Our measured rate is approximately the same as
that measured for this exonuclease on native DNA under static conditions at 36° C.” Due to the
narrower distribution of DNA fragment lengths used, we have more confidence in the exonuclease
rate derived from this data compared to that obtained from the previous experiment.?2 Work is

underway to measure the temperature dependence of the Exo III cleavage rate using the improved

setup.

5 Summary

Each of the steps necessary for our flow based DNA sequencing method has been shown
to work. In this paper we described experiments demonstrating the exonuclease cleavage of
fluorescently labeled DNA in flow as well as the downstream detection of the fluorescently tagged
nucleotides at the single molecule level. We have measured cleavage rates for Esherichia coli
exonuclease III on fluorescently labeled DNA in flow in the range of 3 to 7 bases per DNA strand
per second; approximately the same as reported” for this exonuclease on native DNA under static
conditions. We have also demonstrated the efficient detection of single TRITC molecules under

conditions similar to those anticipated for flow based DNA sequencing.

We have detected cleaved fluorescently labeled nucleotide from as few as 14 fragments of
labeled DNA. In order to reach our goal of detection of labeled nucleotides from a single strand

of DNA, we need to increase the exonuclease cleavage rate by at least an order of magnitude or




reduce the background burst rate due to fluorescent impurities present in the buffers. In the near
term, we will explore the possibility of using Exo III at relatively i]igh temperatures (~60° C).
The cleavage rate of this exonuclease under saturated (excess enzyme) conditions is expected to
double for each 6° C temperature rise.” Work is underway also to reduce the background burst

rate due to fluorescent impurities present in the buffers and flow system.
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7 Figure Captions

Figure 1. Flow system for exonuclease digestion experiments. Buffers were delivered to the
flow cell at a volumetric flow rate of 25 pL/min. The mean fluid velocity inside the flow

channel was ~0.7 cm/sec.

Figure 2. A micropipette holding a 2.8 um diameter microsphere is shown in panel a); panel

b), the micropipette after the microsphere has been released.

Figure 3. Electrokinetic delivery of TRITC via a drawn micropipette. View of the capillary
tip and sample stream fluorescence seen through the x40 collection objective. The sheath
flow direction is from bottom to top in the picture. The end of the capillary is located ~40
pm upstream of the excitation laser. Conditions: sheath volumetric flow rate, 20 L /min;

sheath linear flow velocity, ~1 cm/sec; electrokinetic drive voltage, +1500 VDC.

Figure 4. Two views of YOYO-1 stained M13 (ds) DNA fragments bound to a 2.8 ym diameter
streptavidin coated microsphere. The plane of focus is near the top of the microsphere in

panel a) and near the center of the microsphere in panel b).

Figure 5. Detection of fluorescence from TRITC delivered electrokinetically from a drawn cap-
illary, geometry similar to that shown in Figure 4. For this experiment, the average ex-
citation laser power was 10 milliwatts, and the sheath (0.01x D-PBS buffer) volumetric
flow rate was 25 pL/min. Fluorescence counts (gated counts) detected in 0.25 millisecond
bins over 200 millisecond intervals are shown for four electrokinetic drive voltages: a) 2.25
V,b)2.00V,c) 1.75 V, d) 1.50 V. Photon bursts due to individual TRITC molecules are

clearly visible at the lowest drive voltage, panel d).




Figure 6. Experimental and simulated photon burst size distributions. Panel a), open circles,

measured burst size distribution for TRITC delivered electrokinetically from a drawn cap-
illary. Filled circles, measured background burst size distribution. Panel b), photon burst
size distribution obtained from synthetic data, simulation parameters listed in Table 1.

Each distribution was derived from 64 seconds of data.

Figure 7. Time history of the gated fluorescence count rate from a flowing exonuclease cleavage

experiment; each data point is the rate calculated from 4 seconds of data. The legend below
the fluorescence data indicates the times when the four way valve was switched between
the inactive and active buffers. Approximately 50 t0100 fluorescently labeled M13 DNA
fragments were bound to a 10 pm diameter streptavidin coated microsphere anchored ~50

pm upstream of the probe volume.

Figure 8. Detection of single fluorescently labeled nucleotides enzymatically cleaved from 15-30

fluorescently labeled M13 DNA fragments bound to a 2.8 ym diameter streptavidin coated
microsphere anchored in flow. Panel a), time history of the gated fluorescence count rate;
each data point is calculated from 4 seconds of data. The four way valve was switched to
admit active buffer into the flow system at time “A”, inactive buffer was readmitted at
time “B”. Panel b), detection rate of photon bursts >5 photoelectrons in size. The solid
curve is the estimated background due to inactive and active buffers. Panel ¢), photon
burst rate after subtraction of the background bursts. Each of the open circles in panels

b) and c) is the burst rate calculated from 30 seconds of data.
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