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Abstract. We demonstrate efficient detection of single fluorescent molecules eluting off
a polystyrene microsphere optically trapped in a flowing sheath streamu# 1

diameter analyte doped microsphere was position2 um upstream of a 1Gm

diameter probe laser without significant degradation of the detection signal-to-noise
ratio due to scattered laser light and fluorescence from the microsphere. In comparison
to more standard capillary sample introduction, the microsphere causes only small
perturbations to the sheath fluid flow. The small diameter of the analyte stream eluting
from the microsphere results in a greater than 90% detection efficiency for single
rhodamine-6G molecules, limited primarily by the photostability of the dye.
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1. Introduction (SBR). Hydrodynamic focusing of the sample stream in a

sheath flow cuvette [6], an excitation laser beam focused
We have demonstrated single molecule detection (SMD) by to ~10 um (e? diameter), and a spatial filter in the
recording fluorescence bursts from individual molecules as detection path can be used to attain a detection volume
they flow through a focused laser beam [1]. Subsequently, of approximately 1 picoliter (pl). Under these conditions,
several other groups have demonstrated this capability withmolecules containing a single fluorochrome can be detected
flowing and static samples. Several articles reviewing the with excellent SBRs and high efficiencies limited mainly by
progress in this field have been published recently [2-4]. the photostability of the fluorochrome [7, 8].

As a fluorescent molecule crosses an excitation laser  \Working in the near-infrared (NIR) results in reduced
beam it emits a burst of photons. Fluorescence burstspackgrounds due to Raman scatter and impurity fluores-
from single molecules are detected in the presence ofcence [9]. Detection efficiencies greater than 95% have
background due to Raman and Rayleigh scattered lasetheen reported for single NIR emitting dye molecules dis-
light as well as fluorescence from impurities dissolved gglyved in methanol and confined 0 um diameter cap-
in the solvent. Most of the background due to scattered jjjaries [10, 11]. In these experiments the lateral dimensions
laser light can be removed by using pulsed excitation and of the detection volume were defined by the inner wall of
time-gated detection [1,5]. Small detection volumes (the pe capillary.
illuminated solvent volume in the field of view of the Single molecule fluorescence SBRs can be improved
detector) are used to improve the signal-to-background ratiofyther by using confocal excitation/detection techniques

1 Presentaddress: EM-30, US Department of Energy, 19901 Germantownto attain diffraction-limited detection volumes of less than

Rd, Germantown, MD 20874-1290, USA. 1 femtoliter [12—15]. A major drawback to the use of such
 To whom correspondence should be addressed. small volumes in applications requiring efficient detection
§ Present address: |Institute of Analytical Chemistry, Chemo- and of analyte is the difficulty of constraining all of the analyte

Biosensors, University of Regensburg, PO Box 101042, D-93040 ,q100yles to flow through a volume with linear dimensions
Regensburg, Germany.

| Present address: Amgen Inc., 1840 DeHavilland Drive, Thousand Oaks, Of <1 um [4]. To date, most investigations using such
CA 91320, USA. small volumes have relied on diffusion to transport analyte

0966-9051/98/010033+10$19.5@0 1998 IOP Publishing Ltd 33



N P Machareaet al

APD

a) b)

Figure 1. (a) The experimental apparatus schematic diagram. Legend: APD, single photon counting avalanche photodiode;

BF, blocking filters; BPF, bandpass filter; CCDVC, charge coupled device video camera; DBS, dichroic beam splitter; EL, excitation
laser; L, excitation laser focusing lens; MO1, optical trapping/fluorescence collection objective; MO2, trapping laser fiber output
coupling objective; MOS3, fluorescence imaging objective; MO4, imaging objective; MOS5, trapping laser fiber input coupling objective;
S, slit; SFC, sheath flow cuvette; SMF, single mode fiber; TL, trapping laser; TS, three-axis translation stage. (b) The sheath flow
channel viewed along the excitation laser axis. The width of the square-bore flow channel is indicated by the white 2%30e bar

near the bottom of the picture. Sheath fluid flows from top to bottom. An optically trapped fnicrosphere, illuminated with a HeNe
laser (633 nm), is visible less than 20n upstream of the focused (18m e 2 diameter) excitation laser beam. The end of the sample
delivery capillary (90um od, 20m id) used for delivery of microspheres to the optical trap is vistbBOO um upstream of the

excitation laser.

molecules through the detection volume. A recent report calculate the evolution of sample stream diameters for a
demonstrated efficient detection of single rhodamine-6G diffusing species eluting from the surface of a sphere and
(R6G) molecules dissolved in ethylene glycol flowing from the end of a prolate ellipsoid of revolution (a shape
through a 1um diameter microcapillary using confocal similar to the end of a pulled sample injection capillary [4])
excitation/detection [16]. under flow conditions similar to those of our experiments.
Efficient sample delivery to~1 pl volumes requires  These calculations demonstrate that the sample stream
sample stream diameters less than 4. For sample diameter from the sphere is significantly smaller than that
flow velocities typically used for SMD ~1 cm s1), from the ellipsoid due to increased perturbation of the fluid
radial diffusion of analyte into the sheath fluid on the flow by the ellipsoid. Applications to DNA sequencing,
way to the detection volume can broaden the sample analysis of single, optically trapped cells and liposomes,
stream significantly [6,17]. This is especially true for and competitive binding, bead-based assays are discussed.
low molecular weight £1000 amu) analytes. For rapidly
diffu_sing analytes, one pos_itions a ta_tpered sample injectionz_ Experimental details
capillary (~1 um inner diameter (id)) as close to the
detectjon volgme as possiple [7,8]. Because of problems, 1 Apparatus
associated with scattered light and fluorescence from the
capillary tip, it is difficult to position the capillary as close A schematic diagram of the apparatus is presented in
to the detection volume as one would like. There are other figure 1(a). The sheath flow cuvette (SFC) had a 250
problems associated with capillary sample introduction. 250 um? square bore channel and one face fabricated to a
Perturbations of the sheath fluid flow by the capillary can cover slip thickness¥170.m) to accommodate the optical
broaden the sample stream (see later). Also, adsorbedrapping/fluorescence collection objective (MO1). Our
fluorescent impurities released from capillary surfaces sheath flow system is a modification of a design described
contribute to the background. previously [7]. Briefly, sheath fluid was introduced into the
In this paper, we demonstrate efficient sample delivery open top of the sheath flow cuvette using a syringe pump.
to picoliter detection volumes from a Lm diameter A precision syringe pump (DM-100, ISCO Inc., Lincoln
microsphere optically trapped20 um upstream of the  NE, USA) connected to the bottom of the cuvette through
detection volume. Under these conditions, the analyte a 1.5 m length of 32@um id fused silica capillary operated
has only a short time to diffuse before reaching the probe in the withdrawal mode provided pulseless flow with
volume resulting in reduced diffusional broadening of the precise control over the fluid volumetric flow rate through
sample stream. Peaked burst size distributions and SMDthe flow cell. A short section of fused silica capillary
efficiencies greater than 90% were attained for R6G. We (670 um outer diameter (odp40 .m id) positioned at the
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Figure 2. Unprocessed data showing photon bursts due to single R6G molecules eluting from a dye stained microsphere optically
trapped~20 um upstream of a 1gm e 2 diameter detection laser beam. The data are binned intq:2%0me intervals. At~1 s the
microsphere is released from the optical trap and falls through the detection laser, as evidenced by the large photon burst. The inset
shows a expanded view of the time axis near 0.5 s. Experimental conditions: average excitation power, 7 mW; emission bandpass filter,
550+ 15 nm; sheath flow velocity through the detection volumé, cm s2; transit time (€2), 1 ms.

top of the flow cell removed excess sheath fluid through an The excitation source (EL) was a mode-lockedtAr
aspirator to regulate the size of the fluid drop at the top of laser (2080, Spectra-Physics, Mountain View CA, USA)
the flow cell. A capillary (20um id, 90 xm od) mounted operated at 514.5 nm (pulse widtk 200 ps, pulse
on a three-axis translation stage, and inserted into the squareepetition rate 82 MHz). A spherical lens (L) was
bore flow channel from the top of the cuvette, was used to used to focus the probe laser at the center of the
introduce microspheres into the sheath flow. The end of the flow channel. Fluorescence and scattered light collected
capillary was positioned approximately 2@0n upstream by MO1 were transmitted through the dichroic beam
of the detection volume. An actuator allowed the end of splitter and imaged onto a 60@m wide slit (S) to
the sample introduction capillary to be moved laterally from limit the length of the focused probe laser viewed by
over the detection volume after a microsphere was trapped.the detector to~10 um. Light transmitted through a

A water immersion microscope objective (MO1) (60 bandpass filter (BPF) was focused with ax3D.6 NA
1.2 NA, CFN plan apochromat, Nikon Inc., Melville long working distance objective (MO3) onto the active
NY, USA) was used for optical trapping and fluorescence area of a photon-counting avalanche photodiode (APD)
collection, similar to the arrangement described by Wang (SPCM-200-PQ, EG&G Optoelectronics, Canada). A
et al [18]. This objective was chosen for its ability to 550+ 15 nm bandpass filter with an optical density (OD)
form well corrected images of water immersed objects of 4 at 106 um was used to pass R6G fluorescence
up to 220 um below a cover slip [19]. A continuous- emission. A 575t 13 nm bandpass filter was used in
wave Nd:YAG laser (4116E, Quantronix Corporation, combination with a piece of 2 mm thick KG-3 glass
Smithtown NY, USA) operated at.d6 um was used for (OD 3 at 106 um) to pass fluorescence emission from
optical trapping (TL). Approximatgl1l W of infrared laser tetramethylrhodamine isothiocyanate (TRITC) and R6G.
light was coupled into a single-mode fiber (SMF) through The detected photons were processed using time-correlated
a 20x objective (MO5). About half of this light exited single photon counting electronics [20, 21] to discriminate
the output end of the fiber and %&0Ofocusing objective  against background due to Raman and Rayleigh scattered
(MO2) that were both mounted on a three-axis translation excitation laser light.
stage to allow precise positioning of the optical trap inside A 3.5x objective (MO4) was used to image the flow
the flow cell. A dichroic beam splitter (DBS), alb um channel onto a CCD video camera (CCDVC). The camera
dielectric high reflector with~70% transmission in the mid-  was protected by suitable blocking filters (BF) to attenuate
visible, reflected the trapping laser into MO1. Trapping the probe laser and scattered infrared trapping laser light.
laser powers (power incident on the back of MO1) of A 633 nm HeNe laser coupled into the optical fiber along
approximately 500 mW were used for the work presented with the trapping laser was used to illuminate trapped
here. microspheres.
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10 polystyrene microspheres (km diameter, Interfacial
Dynamics Corporation, Portland, OR, USA) that were
%% F 2) stained with R6G or TRITC by suspension in Xl
10* M aqueous dye solutions for several days. The
stained microspheres were separated from the concentrated
% N dye solution by centrifugation and resuspended i 1
® -, Dulbecco’s phosphate-buffered saline solution. For the
L TRITC/R6G experiment, R6G was added to the TRITC
S stained microsphere suspension immediately before loading
T TAL T it on the sample introduction capillary. The concentration
R R of R6G was adjusted to give similar elution rates of TRITC
and R6G off the microspheres. For the data shown in
figure 4, the final R6G concentration in the microsphere
suspension was approximatelyx110~7 M.
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2.3. Data analysis

Each detected photon arriving with a delay greater than 1 ns
with respect to the excitation laser pulse (gated photon) is
recorded. The record consists of arrival times (with respect
to the previous gated photon) for each gated photon. A
photon burst is evidenced by a series of successive gated
photons recorded at a high rate 00 kHz) compared to

the background counting rate-4 kHz). The algorithm
used to search data sets for photon bursts is described in
Figure 3. (a) A semi-log plot of burst duration distributions detail elsewhere [20,21]. For the work presented here, a
(BDDs) compiled from photon burst data collected with a R6G  burst search threshold time of 0.1 ms was used, that is,
stained microsphere upstream of the detection laser b@gm ( successive gated photons (photoelectrons) recorded at time
and from data collected after the release of the microsptye (. -

Both distributions were compiled from 55 s of data. Vertical intervals of less that 0.1 ms would be_ Con5|dered.as aphoton
lines and arrows denote the range of burst durations (1.0-3.8 ms)burst. Each detected photon burst is characterized by two
due primarily to single molecule R6G fluorescence bursts; the  parameters: (1) the number of photoelectrons comprising
majority of shorter bursts are from background, longer bursts are the purst (burst size) and (2) the duration of the burst.

accidental coincidences (more than one R6G molecule in the To red ntributions d to backaround burst nd
probe volume simultaneously). The dashed curve shows the 0 reduce co utions due fo backgrou ursts a

Frequency

Burst size (PE)

BBD generated by the simulation for single R6G molecules accidental coincidences (a fluorescence burst recorded with
without accidental coincidences. (b) Burst size distributions two or more analyte molecules in the detection volume
(BSDs) compiled from the same data used for (a). BSD simultaneously), bursts were time-filtered, that is, those

compiled from data recorded with a R6G stained microsphere . : -
upstream of the detection volum®), The peak at 100 PE is with durations significantly shorter or longer than the mean

due to single R6G molecule fluorescence bursts; bursts greater Molecular transit time across the detection volume were
than 140 PE are accidental coincidences. BSD compiled from  discarded.
data without the microspher®]. The BSD shown with the full A Monte Carlo simulation was used to validate exper-
'1'”9 Is compiled from the subset of bursts with durations between ;oo results and to estimate SMD efficiencies [21, 22].
.0 and 3.8 ms to discriminate against background and accidental . . . . . i
coincidences. The dashed curve is the BSD generated by The simulation accounts for spatial variations in the inten-
simulation of single R6G fluorescence bursts without accidental Sity of the excitation laser and optical collection efficiency,
cEJ;nc_idences. Experimental conditions: excitatiorj Ie_lser beam photobleaching, optical saturation, and diffusion of analyte
e* diameter, 16um; average power, 10 mW; emission molecules in the excitation volume as well as the detection
bandpass filter, 55& 15 nm; sheath flow velocity through the . . . .
detection volume~0.5 cm s transit time (€2), 3 ms. electronics dead time. In the simulation, analyte molecules
were introduced into the sheath flow uniformly across a
1 um diameter in a plane orthogonal to and intersecting
22 Materials the flow axis 20um upstream of the center of the exci-
tation volume. Synthetic data generated by the simulation
The sheath fluid was ultra-pure water from a water were subjected to the same burst search algorithm (see pre-
purification system (Milli-Q plus, Millipore Inc., Bedford viously) used to analyze the experimental data. Table 1

MA, USA). Samples consisted of streptavidin coated lists the parameters used for the simulation.
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Table 1. Simulation parameters for R6G single molecule detection.

Absorption cross section at 514.5 nm [23] 2% 1076 cn?

Fluorescence quantum yield [24] .20

Photodestruction quantum yield [23] 91x 10°°

Saturation intensity 5x 10 W cm2

Diffusion constant [12] 3108 cn? st

Average excitation laser power 10103 W

Excitation laser beam diameter-f 16 x 10~* cm

Sample flow velocity ®3 cm st

Transit time (e?) (16x10%/053=3x 10%s

550+ 15 nm bandpass filter transmission 0.27

Detection electronics dead time 41076 s

Photon collection/detection efficiency (excluding

bandpass filter transmission factor) .06

Average background photon detection rate 6310 st

3. Results and discussion eluting from the microsphere and crossing the detection
volume gave a peak in the BDD centered&5 ms. Burst

3.1. Single molecule detection experiments durations in the range 1.0-3.8 ms are due mainly to single

R6G molecules. Shorter bursts are due to background
and longer bursts arise from accidental R6G molecule
coincidences (i.e., more than one R6G molecule in the
hprobe volume simultaneously). The dashed curve shows
the BDD expected for single R6G molecules under these

Experiments were conducted as follows. The optical trap
was aligned to be~20 um upstream of the focused
excitation laser beam (see figure 1(b)). With the excitation
laser blocked, microspheres were injected into the sheat
stream. The position of the sample injection capillary - oo X _
was adjusted to cause microspheres to pass through thé;ondltlons; the distribution was compllt_ad fror_n synthetic
trapping laser. With the capillary properly positioned the d,ata ggnera?ed by the Monte Carlo s.|mulat|0n. 'In the
trapping laser captured microspheres in the sample streanimulation, single R6G molecules were introduced into the
‘on the fly'. Immediately after a microsphere was trapped, exc!tatlon volyme at fixed (10 ms) intervals to eliminate
the sample stream was shut off, the sample capillary @ccidental coincidences. .

moved laterally from above the probe volume, and the  Burst size distributions (BSDs) compiled from the
excitation laser unblocked. The capillary was moved to S@me photon burst data are shown in figure 3(b). The
minimize background caused by free dye (not bound to P&ak in BSD compiled from data recorded with a trapped
a microsphere) diffusing from the capillary into the sheath Microsphere is again due to fluorescence bursts from R6G
flow. Microspheres heavily doped with R6G would initially Molecules eluting from the microsphere and crossing the
give large, continuous fluorescence signals. After some detection volume individually. Photon bursts larger than
seconds, the dye elution rate off the trapped microspherel40 PE are primarily due to accidental R6G molecule
would fall to a level where single molecule bursts were coincidences inside the detection volume. The dashed curve

visible in the data stream and after a few minutes the burst Shows the BSD expected for single R6G molecules without
rate approached the background level. accidental coincidences. A time-filtered BSD compiled

Figure 2 shows unprocessed photon burst data from from bursts having durations in the range 1.0-3.8 ms is
a R6G stained microsphere held20 um upstream of shown with the full line. In general, coincidences have
a ~1 pl probe volume. Fluorescence from single R6G longer burst durations and are suppressed by time filtering.
molecules crossing the detection volume is visible as photon For a burst size threshold of 45 PE, we estimate from the
bursts recorded at peak counting rates~df00 kHz. At simulation that 92% of the R6G molecules eluting from the
~1 s, the trapped microsphere was released and flowedmicrosphere are detected. With the time filter the detection
through the probe laser as evidenced by a large photonefficiency drops to 91%. According to the simulation, 16%
burst that saturated the detection electronics. The low of the R6G molecules photobleach prior to crossing the
background, due to residual scattered laser light and excitation volume and, of these, approximately half are
fluorescence impurities in the sheath fluid, is evident from detected. The background burst rate (measured with the
the data following the release of the microsphere. trap empty) for this burst size threshold~€9.5 s2.

Figure 3(a) shows burst duration distributions (BDDs) In other work we have demonstrated efficient detection
compiled from photon burst data collected with and without and identification at the single molecule level of two
a R6G stained microsphere upstream of the detectionfluorescent dyes (R6G and TRITC) having similar
volume. Fluorescence bursts from single R6G molecules photophysical properties [22]. The two fluorophores can
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Figure 4. Time-filtered BSD compiled from single TRITC and R6G molecules eluting off of arldiameter microsphere. BSD

compiled from 42 s of data collected with the dye stained microsphere upstream of the prob®)aseng peak at-26 PE is due to
fluorescence bursts from single TRITC molecules, the peakcdt PE is from single R6G bursts. BSD compiled from 42 s of data

taken following the release of the microsphe®).( The distributions were compiled from bursts with durations between 0.4 and 1.8 ms
(mean burst duration, 1.4 ms) to discriminate against background and accidental coincidences. Experimental conditions: excitation laser
beam e? diameter, 16.m; average power, 20 mW; emission filters, 5733 nm bandpass and 2 mm thick KG-3 glass filter; sheath

flow velocity through the detection volume,1 cm s!; transit time (€2), 3 ms.

be distinguished by differences in their single molecule The spatial £) and time () dependent concentration
fluorescence burst sizes and intra burst fluorescence decaylistributionc(r, ¢) of dye in the liquid obeys the following
rates measured using a single excitation wavelength andpartial differential equation:

single detection channel. In order for this method to work,

the sample stream must be sufficiently narrow and well dc +u-Ve=D Ac (1)
aligned with respect to the detection volume to resolve ot

the single molecule fluorescence burst size distributions
of the two species. Here we demonstrate detection
and discrimination of single TRITC and R6G molecules
eluting from a trapped microsphere. Figure 4 shows the
time-filtered BSD from an experiment conducted with a

where u is the space (but not time) dependent velocity
of the liquid flow, andD is the diffusion constant of the
dye in solution. Since we are interested in a stationary
concentration profile, the time derivative on the left-hand
side is set to zero. One then has to solve the resulting time-

microsphere stained with R6G and TRITC held upstream . . . . -
of the detection volume. The peak a6 PE is due to mdependent equatlon.wnh appropna}e bounQary coqdltlons.
First, one has to find the velocity profile, which

fluorescence bursts from single TRITC molecules, the peakis a solution of the stationary Navier—Stokes equations
at ~55 PE is due to single R6G molecule fluorescence Y q '

bursts. Even though the BPF was chosen to match Because we are interested in flows with very low Reynolds

the emission maximum of TRITC, measured R6G single numtigrs, only solu_gonsdofstth(la( Im;alarlzedl Nterx]wer—sdtoll_(es
molecule fluorescence bursts are larger than TRITC bursts.tehqu"’lﬂIons ar?_lcon&f c:\:\(/e ( I(I) ES ow). Int' € mc; tehlng,
This is due to R6G's larger~{1.4x) absorption cross € Tow profies of two well known solutions ot the

section at 514.5 nm and higher fluorescence quantum yieldIinearized Navier—Stokes equations were used: _the .ﬂOW
(0.9 versus 0.35 for TRITC [25]) around a sphere, and the flow around a prolate ellipsoid of

revolution [26]. The geometrical parameters of the ellipsoid
were determined by fitting it to the shape of a typical
pulled capillary tip (see figure 3 in [4]) used for sample
To illustrate and compare the effects of the microsphere andintroduction. For a sufficiently small inner radius of the
capillary tip on the sample stream diameter downstream of capillary, the ellipsoid should give a good approximation
the introduction point, we undertook detailed calculations of the real flow profile. Since the walls of the flow cell are
of the sample stream evolution for a diffusing species under far away (~100 um) from the injection capillary and the
flow conditions similar to those of our experiments. region of interest {10 um), a uniform flow velocityu

3.2. Flow calculations
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Figure 5. (a) A contour plot of the stationary concentration profile for a sphere (radtug®) with unit surface concentration in a
uniform flow with u,, =1 cm st and D = 3 x 1078 cn? s~1. Contours are shown for relative concentrations of 0.1, 0.01, 0.001,
1x 10 and 1x 10°5. (b) A contour plot of the stationary concentration profile for an ellipsoid of revolution (long half-axig.&81,0
short half-axis 13.m) with unit surface concentration within a region @f< 0.5 um in a uniform flow withu,, =1 cm s and
D=3x10%cnm? s

along the symmetry axis of the flow cell at infinite distance . UssR[ [ R\?

from the sphere (ellipsoid) was assumed. The flow profile Uz = Hoo = 4s s (1-3cos6) +3(1+cost)

for a sphere of radiusk, in cylindrical coordinates$p, ¢, z) up =0 2)
reads

where the abbreviations= /p2 + z2 andf = arctar{p/z)

_ BuR[(RY 1 sing coss were used.
o= Ty s ) In the case of a prolate ellipsoid of revolution with long
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Figure 6. Development of the square of the effective sample stream ra@;}sz), for sample streams from the sphere (——) and the
ellipsoid of revolution { - - -) in a uniform flow. For comparison, the result for a point source is shown (4.

half-axis, ¢, and short half-axisq, the profile has a more  result for an ellipsoid of revolution wite = 810 um,

complicated structure: a =13 um, andR = 0.5 um is shown in figure 5(b). The
i flow velocity at infinity was equal tao, = 1 cm s, and
['sin2 5 s veIot
Up = S anns [1?coshZ — ¢ —a?] the diffusion constant was set 1@ = 3 x 107 cn? s71.
¥2sinh& . .
r The square of the effective sample stream radmj,@,,
U, = Voo + ﬁ[(“z cos D — ¢? — a?) coshe at axial positiong, is defined by
. dop3c(p, z
o1 gz (Sinhé P2y (@) = (p?) = % (6)
w2 cosht +1 opc(p, z
g =0 (3) The development of this quantity along thexis for both

the flow around the sphere and the ellipsoid are shown in

where the following abbreviations were used: figure 6. Note that the sample stream diametgg(2 from

w=+/c2— a2 the sphere is always smaller than that from the ellipsoid.
This is a consequence of the increased perturbation of the
¥ = puy/sintf & + sirf o flow field by the ellipsoid compared to the sphere. The
5 -1 flow pattern downstream of the ellipsoid requires more
] [ﬁ + <1 + C_> In < a )} () distance (time) to re-establish an uniform flow patterg)

2 [p % ct+p than it does for the sphere. Dye eluting from the end of
and the connection betweed, & and the cylindrical the ellipsoid spends more time accelerating:tg and has
coordinates is implicitly given by more time to diffuse radially. To demonstrate the minimal

perturbation of the flow field by the microsphere, we have
p = psinhé sing z = pcosht cosd. (5) plotted pfff (z) for a species diffusing from point source

. . - located at(z, p) = (0, 0):
For both of the above velocity profiles, the diffusion— D
Z

convection equations (1) were solved numerically. In the Pesz(z) — 4_ (7)
case of the sphere, a constant dye concentration (equal to Uoo
one) at the surface was assumed, and in the case of theThe major difference between the two is an offset due to
ellipsoid, a constant dye concentration (equal to one) on the finite extent of the microsphere. From figure 6, the ratio
the downstream tip of the ellipsoid in a regipn< R was of sample stream diameters at= 20 um downstream of
assumed. the ellipsoid and microsphere is743.4 = 1.3. The sample
The numerical solution of (1) for a sphere with radius stream diameter 2@ m downstream of the microsphere is
R = 0.5 um is shown in figure 5(a). The corresponding only ~10% larger than that from a point source.
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4. Conclusions of Energy contract W-7405-ENG-36. NPM gratefully
acknowledges the US Department of Energy for permitting
We have demonstrated efficient single molecule detection and coordinating his assignment at Los Alamos National
of fluorescent species eluting from a Am diameter | aboratory through its Technical Leadership Development
microsphere optically trapped upstream of a focused program. JE greatly acknowledges the support of the
excitation laser beam. Because of the small size of German Academic Exchange Service granting him his
the trapped microsphere, the point of sample introduction stay at Los Alamos National Laboratory. We gratefully
can be positioned very close to the detection volume, gcknowledge Michael Bern's group at the University of

to minimize diffusional broadening of the sample stream, cajifornia, Irvine, for technical discussions and assistance
without degradation of the detection SBR due to scattered yith regard to optical trapping.

laser light and fluorescence from the microsphere. These
factors and the minimal perturbation of the sheath fluid
flow pattern by the microsphere allow smaller sample
stream diameters in the detection volume than are attainable
using capillary sample introduction. Smaller sample stream
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