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A new generation of optically encoded beads has been
prepared by using mesoporous polystyrene beads and
surfactant-coated semiconductor quantum dots. In com-
parison with nonporous beads of similar sizes and chemi-
cal compositions, the encoded porous beads are ~1000
times brighter and 5 times more uniform in fluorescence
intensities. Using both absolute intensity and ratiometric
fluorescence coding, we show that the beads can be
identified with a standard flow cytometer at 1000 beads/
s. This result indicates that the multiple excited-state
lifetimes and relaxation pathways of quantum dots do not
limit their applications in high-speed optical detection and
imaging.

Micrometer-sized particles with embedded spectroscopic sig-
natures are of considerable interest in analytical chemistry and
bioengineering due to their potential applications in multiplexed
bioassays, medical diagnostics, drug screening, and combinatorial
chemical synthesis.!™ Recent advances in several groups have
led to a burst of activities on optical “bar coding” based on the
use of segmented nanorods,>® porous silicon,” rare-earth doped
glass,® fluorescent silica colloids,®® photobleached patterns,!
oligonucleotide-linked colloidal gold,!?'® enhanced Raman nano-
particles,**15 and semiconductor quantum dots (QDs).*6~2° While
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each of these technologies has its advantages and limitations,
research in our group has shown that luminescent QDs are ideal
fluorophores for optical bar coding because their fluorescence
emission wavelengths can be tuned continuously by changing the
particle size, and a single wavelength can be used for simultaneous
excitation of different-sized QDs.15~18 High-quality CdSe, CdTe,
and alloyed QDs are also stable against photobleaching and have
narrow and symmetrical emission peaks.?'~% In principle, multiple
QD colors and intensities can be used to encode thousands or
even millions of genes, proteins, and small-molecule compounds.1®
However, the current brightness and uniformity of bar coding
signals do not allow bead identification at high speeds and high
accuracies. Recent work!” has used mesoporous silica beads (with
nanometer-scale pores) to improve the coding signal brightness,
but the silica beads were not sufficiently uniform in size and
internal structure, and their fluorescence intensities were found
to vary from bead to bead by nearly 50%.

In this paper, we report a new generation of QD-encoded beads
based on mesoporous polystyrene beads and surfactant-coated
(hydrophobic) QDs. Prepared by a multiple-stage polymerization
process, this class of porous beads is highly uniform in size (15.4
+ 0.2 um diameter) and contains an extensive network of
nanometer-sized pores. These “mesoscopic” pores allow rapid
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uptake and immobilization of quantum dots through strong
hydrophobic interactions between the pore walls and the QD
capping ligands (tri-n-octylphosphine oxide, TOPO). As a result,
the doped beads are more than 1000 times brighter and 5 times
more uniform in fluorescence intensities than nonporous beads
of the same size. We show that the encoded porous beads can be
identified by using a standard flow cytometer at a readout speed
as high as 1000 beads/s. This result indicates that the relatively
long excited-state lifetimes (20—50 ns) of quantum dots do not
limit their applications in high-speed detection and imaging.

EXPERIMENTAL SECTION
Materials. Core—shell quantum dots (ZnS-capped CdSe) were

synthesized according to literature procedures.?-? The resulting
quantum dots were coated with a layer of TOPO, which was used
as a high-temperature coordinating solvent. The QD’s fluorescence
quantum yields were 20—50% at room temperature, with size
variations of 5—10%. Polystyrene microspheres (15.4 £+ 0.2 um
diameter) were obtained from Bangs Laboratories (Fishers, IN).
Mesoscale pores were generated by extraction of “porogens” such
as linear soluble polymers and methyl methacrylate from the
beads after synthesis.?6~2° Previous research showed that the pore
sizes were in the 2—50-nm range (pore diameter).?"2 This mixture
of small and large pores was favorable for doping because the
larger pores would allow rapid QD diffusion and the smaller pores
would provide more surface area for stable QD immobilization.
In fact, previous research showed that small pores between 10
and 30 nm were more efficient in trapping QDs than large pores
or the outer bead surface.

Doping. Single-color doping was accomplished by injecting a
controlled amount of quantum dots into porous beads suspended
in butanol. The mixture was vigorously vortexed or stirred until
essentially no QDs were left in the supernatant solution. In one
example, a 0.5 mL of 10 nM quantum dot solution in chloroform
was mixed with 1 million porous beads in 10 mL of butanol,
yielding a doping level of ~3 x 10° dots/bead. The doping process
was generally complete in less than 10 min. For multiccolor
doping, different-colored quantum dots were premixed thoroughly
in precisely controlled ratios. Porous beads were added to an
aliquot of this premix solution. Specifically, the porous polystyrene
beads were impregnated with green QDs (1em = 530 nm) and
red QDs (lem = 630 nm) at 11 intensity/color combinations
(including 7 single-color codes and 4 dual-color codes). After
doping, the beads were isolated by centrifugation and were
washed three times with ethanol.

Optical and Electron Microscopy. Doped beads were em-
bedded in a resin called Lowicryl (Electron Microscopy Sciences,
Fort Washington, PA), and were cut into 70—200-nm thin sections
on an ultramicrotome machine (Leica Ultracut S, Bannockburn,
IL). The thin sections were imaged on a Hitachi H-7500 transmis-
sion electron microscope (TEM) operating at 75K voltage with a
magnification of 6000. True-color fluorescence images were
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obtained from both intact beads and thin sections by using an
inverted Olympus microscope (1X-70) equipped with a digital color
camera (Nikon D1), a broad-band ultraviolet (330—385 nm) light
source (100-W mercury lamp), and a long-pass interference filter
(DM 400, Chroma Tech, Brattleboro, VT). Wavelength-resolved
spectra were obtained by using a single-stage spectrometer
(Spectra Pro 150, Roper Scientific, Trenton, NJ).

Flow Cytometry. Flow cytometric analysis was performed on
both FACSVantage and FACScan flow cytometers (Becton Dick-
inson, San Jose, CA) with a 488-nm excitation laser. Green
fluorescence was detected on the FL1 channel (530730 nm band-
pass filter), and red fluorescence was collected on the FL3 channel
(630722 nm band-pass filter). Beads were analyzed at up to 5000
events/s, and data were obtained without compensation. Due to
the broad excitation profiles of quantum dots, a single light source
at 488 nm was used to excite both fluorescence colors.

RESULTS AND DISCUSSION
The intrinsic hydrophobic nature of polystyrene beads is well

suited for incorporating TOPO-coated QDs, which move into the
pores by diffusion and are trapped by strong hydrophobic
interactions. We found that this partitioning process was so rapid
and quantitative that essentially no dots (less than 0.1%) were left
in free solution after 10 min. In addition, we observed no QD
leakage when the doped beads were exposed to water or polar
organic solvents such as ethanol, acetone, or acetonitrile. Figure
1 shows fluorescence images of QD-doped polystyrene beads with
mesoscale 2—50-nm pores. These “monochromatic” beads were
prepared by using single-color quantum dots and were mixed and
spread on a glass surface for fluorescence imaging. Due to the
broad excitation profiles of quantum dots, all the encoded beads
were observed simultaneously with a single light source.

As shown by the enlarged images in Figure 1b, the beads are
remarkably bright and uniform. Quantitative measurements using
flow cytometry indicate that the porous beads are more than 1000
times brighter and 5 times more uniform in signal intensities than
nonporous beads of the same size (Figure 2). Statistical analysis
of the bead intensity distributions reveals a relative standard
deviation of 3—4% for the porous beads and ~15% for the
nonporous beads. These values are similar to the calculated
variations of the porous bead volume (3.6%) and of the nonporous
bead surface area (15.3%—the outer surface area was used because
there was very limited QD penetration into nonporous beads; see
below). This comparison indicates that the observed signal
variations are mainly determined by the intrinsic bead uniformity,
not by doping statistics or measurement errors. This high level
of doping uniformity achieved with porous beads allows the use
of both absolute intensities and relative intensity ratios for coding.
In contrast, QD-doped porous silica beads have been reported to
exhibit intensity variations as large as 50% and are useful only for
ratiometric coding.

We have further examined the internal structures of the
mesoporous and nonporous beads by using TEM. As shown by
the thin-section images in Figure 3, the porous beads have a highly
porous internal structure, whereas the nonporous beads have only
a small number of internal “voids” and are sealed by a ~300-nm
dense layer on the surface. This dense layer prevents QD
penetration into the bead interior and limits the amount of internal
space available for QD binding. In fact, high-resolution TEM
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Figure 1. True-color fluorescence images of mesoporous polystyrene beads (15.4 &+ 0.2 um diameter) doped with single-color quantum dots
emitting light at 488 (blue), 520 (green), 550 (yellow), 580 (orange), or 610 nm (red). (a) Wide-field view of a large population of doped beads,
prepared in batches and then mixed; and (b) detailed views of monochromatic bead clusters.

imaging showed that the penetration depths of QDs into non-
porous beads were limited to 10—20 nm below the surface.

Fluorescence imaging of both intact beads and thin sections
shows a ring structure for nonporous beads, confirming that QDs
are located on the bead surface without significant penetration
(Figure 4). In contrast, fluorescence signals are highly uniform
across the internal areas of the porous beads, demonstrating deep
and uniform QD penetration into the bead’s interior. Previous
research by Frechét, El-Aasser, and co-workers?®-2 has shown
that mesoporous beads have large surface areas on the order of
100—500 m2/g, nearly 2—3 orders of magnitude larger than that
of nonporous beads. Using both single-dot spectral and bulk
concentration measurements,6 we estimate that each porous bead
contains as many as 20 million QDs. This level of doping
corresponds to only 0.05% of the bead volume and roughly the
pore surface area being occupied by QDs. The absence of
fluorescence quenching or spectral shift also confirms that the
embedded QDs are spatially separated and do not couple with
each other. This finding is not surprising because no fluorescence
resonance energy transfer was observed even at higher levels of
QD doping in small beads.16-18

As a result of the improved signal brightness and uniformity,
we have achieved high-speed readout of the encoded beads by
using a standard flow cytometer. Figure 5 shows flow cytometric
results obtained from a mixture of encoded beads (11 intensity/
color codes plus a background control for comparison). Displayed
in the form of a bivariant (two-channel) dot plot, the QD codes
are detected as spatially separated clusters. Along the red
fluorescence channel (y-axis), four intensity levels (1—4) are
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detected in a nearly vertical line, indicating that the red QD signal
does not “spill over” into the green fluorescence channel (x-axis).
On the other hand, the intensity levels (5—7) along the green
fluorescence axis shows a positive slope, due to spectral cross-
talk with the red channel. This difference can be explained by
the narrow emission spectrum (full width at half-maximum, fwhm
= 27 nm) of the red QDs (no overlap with the green channel)
and by the broad emission spectrum (fwhm = 40 nm) of the green
QDs (1—2% overlap with the red channel). For beads encoded
with both green and red QDs, the coding signatures (8—11) are
also detected in separate clusters, but these clusters have a
distinctly elongated shape. This deviation from a circular shape
arises from finite variations in the bead volume (see above
discussion). As shown previously by Gao and Nie,*” bead volume
variations cause the absolute amounts of embedded green and
red QDs to change simultaneously, but their relative intensity
ratios remain constant for the same batch of encoded beads. The
slope value for each elongated cluster is a ratiometric coding
signal.'’

Except for an error in preparing the first code (intensity too
low and overlapping with the background signal), all other codes
can be identified at better than 3 standard deviations (99.7
confidence level) at a readout rate as high as 1000 beads/s with
an advanced flow cytometer (Figure 5 inset). This readout rate is
comparable to that achieved in high-speed flow cytometry using
organic dyes.® In theory, the lifetime-limited emission rates for
single quantum dots are 5—10 times lower than those of single
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Figure 2. Quantitative flow cytometric data showing the fluores-
cence brightness and uniformity levels of QD-encoded porous beads,
QD nonporous beads, and plain porous beads. The top histogram
shows the intensity distribution of a bead mixture, and the lower three
plots are separate histogram data for each type of beads. Beads were
doped with green QDs and were detected on the FL1 channel (530/
30 nm). A total of ~100 000 beads were analyzed at a flow rate of
5000 beads'/s.

Figure 3. Transmission electron microscopy images of 200-nm thin
sections obtained from (a) porous and (b) nonporous beads. A high
porous internal structure was seen in the porous beads, whereas a
small number of voids (bright spots) and a dense surface layer
(delineated by two parallel lines) were observed in the nonporous
beads.

organic dyes because QDs have excited-state lifetimes (20—30 ns)
that are considerably longer than those of organic dyes (2—5 ns).3t
In practice, however, fluorescence-activated flow cytometry does
not operate under lifetime-limited conditions (which would require
1-2 W of laser excitation focused to a beam size of 20 um or
less).®2 Under most experimental conditions, the rate of fluores-

(31) Dahan, M.; Laurence, T.; Schumacher, A.; Chemla, D. S.; Alivisatos, A. P.;
Sauer, M.; Weiss, S. Biophys. J. 2000, 78: 2270.
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Figure 4. Comparison of quantum dot distributions inside (a) porous
and (b) nonporous beads. The left-hand fluorescence images were
obtained from intact beads, and the right-hand images were obtained
from 200-nm thin sections. The intact porous and nonporous beads
were the same size (15.4-um diameter), but the thin sections showed
various bead cross sections due to the cutting of resin-embedded
beads at random axial positions. The observed elliptical shape for
the nonporous beads was likely caused by an uneven or nonflat cut.
Red-emitting QDs were used for visualization in the lower right image
because green dots did not give enough contrast above the embed-
ding resin autofluorescence.

=

Tooms

.,x-* 4

e 3 . s - -
.@. nsity (F13)
. Ra

107

9.0 1
E A e
10

*g

Rl

v

FI3 (Red Channel, 630 / 20 nm)

11 .
"‘:- # 7

o' ot ot o

FI1 (Green Channel, 530 / 30 nm)

Figure 5. Two-color histogram plot showing rapid readout of
QD-encoded beads with a flow cytometer. The cluster (labeled
“0") at the lower left corner is for undoped control beads (back-
ground), and the other clusters correspond to QD codes 1-—11.
The total number of beads analyzed was ~50 000 at a speed of
500—1000 beads/s. Laser excitation wavelength 488 nm; laser
power 100 mW; and size of focused laser beam 20 um. Inset: detailed
histogram plot for codes 1—4 showing the separation of
peaks at three standard deviations (99.7% bead identification ac-
curacy).
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cence emission is limited by the rate of absorption. Since the molar
extinction coefficients ((0.5—2) x 106 M~ cm™™) of QDs are about
10—50 times larger than that ((5—10) x 10* M~ cm™1) of organic
dyes,® the QD absorption rate can be faster than that of organic
dyes. In fact, single QDs have been found to be ~20 brighter than
organic dyes and can be imaged for an extended period of time
without photobleaching.?*

At a typical flow velocity of 3 m/s, the time for a bead to move
through a 20-um laser beam is ~6.7 us. During this transit time,
we estimate that a single QD can emit a maximum of 100—150
fluorescence photons at 30—50% quantum yields. With an overall
photon collection and detection efficiency of 1—2%, each QD would
produce 1—2 photon counts when passing through the laser beam.
Since 4000—5000 photon counts are likely required for accurate
code identification, the minimum number of embedded QDs per
bead should be at least 1000 for each color. This is a conservative
estimate because using multiple spectral parameters (e.g., wave-
length and lifetime), previous research has shown that the number
of photons required for fluorophore identification at 99.9% accura-
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cies is only 500.% This semiquantitative analysis suggests that the
photon emission rates of quantum dots should be high enough
for most applications in high-speed detection and imaging.

In conclusion, we have prepared a new generation of QD-
encoded beads with improved coding signal brightness and uni-
formity. These improved features arise from the porous internal
structure and the size uniformity of the mesoporous polystyrene
beads prepared by porogen extraction. As a result, the QD-en-
coded beads have been analyzed by using a standard flow
cytometer at up to 1000 beads/s. We envision that the rapid and
precise procedure reported here can be extended to embed or
encode a variety of porous materials with QDs and other nano-
species such as magnetic iron oxide nanoparticles and colloidal
metal nanoparticles.
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