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Since their creation in 1949 by Woodland and Silver for
grocery and warehouse inventory, the broad application and
utility of barcodes has continuously expanded. Today, in
response to the demand for high-throughput multiplexed
detection for elucidation of biomolecular mechanisms and to
advancing personalized molecular diagnostics and therapeu-
tics, molecular barcodes are much needed for inventorying
biological molecules.”™

Within the context of molecular barcoding, two platforms
capable of fulfilling the needs for code recognition and
multiplexed detection exist: graphical barcodes utilizing
structural recognition and spectroscopic barcodes using the
unique optical properties of an embedded material.”!
Whereas each platform maintains the potential to construct
large barcode libraries, limitations in barcode stability,
reproducibility, or readout impose serious limitations. Graph-
ical barcodes,® " such as etched polymeric or striped metallic
structures, suffer a multitude of problems from the complex
instrumentation required for both synthesis and readout, the
slow data collection rate (approximately 3 Hz for recent
polymeric structures'!! compared to several kilohertz detec-
tion of microbeads by flow cytometry), to the unstable
dispersion of these structures in buffer or media, making them
unfit for mainstream applications. While spectroscopic barc-
odes employ a colorimetric readout, fluorescence-based
barcodes are rapidly detected using flow cytometry!'>%! or
miniaturized home-built systems.') Raman barcodes still
require planar array readout after lengthy detection proto-
cols.” From a time-efficiency and sensitivity standpoint,
fluorescence-based microbead barcodes are therefore best
suited for applications in high-throughput multiplexed detec-
tion.
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Fluorescent quantum dots (QDs) boast narrow Gaussian
emission line shapes, resistance to photobleaching, high
quantum yields, and single-wavelength excitation, whereas
molecular dyes suffer from both photobleaching and red-
tailed emission;'®!7 thus, QDs are ideal fluorophores for
barcoding. However, the construction of QD barcodes has
shown minimal advance since their conception in 2001
because of difficulties encountered in the mass production
of robust and reproducible barcoded materials. Current
methods to prepare QD barcodes include the “swelling”
technique,™ QD entrapment inside layer-by-layer charged
polymer coatings!’®! or mesoporous silica microbeads,””! and
polymerizable QD encapsulation.”??! Microbead “swelling”
and layer-by-layer techniques result only in surface-level
loading of QDs into the polymer,'®! which are thus exposed
to pH values and environmental factors that destabilize their
fluorescence intensity.**?! Stability of the barcode (fluores-
cence profile) requires that the QDs be positioned well within
the polymer matrix and do not leak from the bead, and thus,
techniques to encapsulate the QDs during the polymerization
step were developed.?""? However, this process is lengthy,
requires considerable presynthetic QD surface modification,
and yet results in broadly dispersed microbead sizes. More-
over, a number of these barcode systems (e.g. mesosilica
microbeads) do not lend themselves to use for bioassays
owing to their high degree of nonspecific binding. We have
overcome these problems by creating the concentration-
controlled flow-focusing (CCFF) technique.

The process comprises two parts: 1) a pressurizable vessel
with variable input/output flows to control any volume
change and solution concentration in real time and 2)a
nozzle immersed in the vessel for the barcode manufacturing.
Figure 1a shows a complete view of the CCFF process as well
as an enlarged cross-sectional view of the nozzle. The nozzle
accepts inputs from two fluid sources, an organic QD/
polymer-containing phase and an aqueous focusing phase,
that intersect in the nozzle outlet. Control of the flow rates at
both inputs results in the periodic axisymmetric breakup of
the fluid stream caused by microfluidic instabilities.”*>” The
result is a steady flow rate that is “pinched off” at a stable
frequency of about 160 kHz, forming microbeads of identical
volume containing chloroform, polymer, and QDs in exact
ratios, therefore generating robust barcodes (see Movie S1 in
the Supporting Information). The total volume of fluid
generated per hour corresponds to a concentration of about
3x10° beadsmL . The chloroform used to solvate QDs and
polymer diffuses into the aqueous phase (solubility =
8.0mgmL™"), thus casting the polymer into a solidified,
homogeneously-dispersed QD barcode. The selection of the
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Figure 1. Summary of CCFF barcode presentation. a) Representation of
the CCFF process including the concentration reactor and the produc-
tion nozzle. An enlargement is shown in the top right corner with a
cross-sectional diagram of the working flow-focusing nozzle in which a
quantum dot fluorophore solution in chloroform with 4% dissolved
polymer is introduced through the top line (yellow). The flow-focusing
fluid (deionized water) is introduced from the right (blue). A close-up
view of the quantum-dot—polymer solution being focused and
“pinched off ” into microscopic droplets by the water flow is shown on
the bottom right corner. Each small droplet formed is an active
polymer microbead with homogeneous quantum dot encoding. b) UV-
illuminated picture of the five stock solutions of quantum dots used to
generate a 105-barcode library. The number printed on each bottle
represents the fluorescence emission wavelength in nanometers of the
respective quantum dots.

polymer is key to producing QD barcodes. It must be initially
organically soluble and then transition into a charged hydro-
philic surface after microbead formation. Poly(styrene-co-
maleic anhydride) was selected, as it serves the purpose of
forming both the shell and filler for the microbead, thus
protecting the QDs from environmental effects and also
providing anhydride functional groups, each of which will
hydrolyze to form two carboxylic acid groups when in contact
with water. The carboxylates impart anionic charge for
solution-based stability and prevention of aggregation, and
they permit covalent linkage to biorecognition molecules. A
nozzle-only system can only generate a small (subgram)
quantity of barcodes owing to the generation of an unman-
ageable volume of liquid during the process. In contrast, our
CCFF process contains a filter (blue in Figure 1a) and valve
system (red in Figure 1a) that allows the removal and
recycling of water, keeping the volume in the reactor constant
while the preparation process continues and preventing the
escape of the barcodes from the reaction vessel.
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The encoding of a microbead only requires the prepara-
tion of an organic solution containing the correct concen-
tration and ratio of different color-emitting QDs (Figure 1b).
Figure 2 a demonstrates individual images of over 100 unique
barcodes from five different QD wavelengths (Figure 1b)
using single (bottom), two (middle), or three (top) QD
fluorescence wavelengths in a single bead. A maximum of
three different levels of intensities were used in the process: 1,
2, and 4. We have devised a shorthand nomenclature when
referring to these barcodes that takes into account both
wavelength and intensities. The shorthand uses the tens digit
of the wavelength and its relative intensity such that 283:142
refers to a barcode containing 520, 580, and 630 nm QDs at
relative QD intensity levels of 1, 4, and 2, respectively. Using
three colors from a set of five, at three intensity ratios, we
generated 60 individual QD barcodes by varying intensity
ratios in this pattern: 121, 124, 141, 142, 241, and 421.
Similarly, 40 unique barcodes were synthesized using only two
QD colors per microbead, and all five single-color QD
barcodes were synthesized to finish the set. To further
demonstrate that there is no limitation to the number of
colors that can be incorporated into a single barcode using
this method, a five-color barcode was produced with no added
complexity using the entire set of QDs available in this study
(see Figure S1 in the Supporting Information). The limit to
the possible number of colors per barcode is therefore only
dictated by the quality of the QDs used, the width of the
fluorescence emission peaks, and the quality of the algorithm
used to detect them accurately.

The corresponding emission spectrum for each barcode is
presented in Figure 2b for the three-color, two-color, and
single-color barcodes. The spectral profile of the bead defines
the barcode, and the mixing of QD colors and intensities
provides 105 spectrally distinct barcodes. To control relative
QD intensities for barcoding, we utilized the relative solution-
based QD intensities prior to microbead formation. The final
fluorescence spectra of microbeads are different from those in
solution (see Figure S2 in the Supporting Information)
because of the microbead solidification process, during
which a significant shrinking occurs from the loss of organic
solvent to the water bath, thus confining QDs into a smaller
volume (ca.27 times, see the Supporting Information).
Distance-dependent optical effects such as Forster resonance
energy transfer (FRET) or photon reabsorption will occur in
this reduced volume, which causes the change in the final
relative intensity levels of the QDs emission. Despite such
effects, the final barcode has a unique and recognizable
signature that can be identified with a deconvolution algo-
rithm that takes into account the relative QD concentration
for each color, the photoluminescence overlapped with QD
absorption profiles, photoluminescence quantum yields, and
the microbead volume.” The most critical property of a
spectroscopic barcode, however, is its robustness against
changing external environments.

The major shortcoming of QD spectroscopic barcodes to
date has been their unpredictably variable spectroscopic
properties after exposure to sonication, changing pH values
and temperatures, or chemical environments.’**28 This
variability would prohibit the correct identification of the
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a) Individual Microbead Images
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b) Individual Microbead Spectra
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Figure 2. 105-barcode library. a) Microscope images of single 5-um QD barcodes containing single (bottom), two (middle) and three-color
encoding at a variety of relative intensities. The intensities (1) are listed on the left-hand side, and the different wavelength colors (C) are listed
along the top for each barcode. b) Corresponding photoluminescence spectra for individual beads are measured as the “fingerprint” for each

barcode.

barcodes after their use in biological assays. To compare and
test barcode stability, photoluminescence intensity profiles
were monitored against the entire range of pH values (pH 0-
14), high temperatures up to 95°C (just below the glass
transition temperature of pure polystyrene at 95°C), and a
variety of different chemical environments known to affect

Table 1: Summary of side-by-side QD barcode comparison study.

QD fluorescence efficiencies. We found that the barcodes
synthesized using the present technique were stable to every
perturbation that we attempted, where a side-by-side com-
parison to other encoding techniques resulted in drastic
differences (see Table 1, and Figures S3-S8 in the Supporting
Information). This could be because the QDs are not just

Swelling®! Polymer® CCFF
Synthetic steps 3 or more 2 1
Ease of barcoding difficult easy easy
Purification steps tedious tedious not needed

Bead monodis- excellent (<3 %) poor (>100009%)

persity

Workable size 100 nm-10 pum undefined
range

Buffer stability poor good

pH stability 6-12 0-14
Heat stability 54% 87%
Stability to leak-  40% 93%

age

Bioconjugation feasible feasible

Pros for bioappli- @ very monodisperse

cations environments
Cons for bioappli- e lack of stability in biological
cations environments control

@ very good stability in biological

@ lack of monodispersity and size

good (< 10%)
4-20 um

good
0-10
88%
88%

feasible

@ very good stability in biological environments

@ 1 step synthesis and no purification

@ technology doesn’t allow yet to make monodisperse
beads smaller than 4 um

@ hard to create large libraries of @ long purification process

barcodes

[a] Corresponding to QD barcodes synthesized according to the swelling approach.I'® [b] Corresponding to the QD barcodes synthesized according to

the polymerization approach.”"
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Figure 3. Multiplexed protein and DNA assays. Six DNA and six proteomic multiplexed assays were performed on the QD-barcoded beads.
Triplicates were performed for each experiment and computed standard deviation was less than 10% in all cases.

embedded close to the surface of the microbead but
homogeneously dispersed into the polymer matrix (see
Figures S9 and S10 in the Supporting Information). This
stability is absolutely essential to spectroscopic barcodes, and
until now has been one of the major bottlenecks restricting
further development toward commercialization and practical
use. The use of this method to prepare QD barcodes solves
issues surrounding the mass production, the encoding, and
also the stability of QD barcodes, leaving only one last
parameter to explore: surface bioconjugation and multi-
plexed assay detection.

Surface reactivity and multiplexing capabilities of the
microbeads were tested on barcodes containing varying ratios
of 520- and 580-nm emitting QDs. Specifically, we demon-
strated barcoding ability with multiple targets by selecting six
DNA sequences (ca. 30 base pairs) and six antigen—antibody—
antibody sets in which the detection strand (genomic) or
secondary antibody (proteomic) contains an AlexaFluor-647
(AF647) fluorescent dye marker. The same set of QD
barcodes was used for both the DNA and antibody detection
(Figure 3). Two separate mixes were made for DNA and
protein analysis where certain detection strands or primary
antibodies were added to the detection mix and others were
not. In every case, all six barcodes were present. The bead
samples were measured for green (QD-520, FL1 detector),
orange (QD-580, FL2 detector), and red (AF647, FL4
detector) photoluminescence intensity by flow cytometry so
that the ratio of green to orange intensities decodes each
barcode, while AF647 intensity represents either the positive
or negative presence of the sequence or antibody of interest.
For example, Mix 1 contained sequences 2, 4, and 5 (genomic)
or glucagon, albumin, and transferrin (G, A, and T; proteo-
mic), and the red fluorescence intensities (FL4) are reported
relative to a control in the absence of analyte after decoding
the microbead barcodes. The results showed an average
signal-to-noise ratio of 300; this result demonstrates that
targeted detection is clearly visible above background fluo-
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rescence. All possible controls for nonspecific binding and
cross-reactivity were performed for DNA and protein sam-
ples, (see Tables S1 and S2 in the Supporting Information),
thus demonstrating that bioassay specificity is highly selective
on barcode surfaces using our protocols.

Experimental Section

QD synthesis: ZnS-capped CdSe QDs were synthesized and charac-
terized according to published procedures®=" and stored in chloro-
form.

CCFF barcoding process: Barcodes were prepared by mixing the
QDs and poly(styrene-co-maleic anhydride) in chloroform. The
resulting solution is then introduced into a nozzle system (Ingeni-
atrics) using a syringe pump (World Precision Instruments) at a rate
of 1 mLh! along with the focusing fluid (water) using a digital gear
pump (Cole Parmer Instruments) at a rate of 180 mLh™". The nozzle
is then immersed in a water solution inside a modified ultrafiltration
cell (Millipore 8000 series stirred system with 0.65-mm millipore
mixed cellulose ester filter) under stirring. After synthesis, the valve is
closed and barcodes are hardened by overnight stirring and then
collected. A batch-to-batch reproducibility study was performed to
demonstrate the robustness of the method (see Figure S11 in the
Supporting Information). Microbead sizes can be tuned by adjusting
the flow rates and the polymer concentration (see the Supporting
Information).?!

Optical images: Barcoded microbeads were placed onto a
microscope slide and excited with a 100-W mercury lamp housed in
an Olympus IX 71 fluorescence microscope. The signal was collected
through a 40 x objective (0.85 NA) and imaged with a color digital
camera attached to the front port of the microscope.

Fluorescence spectra: Barcoded microbeads were placed onto a
microscope slide and excited using a 488-nm Ar-ion laser line at
5 mW. The signal for a single QD barcode was collected by a 40 x
objective (0.85 NA), and a spectrum was obtained using a standard
Acton spectrometer (with a grating of 150 groovesmm™') with a
thermoelectrically cooled CCD camera placed on the side port of the
microscope.!'"¥! Integration time of the camera was set to 50 ms.

Angew. Chem. Int. Ed. 2008, 47, 5577 -5581


http://www.angewandte.org

Other experimental details, including the detailed procedure for
DNA and protein conjugation and multiplexing, can be found in the
Supporting Information.
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