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SYSTEMS AND METHODS FOR MANUFACTURING

QUANTUM DOT-DOPED POLYMER MICROBEADS

FIELD OF THE INVENTION

[0001]  The present invention relates generally to the field of detectable
polymer microbeads for use as diagnostic tools, and more particularly, to
systems and methods for manufacturing polymer microbeads doped with
identifiable particles, preferably nanoparticles and more preferably quantum

dots, using directed and controlled flows of fluids.

BACKGROUND OF THE INVENTION

[0002] Detection and/or characterization of diseases and/or ailments in a host
can be a complex process that may typically involve the identification of one or
more causative agents (e.g., pathogens). There may also frequently have existed
a need and/or desire to detect, characterize and/or identify one or more poisons,

toxins, and/or genetic expression factors.

[0003]  Substantially spherical particles (also known as microspheres or
microbeads) bearing identifiable labels and/or markings ~ colloquially called
“barcoded microbeads” — may have been used in paralle] multiplexed analyses
and/or in the identification of disease-related targets, toxin-related targets, and/or
gene-related targets.  Barcoded microbeads may have been previously
conjugated to biorecognition molecules (“BRMs”) — i.e., to molecules having an

affinity for, and/or an ability to interact with, one or more specific targets.
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Different targets may be bound to corresponding BRMs conjugated with

barcoded microbeads, such as to enable identification of the targets.

[0004]  Dye-labeled fluorescent microspheres may have been previously
considered as a potential alternative to traditional microarrays, insofar as they
may have been thought to allow for multiplexed color detection with a measure
of flexibility in target selection, somewhat improved binding rates, and/or
reduced costs in production. Dye-labeled fluorescent microbead-based arrays
may have been thought to allow for use of different sized microbeads and/or
different colored microbeads, so as to permit identification of different bead
populations individually linked to specific biomolecules. The functionality of
dye-labeled fluorescent microbead-based arrays may, however, have heretofore
relied heavily upon one or more properties of the microspheres utilized (e.g.,

size, stability, uniformity, and/or ability to retain fluorescent dyes).

[0005]  Previously, polymeric dye-labeled fluorescent microspheres may have
been one of the most widely used microsphere systems. Polymer matrices may
have advantageously protected the embedded dyes from external quenching
agents, photobleaching, and/or the effects of solvent polarity, pH and/or ionic
strength, possibly whilst also providing surface reactive functional groups for
conjugation with different compounds, and possibly without overly negatively

affecting the fluorescent properties of the microspheres.

[0006]  Unfortunately, however, there has not yet been developed any simple
one-step method for the large scale manufacture of labeled and/or marked

polymer microbeads having a uniform shape, homogenous distribution, and/or

controlled fluorescent properties.
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[0007]  Moreover, the use of polymer microbeads as probes in multiplexed
diagnostic analyses, in which the microbeads are designed to bind to specific
targets, may require not only that the various types of microbeads be detectable,
but also for them to be distinguishable from one another. This kind of barcoding
can be accomplished by embedding the beads with nanometer-sized

fluorophores, such as quantum dots (QDs).

[0008] QDs are semiconductor nanoparticles that may exhibit size-tunable
and composition-tunable fluorescence emission of symmetric and/or narrow
bandwidths. QDs may typically exhibit optical and/or electronic properties that
may usually be observed neither in discrete atoms, nor in bulk solids. These
properties of QDs may be attributable to their physical dimensions (i.e., they are
typically smaller than the exciton Bohr radius). In the result, quantum
confinement may cause QDs to exhibit their somewhat unique (size-dependent)

properties.

[0009]  Though not essential to the working of the present invention, it may be
generally thought that, with smaller and smaller QDs, the band gap energy
increases, as does the energy of the photons emitted. For example, blue-light
emitting QDs may be one of the smallest, if not the smallest, sized QDs which
emit visible light. Conversely, the larger the size of the QD, the smaller the band
gap energy. The color of the fluorescence emitted by larger QDs may, therefore,

be situated generally toward the red end of the visible light spectrum.

[0010] In addition to their optical tunability, QDs may have broad excitation
profiles and narrow, symmetric emission spectra. These features, among others,
may make them well-suited to optical multiplexing and/or for use in association

with optical barcoding technologies.
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[0011] A wide variety of somewhat well-characterized QDs may be presently
available. The most common may be composed of atoms from group HB-VIB,
group ITIB-VB and/or group IVB-IVB elements in the periodic table. The core of a
QD may often be passivated with a cap formed from a second semiconductor
which possesses a band gap energy that is greater than that of the core. For
example, combinations of elements in groups IIB-VIB may sometimes be suitable
second semiconductors. One commonly used QD may consist of a ZnS-capped

CdSe core.

[0012] Compared to organic dyes, QDs may have similar and/or slightly
lower quantum yields. This feature of QDs may be compensated for by their
somewhat broader excitation profiles, higher extinction coefficients, and/or much
reduced photobleaching. The size-dependent properties of QDs which might
make their use preferable in comparison to dyes may also, however, be what

makes them more difficult to manipulate.

[0013]  The incorporation of QDs into polymer microbeads, as an alternative
to organic dyes, may create additional manufacturing challenges and/or may

increase the need for high quality, uniform and/or stable polymer beads.

[0014]  Accordingly, it may be desirable and/or necessary to provide a method
and/or system that allows for large scale manufacture of polymer microbeads.
Preferably, such a system and/or method may allow for the incorporation of QDs
and/or for the control of various parameters, such as the following: (i) bead
diameter, (ii) degree of monodispersity, (iii) bead surface morphology, and/or

(iv) rate of production —i.e., high-throughput.

[0015] One prior art approach for encapsulating QDs into preformed

polystyrene microbeads may have involved swelling the microbeads in an

-4 -
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organic solvent and in the presence of QDs. In this manner, the QDs may have
been allowed to diffuse into the polymer matrices. The microbeads may then
have been subsequently shrunk by evaporating the organic solvent, so as to leave
the QDs “trapped’ inside. Major drawbacks of this prior art technique may have
included difficulties in controlling the QD density inside the beads and/or

diffusion of QDs out from the polymer matrices.

[0016]  Other manufacturing approaches for the production of QD-doped
polymeric microbeads may have previously involved, for example, batch
polymerization syntheses. In such techniques, the polymerization may have
taken place substantially contemporaneous with the incorporation of QDs.
Problems encountered with this type of approach may have included poor

control of bead diameter and/or lack of monodispersity.

[0017]  Flow focusing techniques may have been previously used in making
dye-labeled fluorescent polymer microspheres (A.M. Ganan-Calvo et al,
International Journal of Pharmaceutics 324, (2006) 19-26). A number of U.S. patent
references may also relate generally to flow focusing technologies for making
dye-labeled fluorescent polymer microspheres, including the following: issued
U.S. Patent No. 6,119,953 (Ganan-Calvo), published U.S. Patent Application No.
10/649,376 (Ganan-Calvo), and published U.S. Patent Application No. 11/615,732
(Ganan-Calvo). Heretofore, however, it has not been readily apparent to those of
ordinary skill in the art how one might adapt such flow focusing techniques to
make polymer microbeads incorporating nanoparticles (e.g., in particular, QDs

and/or magnetic nanoparticles), inter alig, in a one-step method.

[0018] A number of problems have instead presented themselves in this

regard. Specifically, the flow focusing approach has thus far failed to account for

-5-
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certain technical considerations required to incorporate QDs into polymer
microbeads — e.g., QD solubility and stability in the solvent of choice, polymer

solubility and compatibility with the QD/solvent system.

[0019]  One particularly problematic shortcoming of existing flow focusing
technologies is their general failure to account for how QD-doped polymer
microbeads might be designed for subsequent conjugation to BRMs. In this
regard, the polymer of choice must not only be soluble in the QD/solvent system
(and not cause the QDs to precipitate out of solution), but the chosen polymer
must also have structural features which provide for finished microbeads with
surfaces of the appropriate functionality — i.e., to conjugate with the BRMs. It
may also be preferable to provide a one-step process for functionalizing the
surfaces, so as to help eliminate any subsequent functionalization of the beads

which might otherwise be required after their initial synthesis.

[0020] In the past, the surfaces of existing microbeads may have been
subsequently functionalized with carboxylic acid groups, since these groups may
be readily suitable to couple with the amine group of a BRM, so as to covalently
bond the BRM to the surfaces of the beads. Prior art polymers with carboxylic
acids in their repeating units may, however, have presented a solubility
challenge, since they may have been too hydrophilic to dissolve in solvents that

are compatible with QDs.

[0021] It is, therefore, an object of one preferred embodiment according to the

invention to provide a method and/or a system for forming microbeads.

[0022] It is an object of one preferred embodiment according to the invention

to provide a method and/or a system for forming polymer microbeads.
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[0023] It is an object of one preferred embodiment according to the invention
to provide a method and/or system for forming surface functionalized polymer

microbeads.

[0024] It is an object of one preferred embodiment according to the invention
to provide a method and/or system for forming surface functionalized barcoded

polymer microbeads.

[0025] It is an object of one preferred embodiment according to the invention
to provide a method and/or system for forming surface functionalized

nanoparticle-doped polymer microbeads.

[0026] It is an object of one preferred embodiment according to the invention
to provide a method and/or system for forming surface functionalized QD-doped

polymer microbeads.

[0027] It is an object of one preferred embodiment according to the invention
to provide a method and/or system for forming surface functionalized polymer
microbeads that avoid and/or overcome one or more problems previously

associated with the large scale manufacture of polymer microbeads.

[0028] It is an object of one preferred embodiment according to the invention
to develop a one-step method and/or system for the large scale manufacture of
barcoded polymer microbeads having a uniform shape, homogenous

distribution and/or controlled and readily identiable properties.

[0029] It is an object of the present invention to obviate or mitigate one or
more of the aforementioned disadvantages associated with the prior art, and/or

to achieve one or more of the aforementioned objects of the invention.
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SUMMARY OF THE INVENTION

[0030]  According to the invention, there is disclosed a method of forming
microbeads. The method includes steps (a), (b), (c), (d) and/or (e). In step (a), a
polymer stream of a polymer solution flows into an interior chamber of a flow
focusing body. The polymer solution includes particles and a polymer dissolved
in a solvent. In step (b), a focusing fluid flows into the chamber. The focusing
fluid is capable of reacting with the polymer solution to form functional groups
adapted to bind with biorecognition molecules. In step (c), the focusing fluid is
directed into contact with the polymer stream in the chamber, so as to focus the
polymer stream. In step (d), the focusing fluid and the polymer stream focused
thereby flow, as a single flow stream, out from the chamber. In step (e), pendant
droplets are allowed to detach from a leading end portion of the single flow
stream so as to form the microbeads. Each of the microbeads binds an
identifiable set of the particles. The focusing fluid reacts with the polymer
solution to form one or more of the functional groups at a surface of each of the
microbeads, such that the microbeads are adapted to bind with the

biorecognition molecules.

[0031]  According to an aspect of one preferred embodiment of the invention,
step (b) may preferably, but need not necessarily, be performed substantially

contemporaneous with step (a).

[0032]  According to an aspect of one preferred embodiment of the invention,
in step (d), the focusing fluid may preferably, but need not necessarily,

substantially surround the polymer stream in the single flow stream.

[0033]  According to an aspect of one preferred embodiment of the invention,

the method may preferably, but need not necessarily, also include step (f) after

-8-
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step (e). In step (f), the microbeads may preferably, but need not necessarily, be

collected in a receptacle containing a fluid bath.

[0034]  According to an aspect of one preferred embodiment of the invention,
in step (f), the fluid bath may preferably be stirred and/or the microbeads may

preferably be allowed to solidify.

[0035]  According to an aspect of one preferred embodiment of the invention,
the method may preferably, but need not necessarily, also include step (g) after
step (e). In step (g), the microbeads may preferably, but need not necessarily, be
allowed to solidify and may preferably, but need not necessarily, be recovered

from the fluid bath.

[0036]  According to an aspect of one preferred embodiment of the invention,
in step (g), the microbeads may preferably, but need not necessarily, be

recovered by centrifugation.

[0037]  According to an aspect of one preferred embodiment of the invention,
the method may preferably, but need not necessarily, also include a preliminary
step, before step (a), of forming the polymer solution preferably, but not

necessarily, by dissolving the particles and the polymer in the solvent.

[0038]  According to an aspect of one preferred embodiment of the invention,
the method may preferably, but need not necessarily, also include a preliminary
step, before step (a), of forming the polymer solution preferably, but not
necessarily, by first dissolving the particles in the solvent, and then preferably,

but not necessarily, dissolving the polymer therein.
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[0039]  According to an aspect of one preferred embodiment of the invention,
in step (a), the solvent may preferably, but need not necessarily, include an

organic solvent.

[0040]  According to an aspect of one preferred embodiment of the invention,
in step (a), the polymer may preferably, but need not necessarily, be substantially

hydrophobic.

[0041]  According to an aspect of one preferred embodiment of the invention,
in step (a), the polymer may preferably, but need not necessarily, include a

polystyrene powder and/or a derivative thereof.

[0042]  According to an aspect of one preferred embodiment of the invention,
in step (a), the polymer may preferably, but need not necessarily, include a

polystyrene-acid anhydride copolymer.

[0043]  According to an aspect of one preferred embodiment of the invention,
in step (a), the polystyrene-acid anhydride copolymer may preferably, but need

not necessarily, include a polystyrene-maleic anhydride copolymer.

[0044]  According to an aspect of one preferred embodiment of the invention,
the functional groups may preferably, but need not necessarily, be protected in
step (a). The functional groups may preferably, but need not necessarily, be

deprotected following reaction of the focusing fluid with the polymer solution.

[0045]  According to an aspect of one preferred embodiment of the invention,
the functional groups may preferably, but need not necessarily, include

carboxylic acid groups.

-10 -
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[0046]  According to an aspect of one preferred embodiment of the invention,
the carboxylic acid groups may preferably, but need not necessarily, be protected
in step (a). The carboxylic acid groups may preferably, but need not necessarily,
be deprotected following reaction of the focusing fluid with the polymer

solution.

[0047]  According to an aspect of one preferred embodiment of the invention,
in step (b), the focusing fluid may preferably, but need not necessarily, include
water. The carboxylic acid groups may preferably, but need not necessarily, be

deprotected by hydrolysis with the water.

[0048]  According to an aspect of one preferred embodiment of the invention,
in step (a), the particles may preferably, but need not necessarily, include

fluorophores.

[0049]  According to an aspect of one preferred embodiment of the invention,
in step (a), the particles may preferably, but need not necessarily, include

nanoparticles.

[0050]  According to an aspect of one preferred embodiment of the invention,
in step (a), the particles may preferably, but need not necessarily, include

quantum dots.

[0051]  According to an aspect of one preferred embodiment of the invention,
in step (a), the polymer solution may preferably, but need not necessarily,
include a combination of one or more types of the quantum dots. The
identifiable set of the quantum dots bound by each of the microbeads may
preferably, but need not necessarily, be adapted to, following irradiation,

produce one or more identifiable spectral signals based on color and/or intensity.

-11 -
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[0052]  According to an aspect of one preferred embodiment of the invention,
in step (a), the particles may preferably, but need not necessarily, include a

combination of quantum dots and magnetic nanoparticles.

[0053]  According to an aspect of one preferred embodiment of the invention,
in step (d), the single flow stream may preferably, but need not necessarily, flow
out from the chamber into a focusing orifice. In step (e), the single flow stream
may preferably, but need not necessarily, flow out from the focusing orifice. A

wet diameter (¢ ) of each of the microbeads may preferably, but need not

necessarily, be directly dependent upon a diameter of the polymer stream in step

().

[0054]  According to an aspect of one preferred embodiment of the invention,

the wet diameter (d,) of each of the microbeads may preferably, but need not

necessarily, be determined according to the following equation:
d,=189d,

wherein ¢/ may preferably be the diameter of the polymer stream in step (e).

[0055]  According to an aspect of one preferred embodiment of the invention,
in step (d), the single flow stream may preferably, but need not necessarily, flow
out from the chamber into a focusing orifice. In step (e), the single flow stream
may preferably, but need not necessarily, flow out from the focusing orifice. A

diameter (f ) of the polymer stream in step (e) may preferably, but need not

necessarily, be dependent upon: a diameter of the focusing orifice in step (e); a
density and/or a flow rate of the polymer solution in step (a); and/or a density

and/or a flow rate of the focusing fluid in step (b).

-12-
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[0056]  According to an aspect of one preferred embodiment of the invention,

the diameter ( /) of the polymer stream in step (e) may preferably, but need not

necessarily, be determined according to the following equation:

yz ‘%
ARI%
N
p,) \Q,

wherein D may preferably be the diameter of the exit orifice in step (e), p may

d =Dl

preferably be the density of the focusing fluid in step (b), p may preferably be
the density of the polymer solution in step (a), Q7 may preferably be the flow

rate of the focusing fluid in step (b), and/or Q1 may preferably be the flow rate

of the polymer solution in step (a).

[0057]  According to an aspect of one preferred embodiment of the invention,

a wet diameter (¢ ) of each of the microbeads may preferably, but need not

necessarily, be directly dependent upon a diameter of the polymer stream in step

(e). The wet diameter (/) of each of the microbeads may preferably, but need
not necessarily, be determined according to the following equation:

d o= 1.89 ,
wherein d», is the diameter of the polymer stream in step (e). The density ( pl)
of the polymer solution in step (a), the density ( p ) of the focusing fluid in step

(b), and the diameter (D) of the exit orifice in step (e) may preferably, but need

not necessarily, be predetermined. When the flow rate (Ql) of the polymer

solution flowing into the chamber is about 1 milliliter per hour (mL/h) and the

flow rate (Qz) of the focusing fluid flowing into the chamber is about 180

-13 -
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milliliters per hour (mL/h), the method may preferably, but need not necessarily,

form microbeads about 6 micrometers (um) in diameter.

[0058]  According to an aspect of one preferred embodiment of the invention,

a wet diameter (/) of each of the microbeads may preferably, but need not

necessarily, be directly dependent upon a diameter of the polymer stream in step

(e). The wet diameter (] ) of each of the microbeads may preferably, but need
not necessarily, be determined according to the following equation:

d.=18%(d,
wherein ¢ may preferably be the diameter of the polymer stream in step (e).
The density (p,) of the polymer solution in step (a), the density ( p,) of the

focusing fluid in step (b), and the diameter (D) of the exit orifice in step (e) may

preferably, but need not necessarily, be predetermined. When the flow rate ( Ql )

of the polymer solution flowing into the chamber is about 0.5 milliliters per hour

(mL/h) and the flow rate ( Qz) of the focusing fluid flowing into the chamber is

about 180 milliliters per hour (mL/h), the method may preferably, but need not

necessarily, operatively form microbeads about 5 micrometers (um) in diameter.

[0059]  According to an aspect of one preferred embodiment of the invention,
before step (a), the polymer solution may preferably, but need not necessarily, be

formed with a concentration of about 0.04 by weight-weight percentage (4 wt%).

[0060]  According to an aspect of one preferred embodiment of the invention,
the method may preferably, but need not necessarily, also include a first polymer
narrowing step of reducing a cross-sectional profile of the polymer stream,

preferably before step (a).

- 14 -
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[0061]  According to an aspect of one preferred embodiment of the invention,
the method may preferably, but need not necessarily, also include a second
polymer narrowing step of further reducing the cross-sectional profile of the

polymer stream, preferably after the first narrowing step and preferably before

step (a).

[0062]  According to an aspect of one preferred embodiment of the invention,
in step (b), the focusing fluid may preferably, but need not necessarily, flow into
the chamber in a focusing stream. The method may preferably, but need not
necessarily, also include a focusing fluid narrowing step of reducing a cross-

sectional profile of the focusing stream, preferably before step (b).

[0063]  According to the invention, there is also disclosed a system for forming
microbeads. The system includes a polymer solution, a focusing fluid, and a
flow focusing apparatus. The polymer solution includes particles and a polymer
dissolved in a solvent. The focusing fluid is capable of reacting with the polymer
solution to form functional groups adapted to bind with biorecognition
molecules. The flow focusing apparatus includes a flow focusing body shaped to
define an interior chamber and an exit opening. The chamber operatively
receives the focusing fluid and a polymer stream of the polymer solution. The
focusing fluid operatively contacts and focuses the polymer stream in the
chamber, so as to focus the polymer stream. The focusing fluid and the polymer
stream focused thereby operatively flow, as a single flow stream, out from the
chamber through the exit opening. Pendant droplets operatively detach from a
leading end portion of the single flow stream so as to form the microbeads. Each
of the microbeads binds an identifiable set of the particles. The focusing fluid

operatively reacts with the polymer solution to form one or more of the
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functional groups at a surface of each of the microbeads, such that the

microbeads are adapted to bind with the biorecognition molecules.

[0064]  According to an aspect of one preferred embodiment of the invention,
the flow focusing apparatus may preferably, but need not necessarily, also
include a polymer supply subassembly. The polymer supply subassembly may
preferably, but need not necessarily, includes a first polymer nozzle having an
entry portion shaped to define an entry opening, an exit portion shaped to define
a tip aperture, and a neck portion shaped to define an internal channel running
between the entry opening and the tip aperture. The polymer stream may
preferably, but need not necessarily, operatively flow into the entry opening,
through the internal channel, and/or out from the tip aperture towards the
chamber. The first polymer nozzle may preferably, but need not necessarily, be
adapted to operatively reduce a cross-sectional profile of the polymer stream

during passage therethrough.

[0065]  According to an aspect of one preferred embodiment of the invention,
the polymer supply subassembly may preferably, but need not necessarily,
additionally include a second polymer nozzle, preferably connected in series
after the first polymer nozzle. The polymer stream may preferably, but need not
necessarily, operatively flow from the tip aperture of the first polymer nozzle
into an entry opening defined by an entry portion of the second polymer nozzle,
through an internal channel defined by a neck portion of the second polymer
nozzle, and/or out from a tip aperture defined by an exit portion of the second

polymer nozzle towards the chamber.

[0066]  According to an aspect of one preferred embodiment of the invention,

the second polymer nozzle may preferably, but need not necessarily, also include

-16 -
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a needle member engaging the exit portion of the second polymer nozzle and/or
extending out from the tip aperture of the second polymer nozzle. The needle
member may preferably, but need not necessarily, be shaped to define an
internal needle channel and/or a needle tip aperture. The polymer stream may
preferably, but need not necessarily, operatively flow from the tip aperture of the
exit portion of the second polymer nozzle through the needle channel, and/or out

from the needle tip aperture towards the chamber.

[0067]  According to an aspect of one preferred embodiment of the invention,
the second polymer nozzle may preferably, but need not necessarily, be adapted
to operatively further reduce the cross-sectional profile of the polymer stream

during passage therethrough.

[0068]  According to an aspect of one preferred embodiment of the invention,
the flow focusing body may preferably, but need not necessarily, be shaped to
define a polymer supply opening leading to the chamber. The polymer supply
subassembly may preferably, but need not necessarily, securely engage the flow
focusing body. At least part of the polymer supply subassembly may preferably,
but need not necessarily, be securely received within the polymer supply
opening. The polymer stream may preferably, but need not necessarily,

operatively flow from the polymer supply subassembly into the chamber.

[0069]  According to an aspect of one preferred embodiment of the invention,
the flow focusing apparatus may preferably, but need not necessarily, also
include a focusing fluid supply nozzle. The focusing fluid supply nozzle may
preferably, but need not necessarily, have an entry portion shaped to define an
entry opening, an exit portion shaped to define a tip aperture, and/or a neck

portion shaped to define an internal channel running between the entry opening
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of the focusing fluid supply nozzle and the tip aperture of the focusing fluid
supply nozzle. A focusing stream of the focusing fluid may preferably, but need
not necessarily, operatively flow into the entry opening of the focusing fluid
supply nozzle, through the internal channel of the focusing fluid supply nozzle,
and/or out from the tip aperture of the focusing fluid supply nozzle towards the
chamber. The focusing fluid supply nozzle may preferably, but need not
necessarily, be adapted to operatively reduce a cross-sectional profile of the

focusing stream during passage therethrough.

[0070]  According to an aspect of one preferred embodiment of the invention,
the flow focusing body may preferably, but need not necessarily, be shaped to
define a focusing fluid supply opening leading to the chamber. The focusing
fluid supply nozzle may preferably, but need not necessarily, securely engage
the flow focusing body. At least the exit portion of the focusing fluid supply
nozzle may preferably, but need not necessarily, be securely received within the
focusing fluid supply opening. The focusing fluid stream may preferably, but
need not necessarily, operatively flow from the tip aperture of the focusing fluid

supply nozzle into the chamber.

[0071]  According to an aspect of one preferred embodiment of the invention,
the system may preferably, but need not necessarily, also include a fluid bath
and a receptacle containing the fluid bath to operatively collect the microbeads,
preferably after detachment from the leading end portion of the single flow

stream.

[0072]  According to an aspect of one preferred embodiment of the invention,

the fluid bath may preferably, but need not necessarily, contain the focusing

fluid.
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[0073] According to an aspect of one preferred embodiment of the invention,

the solvent may preferably, but need not necessarily, include an organic solvent.

[0074]  According to an aspect of one preferred embodiment of the invention,
the organic solvent may preferably, but need not necessarily, include chloroform

and/or dichloromethane.

[0075]  According to an aspect of one preferred embodiment of the invention,
the polymer may preferably, but need not necessarily, be substantially

hydrophobic.

[0076] According to an aspect of one preferred embodiment of the invention,
the polymer may preferably, but need not necessarily, include a polystyrene

powder and/or a derivative thereof.

[0077]  According to an aspect of one preferred embodiment of the invention,
the polymer may preferably, but need not necessarily, include a polystyrene-acid

anhydride copolymer.

[0078]  According to an aspect of one preferred embodiment of the invention,
the polystyrene-acid anhydride copolymer may preferably, but need not

necessarily, include a polystyrene-maleic anhydride copolymer.

[0079]  According to an aspect of one preferred embodiment of the invention,
in the polymer solution, the functional groups may preferably, but need not
necessarily, be protected before operative reaction of the focusing fluid with the
polymer solution. The functional groups may preferably, but need not
necessarily, be deprotected following operative reaction of the focusing fluid

with the polymer solution.
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[0080]  According to an aspect of one preferred embodiment of the invention,
the functional groups may preferably, but need not necessarily, include
carboxylic acid groups — preferably at least following operative reaction of the

focusing fluid with the polymer solution.

[0081]  According to an aspect of one preferred embodiment of the invention,
in the polymer solution, the carboxylic acid groups may preferably, but need not
necessarily, be protected before operative reaction of the focusing fluid with the
polymer solution. The carboxylic acid groups may preferably, but need not
necessarily, be deprotected following operative reaction of the focusing fluid

with the polymer solution.

[0082]  According to an aspect of one preferred embodiment of the invention,
the focusing fluid may preferably, but need not necessarily, include water. The
carboxylic acid groups may preferably, but need not necessarily, be deprotected

by hydrolysis with the water.

[0083] According to an aspect of one preferred embodiment of the invention,

the focusing fluid may preferably, but need not necessarily, include water.

[0084]  According to an aspect of one preferred embodiment of the invention,

the particles may preferably, but need not necessarily, include fluorophores.

[0085]  According to an aspect of one preferred embodiment of the invention,

the particles may preferably, but need not necessarily, include nanoparticles.

[0086]  According to an aspect of one preferred embodiment of the invention,
the nanoparticles may preferably, but need not necessarily, include
semiconductor nanoparticles, magnetic nanoparticles, metallic conductor

nanoparticles, metal oxide nanoparticles, and/or fluorescent nanoparticles.
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[0087]  According to an aspect of one preferred embodiment of the invention,

the particles may preferably, but need not necessarily, include quantum dots.

[0088]  According to an aspect of one preferred embodiment of the invention,
the polymer solution may preferably, but need not necessarily, include a
combination of one or more types of the quantum dots. The identifiable set of
the quantum dots bound by each of the microbeads may preferably, but need not
necessarily, be adapted to, following irradiation, produce one or more

identifiable spectral signals based on color and/or intensity.

[0089]  According to an aspect of one preferred embodiment of the invention,
the particles may preferably, but need not necessarily, include a combination of

quantum dots and magnetic nanoparticles.

[0090]  According to an aspect of one preferred embodiment of the invention,
the flow focusing apparatus further may preferably, but need not necessarily,
also include a focusing gate shaped to define a focusing orifice therethrough.
The focusing gate may preferably, but need not necessarily, substantially
obstruct the exit opening of the flow focusing body. The focusing orifice may
preferably, but need not necessarily, lead out from the chamber. The single flow
stream may preferably, but need not necessarily, operatively flow out from the
chamber through the focusing orifice. The single flow stream may preferably,

but need not necessarily, operatively flow out from the focusing orifice.

[0091]  According to an aspect of one preferred embodiment of the invention,
the focusing fluid may preferably, but need not necessarily, substantially
surround the polymer stream as the single flow stream flows through, and/or out

from, the focusing orifice.
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[0092]  According to an aspect of one preferred embodiment of the invention,

a wet diameter (f ) of each of the microbeads may preferably, but need not

necessarily, be directly dependent upon a diameter of the polymer stream exiting

the focusing orifice.

[0093]  According to an aspect of one preferred embodiment of the invention,

the wet diameter (/) of each of the microbeads may preferably, but need not

necessarily, be determined according to the following equation:
d.=189d,
wherein ¢/ may preferably be the diameter of the polymer stream exiting the

focusing orifice.

[0094]  According to an aspect of one preferred embodiment of the invention,

a diameter (/) of the polymer stream flowing out from the focusing orifice may

preferably, but need not necessarily, be dependent upon: a diameter of the
focusing orifice as the polymer stream exits therefrom; a density and/or a flow
rate of the polymer solution entering the chamber; and/or a density and/or a flow

rate of the focusing fluid entering the chamber.

[0095]  According to an aspect of one preferred embodiment of the invention,

the diameter (/) of the polymer stream flowing out from the focusing orifice

may preferably, but need not necessarily, be determined according to the

following equation:

% %
AR
+

p.) 9,

wherein D may preferably be the diameter of the focusing orifice as the polymer

d,=D|1
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stream exits therefrom, L, may preferably be the density of the focusing fluid
entering the chamber, 0, may preferably be the density of the polymer solution
entering the chamber, Q7 may preferably be the flow rate of the focusing fluid

entering the chamber, and QI may preferably be the flow rate of the polymer

solution entering the chamber.

[0096]  According to an aspect of one preferred embodiment of the invention,

a wet diameter (f ) of each of the microbeads may preferably, but need not
necessarily, be directly dependent upon a diameter (/ ,) of the polymer stream
exiting the focusing orifice. The wet diameter (d,) of each of the microbeads

may preferably, but need not necessarily, be determined according to the

following equation:
d,=1.89d,
The density ( p,) of the polymer solution entering the chamber, the density ( £,)

of the focusing fluid entering the chamber, and/or the diameter (D) of the
focusing orifice as the polymer exits therefrom, may preferably, but need not

necessarily, be predetermined. When the flow rate (Q1 ) of the polymer solution

flowing into the chamber is about 1 milliliter per hour (mlL/h) and the flow rate

(Qz) of the focusing fluid flowing into the chamber is about 180 milliliters per

hour (mL/h), the system may preferably, but need not necessarily, form

microbeads about 6 micrometers (um) in diameter.

[0097]  According to an aspect of one preferred embodiment of the invention,

a wet diameter (/) of each of the microbeads may preferably, but need not
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necessarily, be directly dependent upon a diameter (d,) of the polymer stream
exiting the focusing orifice. The wet diameter (d ) of each of the microbeads

may preferably, but need not necessarily, be determined according to the

following equation:
d, =189
The density ( p,) of the polymer solution entering the chamber, the density ( P,)

of the focusing fluid entering the chamber, and/or the diameter (D) of the
focusing orifice as the polymer exits therefrom, may preferably, but need not

necessarily, be predetermined. When the flow rate ( Q1 ) of the polymer solution

flowing into the chamber is about 0.5 milliliters per hour (mL/h) and the flow

rate (Qz) of the focusing fluid flowing into the chamber is about 180 milliliters

per hour (mL/h), the system may preferably, but need not necessarily, form

microbeads about 5 micrometers (um) in diameter.

[0098]  According to an aspect of one preferred embodiment of the invention,
the polymer solution may preferably, but need not necessarily, have a

concentration of about 0.04 by weight-weight percentage (4 wt%).

[0099] According to the invention, there is also disclosed a microbead formed

according to any of the foregoing methods and/or systems.

[0100]  According to an aspect of one preferred embodiment of the invention,
the microbead may preferably, but need not necessarily, be adapted to

operatively bind with antibodies or antigens as the biorecognition molecules.

[0101]  According to an aspect of one preferred embodiment of the invention,

the microbead (operatively bound with the antibodies or antigens) may
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preferably, but need not necessarily, be adapted for use as a probe in a

multiplexed diagnostic test for detection of one or more diseases.

[0102]  According to an aspect of one preferred embodiment of the invention,
the diseases may preferably, but need not necessarily, be HIV, Hepatitis B,

Hepatitis C, malaria, Dengue virus, and/or avian flu (H5N1).

[0103]  According to an aspect of one preferred embodiment of the invention,
the microbead (operatively bound with the biorecognition molecules) may
preferably, but need not necessarily, be adapted for use as a probe in a
multiplexed diagnostic test for detection of one or more genetic expression

factors.

[0104] Other advantages, features and/or characteristics of the present
invention, as well as methods of operation and/or functions of the related
elements of the method and system, and/or the combination of steps, parts
and/or economies of manufacture, will become more apparent upon
consideration of the following detailed description and the appended claims
with reference to the accompanying drawings, the latter of which are briefly

described hereinbelow.
BRIEF DESCRIPTION OF THE DRAWINGS

[0105]  The novel features which are believed to be characteristic of the system
and method according to the present invention, as to their structure,
organization, use, and method of operation, together with further objectives and
advantages thereof, will be better understood from the following drawings in
which presently preferred embodiments of the invention will now be illustrated

by way of example. It is expressly understood, however, that the drawings are

-25-



WO 2009/000084 PCT/CA2008/001204

for the purpose of illustration and description only, and are not intended as a

definition of the limits of the invention. In the accompanying drawings:

[0106]  Figure 1 is an exploded front view of a flow focusing apparatus of a
system for forming microbeads according to a preferred embodiment of the

present invention;

[0107]  Figure 2 is a fully assembled front view of the flow focusing apparatus,

in use with a fluid bath and a receptacle, of the system shown in Figure 1;

[0108] Figure 3 is a schematic sectional front view of the flow focusing

apparatus shown in Figure 1, showing area 3A in phantom outline;
[0109] Figure 3A is an enlarged view of area 3A from Figure 3; and

[0110]  Figure 4 is an illustrative representation of a conjugated and bound

microbead according to a preferred embodiment of the present invention.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0111]  Referring now to Figures 1-3A of the drawings, there is shown a flow
focusing apparatus 10 used in a preferred embodiment of a system according to
the present invention. As best seen in Figure 2, the flow focusing apparatus 10
includes a polymer supply tube 46, a polymer supply subassembly 20, a focusing
fluid supply tube 86, a focusing fluid supply nozzle 70, a flow focusing body 100,
a focusing gate 114, and a receptacle 150. Preferably, the system also includes a
polymer solution 200, a focusing fluid 300 (capable of reacting with the polymer
solution 200), and a fluid bath 306, as best seen in Figure 3A and as will be

described in considerably greater detail hereinbelow.
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[0112]  As best seen in Figure 1, the polymer supply subassembly 20

preferably includes first and second polymer nozzles, 30 and 50 respectively.

[0113]  The first polymer nozzle 30 includes an entry portion 32, a neck
portion 38, and an exit portion 40. The entry portion 32 of the first polymer
nozzle 30 is shaped to define an entry opening 34 (as best seen in Figure 3). As
best seen in Figures 1 and 2, the entry portion (alternately referred to as “grip
member”) 32 is preferably also adapted to serve as a grip for the first polymer

nozzle 30.

[0114]  The exit portion 40 of the first polymer nozzle 30 is shaped to define a
tip aperture 42 (as best seen in Figures 1 and 3), and the neck portion 38 is
shaped to define an internal channel 36 running between the entry opening 34
and the tip aperture 42 of the first polymer nozzle 30 (as shown in Figure 3).
Preferably, the polymer supply tube 46 extends through the entry opening 34 of
the first polymer nozzle 30. From there, the polymer supply tube 46 extends into
the internal channel 36, to substantially adjacent to the tip aperture 42, of the first

polymer nozzle 30.

[0115]  The second polymer nozzle 50 is preferably connected in series after
the first polymer nozzle 30. The second polymer nozzle 50 includes an entry
portion 52 shaped to define an entry opening 54 (as best seen in Figure 1). The
entry portion 52 may also serve as a grip for the second polymer nozzle 50 (such

that the entry portion 52 may interchangeably be referred to as grip member 52).

[0116]  The second polymer nozzle 50 also includes an exit portion 60 shaped
to define a tip aperture 62 (as best seen in Figures 1 and 3), and a neck portion 58
shaped to define an internal channel 56 running between the entry opening 54

and the tip aperture 62 of the second polymer nozzle 50 (as shown in Figure 3).
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[0117]  The second polymer nozzle 50 additionally includes a needle member
64 engaging the exit portion 60, and extending out from the tip aperture 62, of
the second polymer nozzle 50. The needle member 64 is shaped to define an

internal needle channel 66 and a needle tip aperture 68.

[0118]  Preferably, the neck portion 38 and the exit portion 40 of the first
polymer nozzle 30 extend through the entry opening 54 of the second polymer
nozzle 50. From there, the exit portion 40 of the first polymer nozzle 30 extends
into the internal channel 56, to substantially adjacent to the needle member 64, of

the second polymer nozzle 50 (as shown in Figure 3).

[0119]  As best seen in Figure 1, the neck portion 38 of the first polymer nozzle
30 is preferably threaded (such that it is alternately referred to as threaded
portion 38 of the first polymer nozzle 30). As may be best appreciated from
Figures 1 and 2, the entry portion 52 of the second polymer nozzle 50 may
preferably be provided with corresponding threads (not shown) adjacent to the
entry opening 54, so as to threadingly mate with the threaded portion 38 of the
first polymer nozzle 30, and such that the first and second polymer nozzles, 30

and 50, securely engage one another (as shown in Figure 2).

[0120]  The flow focusing body 100 includes an entry portion 102, a neck
portion 108 and an exit portion 110. The entry portion 102 is shaped to define a
polymer supply opening 104A and a focusing fluid supply opening 104B. The
exit portion 110 is shaped to define an exit opening 112. The entry portion 102
and the neck portion 108 are preferably together shaped to define an interior
chamber 106 that extends between the polymer supply opening 104A, the

focusing fluid supply opening 104B, and the exit opening 112.
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[0121]  Preferably, the neck portion 58, the exit portion 60 and the needle
member 64 of the second polymer nozzle 50 extend through the polymer supply
opening 104A of the flow focusing body 100. From there, the needle member 64
of the second polymer nozzle 50 extends into the interior chamber 106, to
substantially adjacent to the exit opening 112, of the flow focusing body 100 (as

shown in Figure 3).

[0122]  As best seen in Figure 1, the neck portion 58 of the second polymer
nozzle 50 is preferably threaded (such that it is alternately referred to as threaded
portion 58 of the second polymer nozzle 50). As may be best appreciated from
Figures 1 and 2, the entry portion 102 of the flow focusing body 100 may
preferably be provided with corresponding threads (not shown) adjacent to the
polymer supply opening 104A, so as to threadingly mate with the threaded
portion 58 of the second polymer nozzle 50, and such that the polymer supply
subassembly 20 securely engages the flow focusing body 100 (as shown in Figure

2).

[0123]  The focusing fluid supply nozzle 70 includes an entry portion 72, a
neck portion 78, and an exit portion 80. The entry portion 72 of the focusing fluid
supply nozzle 70 is shaped to define an entry opening 74 (as best seen in Figure
3). As best seen in Figures 1 and 2, the entry portion (alternately referred to as
“grip member”) 72 is preferably also adapted to serve as a grip for the focusing

fluid supply nozzle 70.

[0124]  The exit portion 80 of the focusing fluid supply nozzle 70 is shaped to
define a tip aperture 82 (as best seen in Figures 1 and 3), and the neck portion 78
is shaped to define an internal channel 76 running between the entry opening 74

and the tip aperture 82 of the focusing fluid supply nozzle 70 (as shown in Figure
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3). Preferably, the focusing fluid supply tube 86 extends through the entry
opening 74 of the focusing fluid supply nozzle 70. From there, the focusing fluid
supply tube 86 extends into the internal channel 76, to substantially adjacent to

the tip aperture 82, of the focusing fluid supply nozzle 70.

[0125]  Preferably, the neck portion 78 and the exit portion 80 of the focusing
fluid supply nozzle 70 extend through the focusing fluid supply opening 104B of
the flow focusing body 100. From there, the exit portion 80 of the focusing fluid
supply nozzle 70 extends into the interior chamber 106, to substantially adjacent

to the exit opening 112, of the flow focusing body 100 (as shown in Figure 3).

[0126]  As best seen in Figure 1, the neck portion 78 of the focusing fluid
supply nozzle 70 is preferably threaded (such that it is alternately referred to as
threaded portion 78 of the focusing fluid supply nozzle 70). As may be best
appreciated from Figures 1 and 2, the entry portion 102 of the flow focusing body
100 may preferably be provided with corresponding threads (not shown)
adjacent to the focusing fluid supply opening 104B, so as to threadingly mate
with the threaded portion 78 of the focusing fluid supply nozzle 70, and such
that the focusing fluid supply nozzle 70 securely engages the flow focusing body

100 (as shown in Figure 2).

[0127]  The focusing gate 114 is preferably shaped to define a focusing orifice
116 therethrough. The focusing gate 114 substantially obstructs the exit opening
112 of the flow focusing body 100. The focusing orifice 116 preferably leads out
from the interior chamber 106 of the flow focusing body 100. The focusing orifice

116 includes an orifice entry end portion 118A and an orifice exit portion 118B.

[0128] Reference will now be made, briefly, to a method of forming QD-

doped polymer microbeads, using the flow focusing apparatus 10, according to a
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preferred embodiment of the present invention. It should, of course, be
appreciated that, according to the present invention, the below-described
methods may be employed independent of the flow focusing apparatus 10

described hereinabove.

[0129]  Now, the method preferably includes a preliminary step, a first
polymer narrowing step, a second polymer narrowing step, a focusing fluid
narrowing step, step (a), step (b), step (c), step (d), step (e), step (f) [after step (e)],
and step (g) [after step (e)].

[0130]  In the preliminary step, quantum dots 506 may be selected for
incorporation into polymer microbeads 500 (as best seen in Figure 4), so as to
create a specific and identifiable barcode. The specific barcode, color code and/or
emission profile may preferably be created by predetermining which differently
sized QDs 506A, 506B are to be incorporated inside the microbeads 500. (It may
be worthwhile to note, as an aside, that reference numerals 506, 506A and 506B
may generally denote the QDs in the microbeads 500 - ie., after being
incorporated from the polymer solution 200.) Since the sizes of the different QDs
506A, 506B will be directly related to their individual fluorescence spectra,
specific combinations can be selected. Different combinations of the QDs 5064,
506B encapsulated within microbeads 500 will typically provide a characteristic

and readily identifiable emission profile.

[0131]  In addition, and/or as an alternative, to choosing a color profile and/or
barcode, fluorescence intensity can be used to distinguish different detection
signals. When two or more QD-coded microbeads 500 emit substantially the
same spectrum, a concentration of the QDs 506 inside the microbead 500 can be

tuned to create fluorescence signals of varying intensity. In cases where
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barcoding is accomplished by intensity alone (not shown), the differences in
intensity between various microbeads may preferably be greater than a

measurement error that may typically be associated with fluorescence peak

intensity.

[0132]  Following design of a barcode, the microbeads may preferably be

manufactured as set out herein.

[0133]  Still in the preliminary step, however, the QDs 206 are preferably first
dissolved in a suitable organic solvent such as chloroform or dichloromethane to
form two different QD-colored solutions. The desired QD-colored solutions are
then mixed in the appropriate ratios to generate the desired barcode emission
spectrum. For example, in making the polymer solution 200 depicted in Figure
3A, two different QD-colored solutions may have been initially mixed, each
including a different type of the QDs 206A, 206B. (It may be worthwhile to note,
as an aside, that reference numerals 206, 206A and 206B may generally denote
the QDs in the polymer solution 200 — i.e. prior to incorporation in any
microbeads 500.) Thereafter, a polymer powder (such as a polystyrene powder
and/or one or more derivatives thereof) is preferably dissolved into the
combined QD solution to create the finished polymer solution 200. The amount
of polymer added to the polymer solution 200 can be varied depending upon the

diameter of the desired microbead 500.

[0134]  Also in the preliminary step, the focusing fluid will preferably be
selected for its ability to react with the polymer solution. According to one
preferred embodiment of the invention, the focusing fluid is water. In this
regard, it is important for the preferred focusing fluid 300 (i.e., water) to be

capable of reacting with the polymer solution 200 in the polymer stream 202A,
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after step (b), to form one or more functional groups 504 which are adapted to

bind with biorecognition molecules 600.

[0135]  The QD-doped polymer microbeads 500 made using the flow focusing
manufacturing process according to the present invention are intended for use as
probes in multiplexed diagnostic tests for various diseases, including malaria,
HIV, hepatitis B, hepatitis C, dengue fever, and/or avian flu (H5N1). The
surfaces 502 of the barcoded microbeads 500 must be functionalized to bind with
the necessary BRMs 600. For the purposes of the present invention, the desired
BRMs 600 may include antibodies, antigens, nucleotide sequences, DNA/RNA
fragments, and molecules capable of binding with poisons and/or toxins (i.e., to
the extent that such poisons and/or toxins may be present in biological systems,
such as, for example, in ecosystems). Previously, barcoded microbeads 500 may
have been first synthesized (i.e., using techniques other than flow focusing) and,
then, the surfaces 502 of the microbeads may have been functionalized by adding
carboxylate functional groups thereto. The presence of these carboxylate
functional groups may have allowed the primary amine of the BRMs 600 to
covalently bind to the surface 502 of the microbeads 500, through the use of a
coupling agent such as EDC (1-ethyl-3-(3-dimethylamino propyl)carbodiimide).
Using the methods and systems according to the present invention, however, this

extra post-formation functionalization step can be eliminated.

[0136]  In the preliminary step, the polymer solution 200 may preferably be
prepared so as to contain, infer alia, a polymer whose structure already includes
carboxylic acid groups 504. Accordingly, the microbeads 500 generated from
such a polymer may be doped with QDs, and may already carry the carboxylic

acid groups 504 on their surface 502, ready for conjugation to the BRMs 600.
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[0137]  Next, in the first polymer narrowing step, and as may be best
appreciated from Figures 1 and 3, the polymer solution 200 flows in a polymer
stream 202A through the polymer supply tube 46, and through the entry opening
34 and the internal channel 36 of the first polymer nozzle 30. Therefrom, the
polymer stream 202A flows out from the tip aperture 42 in the general direction

of the interior chamber 106.

[0138]  In the first polymer narrowing step, and as may be best appreciated
from Figure 1, a cross-sectional profile of the polymer stream 202A is reduced
during passage through the first polymer nozzle 30. Alternately, the cross-
sectional profile of the polymer stream 202A may be reduced after passage out
from the first polymer nozzle 30 (e.g., such as might be appreciated from a

consideration of Figure 3).

[0139]  In the second polymer narrowing step, and as may be best appreciated
from Figures 1 and 3, the polymer stream 202A flows through the internal
channel 56 and the needle channel 66 of the second polymer nozzle 50. In the
second polymer narrowing step, and as may be best appreciated from Figures 1
and 3, the cross-sectional profile of the polymer stream 202A is further reduced
during passage through the second polymer nozzle 50. Thereafter, the polymer
stream 202A flows out from the needle tip aperture 68 into the interior chamber

106.

[0140] The first and second polymer narrowing steps are preferably
performed before step (a). The focusing fluid narrowing step is preferably

performed before step (b).

[0141]  In the focusing fluid narrowing step, and as may be best appreciated

from Figures 1 and 3, the focusing fluid 300 flows in a focusing fluid stream
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through the focusing fluid supply tube 86, and through the entry opening 74 and
the internal channel 76 of the focusing fluid supply nozzle 70. Therefrom, the
focusing stream flows out from the tip aperture 82 into the interior chamber 106.
In the focusing fluid narrowing step, and as may be best appreciated from Figure
1, a cross-sectional profile of the focusing fluid stream is reduced during passage

through the focusing fluid supply nozzle 70.

[0142]  Figure 3A depicts the polymer solution 200 and the focusing fluid 300
in passage through various stages in the polymer stream 2024, 202C, 202D, 202E

and the fluid focusing stream 302C, 302D, respectively.

[0143]  In step (a), and with reference to Figure 3A, the polymer stream 202A
flows into the interior chamber 106 of the flow focusing body 100 through the
needle tip aperture 68 of the second polymer nozzle 50. According to some
preferred embodiments of the invention, and as shown in Figure 3A, the polymer
stream 202A may preferably contain a combination of two different types of the

quantum dots 206A, 206B.

[0144]  Preferably, step (b) is performed substantially contemporaneous with
step (a). In step (b), the focusing fluid 300 flows out from the focusing fluid
supply nozzle 70 into the interior chamber 106 (as may be best appreciated from

Figure 3).

[0145] In step (c), the focusing fluid 300 in the focusing stream 302C is
directed into contact with the polymer stream 202C in the interior chamber 106 of
the focusing body 100, so as to focus the polymer stream 202C toward the orifice

entry end portion 118A of the focusing orifice 116.
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[0146] Then, in step (d), the focusing fluid 300 (in the focusing stream 302D)
and the polymer stream 202D focused thereby flow, as a single flow stream 402,
out from the interior chamber 106 and into the orifice entry end portion 118A of

the focusing orifice 116.

[0147] At that point, the focusing stream 302D substantially surrounds the
polymer stream 202D in the single flow stream 402. The single flow stream 402
then flows, within the focusing orifice 116, towards the orifice exit end portion

118B.

[0148] In step (e), the single flow stream 402 flows out from the orifice exit
end portion 118B of the focusing orifice 116. Pendant droplets 406 detach from a
leading end portion 404 of the single flow stream 402, so as to form the

microbeads 500 (still wet) which are surrounded by the focusing liquid 300.

[0149] In step (f), and as may be best appreciated from Figure 2, the
microbeads 500 are collected upon a bottom portion 152 of the receptacle 150
containing the fluid bath 306. Subsequently, the microbeads 500 are solidified
and/or dried. In a preferred embodiment according to the present invention, and
as best seen in Figures 2 and 3A, the focusing orifice 116 is immersed in the fluid
bath 306. Preferably, the fluid bath 306 also contains the focusing fluid 300 - i.e.,
preferably, a water solution. The fluid bath 306 may preferably be maintained
under stirring conditions (not shown) for the duration of the process of

solidifying the microbeads 500.

[0150]  In step (g), the microbeads 500 may be allowed to further solidify
before being recovered from the fluid bath 306. In one embodiment according to
the present invention, the microbeads 500 may be collected and/or recovered by

centrifugation (not shown).
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[0151] The diameter (dﬁ) of the wet microbeads 500 (i.e., as shown in Figure

3A) produced according to the present invention can give valuable information
about the size of the resulting microbead 500 once it is dry. See, for example, L.
Martin-Banderas et al., Adv. Mater. 2006, 18, 559-564, and A. M. Ganan-Calvo,

Physical Review Letters 1998, 80(2), 285. The diameter ( dg) of the wet microbeads

500 does not lead directly to an actual diameter for the dry bead. Though
perhaps not essential to the working of the present invention, it may be generally
believed that the dry microbead diameter is related to the wet microbead

diameter (¢ ) as follows: dry microbead diameter = d. * (wt% / polymer

density)”®. For example, using the foregoing relationship, for a polystyrene that
is provided at a density of 1.05 and a weight-weight percentage (wt%) of 4% (or
0.04), the dry microbead diameter will be about 1/3 of the wet microbead

diameter (/ . ). In such a situation, therefore, the diameter of the dry microbead
500 will always be smaller than the diameter (dg) of the wet microbead 500
(shown in Figure 3A). The wet microbead diameter (] ) is believed to provide

an upper limit for the size of the dry microbead 500.

[0152]  The wet diameter (d,) of each of the microbeads 500 is preferably
directly dependent upon a diameter ( d ;) of the polymer stream 202E in step (e).
The wet diameter (/) of the microbeads 500 is determined according to the

following equation:

d,=1894,

[0153] The diameter (d/) of the polymer stream 202E in step (e) is dependent

upon: a diameter (D) of the focusing orifice 116 in step (e); a density ( p]) and a
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flow rate (Q;) of the polymer stream 202A in step (a); and a density ( pz) and a

flow rate (() ) of the focusing fluid 300 in step (b).

[0154] Accordingly, the diameter (/ ,) of the polymer stream 202E in step (e)

is determined according to the following equation:

h
d, =D+ & _Q_7

p.) 9

)

[0155]  All else being constant, changing the flow rates Q7 and Ql has a

direct impact on the size of the polymer stream 202E and consequently on the

wet diameter ( o/ g) of the microbeads 500.

[0156] Once Q2 and Ql have been optimized for the desired microbead wet
diameter ( d& ), increased productivity (i.e,, number of beads per time unit) can
be achieved by keeping the ratio Q2 / Q1 constant and increasing the values of
Q2 and Ql accordingly. For example, if the required flow rates are Q2 =180
mL/h and Ql = 1 mL/h, the ratio Qz/ Ql has a value of 180. To increase
productivity, both Q2 and Ql will preferably increase so that the value of

QZ/ Ql remains fixed at 180.

[0157] The following equations highlight certain other parameters that may,

in turn, influence the focusing fluid flow rate Q1 and polymer stream flow rate

0
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LsoWea\? |, (4.
Qz[gpzdj P (59

N——
8]

[P o) ]
0.-=0, , [1.89d}4] 1

wherein We is Weber number,

p, is the density of the focusing fluid in step (b),
p, is the density of the polymer solution in step (a),

o is interfacial tension between polymer stream and focusing fluid,
D is the diameter of the exit orifice in step (e), and

d . is the wet diameter of the microbeads

[0158]  The Weber number We is further defined in the following equation,

wherein |/ is the velocity of the focusing fluid 300 and the other terms are as

previously defined:

_ p2V22d.1
20

We

[0159] The velocity (]/,) of the focusing fluid 300 is related to Q2 according

to the equation provided below:
)
2 2 2
”(D -d f’)
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[0160]  Manufacturing polymer microbeads 500 of a particular diameter using
the flow focusing technique described herein may preferably require that several
parameters be taken into consideration. These parameters may preferably
include one or more of the following: (i) flow rate, (ii) polymer concentration, (iii)
type of polymer, and (vi) polymer solvent (focusing phase). Each of these

parameters may be addressed in more detail below.

[0161]  As described previously, the rate Q1 at which the polymer stream

202A [in step (a)] and the rate Q2 at which the focusing fluid 300 [in step (b)] are

introduced into the interior chamber 106 of the flow focusing body 100 is critical.

These rates impact the diameter f =~ of the polymer stream 202E in step (e). In

one embodiment of the invention, the polymer solution 200 is introduced from
the polymer supply subassembly 20 at a rate of 1 mL/h and the focusing fluid 300
(i.e., water) is introduced at a rate of 180 mL/h to produce beads of 6 microns in
diameter. When 0.5 mL/h and 180mL/h, respectively, are used, 5 micron beads
are obtained. The flow rates of the polymer solution 200 and the focusing fluid
300 may preferably be adjusted to create microbeads 500 of a desired size and

production rate.

[0162]  The concentration of the polymer used in the polymer solution 200, as
well as the type of polymer used, has an impact on how much the wet diameter

(d,) decreases as a wet microbead 500 dries and becomes solid. The polymer

solution may preferably be formed with a concentration of about 0.04 by weight-
weight percentage (4 wt%). It may be believed, though it is not essential to the
working of the present invention, that the higher the concentration and the

molecular weight of the polymer, the larger the microbead diameter.
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[0163] The rate at which the microbeads 500 dry (which itself is dependent on
the vapor pressure of the polymer stream 202 as well as its solubility into the
focusing fluid 300) may have has an important influence upon the final size of

the microbead 500 formed relative to the original wet diameter (] ) of the

microbead 500, and upon the smoothness of the microbead surface 502. Again,
though perhaps not essential to the working of the present invention, it may be
generally believed that the larger the solubility and vapor pressure of the
polymer stream 202, the larger the resulting microbead size and surface

roughness.

[0164]  Presently preferred embodiments of the method may be described in

the examples below.

[0165]  Example 1: A barcode was designed by mixing QD/chloroform
solutions of different colors in appropriate ratios in order to generate the desired
barcode emission spectrum of 520 nm, 580 nm and 630 nm with a 1:2:3 ratio. Into
the chloroform mixture, commercial poly(styrene-co-maleic anhydride), cumene
terminated powder (from Aldrich) (or derivatives) was dissolved to create a 4%
polymer solution. The resulting solution was then introduced into a commercial
nozzle (Avant-1 from Ingeniatrics) using a syringe pump (SP100I from World
Precision Instruments) at a rate of ImL/h along with water as a focusing fluid
using a digital gear pump (Cole Parmer Instrument Company) at a rate of 180
mL/h. During the reaction, the nozzle was immersed into a water solution under
stirring. Beads were hardened by overnight stirring and collected by

centrifugation.

[0166]  Example 2: In this example, the following QD-based barcode was used:

555 nm, 580 nm, 605 nm with a respective intensity ratio of 1:2:1. The solution
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was made using the same protocol as Example 1 using poly(styrene-co-maleic

anhydride).

[0167]  Example 3: The same protocol was used as in Example 1, however, the
QDs were replaced by magnetite nanoparticles (from Ferrotec Corporation)
dissolved into chloroform. This example resulted in paramagnetic microbeads
that are attracted to a magnet and lose their magnetism upon removal of the

magnetic field.

[0168]  Example 4: Using the same protocol as Example 1, a mixture of QDs
and magnetite nanoparticles is formed using a selected ratio of QDs to magnetite.
This example results in microbeads that combine the fluorescent properties from

Examples 1 and 2 with the paramagnetic properties of Example 3.

[0169]  Refering to Figure 4, there is depicted a conjugate 800 including a
microbead 500 produced according to a preferred embodiment of the present
invention. The microbead 500 contains a set of particles 506 — more particularly,
a set 506 of two types of quantum dots 506A, 506B — encapsulated within the
microbead 500. A surface 502 of the microbead 500 possesses functional groups
504 bound with the biorecogition molecules 600 that are themselves bound to

target molecules 700.

[0170]  The identifiable set 506 of the quantum dots 506A, 506B is adapted to,
following irradiation, produce one or more identifiable spectral signals based on

color and/or intensity.

[0171]  Other modifications and alterations may be used in the design and

manufacture of other embodiments according to the present invention without
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departing from the spirit and scope of the invention, which, is limited only by

the accompanying claims of this application.

[0172] While the above method has been presented in the context of QDs, the
method is equally applicable to other nanoparticles. Types of nanoparticles
which are capable of being used in conjunction with the method and system
according to the present invention may preferably include, but are not limited to,
hard nanoparticles, polymer nanoparticles, magnetic nanoparticles, metallic
conductor nanoparticles, metal oxide nanoparticles, and fluorescent

nanoparticles.

[0173] Moreover, while the above method has been presented in the context
of polymers which exhibit the structural and solubility requirements for making
surface functionalized, QD-doped beads, the method is equally applicable to
polymers that are substantially hydrophobic polymers and contain protected
carboxylic acid groups that can be deprotected via hydrolysis. Such polymers
may be exemplified by polystyrene-acid anhydrides copolymers, and more
specifically, by polystyrene-maleic anhydride copolymers. These polymers may
be soluble in solvents most suitable for QDs (e.g., dichloromethane and
chloroform) and may generate the necessary carboxylic acid groups upon contact

with water which, in a preferred embodiment of the invention, is the focusing

fluid 300.

[0174]  The foregoing description has been presented for the purpose of
illustration and is not intended to be exhaustive or to limit the invention to the
precise form disclosed. Many modifications and variations are possible in light

of the above teaching and will be apparent to those skilled in the art. It is
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intended the scope of the invention be limited not by this description but by the

claims.
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WHAT IS CLAIMED IS:

1. A method of forming microbeads comprising the steps of:

(a)  flowing a polymer stream of a polymer solution into an interior
chamber of a flow focusing body, with the polymer solution comprising particles
and a polymer dissolved in a solvent;

(b)  flowing a focusing fluid into the chamber, with the focusing fluid
capable of reacting with the polymer solution to form functional groups adapted
to bind with biorecognition molecules;

(c)  directing the focusing fluid into contact with the polymer stream in
the chamber, so as to focus the polymer stream;

(d)  flowing the focusing fluid and the polymer stream focused thereby,
as a single flow stream, out from the chamber; and

()  allowing detachment of pendant droplets from a leading end
portion of the single flow stream so as to form the microbeads;

wherein each of the microbeads binds an identifiable set of the particles;
and

wherein the focusing fluid reacts with the polymer solution to form one or
more of the functional groups at a surface of each of the microbeads, such that

the microbeads are adapted to bind with the biorecognition molecules.

2. The method according to claim 1, wherein step (b) is performed

substantially contemporaneous with step (a).
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3. The method according to any one of claims 1 and 2, wherein in step (d) the
focusing fluid substantially surrounds the polymer stream in the single flow

stream.

4. The method according to any one of claims 1 to 3, further comprising step

(f), after step (e), wherein the microbeads are collected in a receptacle containing

a fluid bath.

5. The method according to claim 4, wherein in step (f), the fluid bath is

stirred and the microbeads are allowed to solidify.

6. The method according to claim 4, further comprising step (g), after step
(e), wherein the microbeads allowed to solidify and are recovered from the fluid

bath.

7. The method according to claim 6, wherein in step (g), the microbeads are

recovered by centrifugation.

8. The method according to any one of claims 4 to 7, wherein the fluid bath

contains the focusing fluid.
9. The method according to any one of claims 1 to 8, further comprising a

preliminary step, before step (a), of forming the polymer solution by dissolving

the particles and the polymer in the solvent.
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10.  The method according to any one of claims 1 to 8, further comprising a
preliminary step, before step (a), of forming the polymer solution by first

dissolving the particles in the solvent, and then dissolving the polymer therein.

11.  The method according to any one of claims 1 to 10, wherein in step (a), the

solvent comprises an organic solvent.

12.  The method according to claim 11, wherein the organic solvent comprises

chloroform or dichloromethane.

13.  The method according to any one of claims 1 to 12, wherein in step (a), the

polymer is substantially hydrophobic.

14.  The method according to anyone of claims 1 to 13, wherein in step (a), the

polymer comprises a polystyrene powder or a derivative thereof.

15.  The method according to anyone of claims 1 to 13, wherein in step (a), the

polymer comprises a polystyrene-acid anhydride copolymer.

16.  The method according to claim 15, wherein in step (a), the polystyrene-

acid anhydride copolymer comprises a polystyrene-maleic anhydride copolymer.
17.  The method according to any one of claims 1 to 16, wherein the functional

groups are protected in step (a), and wherein the functional groups are

deprotected following reaction of the focusing fluid with the polymer solution.
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18.  The method according to any one of claims 1 to 16, wherein the functional

groups comprise carboxylic acid groups.

19. The method according to claim 18, wherein the carboxylic acid groups are
protected in step (a), and wherein the carboxylic acid groups are deprotected

following reaction of the focusing fluid with the polymer solution.

20.  The method according to claim 19, wherein in step (b), the focusing fluid
is water, and wherein the carboxylic acid groups are deprotected by hydrolysis

with the water.

21.  The method according to any one of claims 1 to 19, wherein the focusing

fluid is water.

22.  The method according to any one of claims 1 to 21, wherein in step (a), the

particles comprise fluorophores.

23.  The method according to any one of claims 1 to 21, wherein in step (a), the

particles comprise nanoparticles.
24.  The method according to claim 23, wherein the nanoparticles comprise
semiconductor nanoparticles, magnetic nanoparticles, metallic conductor

nanoparticles, metal oxide nanoparticles, or fluorescent nanoparticles.

25.  The method according to any one of claims 1 to 21, wherein in step (a), the

particles comprise quantum dots.
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26.  The method according to claim 25, wherein in step (a), the polymer
solution comprises a combination of one or more types of the quantum dots, and
wherein the identifiable set of the quantum dots bound by each of the
microbeads is adapted to, following irradiation, produce one or more identifiable

spectral signals based on color and/or intensity.

27.  The method according to any one of claims 1 to 21, wherein in step (a) the

particles comprise a combination of quantum dots and magnetic nanoparticles.

28.  The method according any one of claims 1 to 27, wherein in step (d), the
single flow stream flows out from the chamber into a focusing orifice; wherein in
step (e), the single flow stream flows out from the focusing orifice; and wherein a

wet diameter ( dx) of each of the microbeads is directly dependent upon a

diameter of the polymer stream in step (e).

29.  The method according claim 28, wherein the wet diameter ( dg) of each of

the microbeads is determined according to the following equation:
d,. =189,

wherein (] is the diameter of the polymer stream in step (e).

30.  The method according to any one of claims 1 to 27, wherein in step (d), the
single flow stream flows out from the chamber into a focusing orifice; wherein in
step (e), the single flow stream flows out from the focusing orifice; and wherein a

diameter (/) of the polymer stream in step (e) is dependent upon: a diameter
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of the focusing orifice in step (e); a density and a flow rate of the polymer

solution in step (a); and a density and a flow rate of the focusing fluid in step (b).

31.  The method according claim 30, wherein the diameter ( ) of the
polymer stream in step (e) is determined according to the following equation:

% ’%
AN
.
p,) 9,

wherein D is the diameter of the exit orifice in step (e),

d.=D|

L, is the density of the focusing fluid in step (b),
P, is the density of the polymer solution in step (a),
Q2 is the flow rate of the focusing fluid in step (b), and

QI is the flow rate of the polymer solution in step (a).

32.  The method according to claim 31, wherein a wet diameter (dg) of each

of the microbeads is directly dependent upon a diameter of the polymer stream

in step (e) and is determined according to the following equation:
ad ,=1.89 d ;

wherein (] is the diameter of the polymer stream in step (e); and
wherein the density ( 0 ) of the polymer solution in step (a), the density
( pz) of the focusing fluid in step (b), and the diameter (D) of the exit orifice in

step (e) are predetermined such that, when the flow rate (Q]) of the polymer

solution flowing into the chamber is about 1 milliliter per hour (mL/h) and the
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flow rate (Qv) of the focusing fluid flowing into the chamber is about 180

milliliters per hour (mL/h), the method operatively forms microbeads about 6

micrometers (um) in diameter.

33.  The method according to claim 31, wherein a wet diameter ( dg) of each

of the microbeads is directly dependent upon a diameter of the polymer stream

in step (e) and is determined according to the following equation:
d.=189d,
wherein (f is the diameter of the polymer stream in step (e); and
wherein the density ( 0 ) of the polymer solution in step (a), the density
( pz) of the focusing fluid in step (b), and the diameter (D) of the exit orifice in
step (e) are predetermined such that, when the flow rate (QI) of the polymer

solution flowing into the chamber is about 0.5 milliliters per hour (mL/h) and the

flow rate ( Qz) of the focusing fluid flowing into the chamber is about 180

milliliters per hour (mL/h), the method operatively forms microbeads about 5

micrometers (um) in diameter.

34.  The method according to any one of claims 32 and 33, wherein before step
(a), the polymer solution is formed with a concentration of about 0.04 by weight-

weight percentage (4 wt%).
35.  The method according to any one of claims 1 to 34, further comprising a

first polymer narrowing step of reducing a cross-sectional profile of the polymer

stream before step (a).
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36.  The method according to claim 35, further comprising a second polymer
narrowing step of further reducing the cross-sectional profile of the polymer

stream after the first narrowing step and before step (a).

37.  The method according to any one of claims 1 to 36, wherein in step (b), the
focusing fluid flows into the chamber in a focusing stream; and further
comprising a focusing fluid narrowing step of reducing a cross-sectional profile

of the focusing stream before step (b).

38. A microbead formed according to the method in any one of claims 1 to 37.

39. A microbead formed according to claim 38 adapted to operatively bind

with antibodies or antigens as the biorecognition molecules.

40. A microbead formed according to claim 39, wherein the microbead,
operatively bound with the antibodies or antigens, is adapted for use as a probe

in a multiplexed diagnostic test for detection of one or more diseases.

41. A microbead according to claim 40, wherein the diseases are HIV,

Hepatitis B, Hepatitis C, malaria, Dengue virus, and/or avian flu (H5N1).

42. A microbead formed according to claim 38, wherein the microbead,
operatively bound with the biorecognition molecules, is adapted for use as a
probe in a multiplexed diagnostic test for detection of one or more genetic

expression factors.
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43. A system for forming microbeads comprising:

(@)  apolymer solution comprising particles and a polymer dissolved in
a solvent;

(b)  a focusing fluid capable of reacting with the polymer solution to
form functional groups adapted to bind with biorecognition molecules;

(c)  a flow focusing apparatus comprising a flow focusing body shaped
to define an interior chamber and an exit opening, with the chamber operatively
receiving the focusing fluid and a polymer stream of the polymer solution, with
the focusing fluid operatively contacting and focusing the polymer stream in the
chamber, so as to focus the polymer stream, and with the focusing fluid and the
polymer stream focused thereby operatively flowing, as a single flow stream, out
from the chamber through the exit opening;

wherein pendant droplets operatively detach from a leading end portion
of the single flow stream so as to form the microbeads;

wherein each of the microbeads binds an identifiable set of the particles,
and

wherein the focusing fluid operatively reacts with the polymer solution to
form one or more of the functional groups at a surface of each of the microbeads,

such that the microbeads are adapted to bind with the biorecognition molecules.

44.  The system according to claim 43, wherein the flow focusing apparatus
further comprises a polymer supply subassembly which includes a first polymer
nozzle having an entry portion shaped to define an entry opening, an exit
portion shaped to define a tip aperture, and a neck portion shaped to define an
internal channel running between the entry opening and the tip aperture;
wherein the polymer stream operatively flows into the entry opening, through

the internal channel, and out from the tip aperture towards the chamber; and
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wherein the first polymer nozzle is adapted to operatively reduce a cross-

sectional profile of the polymer stream during passage therethrough.

45. The system according to claim 44, wherein the polymer supply
subassembly additionally includes a second polymer nozzle connected in series
after the first polymer nozzle; wherein the polymer stream operatively flows
from the tip aperture of the first polymer nozzle into an entry opening defined
by an entry portion of the second polymer nozzle, through an internal channel
defined by a neck portion of the second polymer nozzle, and out from a tip
aperture defined by an exit portion of the second polymer nozzle towards the

chamber.

46.  The system according to claim 45, wherein the second polymer nozzle
comprises a needle member engaging the exit portion of the second polymer
nozzle and extending out from the tip aperture of the second polymer nozzle;
and wherein the needle member is shaped to define an internal needle channel
and a needle tip aperture; wherein the polymer stream operatively flows from
the tip aperture of the exit portion of the second polymer nozzle through the

needle channel, and out from the needle tip aperture towards the chamber.

47.  The system according to any one or claims 45 and 46, wherein the second
polymer nozzle is adapted to operatively further reduce the cross-sectional

profile of the polymer stream during passage therethrough.

48.  The system according to any one of claims 44 to 47, wherein the flow
focusing body is shaped to define a polymer supply opening leading to the

chamber; and wherein the polymer supply subassembly securely engages the
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flow focusing body, with at least part of the polymer supply subassembly being
securely received within the polymer supply opening, such that the polymer
stream operatively flows from the polymer supply subassembly into the

chamber.

49.  The system according to any one of claims 43 to 48, wherein the flow
focusing apparatus further comprises a focusing fluid supply nozzle having an
entry portion shaped to define an entry opening, an exit portion shaped to define
a tip aperture, and a neck portion shaped to define an internal channel running
between the entry opening of the focusing fluid supply nozzle and the tip
aperture of the focusing fluid supply nozzle; wherein a focusing stream of the
focusing fluid operatively flows into the entry opening of the focusing fluid
supply nozzle, through the internal channel of the focusing fluid supply nozzle,
and out from the tip aperture of the focusing fluid supply nozzle towards the
chamber; and wherein the focusing fluid supply nozzle is adapted to operatively
reduce a cross-sectional profile of the focusing stream during passage

therethrough.

50.  The system according to claim 49, wherein the flow focusing body is
shaped to define a focusing fluid supply opening leading to the chamber; and
wherein the focusing fluid supply nozzle securely engages the flow focusing
body, with at least the exit portion of the focusing fluid supply nozzle being
securely received within the focusing fluid supply opening, such that the
focusing fluid stream operatively flows from the tip aperture of the focusing

fluid supply nozzle into the chamber.
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51.  The system according to any one of claims 43 to 50, further comprising a
fluid bath and a receptacle containing the fluid bath to operatively collect the
microbeads after detachment from the leading end portion of the single flow

stream.

52.  The system according to claim 51, wherein the fluid bath contains the

focusing fluid.

53.  The system according to any one of claims 43 to 52, wherein the solvent

comprises an organic solvent.

54.  The system according to claim 53, wherein the organic solvent comprises

chloroform or dichloromethane.

55.  The system according to any one of claims 43 to 54, wherein the polymer

is substantially hydrophobic.

56.  The system according to anyone of claims 43 to 55, wherein the polymer

comprises a polystyrene powder or a derivative thereof.

57.  The system according to anyone of claims 43 to 55, wherein the polymer

comprises a polystyrene-acid anhydride copolymer.

58.  The system according to claim 57, wherein the polystyrene-acid anhydride

copolymer comprises a polystyrene-maleic anhydride copolymer.
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59.  The system according to any one of claims 43 to 58, wherein in the
polymer solution, the functional groups are protected before operative reaction
of the focusing fluid with the polymer solution, and wherein the functional
groups are deprotected following operative reaction of the focusing fluid with

the polymer solution.

60.  The system according to any one of claims 43 to 58, wherein the functional
groups, at least following operative reaction of the focusing fluid with the

polymer solution, comprise carboxylic acid groups.

61. The system according to claim 60, wherein in the polymer solution, the
carboxylic acid groups are protected before operative reaction of the focusing
fluid with the polymer solution, and wherein the carboxylic acid groups are
deprotected following operative reaction of the focusing fluid with the polymer

solution.

62.  The system according to claim 61, wherein the focusing fluid is water, and

wherein the carboxylic acid groups are deprotected by hydrolysis with the water.

63.  The system according to any one of claims 43 to 61, wherein the focusing

fluid is water.

64.  The system according to any one of claims 43 to 63, wherein the particles

comprise fluorophores.

65.  The system according to any one of claims 43 to 63, wherein the particles

comprise nanoparticles.

-57-



WO 2009/000084 PCT/CA2008/001204

66.  The system according to claim 65, wherein the nanoparticles comprise
semiconductor nanoparticles, magnetic nanoparticles, metallic conductor

nanoparticles, metal oxide nanoparticles, or fluorescent nanoparticles.

67.  The system according to any one of claims 43 to 63, wherein the particles

comprise quantum dots.

68.  The system according to claim 67, wherein the polymer solution
comprises a combination of one or more types of the quantum dots, and wherein
the identifiable set of the quantum dots bound by each of the microbeads is
adapted to, following irradiation, produce one or more identifiable spectral

signals based on color and/or intensity.

69.  The system according to any one of claims 43 to 63, wherein the particles

comprise a combination of quantum dots and magnetic nanoparticles.

70.  The system according to any one of claims 43 to 69, wherein the flow
focusing apparatus further comprises a focusing gate shaped to define a focusing
orifice therethrough, with the focusing gate substantially obstructing the exit
opening of the flow focusing body, and with the focusing orifice leading out
from the chamber, such that the single flow stream operatively flows out from
the chamber through the focusing orifice, and such that the single flow stream

operatively flows out from the focusing orifice.

71.  The system according to claim 70, wherein the focusing fluid substantially
surrounds the polymer stream as the single flow stream flows through and out

from the focusing orifice.
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72. The system according any one of claims 70 and 71, wherein a wet

diameter (] ) of each of the microbeads is directly dependent upon a diameter

of the polymer stream exiting the focusing orifice.

73.  The systems according to claim 72, wherein the wet diameter ( d ) of each
of the microbeads is determined according to the following equation:
d.=189(,
wherein ] is the diameter of the polymer stream exiting the focusing

orifice.

74.  The system according to any one of claims 70 and 71, wherein a diameter

() of the polymer stream flowing out from the focusing orifice is dependent

upon: a diameter of the focusing orifice as the polymer stream exits therefrom; a
density and a flow rate of the polymer solution entering the chamber; and a

density and a flow rate of the focusing fluid entering the chamber.

75.  The system according claim 74, wherein the diameter (] ) of the polymer

stream flowing out from the focusing orifice is determined according to the

following equation:

% %
AN
+

p.) \Q

wherein D is the diameter of the focusing orifice as the polymer stream

d =Dl

exits therefrom, L, 1s the density of the focusing fluid entering the chamber, P,
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is the density of the polymer solution entering the chamber, Q2 is the flow rate

of the focusing fluid entering the chamber, and Q[ is the flow rate of the

polymer solution entering the chamber.

76.  The system according to claim 75, wherein a wet diameter (d,) of each of
the microbeads is directly dependent upon a diameter ( d,) of the polymer

stream exiting the focusing orifice and is determined according to the following

equation:
d,=1.89d,
wherein the density ( p,) of the polymer solution entering the chamber,
the density ( 0, ) of the focusing fluid entering the chamber, and the diameter

(D) of the focusing orifice as the polymer exits therefrom, are predetermined

such that, when the flow rate (QI) of the polymer solution flowing into the
chamber is about 1 milliliter per hour (ml./h) and the flow rate (Qz) of the

focusing fluid flowing into the chamber is about 180 milliliters per hour (mL/h),

the system operatively forms microbeads about 6 micrometers (um) in diameter.

77.  The system according to claim 75, wherein a wet diameter ( d ) of each of
the microbeads is directly dependent upon a diameter ( d,) of the polymer

stream exiting the focusing orifice and is determined according to the following

equation:
d.=189d,

wherein the density ( p,) of the polymer solution entering the chamber,
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the density (0 ) of the focusing fluid entering the chamber, and the diameter

(D) of the focusing orifice as the polymer exits therefrom, are predetermined

such that, when the flow rate (Q|) of the polymer solution flowing into the
chamber is about 0.5 milliliters per hour (mL/h) and the flow rate (Qz) of the

focusing fluid flowing into the chamber is about 180 milliliters per hour (mL/h),

the system operatively forms microbeads about 5 micrometers (um) in diameter.

78.  The system according to any one of claims 76 and 77, wherein the polymer

solution has a concentration of about 0.04 by weight-weight percentage (4 wt%).
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