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CHEMICAL SYNTHESIS USING UP-CONVERTING PHOSPHOR

TECHNOLOGY AND HIGH SPEED FLOW CYTOMETRY

CROSS REFERENCE TO RELATED APPLICATION
16001} This application claims benefit of priority of U.S. Provisional Applications
61/302,863, filed 9 February 2010; and 61/407,370, filed 27 October 2010, which are

incorporated herein by reference.

TECHNOLOGICAL FIELD
100602} This technology generally relates to a large parallel mewory architecture and high
speed guery scheme to aceess a large and potentially independent set of sort sequences for
steering uniguely tagged eleroents through a high speed clement sorter, Specifically, the sorter
can be a flow cytometer and the elements can be up-converted phosphor-loaded beads.

BACKGROUND

{60603} The ficld of synthetic biology is in its infancy; however the field has the potential
to radically change how biological systems are engimeered. In just the last few years researchers
have chemically synthesized a poliovirus', bacteriophage™, mycoplasma gentialium genome'™,
engincered organisms to produce anti-malarial drug precursors™, and determined the minimal

working genomes of selected bacteria™ ¢,

Currently, however, experiments in synthetic
biology arc conducted only in specialized Iaboratories by cxtensively trained scientists, New
tools that allow for the rapid, cost effective synthesis of nucleic acids must be developed to move
synthetic biology from specialized laboratorics to general use.

{0004} The cost of DNA sequencing has dropped dramatically in recent years, For
example, the Human Genome Project spent about $1,000,000,000 to sequence the human
genome, Today, human genome sequencing costs about $50,000. By contrast, DNA synthesis is
still relatively expensive; therefore the cost synthesizing numerous sets of DNA sequences, such
as those used in roicroarrays, can be prohubitive. Thus, decreased expense and reduced technical
difficulty of synthesizing nucleic acid sequences that the method of the invention provides will

!
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benefit society in ways beyond the development of synthetic genomes.

{B005] In particular, microartay technology provides the means to assess the expression
of hundreds, or even thousands of individual genes at one time. In order to accomplish such a
feat, a microarray may need to comprise thousands, or even mullions, of individual DNA
sequences. Current technologies for DNA microarray analysis fall into either of two primary
categorics: (1) a serial fabrication process, which has low material and equipment costs to
performy or (2} a paraliel {abrication process, which has high matenal and equipmeut cosis.
Bach fabrication process takes weeks to months to fabricate an entirely new high-density array.
{6006] The current industry standards for the serial fabrication process include spotted
arrays (sequences spotted on a planar substrate) and bead-based arrays (sequences coupled to a
uniquely labeled bead). The company, Hlumina, manufactures microarrays based oun serial
fabrication approaches. Typically, microarray companies like HHumina individually synthestze
unigque DNA sequences using a serial process mvolving standard DNA phosphoramidite
chemistry. Serial approaches to array fabrication require significant labor to synthesize each
oligonucleotide sequence in a separate reaction, and couple cach sequence to a substrate.
Because cach DNA probe is synthesized wn series, the time required to fabricate an arvay scales
with the number of probes in the DNA microaray.

{6087} The industry standard for parallel fabrication of oligonucleotides for mucroarrays
is a photolithographic synthesis approach that requires expensive photoliable phosphoramidites.
Spatial separation of the probes and the photolithographically defined removal of the
photoprotecting groups allows for precise control of when and where cach DNA base is added.
Because oligonucleotides can be fabricated in parallel, the tirae required 1o fabricate a DNA
microarray is independent of the number of different probes and depends only on the length of
the probes. For example, the synthesis of 1 million 50-base probes requires no more than 200
synthesis steps (30 x 4, the nurober of bases 1u the probe tirues the vumber of DNA bases). The
company, Affymetrix is a leader in the fabrication of microarrays by a photolithographic
synthesis approach.

{6088] Unlike the foregoing fabrication processes, the method of the invention provides a
novel low-cost platform tor the parallel fabrication of multiple polymers of varying monomeric

subunit sequences, e.g., oligonucleotides. For example, the method of the invention can
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fabricate DNA microarrays with more than one million different probe sequences in less than
one day, and a hundred timaes cheaper than curreutly possible, These advances in polymwer
fabrication that are brought by the method of the invention capitalize on combining up-
converting phosphor technology (UPT) and recent advances in flow cytometry technology to

allow low-cost, rapid synthesis of DNA microarrays using traditional DNA synthesis chemicals

SUMMARY OF THE INVENTION

{6089] The method of the invention offers the ability to rapidly synthesize multiple
chemical compounds, particularly polymers of varying scquences, in parallel on the surfaces of
carrier beads. More specifically, the invention ivolves attaching up-converting phosphors
{UCP s} to beads to create up-converting phosphor-loaded beads (UCP-loaded beads) with
unique spectral characteristics. Using a dynamic sorting architecture each bead 1s cataloged
based on its spectral characteristics, assigned a compound or polymer to be synthesized, and
subjected to multiple rounds of sorting by a {low cytometer, wherein cach round sorts the bead to
an appropriate bin for a selected chemical reaction, such as the attachment of a monomeric
subunit of the polymer sequence,

{6010] The up-converting phosphors used in the invention are rare-carth doped ceramic
materials with the unigue property of emitiing a single higher energy visible photon upon
excitation with two lower energy near-infrared photons.  The combination of different absorber
and emitter rare earth ions, ton doping levels, and the use of different crystal host materials
allows for the synthesis of difterent spectrally unique phosphor corapositions that can be excited
with a single, highly efficient laser. Another useful characteristic of up-converting phosphors is
that they can be detected with high sensitivity; a single, efficient gallivm arsenide (GaAs)
semiconductor laser provides sufficient excitation power to enable the detection of singic
phosphor particles, cach of which emits in a narrow spectral band facilitating multiplexing, The
emission intensity is proportional to the number of UCP particies in a samaple; therefore, the
crission signals represent a gquantitative measurement, Detection of up-converting phosphor
emission wavelengths are also intrinsically background free because the two-photon up-
conversion process 1S not observed in naturally occurring materials. Furthermore, the long
wavelengths that are used to excite up-converting phosphors produce minimal background

N
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interference due to significantly reduced or eliminated autofluorescence. A permanent record of
up-converting phosphors’ spectral characteristics 15 also possible to atiain because the solid-state
nonradiative transfer process between rare earth ions does not photobleach. Up-converting
phosphor particles can up convert IR light after many years on a laboratory bench,

{6011 In one embodiment, the invention relates to a carrier bead having a generally
spherical shape and a layer of at least one up-converting phosphor particle on the bead’s surface.
By attaching different phosphor particles 1o different quantities and ratios to the surface of the
carrier bead, the up-converting phosphor-loaded bead can act as a “communicating optical pipe.”
This design assures that all the phosphor particles are available and respond in a predictable way
to the incoming light and emit to the same environment. A simple version of the composite
phosphor 1s ustrated i Figure 2. By changing the composition and concentrations of the up-
converting phosphors on the surface of each bead, the method of the invention obtain a large
number of particles with distinguishable spectral enissions. The particle size will be mostly
dictated by the original bead size, and the degree of loading and final external coating {typically
S5i(3;). The index of refraction of the core can be tailored to obtain maximum efficiency.

18012} In one embodiment, the invention provides a maethod of synthesizing at feast two
polymers by a stepwise combination of monomeric units. The method comprises the steps oft

a} obtaining at least two sets of UCP-loaded beads, wherein the UCP-loaded beads
within each set are spherical beads with a layer of at least one up-converting phosphor particle on
the bead surface and cach set has 4 unique excitation or cmission wdentity;

b} detecting the emission properties of the UCP-loaded beads using a computer
systeru-controlled flow cytometer;

c) recording the emission properties of each set of UCP-loaded beads to a database
iocated on a computer-readable medium using the computer-controlled flow cytometer, wherein
the database assigos each unigue UCP-loaded identity to a specified polymer sequence;

d) sorting the UCP-lcaded beads into any one of a number of bins by sets, wherein
each bin is correlated with a specified monomeric subunit, and wherein the assignment of each
UCP-loaded bead to a bin is based on the first monomeric subunit of the polymer sequence that
is assigned to the UCP-loaded bead in the database of step (¢};

e) attaching the monomeric subunits within each bin to the surfaces of the UCP-
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loaded beads sorted to the bin;

£) pooling the UCP-loaded bead sets after completion of step (e}

2} optionally re-sorting the UCP-loaded beads from step (f) into bins using the
computer-controlled flow cytometer, wherein the UCP-loaded beads’ spectral identitics are
detected, and cach UCP-loaded bead is sorted to a bin according to the next monomertc subunit
to be added to the polymer sequence assigned to each UCP-loaded bead set in the database of
step (¢h

h) reacting the UCP-loaded beads under conditions sufficient to attach a selected

monomeric subunit to the mosi~recently attached monomeric subunit;

i) pooling the UCP-loaded beads after completion of step (h);
1 repeating steps (g)-(1) to produce a desired polymer on each set of UCP-loaded

beads; and
k) optionally cleaving a polymer from its UCP-loaded bead, Variations and

preferred embodiments of this method are described below.

BRIEF DESCRIPTION OF THE DRAWINGS

18013} Figure 1 shows: (a) a diagram of the two-IR-photon transfer from an Yb ion
absorber to the Er ion emitter and the subsequent emission of a single visible photon; and (b)
emission spectra for 9 different compositions.

{6014} Figure 2 shows a graphic description of a method for creating millions of
spectrally unigue UCP-loaded beads. Iu particular, the figure graphically depicts twelve
spectrally unigue 75 nm UCP particles (UCP Particle Spectra~(1-12}}, as well as depictions of
three UCP-loaded beads, which are each 10-um silica core beads on which thousands of
individual UCP particles are fused.

{601 5] Figure 3 shows a graphical represcntation of the first two steps necessary to
fabricate a DNA microarray on the UCP-loaded beads. The {irst step of the process is {o
determine what sequence will be added to cach spectrally unique UCP-loaded bead. The flow
cytometer is then used fo sort the beads into bins based on the first base n the desired sequence.
Next, the base 1s added and the beads are re-pooled. The end result is a pool of UCP-loaded

beads with the first base in the desired sequence added. Next, the UCP-loaded beads are
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resorted, based on the second base in the desired sequence for cach bead. The appropriate base
is added to all the beads in each bin, and then the beads are re-pooled for the third siep. The
process is repeated until the desired sequence is fully synthesized on each UCP-igaded bead.
{0016} Figure 4 shows a graphic represcntation of a dynamic sorting architecture
example for DNA synthesis.

{6017} Figure 5 shows a more detailed graphical representation of the initial catalog run
that Figure 4 depicts.

16018 Figure 6 shows a more detailed graphical representation of the first run (Round 1}
that Figure 4 depicis.

{6019] Figure 7 shows a more detatled graphical representation of the second run
{Round 2) that Figure 4 depicts.

{00261 Figure & shows a graphical representation of the Dynamic Sorting Architecture
{DSA ) and the relationship between the high speed pertormance of the sorting method to the unit
time window that enables that high speed. The DSA performs UCP-loaded bead tdentification,
database query, and sort decision functions in immediate succession.

180211 Figure 9 shows approximately 6 to 6.5 mucron diameter silica particles were
coated with YYbEr particles,

16022} Figure 10 shows approxirsately 6 1o 6.5 micron diarueter silica particles were

coated with coated with three different up-converting phosphor particles.

DETAILED BESCRIPTION
{6023] Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs. Although any methods and materials sinular or equivalent to those described herein can
be used in the practice or testing of the present inveuntion, the preferred methods and materials
are described. For purposes of the invention, the following terms are defined below.
16024} The invention involves a unique corbination of up-converting phosphor and flow
cytometric technologies to be used in chenvical synthesis. The invention relates (o a novel
platform that allows for the rapid, low-cost, paralicl custom synthesis of compounds and

polymers. The invention also relates to carrier beads that are coated with up-converted phosphor

)
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particles (up-converted phosphor -loaded carrier beads) and used in the methods of the invention.
{B025] In one embodiment a miethod of the invention synthesizes at least two polymers
by a stepwise or a sequential combination of monomeric units. The method comprises the steps
of:

a) obtaining at least two sets of UCP-loaded beads, wherein the UCP-loaded beads
within cach set are spherical beads with a layer of at least one up-converting phosphor particle on
the bead surface and each set has a unique excitation or ermission wdentity;

b} detecting the emission properties of the UCP-loaded beads using a computer
systeru-controlled flow cytometer;

c} recording the emission properties of cach set of UCP-loaded beads to a database
located on a computer-readable medivm using the computer-controlled flow cytometer, wherein
the database assigns gach unigue UCP-loaded identity to a specified polymer sequence;

d) sorting the UCP-loaded beads into any one of a number of bins by sets, wherein
each bin is correlated with a specified monomeric subunit, and wherein the assignment of each
UCP-loaded bead to a bin is based on the first monomeric subunit of the polymer sequence that
is assigned to the UCP-loaded bead in the database of step (¢);

) attaching the monomeric subunits within cach bin to the surfaces of the UCP-
ioaded beads sorted to the bin;

£) pooling the UCP-loaded bead sets after completion of step (e}

2) optionally re-sorting the UCP-loaded beads from step (f) ito bins using the
computer-controlled flow cytometer, wherein the UCP-loaded beads’ spectral identities are
detected, and cach UCP-loaded bead 1s sorted to a bin according to the next monomeric subunit
to be added to the polymer sequence assigned to each U{UP-loaded bead set in the database of
step (ch;

b} reacting the UCP-loaded beads under conditions sufficicut to attach a selected
monomeric subunit to the most-recently attached monomeric subunit;

i) pooling the UCP-loaded beads after corupletion of step (h);

i3 repeating steps (g}3-(i} to produce a desired polymer on cach set of UCP-loaded

beads; and

S

k) optionally cleaving a polymer from its UCP-loaded bead.

T
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{6026 Anocther method of the invention for synthesizing at least two polymers by a
stepwise or sequential combination of monomers comprises the steps ofd

a} providing at least two sets of UCP-loaded beads, wherein the UCP-lpaded beads
within cach set are spherical beads with a layer of at least one up-converting phosphor particle on

the bead surface and each set has a unigue excitation or emission identity;

b) optionally attaching a monomeric subunit to the at least two sets of UCP-loaded
beads;
¢} detecting the emission properties of the UCP-loaded beads using a computer

system-controlled flow cytometer;

d) recording the emission properties of each sct of UCP-loaded beads to a database
iocated on a computer-readable medium using the computer-controlled flow cytometer, wherein
the database assigns gach unigue UCP-loaded identity to a specified polymer sequence;

e} sorting the UCP-loaded beads into any one of a number of bins by sets, wherein
each bin is correlated with a specified monomeric subunit, and wherein the assignment of each
UCP-loaded bead to a bin is based on the first monomeric subunit of the polymer sequence that
is assigned to the UCP-loaded bead in the database of step (d):

£ attaching the monomeric subunits within each bin to the surfaces of the UCP-
ioaded beads sorted to the bin;

g} pooling the UCP-Ipaded bead sets after completion of step (f);

h) optionally re-sorting the UCP-loaded beads from step (g} mto bins using the
computer-controlled flow cytometer, wherein the UCP-loaded beads’ spectral identities are
detected, and cach UCP-loaded bead 1s sorted to a bin according to the next monomeric subunit
to be added to the polymer sequence assigned to each U{UP-loaded bead set in the database of
step (d);

1) reacting the UCP-loaded beads under conditions sufficicut to attach a selected

monomeric subunit to the most-recently attached monomeric subunit;

i pooling the UCP-loaded beads after corapletion of step (i)

k) repeating steps {h}~(j} to produce a desired polymer on sach set of UCP-loaded
beads;

b optionally cleaving a polymer from its UCP-loaded bead.
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{60271 in another general embodiment, a method of the invention provides a stepwise or
sequential chemical synthesis comprising the steps off

a} providing at least two sets of UCP-loaded beads, wherein the UCP-lpaded beads
within cach set are spherical beads with a layer of at least one up-converting phosphor particle on

the bead surface and each set has a unigue excitation or emission identity;

b) optionally attaching a first reactant to the at least two sets of UCP-loaded beads;
) optionally detecting the emission properties of the UCP-loaded beads using a

computer system-controlled flow cytometer;

d) recording the ermission properties of each set of UCP-loaded beads to a database
iocated on a computer-readable medium using the computer-controlled flow cytometer, wherein
the databasc assigns cach unique UCP-loaded identity to a specified product to be synthesized;

&) sorting the UCP-loaded beads into any one of a number of bins by sets, wherein
each bin is correlated with a specified sequenced reaction step;

£ reacting the sorted UCP-loaded beads in step (e} according to the specified
sequenced reaction step;

£) pooling the UCP-loaded bead sets after comapletion of step (£);

) optionally re-sorting the UCP-loaded beads from step (g) into bins using the
computer-controlied flow cytometer, wherein the UCP-loaded beads’ spectral identities are
detected, and each UCP-loaded bead is sorted to a bin according to the next sequential reaction
step assigned to each UCP-loaded bead set in the databasce of step (d);

1) reacting the UCP-loaded beads in step (g) or step {h} according to the specified
sequenced reaction step;

i3 repeating steps (g3-(i} to synthesize a desired compound on each set of UCP-
loaded beads: and

k) optionally cleaving a desired corapound from s UCP-loaded bead.

{0028] As can be understood, the methods of the invention may be used for the parallel
preparation of cheruical compounds, particularly polymers and more particularty 1o the
preparation of DNA, proteins, and other such polymeric sequences where the preparative steps or
chemical reactions proceed in a stepwise fashion. An advantage of the methods 1s the ability to

rapidly synthesize multiple chemical compounds i paratle! using a combination of flow
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cytometry techniques and up-convertng phosphor technology. The various aspects of the
raethods of the wmvention, the steps and components, are discussed below,

{6029} Carrier Beads

{6030} A carrier bead of the invention has a gencrally spherical shape and a layer of at
least one up-converting phosphor particle on the bead’s surface. The carrier beads of the
invention are termed up-converting phosphor-loaded beads or UCP-loaded beads, Any material
that a practitioner would know to be appropriate for flow cytoretry is suitable making the carvier
beads of the invention. Spherical carrier beads are generally preferred. For example, certain
embodiments of the mvention use beads of a ceramie, such as, but not himited 1o, silica (810;) or
a silica-ceramic. Other embodiments, however, may use beads composed of non-ceramic
materials {e.g., a polymer material or a metal). Regardless of the composition of the bead core,
the invention allows a practitioner to tatlor the bead’s index of refraction to obtain maximum
efficiency. Indeed, in various embodiments of the mvention, the carrier bead cores are
transparent to excitation wavelengths of the up-converting phosphors, or to their emission
wavelengths, or both, Alternatively, in other embodiments, the carrier bead core can be coated
with a roetallic layer which s placed m between the bead and the up~converting phosphor
particle layer. The metallic layer may be used to reflect the excitation and/or emission radiation
of the up-converting phosphor, thereby avowding loss due to absorption in the carrier bead.
{6031} The carrier bead cores of the invention may also vary in diameter. While the
practitioner may sclect carrier beads of any diamcter that 1s appropriate to obtain the desired
spectral characteristics of the up-converting phosphor-loaded beads, bead diameters are typically
20 um or less. For example, in some embodiments, the carrier bead may be about S um, or

16 pm, or 15 um. A mixture of different sized carrier beads may be used to prepare sets of UCP-
loaded beads for use in the methods of the invention. Different sized UCP-loaded bead sets
provides a further discritninator, size, between the beads as they are used 1n the methods of the
invention. For example, different sized UCP-loaded beads may be sorted by their up-convertng
phosphor identity and/or their size.

{66321 Up-Converting Phosphors

{6033} Up-converting phosphor particles arc known for their use in diagnostic assays.

See, e.g., U.S. Patents 5,043,265 and 6,159,686, This invention uses up-converting phosphors to

10
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uniguely label individual carrier beads that serve as substrate surfaces for the parallel fabrication
of polymers comprising variable sequences of monoweric subunits. Generally, au up-converting
phosphor or combinations of up~converting phosphors uniquely identify a bead, and by extension
a particular polymer. The method of the invention relies on flow cytometry to wdentify the
unique phosphor labels by llumination with an excitation radiation, followed by detection of the
emission radiation.

10034} Up-converting phosphors are rare-carth doped ceramie raterials with the unigue
property of emitting a single higher energy visible photon upon excitation with two lower energy
near-infrared photous. Within the coutext of the nvention, the notion of up-conversion refers to
the emission of electromagnetic radiation at up-shifted frequencies (i.e., at higher frequencies
than the excitation radiation).  Figure 1 diagrams the two-photon non-radiative transfer between
two rare~carth ions doped together in a single up-converting phosphor particle resulting in
emission of a single photon in the visible spectral region. The combination of different absorber
allows for the synthesis of different spectrally unique phosphor compositions. Up-converting
phosphor patticles also retain their emission characteristics at high temperatures. Thus, in
various embodiments of the invention, up-converting phosphor particles can be doped into
molten glass without losing their ability to up-convert.

{6035] As used herein, the torms “excitation,” “excitation wavelength,” and the like refer
to an clectromagnetic radiation wavelength that, when absorbed by an up-converting label,
produces a detectable emission from the up-converting particle, wherein the emission is of a
shorter wavelength (i.e., higher frequency radiation) than the particle’s excitation wavelength,
{6836} As used herein, the term “emission,” “emission wavelength,” and the like refer to
a wavelength that is emitted from an up-converting particle subsequent to, or contemporancously
with, iHlumination of the up~converting particle with one or more excitation wavelengths.
Emission wavelengths of up-converting particles are shorter (i.c., higher frequency radiation}
than the corresponding excitation wavelengths, Excitation properties and label emission
wavelengths are unique to individual up~-converting phosphor species, and are readily determined
by performing simple excitation and enussion scans, Some embodiments of the invention

employ up-~converting phosphor particles that are optimally excited by infrared radiation of about

11



WO 2011/100334 PCT/US2011/024203

950 to 1000 nm; for example, but not limited to, about 960 to 980 nm. In an exemplary
embodiment of the invention, an up-converting phosphor with the formula YF5: Ybo o Foo
exhibtts a luminescence intensity maxinmum at an excitation wavelength of about 980 nm. In
various other embodiments of the fnvention, up-converting phosphors typically have enussion
maxima that are in the visible range.

{6637} Up-conversion has been found to occur in certain materials containing rare earth
ions 1u certain crystal materials. For example, yiterbium and erbiam act as an activator couple n
a phosphor host material such as barium-yttrinm-fluoride. The ytterbium ions act as the
absorber, and transfer energy non-radiatively to excite the erbium ious. The enmssion is thus
characteristic of the erbium ion's energy levels. U.S. Patent 6,312,914 contains examples, and a
discussion of the relationship of phosphor hosts and activator couples, and U.S. Patent 6,159,686
is discusses using up-converting phosphor particles to detect molecules, including analytes, and
biological macromolecules.

{6038] Up-converting phosphor particles are known materials. The up-converting
phosphors can be manufactured as described in various published methods, including but not
itmited to the followmg: U.S. Patent 6,312,914; Yocom et al., (1971 Metallurgical Transactions
2:763; Kano et al,, (1972). J. Electrochern. Soc., p. 1561, Wittke et al. (/972 Appi. Physics
43:59S5; Van Ustert et al. (1969) Mar. Res. Bull. 4: 381; which are incorporated herein by
reference. Other references which may be referred to are: Jouart 1. P. and Mary G. (1990) .
Luminescence 46: 39; McPherson G. L. and Moeyerson S, L. (1997) Chern. Phys. Lert. (April) p.
325; Gomen et al: {1990} J. Luminescence 46: 353; NI Hand Rand SC (1991) Oprics Lett. 16
{September); McFarlane R, A, {1991 Optics Lett. 16 (Sepieraber); Koch et al. (1990} 4ppl.
Phys. Legt. 56: 1083; Stlversmith et al. (1987) Appl. Phys. Letz. 51: 1977; Lenth W, and
McFarlane R, M. (1990} J. Luminescence 45:346; Hirao et al. (1991} J. Non-crystaliine Solids
135: 90; McFarlane et al. (1988) Appl. Phys. Lett. 52:1300, incorporated herein by reference). In
addition, methods of synthesizing submicron- diameter, monodispersed up-converting phosphor
particles in a fhudized reactor bed are described 1n U.S, Patent 6,039,894,

{6039] The up-converting phosphor particles used to form the layer on the carrier bead
core are typically smaller than about 2 microns 1n diameter; for example, less than about |

micron in diameter (i.¢., submicron), or even 10 to 30 nanometers or less in diameter. In some
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embodiments, up-converting phosphor particies are as small as possible while retaining sufficient
quantura conversion efficiency to produce a detectable signal. However, for any particular
application, the size of the up~converting phosphor particle{s) to be used should be selected at the
discrction of the practitioner, For exaruple, the practitioner may select an up-converting
phosphor particle size based on the desired bead core size and the degree of up-converting
phosphor bead core loading., The practitioner may also consider the {inal external coating of up-
converting phosphor-loaded bead when considering the size of an up-converting phosphor to use.
The practitioner may also select the optimal size of up-converting phosphor particles on the basis
of guantum efficiency data for the various up-converting phosphor particles of the mvention.
Such conrversion efficiency data may be obtained from available sources {¢.g., handbooks and
published references) or may be obtained by generating a standardization curve mecasuring
quantum conversion efficiency as a function of particle size.

0040} The invention can be practiced with & variety of up-converting inorganic
phosphors, For example, various embodiments of the invention employ one or more phosphors
derived from one of several ditferent phosphor host materials, cach doped with at least one
activator couple. Suitable phosphor host matenals include, but are not limited to: sodium yitrium
fluoride (NaYFy), lanthanum fluoride (LaF;), lanthanmum oxysulfide, yttrium oxysulfide, yitrium
fluoride {YFs), vitrium gallate, yttrium aluminum garnet, gadolintum flaoride (GdF;), barfum
vitrium fluoride (BaYFs, BaY,Fs), and gadolinium oxysulfide.

10041} Suitable activator couples may be selected from, but are not limited to;
yiterbiwm/erbiun, ytterbium/thulium, and yiterbium/holmium. Other activator couples suitable
for up-conversion may also be used. By combination of these host materials with the activator
couples, at least three phosphors with at least three different emission spectra (red, green, and
blue visible light) are provided. Generally, the absorber is ytterbium and the emitting center can
be selected from: erbium, holmium, terbium, and thulium; however, other up-converting
phosphors of the invention may contain other absorbers and/or emitters. The molar ratio of
absorber: emitting center 18 typically at least about 1: 1, woore usually at least about 3:1 to 5:1,
preferably at least about R:1 to 1011, more preferably at least about 11: 1 to 20: 1, and typically
icss than about 250:1, ysually less than about 100:1, and more usually less than about 50:1 to

25:1, although various ratios may be sclected by the practitioner on the basis of desired
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characteristics (e.g., chenucal properties, manufacturing efficiency, absorption cross-section,
excitation and emission wavelengths, guanturn efficiency, or other considerations). The ratio(s)
chosen will generally also depend upon the particular absorber-emitter couple(s} selected, and
can be caleulated from reference values in accordance with the desired characteristics.
{00421 The optimum ratio of absorber {e.g., yiterbium) to the emitting center (e.g.,
erbium, thultum, or holmium) varies, depending upon the specific absorber/emitier couple. For
example, the absorberemitter ratio for Yh:Er couples is typically in the range of about 20: 1 to
about 100:1, whereas the absorber:emitter ratio for Yb:Tm and Yb:Ho couples is typically in the
range of about 500:1 to about 2000:1. These different ratios are attributable to the ditferent
matching energy levels of the Er, Tm, or Ho with respect to the Yb level in the crystal. For most
applications, up-converting phosphors may conventently comprise about 10-30% Yb and either:
about 1-2% Er, about 8.1-0.05% Ho, or about (.1-0.05% Tm, although other formulations may
be employed.
{0043} Some embodiments of the invention employ inorganic UPT particles that are
optimally excited by infrared radiation of about 950 to 1000 nm, preferably about 960 to 980 nm.
For example but not himitation, a microcrystalhine inorganic phosphor of the formula
Y F3:Yby joEre0r exhibits a luminescence intensity maxinum at an excitation wavelength of about
980 nm. Inorganic phosphors of the tnvention typically have emission maxima that are in the
visible range. For example, specific activator couples have characteristic omission spectra:
yiterbium-erbium couples have emission maxima in the red or green portions of the visible
spectrum, depending upon the phosphor host; viterbium-bolmium couples generally emit
maxitmally 1 the green portion, ytterbium-thulium typically have an emission maximum in the
blue range, and yiterbiuny/erbium usually emit maxi maximally in the green range. For example,
Yg.50Y bgsErg o1 Fy emits maximally in the green portion of the spectrum.
10044} Although up-converting morganic phosphor crystals of various forraulae are
suitable for use in the invention, the following formulae, provided for example and not to hmit
the wmvention, are generally suitable:

Na(Y, YbyEr)Fs 1 x1s 0710 0.9, vi1s (.09 10 .29, and 215 0.05 10 0.01.

Na(Y,YbHo Fy 1 k18 0.7 10 0.9, Y 15 0.0995 t0 0.2995, and z 1s 0.0005 to 0,001,

Na(YYb,ITm, F4: x 15 0.7 10 8.9, y 15 .0995 10 .2995, and z 1s (0005 to §.001.
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(Y YbyEr )OS x1s0.710 0.9, Yis 0.05t0 0.12, and 215 0.05 t0 6.12; and

{Yos6YboosErooshO5 1s a relatively efficient up-converting phosphor material,
{0045} For example, but not to it the invention, ytterbium(Yb y-erbium{¥r}-doped
yitriurn oxysulfides luminesce in the green atier excitation at 950 nm. These are non-linear
phosphors, in that the ytterbium acts as an "antenna” {(absorber) for two 950 nm photons and
transfers its energy to erbium which acts as an ermitter (activator). The critical grain size of the
phosphor is given by the guanturn vield for green emission and the doping level of both Yb and
Er, which is generally in the range of about one to ten percent, more usually in the range of about
two to five percent. A typical YhiEr phosphor crystal comprises about ten to thirty percent Yb
and about one to two percent Er, Thus, a phosphor grain containing several thousand fornwla
units cnsures the ernission of at least one or more photons during a typical laser irradiation time,
However, the nonlinear relationship between absorption and emission indicates that intense
ilumination at the excitation wavelength(s) may be necessary to obtain satisfactory signal in
embodiments employing very small phosphor particles (i.c., less than about 0.3 um).
Additionally, 1t ts usually desirable to increase the doping levels of activator/entter couples for
producing very small phosphor particles so as to maximize quantum conversion efficiency.
{0046} Inorganic microcrystalline up-converting phosphors with rare earth activators
generally have narrow absorption and line emission spectra. The line emission spectra are due to
{-f transitions within the rarve earth ion. These are shielded internal transitions, which result in
narrow line cmission.
10047} In certain apphications, such as where highly sensitive detection 18 required,
intense illunination may be provided by commercially avatlable sources, such as infrared laser
sources {e.g., continuous wave (CW) or pulsed semiconductor laser diodes). For example, in
applications where the microcrystaliine phosphor particle must be very small and the quantum
conversion efficiency is low, intense laser illununation can increase signal and decrease
detection times, Alternatively, some applications of the wnvention may require phosphor
compositions that have inherently low quantum conversion efficiencies {¢.g., low doping levels
of activator couple), but which have other desirable characteristics (e.g., manufacturing
efficiency, ease of derivatization, etc.); such low efficiency up-converting phosphors are

preferably excited with laser illumination at a frequency at or near (1.¢., within about 25 to
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75 nm) an absorption maximum of the material. The fact that no other light is generated in the
system other than from the up-converting phosphor allows for extremely sensitive signal
detection, particularly when intense laser iHlumination is used as the source of excitation
radiation, This unique property of up-conversion of photon energy by up-converting phosphors
makes possible the detection of very small particles of microcrystaliine inorganic phosphors. For
practical imaplementation of up-converting phosphors as ultrascnsitive labels, the grain size of the
phosphor should be as small as practicable (typically less than about 0.3 o about 0.1 pmy. for
which laser-excited up-converting phosphors are well-suited.

{6048] For example, various phosphor material compositions capable of up-conversion

which are suitable for the invention are shown in Table 1,
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Table 1

Foat Material Absosher lon Emsiter fon Celor
Onysudfides (QL%)
Y008 Yhierbinm Erbium Green
Gel 0.5 Yiserbivm Erbivm Red
{a,03.5 Yiserkivm Haolminm Crreen
Yiarhim, Thultuam Bins
Fiierhinm Terbiwmn Grigen
Yiierkinm Erbium Rsd
*rterhitm Erhium Civesn
¥ terhimm. Holziism Creoen
Yiterhaumn, Tholan Blue
Frierkism Thuliay Blue
¥ tterkiam. Tedvinan Crssen
ELEELEN ¥lsarbinm Erbiwru Esd
Y o (g 5 Yiterbaum Eilrinm Green
¥iserkiizm Halmiem Civean
Yiierhiwn Tlaifsen Blae

10049}

PCT/US2011/024203

The numbers of up-converting phosphor particles per single carrier bead core are

not limited in any way, Typically, as shown m Figure 2, by changing the composition and
concentrations of the up-converting phosphor particles on the surface of each bead, a large
number of particles with distinguishable ernissions properties may be obtained. In various
embodiments of the mvention, the number of unique cornbinations of up-converting phosphor-
loaded beads may be increased by: {1} by increasing the number of up-converting phosphor
particles with unigue emission properties; ot (2) by increasing the inteunsity resolution of the
optical detector to enable accurate readout of different numbers of the same type of up-
converting phosphor particle type loaded onto a single bead. The total number of combinations,

N, of spectrally unique beads is given by the formmula N =", where 1 is the number of single up-

17



WO 2011/100334 PCT/US2011/024203

converting phosphor particle intensity lovels that can be resolved by the optical system, and n1 s
the number of umque phosphor particles available for doping. For example, for four spectrally
unigque up-converting phosphor particles, and only two levels of optical resolution for each
spectrally unigue up-converting phosphor particle (either the up-converting phosphor particle is
present on the bead or not present), there are a total of 16 possible conibinations (2%). The total
possible combinations of ton spectrally unique up-converting phosphor particles with four levels
of optical resolution for each unigue ap-converting particle (not present, low intensity, medium
intensity, and high intensity) would vield over one million combinations (4'%). Table 2 shows
the possible nuraber of combinations of spectrally unigue up-couverting phosphor (UCP)-loaded
beads given between one and twelve spectrally unique up-converting phosphor particles with
between two and eight optical resolution fevels, The column labeled “Colors” shows the nuruber
of unique up-converting phosphor particle spectra that can be generated. The “Levels” columns
show the number of unigue optical resolutions that can be achieved for each combination of up-
converting phosphor particle spectra and resolution levels. The possible number of levels
depends on the number of each unigue up-converting phosphor -loaded bead the system can
differentiate. The combinations highlighted i pink represent sitnations that result in >100,000
combinations; yellow boxes have >1 million combinations; and green boxes have >10 million
combinations.

Table 2

2097 152

256 B 561
512 19 683 =od,
1,024 53,049 |1 D4B 575 | 9765 B35

2043 4,194 304
4 096
{00561 Up-converting phosphor-loaded beads, UCP-loaded beads, of the mmvention, may

be fabricated by first well-dispersing the carrier beads and up-converting phosphor particles in
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alcoholic media. Dispersion can be achieved by well-known methods involving addition of
dispersant and sonication. Next, a silica precursor is added to the dispersed beads and up-
converting phosphor particles. The silica precursor is converted to silica via base catalyzed
hydrolysis and condensation reactions, The silica binds to both component particles, and, by
optimizing the relative amounts of the component particles, up-converting phosphor
particle/carricr bead composite particles are formed without excessive agglomeration of hike
particles to thewselves. In this preferced method the UCP particles therselves are preferentially
coated tnitially with silica or glass. This may done as described or by other means known in the
art. Thus, the attachrent of the UCP particles to the bead has the advantage of being a silica to
stlica attachment rather than the attachment of differing chemical compositions to silica. This
allows for attaching a number of potentially very ditferent UCP particles in a single coating
process and for creating a wide variety of and spectrally distinct UCP-loaded beads. Figure §
shows a graphical representation of the Dynamic Sorting Architecture (DSA) and the
relationship between the high speed performance of the sorting method to the unit time window
that cnables that high speed. The DSA performs UCP-loaded bead identification, database
query, and sort decision functions in immediate succession,

16651} in various embodiments of the invention, UCP-loaded beads may also be
encapsulated by an exiernal coating, such as a ceramic coating (for example, silica).
Encapsulation can increase the mechanical stability of up-converting phosphor-loaded beads
beyond that achieved by the nttial attachment process, and present a uniform chemical surface
for subsequent attachment of chemical species. The surface of the UCP-loaded beads may be
functionalized or coated to bind or link to a particular chemical species as a beginning reactant
for the synthesis occurring in a particular method of the invention. Functionalizing or coating
surfaces to improve their reactivity or to act as linkers for further chemistry is well-known in the
art. The functional group or Huker may also introdace the ability to cleave the product from the
bead at the end of the method. That cleavage may be chemical, photochemical, or other means
known ju the art.

{B052] The encapsulation of UCP-loaded beads may be accomplished by the solution-
based deposition of a cerarmic precursor followed by heating, methods for which are well-

established. In certain other embodiments of the invention, fluidized-bed coating methods may
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be used advantageously to deposit one or more ceramic or glass layers onto UCP-loaded beads.
An advantage of the fluidized bed is that up-converting phosphor particles which are weakly
attached to the carrier bead may be removed mechanically during fluidization, leading to a more
stable UCP-loaded bead. In some embodiments of the invention, the UCP particles themselves
are coated with a ceramic material, such as, but not Himited to, silica, and then attached to the
surface of a carrier bead. In certain other embodiments, the beads that are loaded with coated
UCP particles are also encapsulated by au external coating as described above.

{0053} The total mumber of up-converting phosphor particles that can be attached to the
surface of a bead core depends on the diameter of the particles and the diameter of the bead core.
For example, in some embodiments of the invention, as few as five UPT particics on a single
bead in combination with 3-color multiplexing can be detected. Emussion mteusity scales with
up-converting phosphor particle volume. For example, for a 300 ym bead, the limit of detection
may be equivalent to about 1,080 particles for 50 nm diameter particles, 320 particles for 75 nm
diameter particles, and 135 particles for 100 nm,

10654} Another parameter of the inventive method is the optical resolution level
attainable in a flow cytometer for each unique up-converting phosphor particle. By mcreasing
the muraber of levels of detection by the optical system of the flow cytometer, up-converting
phosphor-loaded beads that were prepared using the same sized beads and particles can be
further segregated by each level of detection based on the speciral characteristics of the loaded
beads. Table 3 demonstrates this principle, and shows: 1} the number of particles between
optical resolution levels for up-converting phosphor particles with 50, 75, and 100 nm diarmcters;
and 2} bead cores with 5, 18, and 15 um diameters using up-converting phosphor particles that
belong to eight, ten, or twelve spectrally unigue species of particles. The Table also shows four,
six, and eight levels of detection for bead preparations containing eight, ten, or twelve spectrally
unique specics of particles. Therefore, the highlighted cell of Table 3 shows that 1,975 unique
up-converting phosphor particles can be detected at each of four levels of detection, when 75 nm
particles from twelve spectrally unigue particle species are loaded on 10 um diameter silica
beads. Accordingly, a practitioner of the inveuntion looking at the highlighted cell of Table 3
would understand that, by rounding 1975 to 2000, four levels of resolution can resolve

approximately 0, 2000, 4000, and 6000 up-converting phosphor particles, respectively, based on

20



WO 2011/100334 PCT/US2011/024203

increases of 2000 detection events per level. In other words, the number of up-converting
phosphor patticles per bead determines whether the systewn will decide if an mtensity level is
one, two, three, or four based on the ranges of up-converting phosphor particles per bead being
either (0-2000, 2000-4000, 4000-6000, or 6000 (or more). The intensity level may be coded “17,
wys

27, %37 or “4”, for example, by the computer systen for a particular UCP wavelength. These

are options for this component of the database identifier for s UCP wavelength.

Table 3
UPT Particles per Level and Coler
8 10 12
UPT Diarmieter | Silica Bead Area | Surface Area|UPT Particles
{nm} Ciamieter iump |UPT {umj| Bead juni per Bead 1 b § 1 & 8 1 & 8
50 5 1963 IE] 40,000 DR
75 5 4,418 79 17,778 =
100 5 7.854 79 10,000
50 10 1963 314 160,000
75 10 4413 314 71,111
o0 10 7.854 314 40,000
50 15 1963 707 350,000
75 15 4418 07 160,000
100 15 7.854 707 50,000
15055] Accomplishing a low error rate in the detection system requires that the system be

able to resolve detection of up-converting phosphor-loaded beads that contain a number of up-
converting phosphor particles that falls between the levels of detection. In various embodiments,
the method of the invention increases the number of levels of detection. In some embodiments,
the method of the invention manufactures up-converting phosphor-foaded beads such that the
number of phosphor particles per bead falls near the median number of particles that the optical
systern can detect at a given level of detection. By doing so, the method of the invention will
minimize sorting errors. The minimum manutfactured difference between beads in the number of
UCP particles per bead should be a number greater than the detection resolution minimum for
the optical sensors that detect UCP particle emissions. Such a requirement creates an optimally
small detection error rate.  For example, if a detection sensor can consistently determine the
difference between the intensity of up-converting phosphor-loaded beads coutaining cither 100,
200, or 300 phosphor particles per bead, then the up-converting phosphor-loaded beads shouid

be prepared such that there 1s ouly allow a mummum difference of intensity between different
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beads of that contain approximately the same number of phosphor particles. Based on the
foregoing example, the up-converting phosphor-loaded beads would ideally contain 150, 250, or
350 particles per bead, no beads would contain sumbers of particles per bead on the borders
between 150, 250, or 350 (i.e., 100, 200, or 300}, By mmuplementing such an approach to
manufacturing up-converting phosphor-beads, the method of the invention avoids loaded beads
with a numbers of particles that place therm on the border between the levels of detection, which

o turn, improves sort decision capability and thereby improves sort consistency performance.

16056} Interrogation and Sorting of Up-converting Phosphor-Loaded Beads
{0657} As stated above, the invention relates to a method and platform that allows for the

rapid, low-cost, paraliel synthesis of custom chemical compounds and particularly polymers.
The polymers can be of any type, wherein the monomeric subuntts of the polymer are added by
utilizing a chemical reaction. In various embodiments, the initial step in the polymer synthesis
process takes potentially non-predetermuned sets of UCP-loaded beads and detects and records
their spectral identites into a database on a computer readable medium by using a computer
system that is linked to a tlow cytometer. The fluid stream of the flow cytometer may be
reaction solvent system, a wash solveunt, or a gas and different solvents may be used in cach
sorting or reaction step or in different bins of a method of the invention. The computer system
controlling the flow cytometer can include a central processing device, an expandable memory,
input devices such as an optical detection apparatus and the like, and output devices to steer the
bead sort direction and human interface output devices such as @ monttor, printer, computer
storage device, and the like. The central processing device can be any high speed processor with
parallel input channel processing capability and interface to a large memory addressing protocol,
which can include the parallel configuration of multiple double data rate (DIDR)2 or DDR3
memory components, Possible high speed processors include, but are not limited to an
application~-specific wntegrated civcut (ASIC), a field-programmable gate array (FPGA), or any
other adequately fast microprocessor or microcontroller with the required number of input and
output ports. The central processing device interfaces with randorn access memory space, which
in most embodiments of the invention has fast latency and an expandable addressing space to
accommodate large number of elements. Thus, the method of the invention may achieve quick

access to large numbers of random accessed elements by reserving memory locations for all
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potential tag codes that may appear in the element population. For example, in an embodiment
of the 1nvention that juctades the spectral characteristics of oue billion up-converting phosphor-
loaded beads, there would need 10 be one billion reserved locations. Each memory location
associated with an mdividual bead’s spectral characteristics contains the appropriate sequence
butlding sort direction for each round of sorts that the flow cytometer performs. In a method of
the mmvention at least one million UCP-loaded beads with unique spectral characteristics are
sorted or re-sorted at a vate of at least fifty thousand UCP-loaded beads per secoud. As is known
in the art, currently available sensor and sort hardware is capable of performing static sort
decisions in the >70k ~ >100k sorts per second range. With the low latency dynarmc sorting
method which may be used in the invention the dynamic sorting will not act as a bottleneck
when practicing a macthod of the invention. In other words, the dynamic sorting architecturcused
in a method of the invention will not limit the sorting rate nor the number of elemeuts held in the
database. The sorting rate may only be limited by the scusor hardware himitations or the physical
limait of UCP signal that can be emitted in the time window of a fast sort decision. Methods of
the invention may also employ an expandable large memory addressing platform and guick bead
1D to memory address translation,

16058 in various embodiments of the invention, the central processing device also
executes computer readable instructions from configuration memory to control the {low
cytometer method. For example, a microcontrolier can use software, and a FPGA can use
firmware configuration, and an ASIC can have hard-coded state machines to control the flow
cytometer method. The microcontrolier can control include the flow cytometer’s interrogation
and multiparametric analysis of the beads, the driving of sort control to direct beads, and the
analysis and database query to decide on the correct sort path for each bead at the current state of
the sort procedure. The central processing device can also execute instructions from the memory
to conduct multiparametric analysis of the physical and chemical charactenistics of the particles.
For example, the central processing device can execute instructions from the memory to direct a
laser light onto the fluid stream of the flow cytometer, and receive the parametnic characteristics
of the up-converting phosphor-loaded beads using a fluorescent detector or detectors by
configuring the detector(s) to receive a combination of scattered and fluorescent light and to

analyze the changes in brightness at cach detector. In turg, the central processing unit assigns an
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identification tag to cach UCP-loaded bead by using a parallel combination of sensed parameters
from the bead. For example, an UCP-loaded bead may have a parallel combination of spectral
intensity over different spectral regions sensed from the particles on the bead.

10059] Other aspects of the spectral output of a UCP tagging method may also be used to
discern the tag. In various embodiments of the invention, the tag may be represented as a
numerical concatenation of the individual seused parameters to define the tag code. Such an
identification tag muay be optimally used directly as a memory address to quickly access a
memory location corresponding to this tag without additional time consuming processing on the
identification tag. lu addition, the foregoing random memory accessing and search schemwe will
have optimal constant access time invariant to the size of UCP-loaded bead space. This sort
decision and databasc guery scherne enables the high speed sorting of an arbitrarily large number
of unique UCP-loaded beads.

0060} Random UCP-loaded beads become cataloged with predefined polymer sequence
sort paths in a first step of a sort run in a8 method of the invention. The method of the invention
dynamically matches the sequence from a user provided computer readable file with the up-
converting phosphor ~loaded bead tag in the large memory space. Up-converting phosphor-
loaded beads identified with the same tag will have the same sorting sequence. The processing
scheme can track the namber of UCP-loaded beads that have been processed i a sort run that
have the same tag. A method may also start with UCP-loaded beads which have been pre-
functionalized and/or pre-sorted and their tag information loaded nto the database,

{0061 ] {Umce the unique tags of the UCP-loaded beads have been matched with respective
polymer sequences n the large mernory space, the synthesis process can begin, Described here
as relating to polymer synthesis, the method of the invention uses flow cytometry to sort sach
UPT-loaded bead into one of a number of bins depending on the first monomeric subunit of the
polymer sequence that has been predefived for that bead. Thus, the namber of bins geperally
reflects the number of different {types} of monomeric subunits that a particular polymer may
comprise. For exaraple, if the first monomeric subunmt n the polymer seguence to be
synthesized on a bead with a spectral identity of 1 1s X, then that bead type will be sorted into the
X bin by the tlow cytometer in the first sort based on the spectral identity of the bead. Upon

betng sorted to the appropriate bin, the method of the invention couples a monomeric subunit
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that 1s correlated with the to the bead surface. The method of the invention then pools ali of the
beads from the bins and re-sotts the beads to the bins based on the next monomeric subunit in
sach respective bead’s polymer sequence. Subsequent sorting runs use the spectral tag and
preloaded sort sequence to sort an up-converting phosphor-loaded bead into the correct bin, The
process s repeated until the entire desired sequence is synthesized on each bead.

{6062} Generally, in cach sorting run, an UCP-loaded bead will go through an optical
interrogation phase, and the resulting information will be used in a database query phase to
determine in a sort control phase, the direction to sort the UCP-loaded bead in order to be sorted
into the correct bia,

{6063] in various embodiments of the invention, the optical interrogation phase will
uniformly excite an interrogated UCP-loaded bead to generate the most consistent “sort run to
sort run” consistency in the emitted signal. Uniform excitation will surround the bead with
infared (IR) light to compensate for any sort run to sort run-inconsistent three-dimensional
positioning of the bead within the excitation chamber. With respect to sort-run consistency, the
method of the invention can use redundancy to reduce imconsistency of the emitted signals from
diffevent sort vuns. The mvention also optimizes lag time between excitation and emission to
generate the strongest and most consistent signal.

{0064] Typically, there are at least three parameters that may determine how a flow
cytometer works within the context of the invention: The sort rate, which is the number of beads
sorted per second; and Yield, which is the percentage of beads that are sorted n a single run
{Unsorted bins maybe sorted to waste or a recycle bin for subsequent sorting); and Bin purity,
which is the percentage of beads in a bin that are supposed to have been sorted to the bin.

{0065] Generally, the sort rate and the yield are related to the concentration of the beads
in solution. The higher the concentration of beads in solution, the more drops will have more
than 1 bead; whereas the lower the concentration of beads in solution, the more drops will have
zero beads. The yield is the number of drops that have only 1 bead (yield is dependent on the
bead coucentration and overall drop formation rate). The distribution of the number of beads in
each drop is determined by Poisson statistics.

106066} In various erabodiments, the overall system yield is at least, or greater than

98.9%. In some embodiments, if the flow cytometer yields about 80%, it may be necessary to
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sort the beads collected in a recycle bin multiple times before proceeding to the next step of
raonomenc subumt addition 1o order to approach a vield rate of 99.9%.

166671 According to Table 4, at 70% yield, 70% of the droplets with a bead would have
only one up-converting phosphor-loaded bead, which means that 30% of the drops would have
more than one bead. The sort rate, as determined by Poisson statistics, gives the number of drops
that have one bead, assuming a droplet rate of 200,000 drops/second. Therefore, 33% of the
drops would have zero beads at a 70% yield, 37% of the beads would have one bead, and 30%
would have greater than one bead. The required sort for cach yicld case is the number of sorts
necessary to yvield 99.9% of the beads passing oun to the next syuthesis step.

Table 4

Tetal Beads | 1.00EH)7

Hige Lenythis a0

Droplet Bate | 200,000 ] Time for Individual Sons isecs)
Yield SertRate | R Synthesis | SortTime | ¢4 | gurt2 | Sent3 | Sertd | Sorts | Sené

{sersisec | Sonts Time {lirs} {imiin}

70% 73576 G 5.03 3.23 135.91 40877 12.23 3.67 1.10 0.33
50% 72,309 g 573 2.85 135.30 27 66 5.83 1.1 0.22 MAA,
90% 52 BE7 3 579 295 155857 15.96 1.60 M, M, M,
895% 49 574 3 5.26 3.582 200.51 10.03 0.50 MAA, MAA, MA,

The total synthesis time 1s the required time (including both sorting and phosphorammdite
cheraistry) to synthesize a S0-mer library with 10 nullion different beads. The sort time s the
total time required to sort the beads to 99.9% vield in the difforent per-step yield cases. One
assumption for the sorting is that there 1s not a significant dilution of the beads on cach
subsequent sort. Overall, Table 4 shows that there is a trade between yield and sort rate.

{0068] The flow cytometer metric, purity, refers to the number of beads sorted to their
correctly assigned bins. For example, the current B Biosciences flow cytometer specification
for purity is >98%, with respect to sorting cells, Because the UCP-loaded beads of the mvention
are more uniform than cells, the purity in most embodiments of the invention will be higher for
up-converting phosphor-loaded beads than for celis. At 98% purity, the synthesis of'a 50-
monomeric subunit polymer from four distinet monomeric subunits (a four-bin sort) would result
in only 36% of the beads having the correct final polymer sequence based on a binomial
distribution of ervors, Alternatively, method of the invention can achieve 99.96% purity if each
bin is sorted twice, assurming the sorting purity is an independent event. Table 5 shows the
percentage of beads with a given number of synthesis errors at the end of a S0-mer
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oligonucleotide synthesis that would have zero, one, two, three, four, and five sequence errors.
The BD Influx" (BD Biosciences) sorts cells at a 98% rate of purity. In Table 5, the highlighted
row shows an overall purity of 99.96%, assuming a 98% per step purity when the beads are twice
sorted to cach bin,

Table 8

Errgrs
Furity Steps 1] 1 2 3 4 B
95% A0 J6.4% 37 2% 18.6% b.1% 1.5% 0.3%
99% 50 B0.7 % 30.3% 7 .B% 1.3% 0.2% 0.0%

H3.9% A0 H25.1% 4.8% 0.1% 0.0% 0.0% 0.0%
09.96% = H8.0% 20% 0.0% 0.0% 0.0% 0.0%
99.99% a0 29.5% 0.5% 0.0% 0.0% 0.0% 0.0%
59.959% A0 100.0% 0.0% 0.0% 0.0% 0.0% 0.0%

{0869} Chemical Synthesis and Polvmer Fabrication

{6070] A sorting bin may be any container, vessel, or the like. For example, m some
embodiments of the invention, the bin may be the well of a micro-titer plate; while i other
embodiments, the bin may be a reaction chamber, such as a borosilicate or plastic tube, In
various embodiments, the bin assignment for each up-converting phosphor-loaded bead is
recorded on the computer-readable mediurn that 1s linked to the flow cytometer. The bin
assignment information for cach UCP-loaded bead may be saved in a database on the computer-
readable medium that s linked to the flow cytometer. In some embodiments the computer-
readable medium may be part of a computer system that is directly linked to the flow cytometer,
while in other embodiments, the computer system may be remotely Huked to the flow cytorcter.
{6671} The chemical reactions that attach sach of the monomeric subunits together to
form polymers may occur directly in the bins, or alternatively, the reactions may take place in
other locations. In some methods, the chemical reaction may be done with the pooled beads. A

reaction step, may also include a washing step or, for a particular set or sets of UCP-loaded

beads in the method, a holding step while other sets of beads are undergoing a particular
reaction.
180721 As mentioned above, any number of various methods of attaching a first

monomeric subunit to the surface of a bead are available. Such methods are known in the art and
depend on the particular chemical synthesis being performed in the mcthod, For example,
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nucleic acid synthesis on the surface of an up-converting phosphor-loaded bead can be initiated
by coupling of a DMT-protected phosphoramidite linker wolecule to the surface of the bead. In
some other embodiments of the invention, the surface of an UCP-loaded bead may be aminated
with aminopropyhnethoxysilane for the purpose of attaching amino groups, however other
omega-functionalized silanes can be substituted to attach alternative functional groups.

{6673} With respect to the reaction that adds a monomeric subunit to the monomeric
subunit attached directly to the surface of the bead, 1t will be dependent on the type of polymer
that is being assembled. For example, individual nucleic acids are linked together by
phosphoramidite chemistry to forra nuleic acid polymers. Polypeptide polymers are formed
when amino acids are linked together by reactions to form peptide bonds between cach amino
acid 1n the polymer. More complex biological polymers, such as, but not limited to, actin fibers
carbohydrates, peptoids, and peptide nucleic acids can also be assembled by the method of the
invention.

{6074] In various embodiments, the sequence of monomeric subunits in a polymer
sequence may be predetermined, while in other embodiments, the sequence may be random. In
the case of a pre~-determined polymer sequence, the sequence of monomers may be programmed
into the computer system that is linked to the flow cytometer. For example, the sequence
information may be entered in to the computer-readable wediom that also contains the spectral
identitics of the up-converting phosphor-loaded beads, Accordingly, the polymer sequence may
be entered o a databasce that correlates cach polymer sequence with a particular up-converting
phosphor-loaded bead based on its spectral characteristics.

10075] As discussed above, in various embodiments of the invention, DNA polymers
may be synthesized by the method of the invention. A potential application of DNA polymer
synthesis according to the invention may be the fabrication of DNA microarrays. Typically, for
embodiments of the mvention that relate to microarrays, each unique BNA sequence s
synthesized onto spectrally unique up-converting phosphor-loaded silica beads in parallel using
standard phosphoramidites. The mitial step in the process takes a potentially non-predetermined
set of up-converting phosphor-loaded beads and records their spectral properties using the flow
cytometer. Once the spectral properties, also known as the spectral tags, are recorded for cach

bead into the database, the synthesis sorting process can begin. Each up-converting phosphor-
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ioaded silica bead 1s sorted mto either a bin for adenine (A}, guanine (G}, thymine (T}, or
cytosine (), depending on the first base n the DNA sequeunce for that bead. For example, i the
first base in the DNA sequence to be synthesized on a bead with spectram one is A, then that
bead type will be sorted nto the A bin by the flow cytometer in the first sort. The appropriate
[3NA base is coupled to every bead either directly in each of the four bins, or, alternatively, the
coupling reaction can occur tn another location, Following the coupling reaction, all of the beads
from the four bins are pooled together and re-sorted back into the original four bius based on the
second base in each unigue beads sequence. The process is repeated until the entire sequence is
synthesized on cach base. For exarople, the sequence ACCT would be sorted nto the A bin on
the first step, pooled and then sorted into the C bin on the second step, pooled and then sorted
into the € bin again on the third step, and finally pooled and sorted mto the T bin on the fourth
step. In the first sort step, the A bin would include the example bead in addition to every other
bead that had adenosinge as the first base, Figure 3 outlines the process of synthesizing 4 mullion
different sequences using the method of the invention.
{6076} in addition to microarrays, the synthesis of nucleic acid polymers by the method
of the tnveuntion also has other applications. Although such applicatiouns are only limited by a
practitioner’s imagination, in various embodiments, the method of the invention can generate
DINA Ubraries that would be useful as a starting point for synthetic gene and genome
construction.
{6077} As indicated above, the method of the invention involves a combination of up-
converting phosphor and flow cytometric technologies. The method of the invention employs a
flow eytometer hydrodynamically focus up-converting phosphor-loaded beads 1n a fluid flow
through a flow cell, where the beads are interrogated by a laser. Based on the parameters of
interest, each of the beads can be sorted mto different bins. Typically, flow cytometers are used
to sort cells based on size and the binding of fluorescent dyes. The BD Influx”, from BD
Biosciences, has the ability to sort samples at rates as high as 260,000 cvents per second. The
sorter 1s capable of the analog/digital conversion of the signals from up to 16 different channels
s ]
16078} Each different polymer sequence 1s synthesized onto spectrally unigue UPT-

loaded silica beads in parallel. As an initial step in the process may take a potentially non-
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predetermined set of UPT-loaded beads and records their spectral identity using the flow
cytometer. Once the spectral tag for each bead 1s loaded 1nto the database, the syuthesis sorting
process can begin. Each UCP-loaded bead is sorted into one of a number of bins depending on
the first monomeric subunit of the polymer tor that bead. Then, once the monomeric subunits
are attached to the beads, the beads are pooled, and resorted into bins according to the next
monomeric subunit in the sequences of each respective bead. The steps of pooling, attachment,
and sorting are repeated until the polymers reach the desived length. A von-limiting example of
the method of the invention applied to the synthesis of DNA polymers could occur as follows. If
the first base in a DNA sequence to be syuthesized on a bead with spectrum 1 18 adevosine (A},
then that bead type will be sorted into the A bin, rather than into one of the bins of the other three
nucleotide bases of DNA, thymine {T), guanine (G}, or eytosine (C), by the flow cytomcter in the
first sort. The appropriate DNA base is coupled to every bead in each of the four bins. Then all
of the beads in the four bins are pooled together and re-sorted back into the original four bins
based on the second base in each unique beads sequence. The process is repeated untl the entire
sequence is synthesized on cach base. In other words, the sequence ACCT would be sorted into
the A bin on the first step, pooled and then sorted 1nto the C bin on the second step, pooled and
then sorted into the C bin again on the third step, and finally pooled and sorted into the T bin on
the fourth step. Tu the first sott step, the A bin would include the example bead n addition to
every other bead that had adenosine as the first base. Figure 3 outlines the process of

synthesizing a milhon ditferent sequences using the flow cytometry-UPC approach of the

invention.
{60791 More spectfically, Figure 3 shows a graphical representation of the first two steps

necessary to fabricate a DNA microarray on the UCP-loaded beads. The first step of the process
is to determine what sequence will be added to each spectrally unigue UCP-loaded bead. The
flow cytometer is then used to sort the beads into bins based on the first base in the desired
sequence. Next, the base is added and the beads are re-pooled. The end result is a pool of UCP-
loaded beads with the first base n the desired sequence added. Next, the UCP-~loaded beads are
resorted, based on the second base in the desired sequence for each bead. The appropriate base
is added to all the beads in cach bin, and then the beads are re-pooled for the third step. The

process is repeated until the desired sequence is fully synthesized on each UCP-igaded bead.
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{6080 Figure 4 shows a graphic representation of a dynamic sorting architecture
example for in DNA synthesis using the wethod of the mvention. Figure 5 shows a more
detailed graphical representation of the imitial catalog run of UPC-loaded particles that Figure 4
depicts. Figure 6 shows a more detailed graphical representation of the first run (Round 1) that
Figure 4 depicts. Figure 7 shows a more detailed graphical representation of the second run
{Round 2) that Figure 4 depicts.

{0081} Moreover, in other embodiments, the method of the invention may be used to
form polymers of amino acid residues, such as peptides, polypeptides and proteins. With such
polymers in mind, the surface ot an UCP-loaded bead can be anunated for the purpose of
attaching amino groups, for example, by treating the surface with aminopropyltricthoxysilane.
Other omega-functionalized silanes can be substituied to attach alternative functional groups.
16082} However, regardless of application, the method of the invention 1s efficiently
repeatable to allow the production of nwltiple bead sets, and by cxtension, multiple sets of
polymers. The exact spectral characteristics of beads going into a set do not need to be tdentical
for cach produced set of beads. In some embodiments, a random picking process can grab a
statistically determined large enough set of beads from a pool of unigue beads as long as the
beads mix in a correct randomized manner.

{6883} As discussed above, the methods of the invention may be used in any chemical
synthesis where sequential steps are used o prepare chemical compounds. The methods are
particalarly usctul for the rapid, parallel synthesis of compounds where variations can be
introduced in parallel. Thus, for example, the methods of the invention may be used to produce
vinyl block co-polymers having varying lengths of the particular blocks, Or, the methods may
be used to produce polyesters having, for example, the same alcohol component(s) and different
acid components. Block polyethers with differing ether monomeric units may also be produced
using the methods of the wwvention. The methods of the mvention may also be used to sort and
introduce separate functional groups into a common starting material. Derivatives of small
molecules having a comruon core siructure may also be prodaced where the common core
structare is first synthesized on all UCP-loaded beads and then the further individual
derivatization 18 accomplished in subsequent steps in a method of the mvention. Generally

speaking, the methods of the invention use known synthetic steps and chemical to prepare
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variations of a compound in parallel and accomplishing individual reaction steps in rapid
succession by sorting through flow cytometry and the use of UCP-loaded beads as the

carrier/reaction substrate,

EXAMPLES
{0084} Example 1. In the following example, approximately 6 to 6.5 micron diameter
silica particles were coated with YYbEr particles.
{0085] Ome gram of silica particles was added to a bottle containing 50g of anhydrous
ethanol, The mixture was sonicated for 0.5 hr in a Branson”™ (Danbury, CT) model 1210
ultrasonic bath, and then magnetically stirred at 500 rpm for 16 hr to disperse the silica particles
{the silica dispersion)
{0086} In a separate bottle, 1.0 g Disperbky™-190 (BYK Additives & Instruments, the
Altana Group, Wesel, Germany) was dissolved i 50 g anhydrous ethanol, and then 0.1 g of
Y YbEr particles was added to the solution. The mixture was sonicated for 0.5 hr, and
magnetically stirred at 500 rpm for 16 hr to disperse the Y'Y bEr particles (the up-converting
phosphor dispersion). The up-couverting phosphor dispersion was added, dropwise with a
pipette, to the silica dispersion, and the mixture was sonicated for 0.5 hr, and then magnetically
stirred for three days to make a silica/up-converting phosphor dispersion. Following the stirring
step, a solution containing 1.25 g of tetracthyl orthosilicate in 5g of anhydrous ethanol was added
dropwise to the silica/up-converting phosphor dispersion, and the dispersion was magnetically
stitred for 1.5 br. Then 4 g of concentrated NH4OH in 180 g of anhydrous ethanol was added
dropwisc over the course of 40 min to the silica/up-converting phosphor dispersion. The
dispersion was then magnetically stirred at 500 rpm for 16 hr. Afterwards, the dispersion was
filtered through a 1.2 ym Whatman GF/A flter (Whatman, Lid., Kent, UK}, The product lett on
the filter was washed with water and isopropanol, and then dried at 557 C for Zhr. Figure 9
shows scanning electron micrographs of the product.
{60871 Example 2. In the following example, approximately 6 to 6.5 micron diameter
silica particles were coated with coated with three different up-converting phosphor particles.
{BO%E] {Ume gram of silica particles were added to a bottle containing 50g of anhydrous

ethanol, The mixture was sonicated for 0.5 hr in a Branson”™ (Danbury, CT) model 1210
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ultrasonic bath, and then magnetically stirred at 500 rpm for 16 hr to disperse the silica particles
{the silica dispersion)

{BOKY| In three separate botties, 0.5 g Disperbky™-190 (BYK Additives & Instruments,
the Altana Group, Wesel, Germany) was dissolved 1 25 g anhydrous ethanol, and then 30 mg
each of three different species of up-converting phosphor particles were added to the three
solutions. The up-converting phosphor particles emitted green, blue, and yellow light
respectively.  The dispersions were sonicated for 0.5 hr, and magnetically stirred at 500 rpm for
16 hr to disperse the up-converting phosphor particles (the up-converting phosphor dispersions).
The up-converting phosphor dispersions were added, dropwise with a pipetie, to the silica
dispersion, and the mixture was sonicated for 0.5 hr, and then magnetically stirred for one hour
to make a silica/up-converting phosphor dispersion. Following the stirring step, a solution
containing 1.25 g of tetracthy! orthosilicate in Sg of anhydrous ethanol was added dropwise to
the silica/up-converting phosphor dispersion, and then the dispersion was magnetically stirred for
1.5 br. Afterwards, 4 g of concentrated NH4OH in 10 g of ashydrous ethanol was added
dropwise over the course of 40 min to the silica/up-converting phosphor dispersion. The
dispersion was then magnetically stirred at 500 rpm for 16 hr, Next, the dispersion was filtered
through 1.2 pum Whatman GF/A filters (Whatman, Ltd., Kent, UK}, The product left on the filter
was washed with water and isopropanol, and dried at 55° C for 2hr, Figure 10 shows scanning

electron micrographs of the product.
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The claimed invention is:
I. A carrier bead having a geuerally spherical shape and a layer of at least oue

up-converting phosphor particle on the bead’s surface.

2. A bead according to claim 1, wherein the bead is has a metallic layer between the bead

surtace and the up-converting phosphor particle layer,

3. A bead according to claim | or 2, wherein the bead is a ceranic bead.
4. A bead according to claim 1 or 2, having an external coating encapsulating the bead and

up-converting phosphor particle layer,

3. A bead according to claim 4, wherein the external coating 1s a silica coating, a glass

coating, Or a ceramic coating.

6. A bead according to claim 1 or 2, wherein the up-converting phosphor particle layer

compriscs at least two up-converting phosphor particles having distinet emission wavelengths.

7. A bead of claim 1 or 2, wherein the diameter of the bead core is any diameter up to about
20 pm.
8. A bead of claim 7, wherein the up-converting phosphor particles have a diameter of at

icast 50 nm, at least 75 nm, at least 104 nm, or at least 300 nm.,

9, A bead according to claim 8, having an exiernal coating encapsulating the bead and

up-converting phosphor particle layer.

16, A bead according to claim 9, wherein the external coating is a silica coating, a glass

coaling, or a cerarmic coating.
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1. A method of synthesizing at least two polymers by a stepwise combination of monomeric
units, wherein the method comprises the steps oft

a} obtaining at least two sets of UCP-loaded beads, wherein the UCP-loaded beads within
gach set are spherical beads with a layer of at least one up-converting phosphor particle on the
bead surface and each set has a unique excitation or emission identity;

b) detecting the emussion propertics of the UCP-loaded beads using a computer system-
countrolled flow cytometer;

c} ecording the emission propertics of each set of UCP-loaded beads to a database located
on a computer-readable medium using the computer-controlled flow cytometer, wherein the
database assigns cach unique UCP-loaded identity to a specified polymer sequence;

dy sorting the UCP-loaded beads into any one of 4 number of bins by sets, wherein cach bin
is correlated with a specified monomeric subunit, and wherein the assigonment of each UCP-
inaded bead to a bin 1s based on the first monomeric subunit of the polymer sequence that is
assigned to the UCP-loaded bead in the database of step (¢}

¢} attaching the monomeric subunits within each bin to the surfaces of the UCP-loaded
beads soried Lo the bing

) pooling the UCP-loaded bead sets after completion of step {¢)

g} optionally re-sorting the UCP-loaded beads from step {f) into bins using the corputer-

5

controlled flow cytometer, wherein the UCP-loaded beads’ spectral identities are detected, and
cach UCP-loaded bead 1s sorted to a bin according to the next monomeric subunit to be added to
the polymer sequence assigned to each UCP-loaded bead set in the database of step {c});

h} reacting the UCP-loaded beads under conditions sufficient to attach a selected

monomeric subunit to the most-recently attached monomeric subunit;

i} pooling the UCP-loaded beads after completion of step (h);

i) repeating steps (g)-(1) to produce a desired polymer on each set of UCP-loaded beads;
and

k) optionally cleaving a polymer frov its UCP-loaded bead.

12. The method according to clairn 11, whercin the sorting step comprises:

tluminating at least two UCP-loaded beads with excitation radiation;
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detecting emission radiation of UCP-loaded beads; and

sorting the UCP-loaded beads to bins as described wn step (d).

13, The method according to claim 11, wherein the step of attaching a monomeric subunit
comprising absorbing the monomeric unit to the UCP-loaded surface or chemically reacting a

monomerte subunit to UCP-loaded bead surface.

14, The method of claim 11, wherein the reacting step (h) occurs with the pooled UCP-

ioaded bead sets of step (£} or in one or more bins with the re-sorted beads of step (g).

15. The mcthod according to clairn 11, whercin steps (¢} and {(d) are performed using a low

latency database building and query scheme architecture.

16.  The method according to claim 11, wherein at least one million UCP-loaded beads with
unigue spectral characteristics are sorted or re-sorted at a rate of at least fifty thousand UCP-

ivaded beads per second.

17.  The method according to claim 11, wherein the coraputer system-controlled flow
cytometer comprises optical interrogation sensors, analog to digital signal conversion, high-
speed digital signal processing, expandable parallel addressable memory, and sort direction

control,

18.  The method according to claim 14, wherein the at least two polymers produced are

nucleic acid polymers having different nucleic acid sequences.

19, The method according to claim 18, wherein the nucleic acid polymers are DNA
polymers,
20. The method according to claim 18, further comprising the step of forming a microarray

of the UCP-Ioaded beads carrying the produced polymer,
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21, Thewethod according to claim 18, further comprising the step of forming an expression

library of the UCP-loaded beads carrying the produced polymer.

22.  The method according to claim 18, further comprising the step of forming a genomic

ithrary of the UCP-loaded beads carrying the produced polymer,

23.  The method according to claim 18, wherein the method constructs a genome fora

synthetic organism.

24, The method of claim 11, wherein the polymcer 1s a peptide or a protein.
25, A method of synthesizing at least two polymers by a stepwise combination of monomers,

wherein the method comprises the steps of:
a) providing at least two sets of UCP-loaded beads, wherein the UCP-loaded beads within
cach set are spherical beads with a layer of at least oue up-converting phosphor particle on the

bead surface and each set has a unique excitation or emission identity;

b} optionally attaching a monomeric subunit to the at least two sets of UCP-loaded beads;
¢} detecting the emission propertics of the UCP-loaded beads using a computer system-

controlled flow cytometer;

d} recording the emission properties of each set of UCP-loaded beads to a database located
on a computer-readable medium using the computer-controlled flow cytometer, wherein the
database assigns each unique U{UP-Ipaded identity to a specified polymer sequence;

¢} sorting the UCP-loaded beads into any one of a number of bins by sets, wherein each bin
is correlated with a specified monomeric subunit, and wherein the assigoroent of each UCP-
loaded bead to a bin is based on the first monomeric subunit of the polymer sequence that is
assigned to the UCP-loaded bead 1o the database of step (d);

£} attaching the monomeric subuntts within each bin to the surfaces of the UCP-lpaded
beads sorted (o the bing

2} pooling the UCP-loaded bead sets after completion of step {f);
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) optionally re-sorting the UCP-loaded beads from step (g) into bins using the computer-
countrolled flow cytometer, wherein the UCP-loaded beads’ spectral identities are detected, and
sach UCP-lpaded bead is sorted to a bin according to the next monomeric subunit to be added to
the polymer sequence assigned to cach UCP-loaded bead set in the database of step (d);

i} reacting the UCP-loaded beads under conditions sufficient to attach a selected

monomeric subunit to the most-recently attached monomeric subunit;

i) pooling the UCP-loaded beads after completion of step (i);

K} repeating steps (h)-(j} to produce a desired polymer on each set of UCP-loaded beads;

1 optionally cleaving a polymer frowm its UCP-loaded bead.

26, A method of claim 11 or 25, wherein the UCP-loaded beads in step (a) further comprise a

functional coating to attach a monomeric unit to the beads.

25, A method stepwise chemical synthesis, wherein the method comprises the steps of:
a) providing at least two sets of UCP-loaded beads, wherein the UCP-loaded beads within

cach set are spherical beads with a layer of at least one up-converting phosphor particle ou the

bead surface and each set has a unique excitation or emission identity;

b} optionally attaching a first reactant to the at least two sets of UCP-loaded beads;
¢} optionally detecting the emission properties of the UCP-loaded beads using a computer

system-~conirolied fow cytometer;

d} recording the emission properties of each set of UCP-loaded beads to a database located
on a computer-readable medium using the computer-controlled flow cytometer, wherein the
database assigns cach unique U{P-loaded identity to a specified product to be synthesized;

¢} sorting the UCP-loaded beads into any one of a number of bins by sets, wherein cach bin
is correlated with a specified sequenced reaction step;

) reacting the sorted UCP-loaded beads in step (e} according to the specified sequenced
reaction step;

g} pooling the UCP-loaded bead sets after completion of step (f};

h) optionally re-sorting the UCP-loaded beads from stop {g) into bins using the computer-

controlled flow cytometer, wherein the UCP-loaded beads’ spectral identities are detected, and
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cach UCP-loaded bead is sorted to a bin according to the next sequential reaction step assigned
to each UCP-loaded bead sel n the database of step (d};

i} reacting the UCP-loaded beads in step {g) or step {h) according to the specified
sequenced reaction step;

i} repeating steps {g)-{1} to synthesize a desired compound on each set of UCP-loaded

beads; and

k) optionally cleaiving a desired corapound from s UCP-loaded bead.
26, A method of making an up-converting phosphor loaded bead comprising the sieps of:

dispersing carrier beads and up-converting phosphor particles in aleoholic media to form
a dispersion,

adding at least one silica precursor is added to the dispersion, and

converting the silica procursor 1o silica via a base catalyzed hydrolysis or a condensation

reaction.
27. A bead according to clamm 1, wherewn the carvier bead 1s a silica beed and the up-

converting phosphor particles in the up-converting phosphor particle layer are stlica-coated up-

converting phosphor particies,
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