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A method deconvolves a multiplexed fluorescence spectral signal into its component single-color fluorescence spectra emitted by
contributing fluorophore types. A spectral database contains a parameter set for each of the component spectra. Optical codes are
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recelived as the multiplexed signals. A sliding window technigue estimates a number and location of local peaks for the component
spectra. Allowable variation ranges are assigned for the corresponding parameter sets. Each multiplexed signal is deconvolved into
a sum of parametric values to generate a list of its component spectra. Encoded and received optical codes, In the form of
multiplexed signals, are decoded and identified by their component spectra and contributing fluorophore types. A system for
deconvolving the multiplexed signals includes a spectral database containing the parameter sets, a detection element recelving the
optical codes, and a signal processor encoded to analyze and deconvolve the multiplexed signals.
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component single-color fluorescence spectra emitted by contributing fluorophore types.
A spectral database contains a parameter set for each of the component spectra. Optical
codes are received as the multiplexed signals. A sliding window technique estimates a
| number and location of local peaks for the component spectra. Allowable variation ranges
are assigned for the corresponding parameter sets. Each multiplexed signal is deconvolved
into a sum of parametric values to generate a list of its component spectra. Encoded and
received optical codes, in the form of multiplexed signals, are decoded and identified by
their component spectra and contributing fluorophore types. A system for deconvolving
the multiplexed signals includes a spectral database containing the parameter sets, a de-
tection element receiving the optical codes, and a signal processor encoded to analyze and
deconvolve the multiplexed signals.
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SYSTEM AND METHOD OF DECONVOLVING MULTIPLEXED
FLUORESCENCE SPECTRAL SIGNALS GENERATED BY
QUANTUM DOT OPTICAL CODING TECHNOLOGY

FIELD OF THE INVENTION

[0001] The present invention relates generally to the field of signal
deconvolution, and more particularly, to a system and method of deconvolving
mixed fluorescence spectral signals gencrated by quantum dot (or “QD”) optical

coding technology.
BACKGROUND OF THE INVENTION

[0002] In 2001, academic research labs may have been the first to introduce

QD optical coding technology for contemplated uses in biological applications
[see, for example, M. Han, X. Gao, ]J. Z. Su, 5. Nie, Nat. Biotech., 2001, 19, 631].
Thus far, however, commercial applications based on the previous work of such

academic research labs may have been somewhat slow to develop.

[0003] Earlier excitement over the potential biological applications for such
QD optical coding (or QD “barcoding™) technology may have stemmed, to some
degree, from the prospect of making highly sensitive measurements of multiple
protein and/or nucleic acid targets on a substantially simultaneous basis. [See,
for example: H. Xu, M. Sha, E. Y. Wong, J. Uphoff, Y. Xu, ]. A. Treadway, A.
T'ruong, E, O'Brien, 5. Asquith, M. Stubbins, N. K. Spurr, E. H. Lai, W. Mahoney,
Nucleic Acids Research, 2003, 31, e43; and Y. Ho, M. C. Kung, 5. Yang, T. Wang,
Nano Lett., 2005, 5, 1693.] It may also have been believed that, in comparison to

optical signals emitted by organic fluorophores, the use of QDs might enable the

-1-

PCT/CA2008/000623



10

15

20

25

CA 02682826 2009-10-02

WO 2008/119184 PCT/CA2008/000623

generation and use of a greater number of optical codes due to their substantially
tunable emission and/or relatively narrow spectral linewidth. [See, for example:
M. Bruchez, M. Moronne, P. Gin, 5. Weiss, A. P. Alivisatos, Science, 1998, 281,
2013; W. C. W. Chan, S, Nie, Science, 1998, 281, 2016; A. P. Alivisatos, |. Phys.
Chem., 1996, 100, 13226; 1. L. Medintz, H. T. Uyeda, E. R. Goldman, F. Mattoussi,
Nat. Mater., 2005, 4, 435; and J. M. Klostranec, W. C. W. Chan, Adv. Mat., 2006, 18,
1953.] QD optical codes may additionally have been thought to require only a
low-power single excitation source, due to their large absorption cross-section
and continuous absorption profile — a factor which might have led to significant
reductions in the complexity and cost of instrumentation. Indeed, it may have
been suggested that such a system could rival microarray technologies, which
are commonly used for measuring large numbers of biological molecules in a
short period of time. [See, for example: R. F. Service, Science, 1998, 282, 396; D.
Gershon, Nature, 2005, 437, 1195; and M. Eisenstein, Nature, 2006, 444, 959.)

[0004] Much effort in recent years may have been focused on the reproducible

" synthesis of QD optical codes. [Sce, for example: X. Gao, $. Nie, Anal. Chem.,

2004, 76, 2406; T. R. Sathe, A. Agrawal, 5. Nie, Anal. Chem., 2006, 78, 5627; and N.
Gaponik, 1. L. Radtchenko, G. B. Sukhorukov, H. Weller, A. L. Rogach, Adv. Mat.,
2002, 14, 879.]

[0005]  Previously, however, the method of reading QD optical codes and the
potential impact of envirorunental conditions on fluorescence stability of the
optical ¢codes may have been largely ignored. Though not essental to the
working of the present mvention, it may now be believed that, without
considering these two constraints, the accurate 1dentification of QD optical codes
might be compromised, potentially leading to false assay outcomes. There may,

therefore, be a need for a rapid, reliable and ac¢curate method of deconvolving

_9 .
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fluorescence spectra generated by QD optical coding technology, in which there
is often a large degree of spectral overlap. In addition to signal deconvolution,
there is also a need for a method of identifying the QD optical codes that takes

into account the impact of environmental factors on fluorescence stability.

[0006] It is an object of one preferred embodiment according to the invention

to provide a system and/or method for creating, and/or selecting a set of, optical

codes (preferably, but not necessarily, QD optical codes) with unique spectral

signatures.

[0007] It is an object of one preferred embodiment according; to the invention
to provide a system and/or method for Gaussian curve modeling of single-color
fluorophores (preferably, but not necessarily, QDs), preferably but not

necessarily for reference use in deconvolving one or more QD optical codes.

[0008] It is an object of one preferred embodiment according to the invention
to provide for the relatively rapid and/or substantially accurate read-out of QD

optical codes.

[0009]) It is an object of one preferred embodiment according to the invention
to provide a system and/or method for making substantially accurate estimates

of local peak information for QD optical codes.

[0010] Itis an object of one preferred embodiment according to the invenhon

to minimize or reduce the chances of falsely identifying QD optical codes.

[0011] It is an object of one preferred embodiment according to the invention
to provide a system and/or method adapted to deconvolute mixed fluorescence
spectral signals in optical codes and/or in mixtures of fluorophores (preferably,

but not necessarily, mixtures of QDs).

_13-
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[0012) It is an object of one preferred embodiment according to the invention
to provide a system and/or method adapted to deconvolute mixed fluorescence
spectral signals composed of one or more, and preferably at least two, umque

QD emissions in solution.

[0013] It is an object of one preferred embodiment according to the invention
to provide a system and/or method that, after deconvolution of a mixed
fluorescence spectral signal, generates deconvolved spectra with similar

appearance and/or emission wavelengths to single-color QD spectra.

[0014] It is an object of one preferred embodiment according to the invention
to provide a system and/or method that accurately deconvolves mixed
fluorescence spectral signals that possess a large degree of overlap in their

component single-color fluorescence spectra.

[0015] Tt is an object of one preferred embodiment according to the invention
to provide a system and/or method that may be generalized for use with QD

optical codes composed of more than two colors.

[0016] It is an object of one preferred embodiment according to the invention
to provide a system and/or method for signal deconvolution that accounts, to

some degree, for instrumental measurement errors and/or for a specific decoding

scheme utilized.

[0017} It is an object of one preferred embodiment according to the invention
to provide a system and/or method for screening out ambiguous QD

combinations from a set of selected QD optical codes.
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[0018] It is an object of one preferred embodiment according to the invention
to provide a set of QD optical codes that is advantageously selected to balance

accurate read-out with a hjgh number of usable barcodes.

[0019]  Itisan object of on¢ preferred embodiment according to the invention
to provide a system and/or method that minimizes or reduces risks associated

with measurement error.

[0020] It is an object of one preferred ernbodiment according to the invention

(o provide a system and/or method that is adapted for use in situations where

microbead size and/or doping yields cannot be precisely controlled.

[0021] It is an object of one preferred embodiment according to the invention
to provide a system and/or method that enables selection of a relatively reliable
detection scheme based on known sources and/or patterns of signal variation

amongst QD optical codes.

[0022]  1Itis an object of onc preferred embodiment according to the invention
to provide a system and/or method that is adaptable for use in different
environmental conditions, such as, for example, in varying storage buffer types

and pHs.

- [0023]  Itis an object of one preferred embodiment according to the invention

to provide a system and/or method that i1s adaptable to be used with QDs of

variQus sizes.

[0024] It is an object of one preferred embodiment according to the invention
to provide a system and/or method for use In biological and/or medical

applications.
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[0025] It 1s an object of the present invention to obviate or mitigate one or
more of the aforementioned mentioned disadvantages associated with the prior

art, and/or to achieve one or more of the aforementioned objects of the invention.

SUMMARY OF THE INVENTION

[0026]  According to the invention, there is disclosed a method of
deconvolving a mixed (or multiplexed) fluorescence spectral éignal reccived
from multiple QD types in a QD optical code. The method de-mixes the
multiplexed fluorescence spectral signal into multiple single-color fluorescence
spectra — Le., a single-color fluorescence spectrum for each of the QD types
contributing to the mixed fluorescence spectral signal - thereby differentiating
the fluorescence spectra received from each of the QD types in a mixture (or in a

QD optical code).

[0027]  The method may preferably also include a further QD optical code set
selection step, and/or a QD optical code differentiation step, wherein a set of QD
optical codes is selected so as to facilitate the differentiation of multiple QD
optical codes, and/or wherein the members of a pre-selected set of QD optical
codes are differentiated from one another. According to the invention, ahd given
a potential measurement error, the discrimination of different QD optical codes
based on combinations of the same QD types may be facilitated by initially
selecting a set of QD optical codes 50 as to reduce, minimize, and/or eliminate
overlap of — and/or the members of a pre-selected set of QD optical codes may be
differentiated from one another based on — (a) measured absolute fluorescence
intensities for the QD types in different QD optical codes; and/or (b) QD type
fluorescence intensity ratios for different QD optical codes. This latter method of

selecting a set of QD optical codes, and differentiating between members of the
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set, may alternately hereinafter be referred to as a “ratiometric” method or

technique.

[0028]  According to an aspect of one preferred embodiment of the invention,
the system and method of deconvolving mixed fluorescence spectral signals
which may be generated by QD optical coding technology preferably includes
the ratiometric method for selecting a set of QD optical codes and/or for
differentiating the members of a pre-selected set of QD optical codes from one

another.

[0029] According to the invention, there is also disclosed a system for

implementing the above-described methods.

[0030] Now, with a slight shift in focus, it is also noted that, according to the
invention, there is disclosed a method of deconvolving a mixed fluorescence
spectral signal into its component single-color fluorescence spectra emitted by
contributing fluorophore types. The method includes a database providing step,
a receiving step, and an analysis step of analyzing each mixed fluorescence
spectral signal. In the database providing step, a speciral database 1s provided
that contains parameter sets, one for each of the component single-color
fluorescence spectra. In the receiving step, one or more encoded optical codes
are received, each in the form of one aforesaid mixed fluorescence spectral signal
emitted by a combination of the contributing fluorophore types. The analysis
step includes a peak estimation substep, a constraint setup substep, and a
deconvolution substep. In the peak estimation substep, a sliding window
technique is used, with reference to the parameter sets contained in the spectral
database, to initially identify and estimate the number and location of local peak

regions for each of the component single-color fluorescence spectra. In the
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constraint setup substep, allowable variation ranges are assigned for each of the
parameter sets corresponding to one of the local peak regions for each the
component single-color tluorescence spectra. In the deconvolution substep, the
mixed fluorescence spectral signal is deconvolved into a sum of parametric
vahies, with reference to the parameter sets contained in the spectral database, so
as to generate a list of its component single-color fluorescence spectra. In this
mannecr, each encoded and received one of the optical codes, in the form of one
aforesaid mixed fluorescence spectral signal, is decoded and identified by its
component single-color fluorescence spectra corresponding to its contributing

fluorophore types.

[0031] According to an aspect of one preferred embodiment of the invention,
one or more of the contributing fluorophore types are contributing quantum dot

(QD) types, and one or more of the encoded optical codes are encoded QD

optical codes.

[0032]  According to an aspect of one preferred embodiment of the invenhon,
in the constraint setup substep, one or more weighting factors may preferably,

but need not necessarily, be assigned for each of the local peak regions.

[0033] According to an aspect of one preferred embodiment of the invention,
the method may preferably, but need not necessarily, also include a curve
modelling step before the database providing step. In the curve modeling step,
(i) an automated non-linear optimization technique may preferably, but need not
necessarily, be used to reduce each of the component single-color fluorescence
spectra to a Gaussian curve, and (ii) the parameter sets for each of the component
single-color fluorescence spectra may preferably, but need not necessarily, be

generated and recorded in the spectral database. In the deconvolution substep,
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the parametric values may preferably, but need not necessarily, be Gaussian

parametric values.

[0034]  According to an aspect of onc preferred embodiment of the invention,
the automated non-linear optimization technique may preferably, but need not

necessarily, be a trust-region (TR) fitting technique.

[0035]  According to an aspect of one preferred embodiment of the invention,
in the curve modelling step, the automated non-linear optimization technique
may preferably, but need not neccssarily, minimize the first two terms of a

Taylor approximation to an error function.

[0036]  According to an aspect of one preferred embodiment of the invention,
the error function may preferably, but need not necessarily, be the difterence

between data and the objective curve function.

[0037]  According to an aspect of one preferred embodiment of the invention,
in the curve modelling step, the automated non-linear optimization technique
may preferably, but need not necessarily, be performed according to the formula

(x—b, )2
a, EXpq—

\

k=N

!

where a, b, and ¢ are three parametric curve values representing each of the
component single-color fluorescence spectra, and where N is a number of
fluorophore types from which the contributing fluorophore types present in the
mixed fluorescence spectral signal are selected. In the database providing step,
each of the parameter sets contained in the spectral database may preferably, but

need not necessarily, be provided in the form {g, b, and ¢}. In the deconvolution
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substep, the mixed fluorescence spectral sighal may preferably, but need not

necessarily, be deconvolved according to the formiila

i A, exp --(x;B" )} .

m=} ‘m
F 4

where M is the numbcer of component single-color fluorescence spectra in the
mixed fluorescence spectral signal. The list of the component single-color
fluorescence spectra in the mixed fluorescence spectral signal may preferably,

but need not necessarily, be provided in the form {As, By, Ci} where k=1, ..., M.

[0038] According to an aspect of one preferred embodiment of the invention,
the contributing fluorophore types in each aforesaid combination may
preferably, but need not necessarily, have measurable absolute fluorescence
intensities. The method may also preferably include a set selection step before
the receiving step. In the set selection step, an optimal set of the optical codes
may preferably, but need not necessarily, be selected. Each of the optical codes
may preferably, but need not necessarily, be selected such that, given a
predeterhﬁned maximum potcential measurement error, measured absolute
fluorescence intensities for each aforesaid combination of the contributing

fluorophore types are discrete from one another.

[0039]  According to an aspect of one preferred embodiment of the invention,
the method may preferably, but need not necessarily, also include a
differentiation step after the deconvolution substep. In the differentiation step,
the optical codes may preferably, but need not necessarily, be differentiated from
one another on the basis of measured absolute fluorescence intensities of the
fluorophore types in each aforesaid combination, given a predetermined

maximum potential measurement error.

- 10 -
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[0040]  According to an aspect of one preferred embodiment of the invention,
the predetermined maximum potential measurement error may preferably, but

need not necessarily, be about ten (10) percent.

[0041]  According to an aspect of one preferred embodiment of the invention,
the fluorophore types in each aforesaid combination may preferably, but need
not necessarily, have calculable fluorescence intensity ratios. The method may
preferably, but need not necessarily, also include a set selection step before the
receiving step. In the set selection step, an optimal set of the optical codes may
preferably, but need not necessarily, be selected. Each of the optical codes may
preferably, but need not necessarily, be selected such that the fluorescence
intensity ratios for each the combination are separated from each other by a

predetermined minimum intensity ratio difference (MIRD).

[0042]  According to an aspect of one preferred embodiment of the invention,
the method may preferably, but need not necessarily, also include a
differentiation step a.fter the deconvolution substep. In the differentiation step,
fluorescence intensity ratios of the fluorophore types in each the combination
may preferably, but need not necessarily, be calculated. The optical codes may
preferably, but need not necessarily, be differentiated from one another by the
calculated fluorescence intensity ratios, given a predetermined minimum
intensity ratio difference (MIRD) separating the fluorescence intensity ratios of

the fluorophore types for each the combination.

[0043] According to an aspect of one preferred embodiment of the invention,

the predetermined MIRD may preferably, but need not necessarily, be about 0.3.

[0044] According to an aspect of one preferred embodiment of the invention,

for each of the optical codes, the combination of its contributing fluorophore

_11 -
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types may preferably, but need not necessarily, be contained within a microbead

that is adapted for detection of a target molecule within a clinical sample.

[0045]  According to an aspect of one preferred embodiment of the invention,
the method may preferably, but need not necessarily, also include an irradiation
step before the receiving step. In the irradiation step, thé combination of the
contributing fluorophore types may_ preferably, but need not necessarily, be
irradiated with electromagnetic frequency (EMF) radiation. As such, the
combination may preferably, but need not necessarily, emit the mixed

fluorescence spectral signal-

[0046]  According to an aspect of one preferred embodiment of the invention,
(n the irradiation step, a laser may preferably, but need not necessarily, irradiate

the combination.

[0047]  According to an aspect of one preferred embodiment of the invention,
the EMF radiation may preferably, but need not necessarily, have an EMF

wavelength of about 488 nm.

[0048]  According to an aspect of one preferred embodiment of the invention,
the database providing step, the receiving step, and the analysis step may
preferably, but need not necessarily, be performed onboard a handheld detection

device.

[0049]  According to an aspect of one preferred embodiment of the invention,

the contributing fluorophore types may preferably, but need not necessarily,

vary from one another based on the color and/or the intensity thereof.

[0050]  According to an aspect of one preferred embodiment of the invention,

each aforesaid combination may preferably, but need not necessarily, vary from

.12 -
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each other aforesaid combination based on the color and/or the intensity of its

contributing fluorophore types.

[0051]  According to an aspect of one preferred embodiment of the invention,
four colors of contributing fluorophore types may preferably, but need not
necessarily, be provided. Five intensities for each of the colors of contributing

fluorophore types may preferably, but need not necessarily, be provided.

[0052] According to the iInvention, there is also disclosed a system for
deconvolving a mixed fluorescence spectral signal into its component single-
color fluorescence spectra emitted by contributing fluorophore types. The
system is for use with one or more encoded optical codes. Each of the optical
codes is in the form of one aforesaid mixed fluorescence spectral signal emitted
by a ¢combination of the contributing fluorophore types. The system includes a
spectral database, a detection element, and a éignal processor. The spectral
database contains parameter sets, one for each of the ¢component single-color
fluorescence spectra. The detection element operatively receives the optical
codes. The signal processor is operative to analyze cach aforesaid mixed
fluorescence spectral signal. The signal processor is encoded: (i) to operatively
execute a sliding window technique, with reference to the parameter sets
contained in the spectral database, for initial identification and estimation of the
number and location of local peak regions for each of the component single-color
fluorescence spectra; (ii) to assign allowable variation ranges for each of the
parameter sets corresponding to one of the local peak regions for each the
component single-color fluorescence spectra; and (iil) to operatively deconvolve
the mixed fluorescence speciral signal into a sum of parametric values, with
reference to the parameter sets contained in the spectral database, so as to

generate a list of its the component single-color fluorescence spectra. In this
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manner, the system decodes and identifies each encoded and received one of the
optical codes, in the form of one aforesaid mixed fluorescence spectral signal, by
its cornponent single-color fluorescence spectra corresponding to its contributing

fluorophore types.

[0053]  According to an aspect of onc preferred embodiment of the invention,
the system is adapted for use with contributing quantum dot (QD) types as one
of more of the contributing flucrophore types, and encoded QD optical codes as

one or more of the encoded optical codes.

[0054] According to an aspect of one preferred embodiment of the invention,
the signal processor may preferably, but need not necessarily, be additionally
encoded to assign one or more weighting factors for each of the local peak

regions.

(0055]  According to an aspect of one preferred embodiment of the invention,
the system may preferably, but need not necessarily, also include a fluorometer

to measure the component single-color fluorescence spectra for each of the
contributing fluorophore types. The system may preferably, but need not
necessarily, also include a spectral processor encoded to operatively reduce each
of the component single-color fluorescence spectra to a Gaussian curve. The
parametric values may preferably, but need not necessarily, be Gaussian

parametric values.

[0056] According to an aspect of one preferred embodiment of the invention,
the spectral processor may preferably, but need not necessarily, reduce each of

the component single-color fluorescence spectra to the aforesaid Gaussian curve

according to the formula
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/x~@)2
%

k=1,--,N

d, CXP4—

4

where 4, b, and ¢ are three parametric curve values representing each of the
component single-color fluorescence spectra, and where N is a number of
tluorophore types from which the contributing fluorophore types present in the
mixed fluorescence spectral signal are selected. Each of the paramcter sets
contained in the spectral database may preferably, but need not necessarily, be
provided in the form {4, b, and c]. The signal processor may preferably, but need

not necessarily, deconvolve the mixed fluorescence spectral signal according to

y B ?
2./ °XP{—[x B’"J
m=1 ("'m

where M is the number of component single-color fluorescence spectra in the

the formula

f

mixed fluorescence spectral signal. The list of the component single-color

fluorescence spectra In the mixed fluorescence spectral signal may preferably,

‘but need not necessarily, be provided in the form {Ax, By, Cx) wherek=1, ..., M.

[0057]  According to an aspect of one preferred embodiment of the invention,
the detection element may preferably, but need not necessarily, be operative to
measure absolute fluorescence intensities of contributing fluorophore types in
each aforesaid combination. The system may preferably, but need not
necessarily, also include a predetermined set of the optical codes. Each of the

optical codes in the predetermined set may preferably, but need not necessarily,

be such that, given a predetermined maximum potential measurement error, the
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absolute fluorescence intensities measured for each aforesaid combination of the

contributing fluorophore types are discrete from one another.

[0058] According to an aspect of one preferred embodiment of the invention,
the signal processor may preferably, but need not necessarily, be additionally
cncoded to operatively differentiate the optical codes from one another on the
basis of measured absolute fluorescence intensities of the fluorophore types in
each aforesaid combination, given a predetermined maximum potential

measurement exrror.

[0059]  According to an aspect of one preferred embodiment of the invention,
the signal processor may preferably, but need not necessarily, be operative to
calculate fluorescence intensity ratios of the fluorophore types in each aforesaid
combination. The system may preferably, but need not necessarily,' also include
a predetermined set of the optical codes. Each of the optical codes in the
predetermined set may preferably, but need not necessarily, be such that the
fluorescence intensity ratios for each the combmation are separated from each

other by a predetermined mirumum intensity ratio difference (MIRD).

[0060] According to an aspect of one preferred embodiment of the invention,
the signal processor may preferably, but need not necessarily, be additionally

encoded (i) to operatively calculate fluorescence intensity ratios of the

fluorophore types in each aforesaid combination, and (ii) to differentiate the
optical codes from one another by the calculated fluorescence intensity ratios,
given a predetermined minitmum intensity ratio difference (MIRD) separating
the fluorescence intensity ratios of the fluorophore types for each aforesaid

combination.
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[0061]  According to an aspect of one preferred embodiment of the invention,
the system may preferably, but need not necessarily, also include a microbead
containing the combination of the contributing fluorophore types for each of the
optical codes. Each microbead may preferably, but need not necessarily, be

adapted for detection of a target molecule within a clinical sample.

[0062]  According to an aspect of one preferred embodiment of the invention,
the system may preferably, but need not necessarily, also include an irradiating
element to operatively irradiate the combination of the contributing fluorophore
types with electromagnetic frequency (EMF) radiation. As such, the combination

may preferably, but need not necessarily, emit the mixed fluorescence spectral

signal.

[0063]  According to an aspect of one preferred embodiment of the invention,

the irradiating element may preferably, but need not necessarily, be a laser.

[0064] According to an aspect of one preferred embodiment of the invention,
the system may preferably, but need not necessarily, also include a handheld
detection device enclosure substantially enclosing the detection element and the
signal processor. The spectral database may preferably, but need not necessarily,

be carried onboard the handheld detection device.

[0065]  Other advantages, features and characteristics of the present invention,
as well as methods of operation and functions of thé related elements of the
method and system, and the combination of steps, parts and 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.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0066] Thenovel 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, WID 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
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:

[0067] Figure 1 shows seven different QD optical codes and their
corresponding fluorescence spectra, as emitted following excitation with 488 nm

radiation;

[0068]) Figure 2 depicts a two-step deconvolution method according to a

preferred embodiment of the present invention;

{0069] Figure 3a is a graphical representation of individual spectra tor two

single-color QD types before multiplexing;

[0070]  Figure 3b is a graphical representation of a mixed (or multiplexed)
fluorescence spectral signal emitted by the QD types represented in Figure 3a;

[0071] Figure 3c is a graphical representation of deconvolved single-color
fluorescence spectra, one for each of the QD types contributing to the mixed

fluorescence spectral sighal of Figure 3b;

[0072]  Figure 4a is a graphical representation of measured intensities for red

and orange QD types in twenty-five different QD optical codes;
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[0073)  Figure 4b is a graphical representation of usable QD optical codes as a

function of maximum measurement error;

[0074] Figure 5a is a graphical representation of intensity ratios for red and

orange QD types for each of the QD optical codes of Figure 4a;

5 [0075]  Figure 5b is a graphical representation of usable QD optical codes as a

function of minimum ratio intensity difference;

[0076]  Figure 6a is a tabulated representation of four different single-color

QD types, each provided in five different intensities (or concentrations);

[0077]  Figure 6b is a tabulated representation of selected usable QD optical
10 codes differentiable by absolute fluorescence intensities, given a predetermined

maximum measurement error in the order of about ten percent;

[0078]  Figure 6¢ is a tabulated representation of selected usable QD optical
codes differentiable by ratiometric techniques, given a predetermined minimum

ratio intensity difference (MIRD) in the order of about 0.3;

15 [0079] Figure 7a depicts chemical structures of the main molecules in four
commonly used biological buffers, namely, phosphate buffer solution (or “PBS”),

carbonate, tris, and HEPES;

[0080] Figure 7b is a graphical representation of varying fluorescence
intensities of green, yellow, and orange QD types in each of the buffers of Figure
20 7a:and

[0081] Figure 8 is a graphical representation of variations in fluorescence
intensity of a green QD (QD528) with different amounts of ZnS capping in a
citri¢ acid buffer, having a pH of 5~7.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0082]  Referring now to Figures 1 through 8, there is shown a system and
method for deconvolving multiplexed (or “mixed”) fluorescence spectral signals

generated by quantum dot (or “QD”) optical coding technology according to a

preferred embodiment of the present invention.

[0083]  Figure 1 shows fluorescence from at least seven different QD optical
codes, and respective graphical representations of their corresponding mixed
fluorescence spectral signals, following a single excitation (alternately referred to
as an “irradiation”) with electromagnetic frequency (EMF) radiation having an
EMF wavelength of about 488 nm. Each of the QD optical codes may be emitted
by one or more QD types present inside a microbead. Preferably, by varying
concentrations and emissions of the QD types inside the microbeads, QD optical
codes in the form of emitted unique mixed fluorescence spectral signals
(alternately referred to as “spectral signatures”) may be created, and an optimal

set of such QD optical codes may preferably be selected.

[0084]  According to the present invention, and as depicted diagrammatically
in Figure 2, a method of deconvolving multiplexed fluorescence spectral signals
of QD optical codes is disclosed. This method may preferably include at least
two steps: a curve modeling step and an analysis step (respectively marked as

“STEP 1” and “STEP 2” in Figure 2).

[0085]  Initally, in the curve modeling step, component single-color
fluorescence spectra (alternately referred to as a “fluorescent emission
spectrum”) for each of the QD types (alternately referred to as "single-color
QDs”) which are contemplated for use in the QD optical codes are preferably

measured by a fluorometer. Preferably, Gaussian curve modeling of the
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measured data for each of the component single-color fluorescence spectra may
be carried out using a so-called Trust-Region (TR) fitting method. [See, for
example: J. J. More, D. C. Sorensen, SIAM . Sci. and Stat. Comp. 1983, 4, 553; and
M. A. Branch, T. F. Coleman, Y. Li, SIAM . S¢ci. Comp. 1999, 21, 1.] The TR fitting
method may preferably utilize a non-linear optimization algorithm adapted to
minimize the first two terms of the Taylor approximation to an error function
(i.e., a difference between data and objective curve function). According to this
aspect of the invention, and as shown in Figure 2, the fluorescent emission
spectrum for each of the single-color QDs may preferably be represented by
three parametric values — namely, 4, b, and ¢. Accordingly, each single-color
fluorescent emission spectrumn may be represented by one such Gaussian
parameter set. Moreover, a spectral database (alternately referred to as a
“spectral reference library”) of the Gaussian parameter sets for each of the single-
color QDs is developed to be used as a reference in later de-convolving the
multiplexed fluorescence spectral signals (each, alternately referred to as, a

“multiplexed spectrum™).

[0086] Next, in the analysis step (shown as “STEP 2” in Figure 2), after the QD
optical codes are spectrally read, the multiplexed spectra for the QD optical
codes are preferably analyzed in a stéepwise-manner. The method 1s preferably
designed so that the read-out of the QD optical codes is relatively rapid,
substantially without compromising the accuracy thereof. According to this
aspect of the method, an initial identification of the component single-color
fluorescence spectra (alternately referred to as “single-color QD spectra”) is
preferably conducted based on a sliding window method. That is, the number
and location of local peaks in the mixed fluorescence spectral signal are

preferably first estimated. This initial estimation is referenced as rough peak
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locations in Figure 2, since the initial estimation may not provide exact
information conc¢erning the local peaks in the multiplexed spectrum. Then, two
constraints for deconvolution are preferably imposed on the multi-Gaussian TR-
fitting for the multiplexed spectrum. These two imposed constraints are
preferably (1) assigned variation ranges of the detected local peak parameter sets
[a, b, ¢]), and (2) imposed weighing factors for the peak region excluding the
background region. The constraints may preterably play an important role in
evaluating accurate local peak information (e.g., wavelength, emission strength,
width), and the constraints may also preferably prevent false identification of, or
reduce the chances of falsely identifying, optical codes. Optimizing the
parameter sets, the spectral signature is preferably deconvolved into a sum of
Gaussians, which is preferably translated into an optical code read-out. In other
words, according to the invention, each multiplexed spectrum is preferably de-
mixed (or de-multiplexed) into multiple single-color fluorescence spectra, so as
to differentiate the fluorescence spectra of different QD types in a mixture or an

optical code.

[0087] As an example, in Figure 3, the method of deconvolution is
demonstrated using two different QD types — having unique emission profiles at

592 nm and 618 nm - in solution. Initially, the fluorescence spectra of the single- .
color QD types are preferably measured. These measurements are graphically
represented in Figure 3a. It may be appreciated that the distance between the
two peaks shown in Figure 3a is less than 30 nm. When they are combined in
solution, measurement of the multiplexed spectrum may preferably reveal a
broad fluorescence peak range between about 550 nm and about 660 nm, as
shown in Figure 3b. Atfter performing the analysis step, according to the

Invention, the deconvolved fluorescence peaks for the single-color fluorescence
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spectra (as shown in Fi'gure 3c¢) may preferably have a similar appearance to the
measured tluorescence spectra emitted by the single-color QD types (shown in
Figure 3a). Upon consideration of Figures 3a and 3¢, it may be appreciated that
the deconvolved fluorescence spectra preferably have similar emission
wavelengths to the measured fluorescence spectra, but with different intensities.
Figures 3a and 3¢ may preferably help to illustrate the accuracy of the method
and system according to the present invention, in deconvolving a multiplexed
spectrum info its component single-color spectra, even where the component
single-color spectra may have a large degree of spectral overlap. As may be
readily appreciated by persons having ordinary skill in the art, the method and
system according to the present invention may preferably be generalized (and/or

specitically adapted) for optical codes composed of more than two colors.

[0088]  Thus far, the method and system according to the present invention
has been applied to deconvolve one hundred and fifty (150) two-color QD optical
codes, spanning five intensity levels and using a spectral database or library of

four (4) differently colored QD types (see Figure 6a).

[0089] It may be worthwhile to stress that the ability to deconvolve
fluorescence spectra addresses an important challenge for QD optical code (read-
out) technologies, namely, that the number of discernable QD optical codes is
also dependent upon instrumental measurement error and upon the decoding
scheme utilized. Accordingly, it may be important to note that the present
invention also extends to encompass two methods and systems for optical code
discrimination (preferably, both in conjunchon with the systems and methods

discussed thus far, and apart from them).
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[0090]) According to the first such method and/or system, the QD optical
codes may be selected and/or discriminated based on the intensities of each of
the incorporated or component QD types. Upon measuring the fluorescence of
substantially uniform mixtures of two (2) different colors of QD types in solution,
the individual peak intensities may preferably be identified by the deconvolution
methods and systems discussed above. At five concerntration levels for each of
the two (2) different colors of QD types, there are twenty-five (25) potential QD
optical codes for each of the two-color combinations — and the total number of
two-color combinatians selected from four (4) differently colored QD types, each
provided at five different concentration levels, is one hundred and fifty (150).
For example, in Figure 4a, twenty-five (25) deconvolved intensities of Orange-
Red combinations are graphically depicted in a sequence of O1R1~5, O2R1-~5,
O3R1~5, O4R1~5, O5R1~5.

[0091] According to the present invention, measurement error is disclosed as
affecting the number of available optical codes by overlapping of fluorescence
intensities between different optical codes of the same two-color combination
group. According to the invention, 1f an optical code in a two-color combination
group may potentially overlap with any other optical code in the same group
(given a potential measurement error), then one of the optical codes is preferably
screened out due to ambiguity. Using this inventive discrimination method, and
given a maximum allowable measurement error of ten percent (10%), the final
number of unique and usable optical codes for the Orange-Red combination
group is fifteen (15) = i.e, out of the possible twenty-five (25). Each of these

usable optical codes 1s marked with a black asterisk (*) in Figure 4a.

[0092] According to the invention, and as a design guideline, the overall

number of usable optical codes may be graphically plotted against the maximum
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allowable error values (such as shown in Figure 4b). Clearly, therefore, it may be
necessary to carefully balance a desire to minimize potential false read-outs
against a desire to maximize the number of usable optical codes. In other words,
assays requiring a greater number of optical codes may tend to afford

diminished measurement error (thereby increasing the demand for instrument

measurement precision).

[0093]  According to the second method and/or system for optical code
discrimination, the QD optical codes may be selected and/or discriminated based
on the ratio of QD fluorescence intensities for the incorporated or component QD
types (alternately referred to as a “ratiometric technique”). According to the
invention, this ratiometric te.chnique may be used to differentiate the different
optical codes from one another, and/or to select an optimal Set of optical codes
for use in an assay. Figure 5a graphically illustrates the pof:ential to discriminate
between different optical codes in the same two-color combination group, using
the ratiometric technique, according to the invention. Tn Figure 5a, ratios for the
Orange-Red eombination group are graphically represented. In Figure 5a, each
ratio was obtained by dividing the red QD type peak intensity by the orange QD
type peak intensity. Using this technique, the error from measurements may
preferably become negligible if the intensities of each color in a optical code are
similarly scaled and/or affected — e.g., when bead size and/or doping yields
cannot be precisely controlled. A minimum intensity ratio difference (MIRD)
may preferably be used as a criterion to determine the discernability of each
optical code from another. For example, if a desirable MIRD is predetermined to
be 0.3, then only seven (7) — i.e., out of the possible twenty-five (25) — could be
used in the Orange-Red combination group. Each of these usable optical codes 1s

marked with a black asterisk (*) in Figure 5a. Alternatively, if the MIRD is
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reduced to 0.1, then the number of usable QD optical codes increases to fourteen
(14). Conversely, higher MIRDs may preferably reduce the number of usable QD
optical codes. According to the invention, by changing the MIRD criterion, it

may preferably be possible to alter the reliability of QD optical code

identification.

[0094] According to the invention, and as a design guideline, the overall
number of usable optical codes may be graphically plotted against MIRD values
(such as shown in Figure 5b). Use of the ratiometric technique, according to the
invention, may preferably enable compensation for potential measurement error
through rigorous design of read-out and detection scheme. Generally, selecting
an appropriate detection scheme that compensates for known sources and/or
patterns of variation in optical code signals may preferably tend to attord

increased read-out reliability.

[0095] By applying the described discrimination methods to the one hundred
and fifty (150) possible two-color optical codes produced from the twenty (20)
QD samples indicated by Figure 6a, it is possible to determine (according to the
invention) a practical number of available optical codes for use in high-
throughput multiplex detection applications. Using the absolute intensity
criterion, and assuming a measurement error of ten percent (10%), then only
about sixty-nine percent (69%) — i.e., 103 out of 150 — of the entire optical code set
is usable (as tabulated in Figure 6b). On the other hand, using the ratiometric
technique, and an MIRD value of 0.3, then only about thirty-four percent (34%) -
i.e., 51 out of 150 — of the entire optical code set is usable (as tabulated in Figure
6¢c). Of course, persons having ordinary skill in the art may appreciate that this
analysis might be readily generalized (and/or specifically adapted for

application) to a greater number of optical codes built from more extensive
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libraries. In 5o doing, such a person might preferably determine the maximum

number of practical QD optical codes available for use in a particular assay.

[0096] In addition to the detection scherme uttlized, environmental factors
may also impact upon the accuracy of QD optical code discrimination and
identification. TFigure 7b provides a graphical representation of the effect of
certain buffer types — PBS, carbonate, tris, and HEPES - (at a given pH) on the
fluorescence of three (3) differently colored (D types inside microbeads.
According to the invention, it may preferably be appreciated that the buffer used
for storage, and for conducting assays, influences the multiplexed signals of the
QD optical codes. According to the invention, three differently colored QD types
were shown to change fluorescence intensity in the four different buffers. In
view of Figure 7, it may be appreciated that the intensity i1s lowest in PBS,
followed in sequence by carbonate, tris, and HEPES buffers. It should also be
appreciated, however, that Figure 7 illustrates a large difference in the
magnitude of variation between the different studied QD types. Fluorescence
may be seen to vary by 122 + 32.2% for a green QD type that exhibits a spectral
peak at around 528 nm (alternately referred to as “QD528"), to vary by 91 +
43.1% for a yellow QD type that exhibits a spectral peak at around 565 nm
(alternately referred to as “QD565”), and to vary by 691 = 47.5% for an orange
QD type that exhibits a spectral peak at around 585 nm (alternately referred to as
“QD585"). '

[0097] In Figure 7b, and as aforesaid, the green, yellow, and orange QD types
emit single-color fluorescence spectra approximately centered around 528 nm,
565 nm, and 585 nm. The four biological buffers tested in Figure 7b were
provided at substantially the same ¢oncentration (10 mM) and at a pH of 8. It

may be appreciated from Figure 7b that, for all of these QD types, the

7.



10

15

20

25

CA 02682826 2009-10-02

WO 2008/119184 PCT/CA2008/000623

fluorescence in PBS is generally substantially less than the fluorescence in
carbonate, which is generally substantially less than the fluores'cence in tris, and
which in turn is generally substantially less than the fluorescence in HEPES.
PPerhaps notably, QD585 shows the greatest degree of variation in fluorescence
among the four buffers. Error bars in Figure 7b may preferably indicate the 95%

confidence interval on mean noomalized fluorescence,

[0098]  As can be seen in Figure 7b, QD585 has a much larger vanation range
over QD528 and QD565. This variation range has also been observed by Boldt et
al. [see, for example, K. Boldt, et al., |. of Phy. Chem. B, 2006, 110, 1959], who may
have generally found that larger quantum dots are less stable towards their
chemical environment than smaller ones. The surface area of a CdSe core for
QD585 may be generally thought to be in the order of about 141% greater than
the surface area of a CdSe core for QD528, and about 55% greater than that for
QD565. Though not essential to the working of the present invention, it may be
generally thought that this greater surface area may allow for more interaction
between the QD and the environment, thereby increasing the effect of the QD’s

chemical environment on the intensity of its fluorescence.

[0099]  Figure 8 provides a graphical representation of Iﬂuorescence intensities
for QD528 with different amounts of ZnS capping in a citrate buffer with pH 5,
pH 6, and pH 7. This range of pHs is significant because it may preferably be
used in many biological assays. In Figure 8, QD528a may preferably have a
smaller amount of ZnS capping than QD528b, which may, in turn, preferably
have a smaller amounts of ZnS capping than QD528c.

[0100] Generally, and as may be appreciated from a consideration of Figure 8,

QD528 may show a higher fluorescence in higher pH buffers. The fluorescence
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of each of the QDs may preferably be generally found to increase with mncreasing
pH. In Figure 8, the amount of fluorescence variation differs amongst ditferent

QDs. Error bars indicate the 95% confidence interval on mean normalized

fluorescence.

[0101]  This trend of increasing fluorescence of QDs with Iincreasing pH may
preferably also be seen with other buffers including tris, HEPES, I’BS and borate.
In 10 mM citric acid (such as may preferably have been used in collecting the
data graphically represented in Figure 8), these green QDs showed between 40%
- 43% change in fluorescence between pH 5~7. Yellow and orange QDs with
different amounts of ZnS capping may vary in fluorescence between 22% - 345%
in a citrate buffer having a pH of 5-7. Such a large variation may serve to
emphasize the importance of, and/or preference for, studying these variations
before QD types are used in quantitative applications, since what may be
observed for one sample of QDs may not necessarily be repeated in another
sample. In all the studies described above, UV-vis spectroscopy did not show
any QDs in the supernatant, preferably indicating that the variation in

fluorescence intensity was not due to leakage of QDs from the microbeads.

[0102] It may be lastly noted that fluorescence signals may also be atfected by
at least two other processes: (1) leakage of QDs out of the microbeads, such as
may be driven, for example, by a diffusion process; and/or (2) photobrightening
of QDs, such as may result, for example, from photo-oxidation and/or capping-

ligand interactions.

[0103] In view of all of the foregoing, and because of potential fluctuations in

QD signals emanating from inside microbeads, it may be generally believed that

the use of absolute intensity as an optical code discrimination method may be
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less successful in reliably identifying QD optical codes (i.e., iIn comparison to the
ratiometric technique). It may be additionally believed that, even though the
ratiometric¢ technique may lead to a decreased availability of usable optical codes
(i.e., in comparison to the absolute intensity method), the ratiometric technique
may be somewhat more successful in reliably identifying QD optical codes. The
ratiometric intensity may providc a more robust criterion, since it takes nto
account a number of factors that may cause variation. For example, in Figure 7b,
the absolute intensities of green (QD528), yellow (QD565), orange (QD585) QDs
show substantial variations of about 32.2 %, 43.1 %, and 47.5 %, respectively, in
different buffers. Using a ratiometric intensity of yellow/green, however, it may
preferably be possible (according to the invention) to reduce the varnation to as
low as about 8.5 %. As such, the rattometric technique may work more reliably

than the absolute intensity method.

[0104] In conclusion, it is worthwhile to once again note that the read-out or
detecion scheme and environmental factors may determine the number of
usable QD optical codes in biological assays. Despite the proposed feasibility to
synthesize in excess of one million optical codes from a library of six (6)
differently colored QD types, each available in ten (10) intensity levels, the
present invention discloses that practical limitations may exist from the
perspective of the read-out and/or detection schemes utilized. According to the
invention, and based on the method of discrimination, the practically discernable

number of optical codes may preferably be determined.

[0105] The method and system provided according to the present mvention
may preferably be used to deconvolve a multiplexed spectrum mto the

fluorescence spectra of multiple single-color QD types.
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[0106]  The method and system provided according to the present invention
may also preferably be independently used to differentate one QD signal

(and/or one optical code) from another when multiple-emitting QD types are

mixed in solution.

[0107]  The parameters imposed by the decoding system may also preferably
be used to direct the design and/or selection of QD optical codes for high

accuracy and/or rapid read-out and detection.

[0108)  Furthermore, the present invention takes the first steps towards
identifying more complex systems and methods that may be required, in the
future, on account of potential variabilities in fluorescence emission for Qs 1n
the biological environment (which may also place its own limitations on the
number of usable optical codes). While a number of challenges may stand
ahead, many have been faced and overcome according to the present invention,
so as to make better applications of existing QD optical coding technology tor
use in biological and medical applications — applications that could not have

been achieved using prior detection systemns and methods.

[0109] Experimental Protocols

[0110]  Synthesis of ZnS-capped CdSe Nanocrystals. ZnS-capped, CdSe QDs
were synthesized using a previously described organometallic procedure. [See,
for example, C. B. Murray, D. J. Norris, M. G. Bawend;, |. Am. Chem. Soc., 1993,
115, 8706; and M. A. Hines, P. Guyot-Sionnest, J. Phys. Chem., 1996, 100, 468 ]
The green (504, 528, 530 nm emissions), yellow (565 nm emission), orange (585,
592 nm emissions) and red (618 nm emission) CdSe QD cores were made in three
separate reactions. The green, yellow, orange, and red description refers to the

fluorescence color emission of the QDs. In each reaciton, once the core was
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made, the vessel was cooled to 270°C and the capping solution (consisting of
diethylzinc and hexamethyldisilathiane in tri-n-octylphosphine) was added to

produce the ZnS capping layer on the CdSe core.

[0111]  Figure 1. QD-barcodes are prepared by using a two-step method: (1)
polystyrene microbeads are either synthesized in-house or purchased and (2) tn-
n-octylphosphine oxide coated ZnS-capped CdSe QDs [see, for example: C. B.
Murray, D. ]J. Norris, M. G. Bawendi, || Am. Chem. Soc., 1993, 115, 8706; M. A.
Hines, P. Guyot-Sionnest, J. Phys. Chem., 1996, 100, 468: B. O. Dabbousi, J.
Rodriguez-Viejo, F. V. Mikulec, ]J. R. Heine, H. Mattoussi, R. Ober, K. F. Jensen,
M. G. Bawendi, . Phys. Chemn. B, 1997, 101, 9463; and X. Peng, M. C. Schiamp, A.
V. Kadavanich, A. P. Alivisatos, J. Am. Chem. Soc., 1997, 119, 7019] is mixed with
polystyrene microbeads. The QDs enter the microbeads via diffusion and are
maintained inside the microbeads by hydrophobic-hydrophobic interactions.
Further, they can be sealed inside the microbeads chemically using a silane
reaction. There are other methods to prepare QD-barcbdes. The Nie method
was used because it is a simplest way to prepare the barcodes and it provides
barcodes with the highest microbead size uniformity. Spectra were taken of
microbeads flowing in a polydimethylsiloxane (PDMS) microfluidic channel (100
um wide by 15 um high) using electrokinetics. QDs in the beads were excited
using a 488 nm Ar laser (COHERENT, Santa Clara, CA) Iine at 25 mW, focused to
an 8 pm spot size using a 60X o¢il immersion objective (1,35 NA, Olympus, Center
Valley, PA). Fluorescence was collected using the same objective, dispersed
using a grating {Acton Research Corp., Acton, MA) and the spectrum measured
using a thermo-electrically cooled CCD :;irray camera (Princeton Instruments Inc.,

Trenton, NJ). Integration time of the camera was set to 50 msec. Background

signals were subtracted.
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[0112]  Figure 3-6. Concentrations of the constituents of four color groups
were controlled based on the absorption at the quantum-confinement peak
wavelength, which is the lowest excited energy state. [See, for example, W. C. W.
Chan, et. al, Curr. Opin. in Biotech. 2002, 13, 4046.}] The four initial most
concentrated single-color QD solution samples (named R1, Y1, Ggl, and G1 in
the ‘Level 1’ row), were prepared to have cqual 0.50 absorbance. The other less
concentrated samples were sequentially diluted in chloroform with absorption
step size of 0.098 and the final least concentrated sample has 0.108 absorption.
The two color multiplexing out of the four colors (corresponding to N =4, L =,
M = 2 in Figure 2) yields 6 different two-color combinations, i.e., RY, RGg, RG,
YGg, YG, GgG, and each of 25 combinations producing distinct QD barcodes
were prepared by mixing them together at a 1:1 ratio. All spectra were measured

by Fluoromax-3

[0113] Figure 7 and 8. QDs, dissolved in chloroform were mixed mn propanol
at a 15% V/V ratio to make a solution with a final QD concentration of at least 3
pM. 5 um polystyrene microbeads from Bang’s Laboratories were added and the
solution was shaken overnight. The microbeads were mixed with an excess of
108 QDs per bead. QDs enter the pores of the polystyrene microbeads and
remain embedded in the polystyrene through hydrophobic-hydrophobic
interactions. The QD-stained microbeads. were then washed three times in
propanol, dried and re-suspended in aqueous buffers of various concentrations
and pH. They were incubated overnight at room temperature and then the
fluorescence intensity was measured through flow cytometry. A Coulter Epics
XL flow cytometer was uéed to measure the fluorescence of the QD-stained
beads in various buffers. The flow cytometer measured the fluorescence

emission, side scatter and forward scatter of 10,000 particles in each sample. As
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some of these particles may be aggregates of microbeads, broken microbeads, or
aggregates of quantum dots, forward scatter and side scatter, which can be
correlated to the size and granularity of particles were used to single out the
population of monodisperse microbeads from larger aggregates and smaller
particles. Only the fluorescence of these single microbeads was used in further
analysis to calculate the mean and confidence interval for the fluorescence of
each type of QD in the different buffers. To make QDs with the same core but
different amounts of the capping solution, aliquots were taken after the addition
of 1.0 mi, 2.0 m], 3.0 ml of capping solution (0.232 M diethyl zin¢, and 0.162 M
hexamethyl disilathiante), corresponding to QDS328a, QD528b, QD528c,

respectively in Figure 8.
{0114] Conclusion

(0115] While the above method has been presented in the context of two
component fluorescence signals, the method and system are equally applicable to
multiplexed fluorescence specira for optical codes composed of more than two

differently colored QD types (and thus more than two component signals).

[0116]  This concludes the description of a preSeﬁtly preferred embodiment of
the invention. 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 forms disclosed. Rather, other modifications, variations and alteratons
may be used in the design and manufacture of other embodiments according to
the present invention (and may be apparent to those skilled In the art in view of
the above teachings and disclosures) without departing from the spirit and scope
of the invention, which is limited only by the accompanying claims of this

application.
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What is claimed is:

1. A method of deconvolving a mixed fluorescence spectral signal into its
component single-color fluorescence spectra emitted by contributing fluorophore

types, wherein the method comnprises:

~a) a database providing step of providing a spectral database that contains

parameter sets, one for each of the component single-color fluorescence spectra;
b) a receiving step of receiving one or more encoded optical codes, each in
the form of one said mixed fluorescence spectral signal emitted by a combination

of the contributing fluorophore types; and

C) an analysis step, of analyzing each said mixed fluorescence spectral signal,
comprising:
i) a peak estimation substep of using a sliding window technique,

with reference to the parameter sets contained In the spectral database, to
initially identify and estimate the number and location of local peak
regions for each of the component single-color tluorescence spectra;
1) a constraint setup substep of assigning allowable variation ranges
for each of the parameter sets corresponding to one of the local peak
regions for each said component single-color fluorescence spectra; and
iii) a deconvolution substep of deconvolving the mixed ﬂuorescénce
spectral signal into a sum of parametric values, with reference to the
parameter sets contained in the spectral database, 50 as to generate a list of
its said component single-color fluorescence spectra;
whereby each encoded and received one of said optical codes, in the form of one
said mixed fluorescence spectral signal, is decoded and identified by its said
component single-color fluorescence spectra corresponding to its sad

contributing fluorophore types.
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2. A method according to claim 1, wherein one or more ot the contributing
fluorophore types are contributing quantum dot (QD) types, and wherein one or

more of the encoded optical codes are encoded QD optical codes.

3. A method according to any one. of claims 1 and 2, wherein in the
constraint setup substep, one or more weighting factors are assigned for each of

the local peak regions.

4, A method according to any one of claims 1 to 3, further comprising a
curve modelling step, before the database providing step, of (i) using an
automated non-linear optimization techruque to reduce each of the component
single-color fluorescence spectra to a Gaussian curve, and (ii) generating and
recording, in the spectral database, the parameter sets for each of the component

single-color fluorescence spectra; and wherein in the deconvolution substep, the

parametric values are Gaussian parametric values.

5. A method according to claim 4, wherein the automated non-linear

optimization technique is a trust-region (TR) fithing technique.

6. A method according to any one of claims 4 and 5, wherein in the curve
modelling step, the automated non-linear optimization technique minimizes the

first two terms of a Taylor approximation to an error function.

7. A method according to claim 6, wherein the error function is the

difference between data and the objective curve function.

8. A method according to any one of claims 4 to 7, wherein in the curve
modelling step, the automated non-lincar optimization technique is performed

according to the formula
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where g, b, and ¢ are three parametric curve values representing cach of the
component single-color fluorescence spectra, and where N is a number of
fluorophore types from which the contributing fluorophore types present in the
mixed fluorescence spectral signal are selected; wherein in the database
providing step, each of the parameter sets contained in the spectral database is
provided in the form {a, b, and c}; wherein in the deconvolution substep, the
mixed fluorescence 'Spectral signal are deconvolved according to the formula

2

ak x— B
A x —1 - I
2.4, exp ((? )

m=] ot

where M is the number of component single-color fluorescence spectra in the
mixed fluorescence spectral signal; and wherein the list of the component single-
color fluorescence spectra in the mixed fluorescence spectral signal is provided in

the form {Ax, By, Gk} wherek=1, ..., M.

g, A method according to any one of claims 1 to 8, wherein the contributing
fluorophore types in each said combination have measurable absolute
fluorescence intensities; and wherein the method further comprises a set
selection step, before the receiving step, of selecting an optimal set of the optical
codes, with each of the optical codes being selected such that, given a
predetermined maximum potential measurement error, measured absolute
fluorescence intensities for each said combination of said contributing

fluorophore types are discrete from one another.
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10. A method according to any one of claims 1 to 8, further comprising a
differentiation step, after the deconvolution substep, of differentiating the optical
codes from one another on the basis of measured absolute fluorescence
intensities of the ﬂuorophore types in each saild combination, given a

predetermined maximum potential measurement error.

11. A method according to any one of claims 9 and 10, wherein the

predeterrmined maximum potential measurement error is about ten (10) percent.

12. A method according to any one of claims 1 to 8, wherein the fluorophore
types in each said combination have calculable fluorescence intensity ratios; and
wherein the method further comprises a set selection step, before the receiving
step, of selecting an optimal set of the optical codes, with each of the optical
codes being selected such that the fluorescence intensity ratios for each said
combination are separated from each other by a predetermined minimum

intensity ratio difference (MIRD).

13. A method aceording to any one. of claims 1 to 8, further comprising a
differentation step, after the deconvolution substep, of calculating fluorescence
intensity ratios of the fluorophore types in each said combination, and
differentiating the optical codes from one another by the calculated fluorescence
intensity ratios, given a predetermined minimum intensity ratio difference
(MIRD) separating the fluorescence intensity ratios of the fluorophore types for

each said combination.

14. A method according to any one of claims 12 and 13, wherein the

predetermined MIRD is about 0.3.
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15. A method according to any one of claims 1 to 14, wherein for each of the
optical codes, the combination of the contributing fluorophore types is contained
within or secured to a microbead adapted for detection of a target molecule

within a clinical sample.

16. A method according to any one of claims 1 to 15, further comprising an
irradiation step, before the receiving step, of irradiating the combination of the
contributing fluorophore types with electromagnetic frequency (EMF) radiation,

such that the combination emits the mixed fluorescence spectral signal.

17. A method according to claim 16, wherein in the irradiation step, a laser

irradiates the combination.

18. A method according to any one of claim 16 and 17, wherein the EMF

radiation has an EMF wavelength of about 488 nm.

19. A method according to any one of claims 1 to 18, wherein the database
providing step, the receiving step, and the analysis step are performed onboard a

handheld detection device.

20. A method according to any one of claims 1 to 19, wherein the contributing
fluorophore types vary from one another based on the color, the intensity, or the

color and the intensity thereof.

21. A method according to any one of claims 1 to 20, wherein each said
combination of contributing fluorophore types varies from each other said
combination based on the color, the intensity, or the color and the intensity of the

contributing fluorophore types of each said combination.
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22. A method according to any one of claims 1 to 21, wherein four ¢olors of
contributing fluorophore types are provided, and five intensities for each of said

colors of contributing fluorophore types are provided.

23. A system for deconvolving a mixed fluorescence spectral signal into its
component single-color fluorescence spectra emitted by contributing fluorophore
types, with the system being for use with one or more encoded optical codes,
with each of the optical codes being in the form of one said mixed fluorescence
spectral signal emitted by a combination of the contributing fluorophore types,
wherein the system comprises:

a) a spectral database containing parameter sets, one for each of the
component single-color fluorescence spectra;

b) a detection element operatively recerving the optical codes; and

C) a signal processor operative to analyze each said mixed fluorescence
spectral signal, with the signal processor being encoded (i) to operatively execute
a sliding window technique, with reference to the parameter sets contained in
the spectral database, for initial identification and estimation of the number and
location of local peak regions for each of the component single-color fluorescence
spectra; (ii) to assign allowable variation ranges for each of the parameter sets
cotresponding to one of the local peak regions for each said compdnent single-
color fluorescence spectra; and (iii) to operatively deconvolve the mixed
fluorescence spectral signal into a sum of parametric values, with reference to the
parameter sets contained in the spectral database, so as to generate a list of its
said component single-color fluorescence spectra;

whereby the system decodes and identifies each encoded and received one of

said optical codes, in the form of one said mixed fluorescence spectral signal, by
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its said component single-color fluorescence spectra corresponding to its said

contributing fluorophore types.

24. A systern according to claim 23 adapted for use with contributing
quantum dot (QD) types as one of more of the contributing fluorophore types,

and encoded QD optical codes as one or more of the encoded optical codes.

25. A system according to any one of claims 23 and 24, wherein the signal

processor is additonally encoded to assign one or more weighting factors for

each of the local peak regions.

26. A systemn according to any one of claims 23 to 25, further comprising a
fluorometer to measure the component single-color fluorescence spectra for each
of the coniributing fluorophore types, and a spectral processor encoded to
operatively reduce each of the component single-color fluorescence spectra to a
Gaussian curve; and wherein the parametric values comprise (Gaussian

parametric values.

27. A system according to any onc of claims 23 to 26, wherein the spectral
processor reduces each of the component single-color fluorescence spectra to said

(Gaussian curve according to the formula

2
Ar b.k
Q, eXp1—
¢,

E=l-, N

7

where 4, b, and ¢ are three parametric curve values representing each of the
component single-color fluorescence spectra, and where N is a number of
fluorophore types from which the contributing fluorophore types present in the

mixed fluorescence spectral signal are selected; wherein each of the parameter
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sets contained in the spectral database is provided in the form {a, b, and c};

wherein the signal processor deconvolves the mixed fluorescence spectral signal

according to the formula

where M is the number of component single-color fluorescence spectra in the

mixed fluorescence spectral signal; and wherein the list of the component single-

color fluorescence spectra in the mixed fluorescence spectral signal is provided in

the form [Ax, By, Cx) where k=1, ..., M.

28. A system according to any one of claims 23 to 27, wherein the detection
element is operative to measure absolute fluorescence intensities of contributing
fluorophore types in each said combination; and wherein the system further
comnprises a predetermined set of the optical codes, with each of the optical codes
in the predetermined set being such that, given a predetermined maximum
potential measurement error, the absolute fluorescence intensities measured for

each said combination of said contributing fluorophore types are discrete from

one another.

29. A system according to any one of claims 23 to 27, wherein the signai
processor is additionally encoded to operatively differentiate the optical codes
from one another on the basis of measured absolute fluorescence intensities of
the fluorophore types in each said combination, given a predetermined

maximum potential measurement error.

30. A system according to any one of claims 28 and 29, wherein the

predetermined maximum potential measurement error is about ten (10) percent.
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31. A system according to any one of claims 23 to 27, whetein the signal
processor is operative to calculate fluorescence intensity ratios of the fluorophore
types in each said combination; and wherein the system further comprises a
predetermined set of the optical codes, with cach of the optical codes in the
predetermined set being such that the fluorescence intensity ratios for each said
combination are separated from each other by a predetermined minimum

intensity ratio difference (MIRD).

32. A system according to any one of claims 23 to 27, wherein the signal
processor is additionally encoded (i) to operatively calculate fluorescence
intengity ratios of the fluorophore types in each said combination, and (ii) to
differentiate the optical codes from one another by the calculated fluorescence
intensity ratios, given a predetermined minimum intensity ratio difference
(MIRD) separating the fluorescence intensity ratios of the fluorophore types for

each said combination.

33. A system according to any one of claims 31 and 32, wherein the

predetermined MIRD is about 0.3.

34. A system according to any one of claims 23 to 33, further comprising a
microbead containing or securing the combination of the contributing
fluorophore types for each of the optical codes, with each said microbead being

adapted for detection of a target molecule within a clinical sample.

35. A system according to any one of claims 23 to 34, further comprising an
irradiating element to operatively irradiate the combination of the contributing
fluorophore types with electromagnetic frequency (EMF) radiation, such that the

combination emits the mixed fluorescence spectral signal.
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36. A system according to claim 35, wherein the irradiating element is a laser.

37. A system according to any one of claim 35 and 36, wherein the EMF

radiation has an EMF wavelength of about 488 nm.

38. A system according to any one of claims 23 to 37, further comprising a
handheld detection device enclosure substantially enclosing the detection
element and the signal processor, with the spectral database being carried

onboard the handheld detection device.

39. A system according to any one of claims 23 to 38 adapted for use with
fluorophore types that vary from one another based on the color, the intensity, or

the color and the intensity thereof.

40, A system according to any one of claims 23 to 39 adapted for use with
four different colors of contributing fluorophore types, and adapted for use with

five different intensities for each of said colors of contributing fluorophore types.
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Number of different single-color QDs, N
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Number of intensity levels, £
Number of multiplexed colors, 4/
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Gaussian curve fitting for
single color spectra
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Given multipiexed spectrum,
Estimate rough peak locations
by a sliding window,
BB

l

initialize M parameter sets from
the library developed in STEP [
{ak, bk, Ck} k"“l, . M.
Setup two constraints for

de-convolution

1) Allowed variation ranges of
gach parameters

2) Weighting vector for each peak
regions
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Constrained multi-Gaussian
de-convolution for Multi-Color
Spectra
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Final De-convoluted Information
{Ap, Bio Ci} =1, .. M
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