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(57) ABSTRACT 

Improved devices, systems, and methods for sensing and/or 
identifying signals from Within a signal detection region are 
Well-suited for identi?cation of spectral codes. Large num 
bers of independently identi?able spectral codes can be 
generated by quite small bodies, and a plurality of such 
bodies or probes may be present Within a detection region. 
Simultaneously imaging of identi?able spectra from 
throughout the detection region alloWs the probes to be 
identi?ed. As the identi?able spectra can be treated as being 
generated from a point source Within a much larger detection 
?eld, a prism, diffractive grading, holographic transmissive 
grading, or the like can spectrally disperse the images of the 
labels across a sensor surface. A CCD can identify the 
relative Wavelengths of signals making up the spectra. 
Absolute signal Wavelengths may be identi?ed by determin 
ing positions of the labels, by an internal Wavelength refer 
ence Within the spectra, or the like. 
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TWO-DIMENSIONAL SPECTRAL IMAGING 
SYSTEM 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

[0001] This application is a divisional of and claims the 
bene?t of priority from US. patent application Ser. No. 
09/827,076, entitled “TWo-Dimensional Spectral Imaging 
System,” (Atty. Docket No. 019916-004300US) ?led on 
Apr. 5, 2001, Which claims the bene?t under 35 USC 119(e) 
of US. Provisional Patent Application No. 60/195,520, 
entitled “Method for Encoding Materials With Semiconduc 
tor Nanocrystals, Compositions Made Thereby, and Devices 
for Detection and Decoding Thereof,” (Atty. Docket No. 
019916-004700US) ?led on Apr. 6, 2000, the full disclo 
sures of Which are incorporated herein by reference. 

[0002] The subject matter of the present application is also 
related to the folloWing co-pending patent applications, the 
disclosures of Which are also incorporated herein by refer 
ence: US. patent application Ser. No. 09/160,458 ?led on 
Sep. 24, 1998 (Atty. Docket No. 19916-000300US), entitled 
“Inventory Control”; US. patent application Ser. No. 
09/397,432 ?led on Sep. 17, 1999 (Atty. Docket No. 19916 
002500US), entitled “Inventory Control”; PCT Patent Pub 
lication No. WO 99/50916 published on Apr. 1, 1999, 
entitled “Quantum Dot White and Colored Light Emitting 
Diodes”; and US. patent application Ser. No. 09/259,982 
?led Mar. 1, 1999, entitled “Semiconductor Nanocrystal 
Probes for Biological Applications and Process for Making 
and Using Such Probes” (Atty. Docket No. 19916 
001600US). 

BACKGROUND OF THE INVENTION 

[0003] The present invention generally provides devices, 
compositions of matter, kits, systems and methods for 
detecting and identifying a plurality of signals from Within 
a signal area. In a particular embodiment, the invention 
provides systems and methods for detecting and identifying 
a plurality of spectral barcodes from throughout a sensing 
area, especially for identifying and/or tracking inventories of 
elements, for high-throughput assay systems, and the like. 
The invention Will often use labels Which emit identi?able 
spectra that include a number of discreet signals having 
measurable Wavelengths and/or intensities. 

[0004] Tracking the locations and/or identities of a large 
number of items can be challenging in many settings. 
Barcode technology in general, and the Universal Product 
Code in particular, has provided huge bene?ts for tracking a 
variety of objects. Barcode technologies often use a linear 
array of elements printed either directly on an object or on 
labels Which may be af?xed to the object. These barcode 
elements often comprise bars and spaces, With the bars 
having varying Widths to represent strings of binary ones, 
and the spaces betWeen the bars having varying Widths to 
represent strings of binary Zeros. 

[0005] Barcodes can be detected optically using devices 
such as scanning laser beams or handheld Wands. Similar 
barcode schemes can be implemented in magnetic media. 
The scanning systems often electro-optically decode the 
label to determine multiple alphanumerical characters that 
are intended to be descriptive of (or otherWise identify) the 
article or its character. These barcodes are often presented in 
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digital form as an input to a data processing system, for 
example, for use in point-of-sale processing, inventory con 
trol, and the like. 

[0006] Barcode techniques such as the Universal Product 
Code have gained Wide acceptance, and a variety of higher 
density alternatives have been proposed. Unfortunately, 
these standard barcodes are often unsuitable for labeling 
many “libraries” or groupings of elements. For example, 
small items such as jeWelry or minute electrical components 
may lack sufficient surface area for convenient attachment of 
the barcode. Similarly, emerging technologies such as com 
binatorial chemistry, genomics research, micro?uidics, 
micromachines, and other nanoscale technologies do not 
appear Well-suited for supporting knoWn, relatively large 
scale barcode labels. In these and other developing ?elds, it 
is often desirable to make use of large numbers of ?uids, and 
identifying and tracking the movements of such ?uids using 
existing barcodes is particularly problematic. While a feW 
chemical encoding systems for chemicals and ?uids have 
been proposed, reliable and accurate labeling of large num 
bers of small and/or ?uid elements remains a challenge. 

[0007] Small scale and ?uid labeling capabilities have 
recently advanced radically With the suggested application 
of semiconductor nanocrystals (also knoWn as Quantum 
DotTM particles), as detailed in US. patent application Ser. 
No. 09/397,432, the full disclosure of Which is incorporated 
herein by reference. Semiconductor nanocrystals are micro 
scopic particles having siZe-dependent optical and/or elec 
trical properties. As the band gap energy of such semicon 
ductor nanocrystals vary With a siZe, coating and/or material 
of the crystal, populations of these crystals can be produced 
having a variety of spectral emission characteristics. Fur 
thermore, the intensity of the emission of a particular 
Wavelength can be varied, thereby enabling the use of a 
variety of encoding schemes. A spectral label de?ned by a 
combination of semiconductor nanocrystals having differing 
emission signals can be identi?ed from the characteristics of 
the spectrum emitted by the label When the semiconductor 
nanocrystals are energiZed. 

[0008] While semiconductor nanocrystal-based spectral 
labeling schemes represent a signi?cant advancement for 
tracking and identifying many elements of interest, still 
further improvements Would be desirable. In general, it 
Would be bene?cial to provide improved techniques for 
sensing or reading these neW spectral labels. It Would be 
particularly bene?cial to provide improved techniques for 
applying these labeling and tracking technologies to high 
throughput assay systems noW being developed. 

[0009] Multiplexed assay formats Would be highly desir 
able for improved throughput capability, and to match the 
demands that combinatorial chemistry is putting on estab 
lished discovery and validation systems for pharmaceuticals. 
For example, simultaneous elucidation of complex protein 
patterns may alloW detection of rare events or conditions, 
such as cancer. In addition, the ever-expanding repertoire of 
genomic information Would bene?t from very efficient, 
parallel and inexpensive assay formats. Desirable multi 
plexed assay characteristics include ease of use, reliability of 
results, a high-throughput format, and extremely fast and 
inexpensive assay development and execution. 

[0010] A number of knoWn assay formats may be 
employed for high-throughput testing. Each of these formats 
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has limitations, however. By far the most dominant high 
throughput technique is based on the separation of different 
assays into different regions of space. The 96-Well plate 
format is the Workhorse in this arena. 

[0011] In 96-Well plate assays, the individual Wells (Which 
are isolated from each other by Walls) are often charged With 
different components, and the assay is performed and then 
the assay result in each Well measured. The information 
about Which assay is being run is carried With the Well 
number, or the position on the plate, and the result at the 
given position determines Which assays are positive. These 
assays can be based on chemiluminescence, scintillation, 
?uorescence, scattering, or absorbance/colorimetric mea 
surements, and the details of the detection scheme depend on 
the reaction being assayed. 

[0012] Multi-Well assays have been reduced in siZe to 
enhance throughput, for example, to accommodate 384 or 
1536 Wells per plate. Unfortunately, the ?uid delivery and 
evaporation of the assay solution at this scale are signi? 
cantly more confounding to the assays. High-throughput 
formats based on multi-Well arraying often rely on complex 
robotics and ?uid dispensing systems to function optimally. 
The dispensing of the appropriate solutions to the appropri 
ate bins on the plate poses a challenge from both an 
ef?ciency and a contamination standpoint, and pains must be 
taken to optimiZe the ?uidics for both properties. Further 
more, the throughput is ultimately limited by the number of 
Wells that one can put adjacent on a plate, and the volume 
of each Well. Arbitrarily small Wells have arbitrarily small 
volumes, resulting in a signal that scales With the volume, 
shrinking proportionally With the cube of the radius. The 
spatial isolation of each Well, and thereby each assay, has 
been much more common than running multiple assays in a 
single Well. Such single-Well multiplexing techniques are 
not Widely used, due in large part to the dif?culty in 
“demultiplexing” or resolving the results of the different 
assays in a single Well. 

[0013] For even higher throughput genomic and genetic 
analysis techniques, positional array technology has been 
shrunk to microscopic scales, often using high-density oli 
gonucleotide arrays. Over a 1-cm square of glass, tens to 
hundreds of thousands of different nucleotides can be Writ 
ten in, for example, ZS-pm spots, Which are Well resolved 
from each other. On this planar test structure or “chip,” 
Which is emblaZoned With an alignment grid, a particular 
spot’s x,y position determines Which oligonucleotide is 
present at that spot. Typically ?uorescently-labeled ampli 
?ed DNA is added to the array, hybridiZed and is then 
detected using ?uorescence-based techniques. Although this 
is a very poWerful technique for assaying a large number of 
genetic markers simultaneously, the cost is still very high, 
and the ?exibility of this assay is extremely limited. 

[0014] Once a chip is made With particular DNA 
sequences at particular locations, they are ?xed and the 
addition thereto of neW markers comes at a very high price. 
The extremely small feature siZe, and the highly parallel 
assay format, comes at the cost of the ?exibility inherent in 
a common platform system, such as the 96-Well plates. In 
addition, this assay is ultimately performed at the surface of 
the chip, and the results depend on the kinetics of the 
hybridiZation to the surface, a process that is negatively 
in?uenced by steric issues, mixing issues, and diffusion 
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issues. In fact, small microarray chips are not particularly 
suited to the detection of rare events, as the diffusion of the 
solution over the chip may not be suf?ciently thorough. In 
order to perform the hybridiZations to the microarray chips 
more efficiently, a dedicated ?uidics Workstation can be used 
to pump the solution over the surface of the chip repeatedly; 
such instruments add cost and time to execution of the assay. 

[0015] The use of spectral barcodes holds great promise 
for enhancing the throughput of assays, as described in an 
application entitled “Semiconductor Nanocrystal Probes for 
Biological Applications and Process for Making and Using 
such Probes,” US. application Ser. No. 09/259,982 ?led 
Mar. 1, 1999, the full disclosure of Which is incorporated 
herein by reference. Multiplexed assays may be performed 
using a number of probes Which include both a spectral label 
(often in the form of several semiconductor nanocrystals) 
and one or more moieties. The moieties may be capable of 
selectively bonding to one or more detectable substances 
Within a sample ?uid, While the spectral labels can be used 
to identify the probe Within the ?uid (and hence the asso 
ciated moiety). As the individual probes can be quite small, 
and as the number of barcodes Which can be independently 
identi?ed can be quite large, large numbers of individual 
assays might be performed Within a single ?uid sample by 
including a large number of differing probes. These probes 
may take the form of quite small beads, With each bead 
optionally including a spectral label, a moiety, and a bead 
body or matrix, often in the form of a polymer. 

[0016] Together With the substantial advantages provided 
by highly multiplexed, spectrally-encoded assay bead sys 
tems, there Will be signi?cant challenges in implementing 
these techniques. In particular, determining multiplexed 
assay results might be quite challenging. While the reaction 
times and accuracy of the spectral labels can be quite 
advantageous, it can be challenging to accurately read each 
spectral barcode and/or assay result from the hundreds, and 
in many cases thousands, of beads Within a highly multi 
plexed bead assay system. Similarly, While spectral coding 
in general alloWs labeling and/or identi?cation of a large 
number of elements, interpreting the spectral codes can be 
quite challenging When the individual label structures are 
small, and When many labels are located near each other. 

[0017] In light of the above, it Would generally be desir 
able to provide improved systems and methods for detecting 
and identifying signals. It Would be particularly bene?cial if 
these improved techniques facilitated the identi?cation of 
each spectral code from among a plurality of spectral 
barcodes in a given region. To take advantage of the poten 
tial capabilities of spectral coding of minute probes and 
other structures, it Would be highly desirable if these 
enhanced techniques alloWed detection and/or identi?cation 
of large numbers of spectral codes or other signals (such as 
assay marker signals) in a highly time ef?cient manner. 

SUMMARY OF THE INVENTION 

[0018] The present invention generally provides improved 
devices, systems, and methods for sensing and/or identifying 
signals. The techniques of the present invention are particu 
larly Well-suited for identi?cation of labels Which generate 
spectral codes. Large numbers of independently identi?able 
spectral codes can be generated by quite small bodies having 
such labels, and a plurality of such bodies or probes may be 
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present Within a detection region. In some embodiments, the 
invention allows simultaneously imaging of identi?able 
spectra from throughout the detection region. This simulta 
neous imaging alloWs the labels (and hence, the associated 
probes, assay results, and the like) to be identi?ed. A 
Wavelength dispersive element (for example, a prism, dif 
fractive grating, holographic transmissive grating, or the 
like) can simultaneously spectrally disperse the images of 
the labels across a sensor surface. A tWo-dimensional areal 

light sensor (such as a Charge-Coupled Device or “CCD”) 
can substantially simultaneously sense the relative Wave 
lengths of signals making up the spectra. Taking advantage 
of a very small label siZe, the identi?able spectra can be 
treated as being generated from point-sources Within a large 
detection ?eld, thereby acting as their oWn “slit” in this 
spectroscopic instrument. Absolute signal Wavelengths may 
be identi?ed by determining positions of the labels, using an 
internal Wavelength reference Within the spectra, and/or the 
like. 

[0019] Spectral labels may be used With other markers 
generating signals that differ signi?cantly from the identi 
?able spectra from the labels. For example, spectrally 
encoded beads may be used Within parallel assay systems by 
generating assay signals in addition to the label spectra. 
These assay signals may accurately and reliably indicate the 
results of the assay, but these signals may be signi?cantly 
loWer in intensity than the spectral label. Hence, the present 
invention also provides techniques for identifying signals of 
Widely varying strengths. These techniques often involve 
simultaneously sensing loWer intensity signals using a rela 
tively long integration time With areal imaging. Higher 
intensity signals can be sequentially sensed, often using a 
scanning system. This dual sensing system enhances the 
overall ef?ciency of signal detection and interpretation by 
alloWing a relatively long signal integration time for the 
loWer intensity signals, While the higher intensity signals are 
quickly scanned With a shorter integration time. In some 
embodiments, a plurality of excitation energies may be 
directed toWard the signal generators, With at least one of the 
excitation energies selectively producing the loWer energy 
signals. Such techniques are particularly Well-suited to take 
advantage of the capabilities of semiconductor nanocrystals, 
Which can accurately generate detectable signals from 
minute bodies, and Which can be selectively energiZed by 
appropriate excitation sources. 

[0020] In a ?rst aspect, the invention provides a system 
comprising a plurality of labels generating identi?able spec 
tra in response to excitation energy. A detector simulta 
neously images at least some of the spectra for identi?cation 
of the labels. 

[0021] In many embodiments, at least some of the spectra 
Will comprise a plurality of detectable signals de?ning a 
plurality of Wavelengths. Label markers may generate these 
different label signals, so that the labels can comprise a 
plurality of label markers. The Wavelengths from the spectra 
can be intermingled. Preferably, the labels Will comprise at 
least one semiconductor nanocrystal. More typically, each 
label Will comprise at least one population of semiconductor 
nanocrystals, With each semiconductor nanocrystal of each 
population generating a signal having an associated popu 
lation Wavelength in response to the excitation energy. In 
many embodiments, the labels Will comprise a plurality of 
populations supported by a matrix. 
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[0022] In some embodiments, at least one probe body Will 
include a label and an associated assay indicator marker. The 
indicator markers generate indicator signals in response to 
an interaction betWeen the probe body and an associated test 
substance, thereby indicating results of an assay. 

[0023] The labels may be distributed across a tWo-dimen 
sional sensing ?eld. The detector Will often include a Wave 
length dispersive element and a sensor, and each label Will 
preferably be suf?ciently smaller than the surrounding sens 
ing ?eld to alloW the spectra to be Wavelength-dispersed by 
the Wavelength dispersive element Without excessive over 
lap of the dispersed spectra upon the sensor. The dispersed 
spectra can often be analyZed as being generated from 
discrete point-light sources. By using discrete point source 
spectral labels, the system avoids any need for slit apertures 
or the like, as generally found on linear spectrometers and 
other spectral dispersion systems. In other Words, the small 
labels can act as their oWn slits. This also alloWs the detector 
to admit signals from throughout a tWo-dimensional sensing 
?eld. 

[0024] The Wavelength dispersive element is usually dis 
posed betWeen the sensing ?eld and the light sensor. The 
sensor simultaneously senses the spectra from the plurality 
of labels. An open optical path often extends from the 
sensing ?eld to the Wavelength dispersive element, and from 
the Wavelength dispersive element to the sensor, With optics 
typically imaging the sensing ?eld on the sensor. The sensor 
Will typically comprise an areal sensor (such as CCD), and 
the open optical path Will have an open cross-section With 
signi?cant ?rst and second open orthogonal dimensions, in 
contrast to the slit or point apertures often used in dispersive 
systems. The Wavelength dispersive element may comprise 
a prism, a dispersive re?ective grating, a holographic trans 
mission grating, or the like. 

[0025] In many embodiments, a spatial positioner pro 
vides label positions Within the sensor ?eld. The detector 
Will often sense relative spectral data, While an analyZer 
coupled to the label positioner and the detector can derive 
absolute Wavelengths of the spectra in response to both the 
relative spectral data and the indicated label positions. In 
some embodiments, a beam splitter may optically couple the 
label positioner With the sensing ?eld along a positioning 
optical path, and may also couple the detector With the 
sensor ?eld along a spectral optical path, so that at least a 
portion of the positioning and spectral optical paths make 
use of common optical elements. The beam splitter may 
direct most of the energy from the sensing ?eld toWard the 
detector for relative spectral information, and a minority of 
the energy from the sensing ?eld toWard a positioning 
image. In some embodiments, a beam splitter may direct a 
portion of an image from the sensing ?eld to a ?rst disper 
sion member so as to distribute the spectra along a ?rst axis 
relative to the sensing ?eld, and a second portion of the 
image to a second dispersion member so as to distribute the 
spectra along a second axis, the second axis being at an angle 
to the ?rst axis relative to the sensing ?eld for resolving 
spectral ambiguities from any overlapping Wavelengths 
along the ?rst axis. Similar ambiguity resolution techniques 
may sequentially disperse the spectra along differing axes. 

[0026] At least some of the spectra Will often comprise a 
plurality of signals. The detector may include means for 
distributing these signals across a sensor in response to 
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Wavelengths of the signals, and in response to positions of 
the labels in the sensor ?elds. The distributing means may be 
disposed betWeen the sensing ?eld and the sensor. The 
system may also include means for determining positions of 
the labels Within the sensing ?eld, With a spectral analyZer 
coupled to the positioning means and the sensor so that the 
analyZer can determine the spectra. The positioning means 
may optionally comprise an areal sensor and a beam splitter, 
a calibration reference signal Within some or all of the 
spectra, or the like. 

[0027] In another aspect, the invention provides a system 
comprising a plurality of labels distributed across a tWo 
dimensional sensing ?eld. The labels generate spectra in 
response to excitation energy. AWavelength dispersive ele 
ment is disposed in an open optical path of the spectra from 
the tWo-dimensional sensing ?eld. A sensor is disposed in 
the path from the Wavelength dispersive element. A label 
positioning system is coupled to the labels and an analyZer 
is coupled to the sensor for identifying the labels in response 
to the sensed spectral information. 

[0028] In another aspect, the invention provides a method 
comprising generating spectra from a plurality of labels. The 
spectra are sensed With a sensor by simultaneously imaging 
the labels on the sensor, and the labels are identi?ed in 
response to the sensed spectra. 

[0029] In many embodiments, the labels Will be movably 
disposed Within a tWo-dimensional sensing ?eld While the 
spectra are sensed. The positions of the labels may be 
determined When the spectra are sensed by the sensor, and 
the labels may be identi?ed in response to the label positions 
(as Well as using the data from the sensor). The spectra from 
the labels Will often be dispersed. In some embodiments, the 
spectra Will be dispersed along a second dispersion axis at an 
angle to a ?rst dispersion axis so as to resolve ambiguity 
from spectral overlap. 

[0030] In another aspect, the invention provides a method 
for identifying signals of differing strengths. The method 
comprises generating a plurality of signals in response to 
excitation energy. The signals include higher intensity sig 
nals and loWer intensity signals. The loWer intensity signals 
are sensed by simultaneously imaging the signals. At least 
some of the higher intensity signals are sequentially sensed. 

[0031] In many embodiments, the loWer intensity signals 
Will be sensed by imaging a sensing ?eld for a ?rst integra 
tion time. The higher intensity signals may be sequentially 
sensed by imaging a portion of the sensing ?eld for a second 
integration time, the second integration time being shorter 
than the ?rst integration time. Optionally, the higher inten 
sity signals may be ?ltered from the simultaneous image. 
This is facilitated Where the higher intensity signals have 
Wavelengths that are different than Wavelengths of the loWer 
intensity signals, as Wavelength ?ltering may be employed 
to avoid saturation of the image. 

[0032] The higher intensity signals may be sequentially 
sensed by scanning labels Which generate the signals. The 
labels generating the higher intensity signals may be spa 
tially intermingled With markers generating the loWer inten 
sity signals. Scanning may comprise scanning an aperture 
relative to the labels, such as a slit, a pinhole aperture, or the 
like. In some embodiments, scanning may be performed by 
scanning an excitation energy over a portion of the sensing 
?eld. 
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[0033] In some embodiments, the excitation energy may 
comprise a ?rst energy for exciting the higher energy 
markers of the labels to generate the high energy signals, and 
a second energy for generating the loWer energy signals. The 
second energy may selectively excite the loW energy mark 
ers. 

[0034] The higher intensity signals of the labels may be 
generated by label markers and can de?ne an identi?able 
spectral code. The loW intensity signals may be generated by 
assay markers and can indicate results of a plurality of 
assays, With each assay having an associated spectral code. 
The markers may be supported by probe bodies to de?ne 
probes. Each probe can include a plurality of label markers, 
Which together de?ne a label (to generate the spectral code), 
and at least one associated assay marker (to indicate results 
of an associated assay). The results of each assay may be 
determined by identifying each label, and by correlating the 
label With an associated assay marker signal. 

[0035] In another aspect, the invention provides a method 
for acquiring signals. The method comprises generating a 
?rst plurality of signals from a ?rst plurality of markers in 
response to a ?rst excitation energy. A second plurality of 
signals are generated from a second plurality of markers in 
response to a second excitation energy. The ?rst and second 
markers are intermingled. Intensities of the ?rst signals are 
tuned relative to intensities of the second signals by select 
ing a characteristic of at least one of the ?rst and second 
excitation energies. The tuned ?rst and second signals are 
simultaneously imaged on a sensor. 

[0036] Typically, at least one of the markers Will comprise 
a semiconductor nanocrystal. Preferably, the ?rst energy Will 
selectively energiZe the ?rst plurality of markers. The inten 
sities Will be tuned so that the signals are Within an accept 
able intensity range of the sensor during a common integra 
tion time by varying an intensity of at least one of the ?rst 
and second excitation energies. 

[0037] In yet another aspect, the invention provides a 
high-throughput assay method comprising performing a 
plurality of assays, and generating assay signals With assay 
markers to indicate the results of the assays. The assay 
markers are simultaneously area imaged, and spectral codes 
associated With each assay marker are generated. The assay 
results are interpreted by identifying the spectral code and 
assay markers, and by correlating each spectral code With an 
associated assay marker signal. 

[0038] In another aspect, the invention provides a system 
for detecting spectral information. Spectral information 
includes higher intensity signals and loWer intensity signals. 
The signals are generated Within a tWo-dimensional ?eld. 
The systems comprises a detector optically couplable With 
the tWo-dimensional ?eld for simultaneous imaging of the 
loW intensity signals. A scanner has an aperture movable 
relative to the tWo-dimensional ?eld for sequential imaging 
of the higher intensity signals. 
[0039] In yet another aspect, the invention provides a 
system comprising a plurality of labels generating identi? 
able spectra in response to excitation energy. Other markers 
are intermingled With the labels. The other markers generate 
other signals, With the other signals being Weaker than the 
spectra. A scanner has an aperture movable relative to the 
labels for identifying the spectra. A detector is optically 
coupled to the plurality of other markers for simultaneously 
imaging the other signals. 
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[0040] Typically, groups of the markers Will be held 
together by a probe matrix so as to de?ne a plurality of 
probes, With each probe including at least one label and at 
least one associated other marker. This alloWs each probe to 
indicate results of an associated assay via the identi?able 
spectra of the label. Aprocessor coupled to the scanner and 
to the detector can determine the results of the assay in 
response to the spectra as sensed by the scanner, and in 
response to the associated assay markers as sensed by the 
detector. An integration time of the detector can be longer 
than an integration time of the scanner for the spectra 
Without overly delaying the identi?cation time, as the other 
markers (or assay markers) are simultaneously imaged 
throughout the sensing ?eld. 

[0041] In yet another aspect, the invention provides a 
high-throughput assay system comprising a ?uid With an 
excitation energy source transmitting excitation energy 
toWard the ?uid. Aplurality of assay probes are disposed in 
the ?uid. Each probe has a spectral label. The spectral labels 
generate identi?able spectral codes in response to the exci 
tation energy. The probes generate assay signals in response 
to assay results. A scanner moves a sensing region relative 
to the ?uid (and/or at least one of the ?uid and ?uid holder 
relative to the sensing region) for identi?cation of the probes 
from the spectral codes. The tWo-dimensional imaging sys 
tem images the assay markers from the probes throughout 
the tWo-dimensional sensing ?eld simultaneously. 

[0042] In yet another aspect, the invention provides a 
high-throughput assay system comprising a ?uid and a ?rst 
excitation energy source transmitting a ?rst excitation 
energy toWard the ?uid. The second excitation energy source 
transmits a second excitation energy toWard the ?uid. A 
plurality of assay probes are disposed in the ?uid. Each 
probe has a spectral label, and assay markers in the ?uid are 
associated With the probes. The assay markers transmit an 
assay signal in response to assay results, and in response to 
the second excitation energy. A ?rst excitation energy selec 
tively energiZes the spectral labels so that the spectral labels 
transmit identi?able spectral codes. A sensing system senses 
the assay signals and the spectral codes. The sensing system 
has an intensity range. Intensities of the ?rst and second 
excitation sources are selected so that the assay signals and 
the spectral codes are Within the intensity range, often at the 
same integration time. 

[0043] In yet another aspect, the invention provides a 
?uid-?oW assay system comprising a ?uid and a probe 
movably disposed Within the ?uid. The probe has a label to 
generate an identi?able spectra and an assay marker to 
generate an assay signal in response to interaction betWeen 
the probe and a detectable substance. Aprobe reader senses 
the spectra and signal When the probe and ?uid ?oW through 
a sensing region to determine an assay result. 

[0044] Typically, a plurality of differing probes Will ?oW 
through the sensing region. The probe reader Will determine 
results of a plurality of different assays by identifying the 
probes from their associated spectra, and by correlating the 
assay signals from the probes With the associated assays of 
the identi?ed probes. In the exemplary embodiment, the 
?uid (and the probes) ?oW across a slit aperture Within a 
thin, ?at channel so that the distance betWeen the probes and 
reader is substantially uniform. This facilitates imaging of 
the probes Within the sensing region. 

Oct. 7, 2004 

[0045] In yet another aspect, the invention provides a 
?uid-?oW assay method comprising moving a probe by 
?oWing a ?uid. A spectra from the moving probe is sensed 
While the probe acts as its oWn aperture by dispersing the 
image, and results of an assay are determined by identifying 
the probe from the spectra. Once again, such methods are 
particularly useful for multiplexed assays, as a plurality of 
differing probes can be identi?ed and their assay results 
correlated. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0046] FIG. 1 schematically illustrates an imaging system 
and high-throughput assay method according the principles 
of the present invention. 

[0047] FIG. 1A schematically illustrates an exemplary 
processor for the system of claim 1. 

[0048] FIG. 2 schematically illustrates probes having 
spectral labels and assay markers, in Which the probes 
comprise bead structures disposed Within a test ?uid. 

[0049] FIGS. 2A-2E schematically illustrate spectral 
codes or labels having a plurality of signals. 

[0050] FIG. 3 schematically illustrates a system and 
method for determining a spectrum from a relatively large 
object by use of an aperture. 

[0051] FIG. 4 schematically illustrates a method and 
structure for determining a spectrum from a small object, 
such as an assay probe having semiconductor nanocrystal 
markers, Without using an aperture. 

[0052] FIGS. 5A and 5B schematically illustrate a system 
and method for determining absolute spectra from a plurality 
of semiconductor nanocrystals by limiting the vieWing ?eld 
With an aperture and by spectrally dispersing the apertured 
image. 

[0053] FIG. 6 schematically illustrates a system and 
method for determining absolute spectra of a plurality of 
spectrally encoded beads by simultaneously imaging the 
relative spectra of the beads, and by deriving the absolute 
spectra from the bead positions. 

[0054] FIG. 6A schematically illustrates a method for 
correlating the bead positions and relative spectra sensed 
using the system of FIG. 6 to derive the absolute spectra. 

[0055] FIGS. 6B and 6C schematically illustrate the use 
of a beam splitter and calibration signals Within the spectral 
codes to determine the absolute Wavelengths of a spectrum. 

[0056] FIGS. 7A-7C schematically illustrate a system and 
method for resolving ambiguities among overlapping dis 
persed spectra. 

[0057] FIGS. 8 and 8A-8C graphically illustrates a Wide 
variation in signal intensities betWeen a spectral label and an 
assay marker for the exemplary probes illustrated in FIG. 2, 
and a method for identifying such signals. 

[0058] FIG. 9 schematically illustrates a system and 
method for simultaneously imaging a plurality of assay 
markers, and for sequentially scanning associated spectral 
labels for a plurality of spectrally encoded assay probes, and 
also illustrates the use of differing excitation energy sources 
for selectively energiZing the assay markers. 
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[0059] FIG. 9A schematically illustrates a ?uid ?oW assay 
scanning system and method. 

[0060] FIGS. 10A-10C schematically illustrate a plate for 
positioning semiconductor nanocrystal assay probes, 
together With a method for the use of positioned probes in 
multiplexed assays. 

[0061] FIG. 11 schematically illustrates a method for 
reading the spectral labels and/or identifying assay results 
using the probe positioning plate of FIG. 10C. 

DESCRIPTION OF THE SPECIFIC 
EMBODIMENTS 

[0062] The present invention generally provides improved 
devices, systems, methods, compositions of matter, kits, and 
the like for sensing and interpreting spectral information. 
The invention is particularly Well-suited to take advantage of 
neW compositions of matter Which can generate signals at 
speci?c Wavelengths in response to excitation energy. A 
particularly advantageous signal generation structure for use 
of the present invention is the semiconductor nanocrystal. 
Other useful signaling structures may also take advantage of 
the improvements provided by the present invention, includ 
ing conventional ?uorescent dyes, radiated elements and 
compounds, and the like. 

[0063] The invention can alloW ef?cient sensing and/or 
identi?cation of a large number of spectral codes, particu 
larly When each code includes multiple signals. The inven 
tion may also enhance the reliability and accuracy With 
Which such codes are read, and may thereby enable the use 
of large numbers of spectral codes Within a relatively small 
region. Hence, the techniques of the present invention Will 
?nd advantageous applications Within highly multiplexed 
assays, inventory control in Which a large number of small 
and/or ?uid elements are intermingled, and the like. 

[0064] Spectral Labeling 
[0065] Referring noW to FIG. 1, an inventory system 10 
includes a library of labeled elements 12a, 12b, . . . (col 
lectively referred to as elements 12) and an analyZer 14. 
AnalyZer 14 generally includes a processor 16 coupled to a 
detector 18. An energy source 20 transmits an excitation 
energy 22 to a sensing ?eld Within a ?rst labeled element 
12a of library 8. In response to excitation energy 22, ?rst 
labeled element 12a emits radiant energy 24 de?ning a 
spectral code. Spectral code of radiant energy 24 is sensed 
by detector 18 and the spectral code is interpreted by 
processor 16 so as to identify labeled element 12a. 

[0066] Library 8 may optionally comprise a Wide variety 
of elements. In many embodiments, labeled elements 12 
may be separated. HoWever, in the exemplary embodiment, 
the various labeled elements 12a, 12b, 12c, . . . are inter 

mingled Within a test ?uid 34. Imaging is facilitated by 
maintaining the labeled elements on or near a surface. As 
used therein, “areal imaging” means imaging of a tWo 
dimensional area. Hence, ?uid 34 may be contained in a 
thin, ?at region betWeen planar surfaces. 

[0067] Preferably, detector 18 simultaneously images at 
least some of the signals generated by elements 12 from 
Within a tWo-dimensional sensing ?eld. In some embodi 
ments, at least some of the spectral signals from Within the 
sensing ?eld are sequentially sensed using a scanning sys 
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tem. Regardless, maintaining each label as a spatially inte 
gral unit Will often facilitate identi?cation of the label. This 
discrete spatial integrity of each label is encompassed Within 
the term “spatially resolved labels.” Preferably, the spatial 
integrity of the beads and the space betWeen beads Will be 
suf?cient to alloW at least some of the beads to be individu 
ally resolved over all other beads, preferably alloWing most 
of the beads to be individually resolved, and in many 
embodiments, alloWing substantially all of the beads to be 
individually resolved. 

[0068] The spectral coding of the present invention is 
particularly Well-suited for identi?cation of small or ?uid 
elements Which may be dif?cult to label using knoWn 
techniques. Elements 12 may generally comprise a compo 
sition of matter, a biological structure, a ?uid, a particle, an 
article of manufacture, a consumer product, a component for 
an assembly, or the like. All of these are encompassed Within 
the term “identi?able substance.” 

[0069] The labels included With labeled elements 12 may 
be adhered to, applied to a surface of, and/or incorporated 
Within the items of interest, optionally using techniques 
analogous to those of standard bar coding technologies. For 
example, spectral labeling compositions of matter (Which 
emit the desired spectra) may be deposited on adhesive 
labels and applied to articles of manufacture. Alternatively, 
an adhesive polymer material incorporating the label might 
be applied to a surface of a small article, such as a jeWel or 
a component of an electronic assembly. As the information 
in the spectral code does not depend upon the aerial surface 
of the label, such labels can be quite small. 

[0070] In other embodiments, the library Will comprise 
?uids (such as biological samples), poWders, cells, and the 
like. While labeling of such samples using standard bar 
coding techniques can be quite problematic, particularly 
When a large number of samples are to be accurately 
identi?ed, the spectral codes of the present invention can 
alloW robust identi?cation of a particular element from 
among ten or more library elements, a hundred or more 

library elements, a thousand or more library elements, and 
even ten thousand or more library elements. 

[0071] The labels of the labeled elements 12 Will often 
include compositions of matter Which emit energy With a 
controllable Wavelength/intensity spectrum. To facilitate 
identi?cation of speci?c elements from among library 8, the 
labels of the elements may include combinations of differing 
compositions of matter to emit differing portions of the 
overall spectral code. In other embodiments, the signals may 
be de?ned by absorption (rather than emission) of energy, by 
Raman scattering, or the like. As used herein, the term 
“markers” encompasses compositions of matter Which pro 
duce the different signals making up the overall spectra. A 
plurality of markers can be combined to form a label, With 
the signals from the markers together de?ning the spectra for 
the label. 

[0072] The present invention generally utiliZes a spectral 
code comprising one or more signals from one or more 

markers. The markers may comprise semiconductor nanoc 
rystals, With the different markers often taking the form of 
different particle siZe distributions of semiconductor nanoc 
rystals having different signal generation characteristics. 
The combined markers de?ne labels Which can generate 
spectral codes, Which are sometimes referred to as “spectral 



US 2004/0197816 A1 

barcodes.” These spectral codes can be used to track the 
location of a particular item of interest or to identify a 
particular item of interest. The semiconductor nanocrystals 
used in the spectral coding scheme can be tuned to a desired 
Wavelength to produce a characteristic spectral emission or 
signal by changing the composition and/or siZe of the 
semiconductor nanocrystal. Additionally, the intensity of the 
signal at a particular characteristic Wavelength can also be 
varied (optionally by, at least in part, varying a number of 
semiconductor nanocrystals emitting or absorbing at a par 
ticular Wavelength), thus enabling the use of binary or higher 
order encoding schemes. The information encoded by the 
semiconductor nanocrystals can be spectroscopically 
decoded from the characteristics of their signals, thus pro 
viding the location and/or identity of the particular item or 
component of interest. As used herein, Wavelength and 
intensity are encompassed Within the term “signal charac 
teristics.” 

[0073] While spectral codes Will often be described herein 
With reference to the signal characteristics of signals emitted 
With discrete, narroW peaks, it should be understood that 
semiconductor nanocrystals and other marker structures 
may generate signals having quite different properties. For 
eXample, signals may be generated by scattering, absorption, 
or the like, and alternative signal characteristics such as 
Wavelength range Width, slope, shift, or the like may be used 
in some spectral coding schemes. 

[0074] Semiconductor Nanocrystals 
[0075] Semiconductor nanocrystals are particularly Well 
suited for use as markers in a spectral code system because 
of their unique characteristics. Semiconductor nanocrystals 
have radii that are smaller than the bulk eXciton Bohr radius 
and constitute a class of materials intermediate betWeen 
molecular and bulk forms of matter. Quantum con?nement 
of both the electron and hole in all three dimensions leads to 
an increase in the effective band gap of the material With 
decreasing crystallite siZe. Consequently, both the optical 
absorption and emission of semiconductor nanocrystals shift 
to the blue (higher energies) With decreasing siZe. Upon 
eXposure to a primary light source, each semiconductor 
nanocrystal distribution is capable of emitting energy in 
narroW spectral lineWidths, as narroW as 20-30 nm, and With 
a symmetric, nearly Gaussian line shape, thus providing an 
easy Way to identify a particular semiconductor nanocrystal. 
The lineWidths are dependent on the siZe heterogeneity, i.e., 
monodispersity, of the semiconductor nanocrystals in each 
preparation. Single semiconductor nanocrystal complexes 
have been observed to have full Width at half maX (FWHM) 
as narroW as 12-15 nm. In addition semiconductor nanoc 

rystal distributions With larger lineWidths in the range of 
40-60 nm can be readily made and have the same physical 
characteristics as semiconductor nanocrystals With narroWer 
lineWidths. 

[0076] Exemplary materials for use as semiconductor 
nanocrystals in the present invention include, but are not 
limited to group II-VI, III-V, and group IV semiconductors 
such as ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, GaN, GaP., 
GaAs, GaSb, InP, InAs, InSb, AlS, AlP, AlSb, PbS, PbSe, 
Ge, Si, and ternary and quaternary miXtures or alloys 
thereof. The semiconductor nanocrystals are characteriZed 
by their nanometer siZe. By “nanometer” siZe, it is meant 
less than about 150 Angstroms (A), and preferably in the 
range of 12-150 A. 
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[0077] The selection of the composition of the semicon 
ductor nanocrystal, as Well as the siZe of the semiconductor 
nanocrystal, affects the signal characteristics of the semi 
conductor nanocrystal. Thus, a particular composition of a 
semiconductor nanocrystal as listed above Will be selected 
based upon the spectral region being monitored. For 
eXample, semiconductor nanocrystals that emit energy in the 
visible range include, but are not limited to, CdS, CdSe, 
CdTe, and ZnTe. Semiconductor nanocrystals that emit 
energy in the near IR range include, but are not limited to, 
InP, InAs, InSb, PbS, and PbSe. Finally, semiconductor 
nanocrystals that emit energy in the blue to near-ultraviolet 
include, but are not limited to, ZnS and GaN. For any 
particular composition selected for the semiconductor 
nanocrystals to be used in the inventive system, it is possible 
to tune the emission to a desired Wavelength Within a 
particular spectral range by controlling the siZe of the 
particular composition of the semiconductor nanocrystal. 

[0078] In addition to the ability to tune the signal charac 
teristics by controlling the siZe of a particular semiconductor 
nanocrystal, the intensities of that particular emission 
observed at a speci?c Wavelength are also capable of being 
varied, thus increasing the potential information density 
provided by the semiconductor nanocrystal coding system. 
In some embodiments, 2-15 different intensities may be 
achieved for a particular emission at a desired Wavelength, 
hoWever, more than ?fteen different intensities may be 
achieved, depending upon the particular application of the 
inventive identi?cation units. For the purposes of the present 
invention, different intensities may be achieved by varying 
the concentrations of the particular siZe semiconductor 
nanocrystal attached to, embedded Within or associated With 
an item or component of interest, by varying a Quantum 
yield of the nanocrystals, by varyingly quenching the signals 
from the semiconductor nanocrystals, or the like. Nonethe 
less, the spectral coding schemes may actually bene?t from 
a simple binary structure, in Which a given Wavelength is 
either present our absent, as described beloW. 

[0079] In a particularly preferred embodiment, the surface 
of the semiconductor nanocrystal is also modi?ed to 
enhance the ef?ciency of the emissions, by adding an 
overcoating layer to the semiconductor nanocrystal. The 
overcoating layer is particularly preferred because at the 
surface of the semiconductor nanocrystal, surface defects 
can result in traps for electron or holes that degrade the 
electrical and optical properties of the semiconductor nanoc 
rystal. An insulting layer (having a bandpass layer typically 
With a bandgap energy greater than the core and centered 
thereover) at the surface of the semiconductor nanocrystal 
provides an atomically abrupt jump in the chemical potential 
at the interface that eliminates energy states that can serve as 
traps for the electrons and holes. This results in higher 
ef?ciency in the luminescent process. 

[0080] Suitable materials for the overcoating layer include 
semiconductors having a higher band gap energy than the 
semiconductor nanocrystal. In addition to having a band gap 
energy greater than the semiconductor nanocrystals, suitable 
materials for the overcoating layer should have good con 
duction and valence band offset With respect to the semi 
conductor nanocrystal. Thus, the conduction band is desir 
ably higher and the valence band is desirably loWer than 
those of the semiconductor nanocrystal. For semiconductor 
nanocrystals that emit energy in the visible (e.g., CdS, CdSe, 
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CdTe, ZnSe, ZnTe, GaP, GaAs) or near IR (e.g., InP, InAs, 
InSb, PbS, PbSe), a material that has a band gap energy in 
the ultraviolet regions may be used. Exemplary materials 
include ZnS, GaN, and magnesium chalcogenides, (e.g., 
MgS, MgSe, and MgTe). For semiconductor nanocrystals 
that emit in the near IR, materials having a band gap energy 
in the visible, such as CdS, or CdSe, may also be used. While 
the overcoating Will often have a higher bandgap than the 
emission energy, the energies can be, for example, both 
Within the visible range. The overcoating layer may include 
as many as 8 monolayers of the semiconductor material. The 
preparation of a coated semiconductor nanocrystal may be 
found in US. patent application Ser. No. 08/969,302 ?led 
Nov. 13, 1997, entitled “Highly Luminescent Color-Selec 
tive Materials”; Dabbousi et al., J. Phys. Chem B., Vol. 101, 
1997, pp. 9463; and Kuno et al., J. Phys. Chem., Vol. 106, 
1997, pp. 9869. Fabrication and combination of the differing 
populations of semiconductor nanocrystals may be further 
understood With reference to US. patent application Ser. No. 
09/397,432, previously incorporated herein by reference. 

[0081] It is often advantageous to combine different mark 
ers of a label into one or more labeled body. Such labeled 
bodies may help spatially resolve different labels from 
intermingled items of interest, Which can be bene?cial 
during identi?cation. These label bodies may comprise a 
composition of matter including a polymeric matrix and a 
plurality of semiconductor nanocrystals, Which can be used 
to encode discrete and different absorption and emission 
spectra. These spectra can be read using a light source to 
cause the label bodies to absorb or emit light. By detecting 
the light absorbed and/or emitted, a unique spectral code 
may be identi?ed for the labels. In some embodiments, the 
labeled bodies may further include markers beyond the label 
bodies. These labeled bodies Will often be referred to as 
“beads” herein, and beads Which have assay capabilities may 
be called “probes.” The structure and use of such probes, 
including their assay capabilities, are more fully described in 
US. patent application Ser. No. 09/566,014, previously 
incorporated herein by reference. 

[0082] Fabrication of Labeled Beads 

[0083] Referring noW to FIG. 2, ?rst and second labeled 
elements 12a, 12b Within test ?uid 34 are formed as separate 
semiconductor nanocrystal probes 34‘. Each probe includes 
an associated label 36 formed from one or more populations 
of substantially mono-disperse semiconductor nanocrystals 
37. The individual populations of semiconductor nanocrys 
tals Will often be mono-disperse so as to provide a suf?cient 
signal intensity at a uniform Wavelength for convenient 
sensing of the various signals Within the code. The exem 
plary probes further include one or more binding moieties 
35‘, together With a probe matrix or body material 39, Which 
acts as a binding agent to keep the various markers together 
in a structural unit or bead. Binding moieties 35‘ help 
(indirectly) to generate signals indicating results of an assay, 
each probe moiety having selective af?nity for an associated 
test substance 35 Which may be present Within sample ?uid 
34. Probe moieties 35‘ may comprise an antibody, DNA, or 
the like, and test substances 35 may carry reporters or assay 
markers 38 for generating signals indicating results of the 
assays. Alternatively, the assay markers may have selective 
af?nity for the combination of a particular test substance and 
bound probe moiety, or the like. Preparation of the spectrally 
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encoded probes Will noW be described, folloWed by a brief 
description of the use and structure of assay markers 38. 

[0084] A process for encoding spectra into label body 
materials using a feedback system can be based on the 
absorbance and luminescence of the semiconductor nanoc 
rystals in a solution that can be used to dye the materials. 
More speci?cally, this solution can be used for encoding of 
a plurality of semiconductor nanocrystals into a material 
When that material is a polymeric bead. 

[0085] A variety of different materials can be used to 
prepare these compositions. In particular, polymeric bead 
materials are an appropriate format for ef?cient multiplexing 
and demultiplexing of ?nite-siZed materials. These label 
body beads can be prepared from a variety of different 
polymers, including but not limited to polystyrene, cross 
linked polystyrene, polyacrylic, polysiloxanes, polymeric 
silica, latexes, dextran polymers, epoxies, and the like. The 
materials have a variety of different properties With regard to 
sWelling and porosity, Which are Well understood in the art. 
Preferably, the beads are in the siZe range of approximately 
10 nm to 1 mm, more preferably in a siZe range of approxi 
mately 100 nm to 0.1 mm, often being in a range from 1000 
nm to 10,000 nm, and can be manipulated using normal 
solution techniques When suspended in a solution. 

[0086] Discrete emission spectra can be encoded into 
these materials by varying the amounts and ratios of differ 
ent semiconductor nanocrystals, either the siZe distribution 
of semiconductor nanocrystals, the composition of the semi 
conductor nanocrystals, or other property of the semicon 
ductor nanocrystals that yields a distinguishable emission 
spectrum, Which are embedded into, attached to or otherWise 
associated With the material. The semiconductor nanocrys 
tals of the invention can be associated With the material by 
adsorption, absorption, covalent attachment, by co-polymer 
iZation or the like. The semiconductor nanocrystals have 
absorption and emission spectra that depend on their siZe 
and composition. These semiconductor nanocrystals can be 
prepared as described in Murray et. al., (1993) J. Am. Chem. 
Soc. 115:8706-8715; GuZelian et. al., (1996) J. Phys. Chem. 
100;7212-7219; or International Publication No. WO 
99/26299 (inventors BaWendi et al.). The semiconductor 
nanocrystals can be made further luminescent through over 
coating procedures as described in Danek et. al., (1966) 
Chem. Mar. 8(1):173-180; Hines et. al., (1996) J. Phys. 
Chem. 100:468-471; Peng et. al., (1997) J. Am. Chem. Soc. 
119:7019-7029; or Daboussi et. al., (1997) J. Phys. Chem. 
B, 101:9463-9475. 

[0087] The desired spectral emission properties may be 
obtained by mixing semiconductor nanocrystals of different 
siZes and/or compositions in a ?xed amount and ratio to 
obtain the desired spectrum. The spectral emission of this 
staining solution can be determined prior to treatment of the 
material thereWith. Subsequent treatment of the material 
(through covalent attachment, co-polymeriZation, passive 
absorption, sWelling and contraction, or the like) With the 
staining solution results in a material having the designed 
spectral emission property. These spectra may be different 
under different excitation sources. Accordingly, it is pre 
ferred that the light source used for the encoding procedure 
be as similar as possible (preferably of the same Wavelength 
and/or intensity) to the light source that Will be used for the 
decoding. The light source may be related in a quantitative 
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manner, so that the emission spectrum of the ?nal material 
may be deduced from the spectrum of the staining solution. 

[0088] A number of semiconductor nanocrystal solutions 
can be prepared, each having a distinct distribution of siZes 
and compositions, and consequently a distinct emission 
spectrum, to achieve a desired emission spectrum. These 
solutions may be mixed in ?xed proportions to arrive at a 
spectrum having the predetermined ratios and intensities of 
emission from the distinct semiconductor nanocrystals sus 
pended in that solution. Upon exposure of this solution to a 
light source, the emission spectrum can be measured by 
techniques that are Well established in the art. If the spec 
trum is not the desired spectrum, then more of a selected 
semiconductor nanocrystal solution can be added to achieve 
the desired spectrum and the solution titrated to have the 
correct emission spectrum. These solutions may be colloidal 
solutions of semiconductor nanocrystals dispersed in a sol 
vent, or they may be pre-polymeric colloidal solutions, 
Which can be polymeriZed to form a matrix With semicon 
ductor nanocrystals contained Within. While ratios of the 
quantities of constituent solutions and the ?nal spectrum 
intensities need not be the same, it Will often be possible to 
derive the ?nal spectra from the quantities (and/or the 
quantities from the desired spectra.) 

[0089] The solution luminescence Will often be adjusted to 
have the desired intensities and ratios under the exact 
excitation source that Will be used for the decoding. The 
spectrum may also be prepared to have an intensity and ratio 
among the various Wavelengths that are knoWn to produce 
materials having the desired spectrum under a particular 
excitation source. Amultichannel auto-pipettor connected to 
a feedback circuit can be used to prepare a semiconductor 
nanocrystal solution having the desired spectral character 
istics, as described above. If the several channels of the 
titrator/pipettor are charged or loaded With several unique 
solutions of semiconductor nanocrystals, each having a 
unique excitation and emission spectrum, then these can be 
combined stepWise through addition of the stock solutions. 
In betWeen additions, the spectrum may be obtained by 
exposing the solution to a light source capable of causing the 
semiconductor nanocrystals to emit, preferably the same 
light source that Will be used to decode the spectra of the 
encoded materials. The spectrum obtained from such inter 
mediate measurements may be judged by a computer based 
on the desired spectrum. If the solution luminescence is 
lacking in one particular semiconductor nanocrystal emis 
sion spectrum, stock solution containing that semiconductor 
nanocrystal may be added in suf?cient amount to bring the 
emission spectrum to the desired level. This procedure can 
be carried out for all different semiconductor nanocrystals 
simultaneously, or it may be carried out sequentially. 

[0090] Once the staining solution has been prepared, it can 
be used to incorporate a unique luminescence spectrum into 
the materials of this invention. If the method of incorpora 
tion of the semiconductor nanocrystals into the materials is 
absorption or adsorption, then the solvent that is used for the 
staining solution may be one that is suitable for sWelling the 
materials. Such solvents are commonly from the group of 
solvents including dichloromethane, chloroform, dimethyl 
formamide, tetrahydrofuran and the like. These can be 
mixed With a more polar solvent, for example methanol or 
ethanol, to control the degree and rate of incorporation of the 
staining solution into the material. When the material is 
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added to the staining solution, the material Will sWell, 
thereby causing the material to incorporate a plurality of 
semiconductor nanocrystals in the relative proportions that 
are present in the staining solution. In some embodiments, 
the semiconductor nanocrystals may be incorporated in a 
different but predictable proportion. When a more polar 
solvent is added, after removal of the staining solution from 
the material, material shrinks, or unsWells, thereby trapping 
the semiconductor nanocrystals in the material. Alterna 
tively, semiconductor nanocrystals can be trapped by evapo 
ration of the sWelling solvent from the material. After rinsing 
With a solvent in Which the semiconductor nanocrystals are 
soluble, yet that does not sWell the material, the semicon 
ductor nanocrystals are trapped in the material, and may not 
be rinsed out through the use of a non-sWelling, non-polar 
solvent. Such a non-sWelling, non-polar solvent is typically 
hexane or toluene. The materials can be separated and then 
exposed to a variety of solvents Without a change in the 
emission spectrum under the light source. When the material 
used is a polymer bead, the material can be separated from 
the rinsing solvent by centrifugation or evaporation or both, 
and can be redispersed into aqueous solvents and buffers 
through the use of detergents in the suspending buffer, as is 
Well knoWn in the art. 

[0091] The above procedure can be carried out in sequen 
tial steps as Well. A?rst staining solution can be used to stain 
the materials With one population of semiconductor nanoc 
rystals. A second population of semiconductor nanocrystals 
can be prepared in a second staining solution, and the 
material exposed to this second staining solution to associate 
the semiconductor nanocrystals of the second population 
With the material. These steps can be repeated until the 
desired spectral properties are obtained from the material 
When excited by a light source, optionally using feedback 
from measurements of the interim spectra generated by the 
partially stained bead material to adjust the process. 

[0092] The semiconductor nanocrystals can be attached to 
the material by covalent attachment, and/or by entrapment in 
pores of the sWelled beads. For instance, semiconductor 
nanocrystals are prepared by a number of techniques that 
result in reactive groups on the surface of the semiconductor 
nanocrystal. See, e.g., BrucheZ et. al., (1998) Science 
281:2013-2016; and Ghan et. al., (1998) Science 281:2016 
2018, Golvin et. al., (1992) J. Am. Chem. Soc. 114:5221 
5230; Katari et. al. (1994) J. Phys. Chem. 98:4109-4117; 
SteigerWald et. al. (1987) J. Am. Chem. Soc. 110:3046. The 
reactive groups present on the surface of the semiconductor 
nanocrystals can be coupled to reactive groups present on 
the surface of the material. For instance, semiconductor 
nanocrystals Which have carboxylate groups present on their 
surface can be coupled to beads With amine groups using a 
carbo-diimide activation step, or a variety of other methods 
Well knoWn in the art of attaching molecules and biological 
substances to bead surfaces. In this case, the relative 
amounts of the different semiconductor nanocrystals can be 
used to control the relative intensities, While the absolute 
intensities can be controlled by adjusting the reaction time to 
control the number of reacted sites in total. After the bead 
materials are stained With the semiconductor nanocrystals, 
the materials are optionally rinsed to Wash aWay unreacted 
semiconductor nanocrystals. 

[0093] Referring once again to FIG. 2, labeled elements 
12a, 12b (here in the form of semiconductor nanocrystal 




















