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ABSTRACT 

The use of semiconductor nanocrystals as detectable labels 
in various chemical and biological applications is disclosed. 
The methods ?nd use for detecting a single analyte, as Well 
as multiple analytes by using more than one semiconductor 
nanocrystal as a detectable label, each of Which emits at a 
distinct Wavelength. 
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METHOD OF DETECTING AN ANALYTE IN A 
SAMPLE USING SEMICONDUCTOR 

NANOCRYSTALS AS A DETECTABLE LABEL 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application is related to provisional patent 
application serial No. 60/133,084, ?led May 7, 1999, from 
Which priority is claimed under 35 USC §119(e)(1) and 
Which is incorporated herein by reference in its entirety. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to the 
detection of analytes in a sample. In particular, the invention 
relates to assays that use semiconductor nanocrystals as a 
detectable label. The invention further relates to assays in 
Which multiple analytes can be detected simultaneously by 
using more than one semiconductor nanocrystal as a detect 
able label, each of Which emits at a distinct Wavelength. 

BACKGROUND OF THE INVENTION 

[0003] Avariety of chemical and biological assays exist to 
identify an analyte of interest in a given sample. For 
example, immunassays, such as enzyme-linked immunosor 
bent assays (ELISAs) are used in numerous diagnostic, 
research and screening applications. In its most common 
form, an ELISA detects the presence and/or concentration of 
an analyte in a sample using an antibody Which speci?cally 
recogniZes the analyte. An enZyme label, capable of provid 
ing a detectable signal, is conjugated to the antibody. The 
analyte is either immobiliZed directly onto a solid support 
(direct-capture ELISA) or is bound to a different speci?c 
antibody Which itself is immobiliZed on a solid support. The 
presence of the immobiliZed analyte is detected by binding 
to it the detectably labeled antibody. A variety of different 
ELISA formats have been described. See, e.g., US. Pat. No. 
4,011,308 to Giaever, US. Pat. No. 4,722,890 to Sanders et 
al., US. Pat. No. Re. 032696 to Schuurs et al., US. Pat. No. 
4,016,043 to Schuurs et al., US. Pat. No. 3,876,504 to 
Kof?er, US. Pat. No. 3,770,380 to Smith, and US. Pat. No. 
4,372,745 to Mandle et al. 

[0004] Another technique for detecting biological com 
pounds is ?uorescence in situ hybridiZation (FISH). SWiger 
et al. (1996) Environ. Mol. Matagen. 27:245-254; Raap 
(1998) Mat. Res. 400:287-298; Nath et al. (1997) Biotech 
nic. Histol. 73:6-22. FISH alloWs detection of a predeter 
mined target oligonucleotide, e.g., DNA or RNA, Within a 
cellular or tissue preparation by, for example, microscopic 
visualiZation. Thus, FISH is an important tool in the ?elds 
of, for example, molecular cytogenetics, pathology and 
immunology in both clinical and research laboratories. 

[0005] This method involves the ?uorescent tagging of an 
oligonucleotide probe to detect a speci?c complementary 
DNA or RNA sequence. Speci?cally, FISH involves incu 
bating an oligonucleotide probe comprising an oligonucle 
otide that is complementary to at least a portion of the target 
oligonucleotide With a cellular or tissue preparation contain 
ing or suspected of containing the target oligonucleotide. A 
detectable label, e.g., a ?uorescent dye molecule, is bound to 
the oligonucleotide probe. A?uorescence signal generated at 
the site of hybridiZation is typically visualiZed using an epi 
?uorescence microscope. An alternative approach is to use 
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an oligonucleotide probe conjugated With an antigen such as 
biotin or digoxygenin and a ?uorescently tagged antibody 
directed toWard that antigen to visualiZe the hybridiZation of 
the probe to its DNA target. Avariety of FISH formats are 
knoWn in the art. See, e.g., DeWald et al. (1993) Bone 
Marrow Transplantation 12:149-154; Ward et al. (1993)Am. 
J. Hum. Genet. 52:854-865; Jalal et al. (1998) Mayo Clin. 
Proc. 73:132-137; Zahed et al. (1992) Prenat. Diagn. 
12:483-493; Kitadai et al. (1995) Clin. Cancer Res. 1:1095 
1102; Neuhaus et al. (1999) Human Pathol. 30:81-86; Hack 
et al., eds., (1980) Association of Cytogenetic Technologists 
Cytogenetics Laboratory Manual. (Association of Cytoge 
netic Technologists, San Francisco, Calif.); Buno et al. 
(1998) Blood 92:2315-2321; Patterson et al. (1993) Science 
260:976-979; Patterson et al. (1998) Cytometry 31:265-274; 
BorZi et al. (1996) J. Immunol. Meth. 193:167-176; Wachtel 
et al. (1998) Prenat. Diagn. 18:455-463; Bianchi (1998) J. 
Perinat. Med. 26:175-185; and Munne (1998) Mol. Hum. 
Reprod. 4:863-870. 

[0006] FISH provides a poWerful tool for the chromo 
somal localiZation of genes Whose sequences are partially or 
fully knoWn. Other applications of FISH include in situ 
localiZation of mRNA in tissues sample and localiZation of 
nongenetic DNA sequences such as telomeres. 

[0007] Signal ampli?cation is yet another method for 
sensitive detection of nucleic acids and other receptor/ligand 
interactions. Direct detection of a target nucleic acid is 
possible by hybridization of a complementary nucleic acid 
probe to the target. Detection of the complex can be 
achieved by numerous means, e.g., a labeled probe or a 
reagent dye that speci?cally attaches to the target/probe 
complex. Such “direct” detection systems are often not 
sensitive enough to detect a target nucleic acid in a biologi 
cal sample. One method for overcoming this limitation is to 
employ signal ampli?cation. Signal ampli?cation can be 
done, for example, by indirectly binding multiple signal 
generating molecules to an analyte through a molecule 
Which is (1) complementary to the analyte and (2) contains 
multiple signal-generating molecule binding sites and Which 
signal-generating molecules contain a detectable label, 
(ii) bind to or otherWise activate a label or (iii) contain sites 
for binding additional layers of molecules Which may in turn 
facilitate generation of a detectable signal. Thus, rather than 
a single signal-generating label associated With the target 
molecule, signal ampli?cation results in the association of 
multiple signal-generating labels associated With the target 
molecule and, therefore, enhanced assay sensitivity. 

[0008] Nucleic acid hybridiZation assays are described in, 
for example, US. Pat. No. 5,681,697 to Urdea et al., US. 
Pat. No. 5,124,246 to Urdea et al., US. Pat. No. 4,868,105 
to Urdea et al., and European Patent Publication No. 70.685, 
inventors Heller et al. 

[0009] There are many assays designed to obtain the 
sequence of a DNA sample. Each of these methods shares 
some or all of a set of common features. These features 
include: sequence speci?city derived from complementary 
oligonucleotide hybridiZation or annealing; a solid support 
or solid phase Which alloWs separation of speci?cally bound 
assay reagents; and a label Which is used for detecting the 
presence or absence of the speci?c, intended assay interac 
tion. Examples of assays designed to detect the sequence of 
a DNA sample can be found in US. Pat. No. 5,888,731 to 
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Yager et al., US. Pat. No. 5,830,711 to Barany et al., US. 
Pat. No. 5,800,994 to Martinelli et al., US. Pat. No. 5,792, 
607 to Backman et al., US. Pat. No. 5,716,784 to Di Cesare, 
US. Pat. No. 5,578,458 to Caskey et al., US. Pat. No. 
5,494,810 to Barany et al., US. Pat. No. 4,925,785 to Wang 
et al., US. Pat. No. 4,9898,617 to Landegren et al. 

[0010] Chemical compounds are typically evaluated for 
potential therapeutic utility by assaying their ability to affect, 
for example, enZyme activity, ligand-receptor interactions, 
protein-protein interactions, or the like. Evaluating the effect 
of each individual candidate compound on a variety of 
systems can be tedious and time-consuming. Accordingly, 
protocols have been developed to evaluate rapidly multiple 
candidate compounds in a particular system and/or a can 
didate compound in a plurality of systems. Such protocols 
for evaluating candidate compounds have been referred to as 
high throughput screening (HTS). 
[0011] In one typical protocol, HTS involves the dispersal 
of a candidate compound into a Well of a multiWell cluster 
plate, for example, a 96-Well or higher format plate, e.g., a 
384-, 864-, or 1536-Well plate. The effect of the compound 
is evaluated on the system in Which it is being tested. The 
“throughput” of this technique, i.e., the combination of the 
number of candidate compounds that can be screened and 
the number of systems against Which candidate compounds 
can be screened, is limited by a number of factors, including, 
but not limited to: only one assay can be performed per Well; 
if conventional dye molecules are used to monitor the effect 
of the candidate compound, multiple excitation sources are 
required if multiple dye molecules are used; and as the Well 
siZe becomes small (e.g., the 1536-Well plate can accept 
about 5 pl of total assay volume), consistent dispensing of 
individual components into a Well is dif?cult and the amount 
of signal generated by each assay is signi?cantly decreased, 
scaling With the volume of the assay. 

[0012] A number of assay formats can be used for HTS 
assays. For example, the inhibitory effect of the candidate 
compound on, e.g., enZyme activity, ligand-receptor bind 
ing, and the like, can be measured by comparing the end 
point of the assay in the presence of a knoWn concentration 
of the candidate to a reference Which is performed in the 
absence of the candidate and/or in the presence of a knoWn 
inhibitor compound. Thus, for example, a candidate com 
pound can be identi?ed Which inhibits the binding of a 
ligand and its receptor, or Which inhibits enZyme activity, 
decreasing the turnover of the enZymatic process. When this 
process (the inhibited process) is of clinical signi?cance, the 
candidates are identi?ed to be potential drugs for a particular 
condition. 

[0013] A 1536-Well plate is merely the physical segrega 
tion of sixteen assays Within a single 96 Well plate format. 
It Would be advantageous to multiplex 16 assays into a 
single Well of the 96 Well plate. This Would result in greater 
ease of dispensing reagents into the Wells and in high signal 
output per Well. In addition, performing multiple assays in a 
single Well alloWs simultaneous determination of the poten 
tial of a candidate compound to affect a plurality of target 
systems. Using HTS strategies, a single candidate compound 
can be screened for activity as, e.g., a protease inhibitor, an 
in?ammation inhibitor, an antiasthmatic, and the like, in a 
single assay. 
[0014] Each of the above-described assay formats utiliZes 
detectable labels to identify the analyte of interest. Radio 
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labeled molecules and compounds are frequently used to 
detect biological compounds both in vivo and in vitro. 
HoWever, due to the inherent problems associated With the 
use of radioactive isotopes, nonradioactive methods of 
detecting biological and chemical compounds are often 
preferable. 

[0015] For example, ?uorescent molecules are commonly 
used as tags for detecting an analyte of interest. Fluores 
cence is the emission of light resulting from the absorption 
of radiation at one Wavelength (excitation) folloWed by 
nearly immediate reradiation usually at a different Wave 
length (emission). Organic ?uorescent dyes are typically 
used in this context. HoWever, there are chemical and 
physical limitations to the use of such dyes. One of these 
limitations is the variation of excitation Wavelengths of 
different colored dyes. As a result, the simultaneous use of 
tWo or more ?uorescent tags With different excitation Wave 
lengths requires multiple excitation light sources. 

[0016] Another draWback of organic dyes is the deterio 
ration of ?uorescence intensity upon prolonged and/or 
repeated exposure to excitation light. This fading, called 
photobleaching, is dependent on the intensity of the excita 
tion light and the duration of the illumination. In addition, 
conversion of the dye into a non?uorescent species is 
irreversible. Furthermore, the degradation products of dyes 
are organic compounds Which may interfere With the bio 
logical processes being examined. 

[0017] Additionally, spectral overlap exists from one dye 
to another. This is due, in part, to the relatively Wide 
emission spectra of organic dyes and the overlap of the 
spectra near the tailing region. FeW loW molecular Weight 
dyes have a combination of a large Stokes shift, Which is 
de?ned as the separation of the absorption and emission 
maxima, and high ?uorescence output. In addition, loW 
molecular Weight dyes may be impractical for some appli 
cations because they do not provide a bright enough ?uo 
rescent signal. 

[0018] Furthermore, the differences in the chemical prop 
erties of standard organic ?uorescent dyes make multiple, 
parallel assays impractical as different chemical reactions 
may be involved for each dye used in the variety of 
applications of ?uorescent labels. 

[0019] Thus, there is a continuing need in the assay art for 
labels With the folloWing features: high ?uorescent inten 
sity (for detection in small quantities), (ii) adequate separa 
tion betWeen the absorption and emission frequencies, (iii) 
good solubility, (iv) ability to be readily linked to other 
molecules, (v) stability toWards harsh conditions and high 
temperatures, (vi) a symmetric, nearly gaussian emission 
lineshape for easy deconvolution of multiple colors, and 
(vii) compatibility With automated analysis. At present, none 
of the conventional ?uorescent labels satis?es all of these 
requirements. 

SUMMARY OF THE INVENTION 

[0020] The present invention is based on the discovery 
that semiconductor nanocrystals can be used as reliable and 
sensitive detectable labels in a variety of biological and 
chemical formats. Semiconductor nanocrystals (also knoW 
as quantum dot and QdotTM nanocrystals) can be produced 
that have characteristic spectral emissions. These spectral 
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emissions can be tuned to a desired energy by varying the 
particle siZe, siZe distribution and/or composition of the 
particle. A targeting compound that has af?nity for one or 
more selected biological or chemical targets is associated 
With the semiconductor nanocrystal. Thus, the semiconduc 
tor nanocrystal Will interact or associate With the target due 
to the af?nity of the targeting compound for the target. The 
location and/or nature of the association can be determined, 
for example, by irradiation of the sample With an energy 
source, such as an excitation light source. The semiconduc 
tor nanocrystal emits a characteristic emission spectrum 
Which can be observed and measured, for example, spec 
troscopically. 
[0021] Conveniently, emission spectra of a population of 
semiconductor nanocrystals can be manipulated to have 
lineWidths as narroW as 25-30 nm, depending on the siZe 
distribution heterogeniety of the sample population, and 
lineshapes that are symmetric, gaussian or nearly gaussian 
With an absence of a tailing region. Accordingly, the above 
technology alloWs for detection of one, or even several, 
different biological or chemical moieties in a single reaction. 
The combination of tunability, narroW lineWidths, and sym 
metric emission spectra Without a tailing region provides for 
high resolution of multiply siZed nanocrystals, e.g., popu 
lations of monodisperse semiconductor nanocrystals having 
multiple distinct siZe distributions Within a system, and 
simultaneous detection of a variety of biological moieties. 

[0022] In addition, the range of excitation Wavelengths of 
such nanocrystals is broad and can be higher in energy than 
the emission Wavelengths of all available semiconductor 
nanocrystals. Consequently, this alloWs the use of a single 
energy source, such as light, usually in the ultraviolet or blue 
region of the spectrum, to effect simultaneous excitation of 
all populations of semiconductor nanocrystals in a system 
having distinct emission spectra. Semiconductor nanocrys 
tals are also more robust than conventional organic ?uores 
cent dyes and are more resistant to photobleaching than the 
organic dyes. The robustness of the nanocrystal also allevi 
ates the problem of contamination of degradation products 
of the organic dyes in the system being examined. Therefore, 
the present invention provides uniquely valuable tags for 
detection of biological and chemical molecules. 

[0023] Accordingly, in one embodiment, the invention is 
directed to a method of detecting one or more target analytes 
in a sample containing or suspected of containing the one or 
more analytes, comprising the steps of: 

[0024] (a) providing the sample on a solid support; 

[0025] (b) combining the sample With a semiconduc 
tor nanocrystal conjugate, Wherein the combining is 
performed under conditions that alloW formation of 
a complex comprising the conjugate and the analyte, 
When present; 

[0026] (c) removing any unbound conjugate; and 

[0027] (d) detecting the presence of the complex, if 
present, by monitoring a spectral emission mediated 
by the semiconductor nanocrystal in the complex, 
Wherein the emission indicates the presence of one or 
more target analytes in the sample. 

[0028] In certain embodiments, the invention is directed to 
a method Where there is a plurality of target analytes and the 
method further comprises: 
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[0029] (a) providing a conjugate speci?c for each 
target analyte, Wherein each semiconductor nanoc 
rystal conjugate has an emission spectrum distinct 
from the other semiconductor nanocrystal conju 
gates; and 

[0030] (b) detecting the presence of the target ana 
lytes by monitoring the spectral emissions of the 
sample, Wherein the emissions indicate the presence 
of the target analytes in the sample. 

[0031] In yet another embodiment, the invention is 
directed to a method of detecting one or more target analytes 
in a sample containing or suspected of containing the one or 
more analytes, comprising the steps of: 

[0032] (a) providing an unlabeled speci?c-binding 
molecule on a solid support; 

[0033] (b) combining the sample With the speci?c 
binding molecule, Wherein the combining is per 
formed under conditions that alloW formation of a 
?rst complex comprising the speci?c-binding mol 
ecule and the analyte, When present; 

[0034] (c) removing any unbound sample; 

[0035] (d) combining the ?rst complex With a semi 
conductor nanocrystal conjugate, Wherein the com 
bining is performed under conditions that alloW 
formation of a second complex comprising the con 
jugate and the analyte, When present; 

[0036] (e) removing any unbound conjugate; 

[0037] detecting the presence of the second com 
plex, if present, by monitoring a spectral emission 
mediated by the semiconductor nanocrystal in the 
second complex, Wherein the emission indicates the 
presence of one or more target analytes in the 
sample. 

[0038] In certain embodiments, the method is one Where 
there is a plurality of target analytes and the method further 
comprises: 

[0039] (a) providing an unlabeled speci?c-binding 
molecule on a solid support speci?c for each target 
analyte and providing a semiconductor nanocrystal 
conjugate speci?c for each target analyte, Wherein 
each semiconductor nanocrystal conjugate has an 
emission spectrum distinct from the other semicon 
ductor nanocrystal conjugates; and 

[0040] (b) detecting the presence of the target ana 
lytes by monitoring the spectral emissions of the 
sample, Wherein the emissions indicate the presence 
of the target analytes in the sample. 

[0041] In yet another embodiment, the invention is 
directed to a method of detecting one or more target analytes 
in a sample containing or suspected of containing the one or 
more analytes, comprising the steps of: 

[0042] (a) providing the sample on a solid support; 

[0043] (b) combining With the sample a speci?c 
binding molecule, Wherein the speci?c-binding 
molecule comprises a ?rst member of a binding pair, 
and (ii) the combining is performed under conditions 
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that allow formation of a ?rst complex comprising 
the speci?c-binding molecule and the analyte, When 
present; 

[0044] (c) removing any unbound speci?c-binding 
molecule; 

[0045] (d) combining the ?rst complex With a second 
member of the binding pair, Wherein the second 
member of the binding pair is linked to a ?rst 
semiconductor nanocrystal; and (ii) the combining is 
performed under conditions that alloW formation of 
a second complex comprising the binding pair and 
the one or more analytes; 

[0046] (e) detecting the presence of the second com 
plex, if present, by monitoring a spectral emission 
mediated by the ?rst semiconductor nanocrystal in 
the second complex, Wherein the emission indicates 
the presence of one or more target analytes in the 
sample. 

[0047] In certain embodiments, the ?rst member of the 
binding pair is a ?rst antibody and the second member of the 
binding pair is a second antibody reactive With the ?rst 
antibody; or the ?rst member of the binding pair is biotin and 
the second member of the binding pair is streptavidin; or the 
?rst member of the binding pair is digoxygenin and the 
second member of the binding pair is an antibody directed 
against digoxygenin; or the ?rst member of the binding pair 
is ?ourescein and the second member of the binding pair is 
an antibody directed against ?ourescein. 

[0048] In another embodiment, the above method is one 
Where there is more than one analyte, and the method further 
comprises: 

[0049] combining With the sample a second speci?c 
binding molecule, Wherein the second speci?c 
binding molecule comprises a ?rst member of a 
second binding pair, and (ii) the combining is per 
formed under conditions that alloW formation of a 
third complex comprising the second speci?c-bind 
ing molecule and the analyte, When present; 

[0050] removing any unbound second speci?c-bind 
ing molecule; 

[0051] combining the third complex With a second 
member of the second binding pair, Wherein the 
second member of the second binding pair is linked 
to a second semiconductor nanocrystal that has an 
emission spectrum distinct from the ?rst semicon 
ductor nanocrystal; and (ii) the combining is per 
formed under conditions that alloW formation of a 
fourth complex comprising the second binding pair 
and an analyte; and 

[0052] detecting the presence of the fourth complex, 
if present, by monitoring a second spectral emission 
mediated by the second semiconductor nanocrystal 
in the fourth complex, Wherein the second emission 
indicates the presence of more than one target ana 
lyte in the sample. 

[0053] In still a further embodiment, the invention is 
directed to a method of detecting one or more target analytes 
in a sample containing or suspected of containing the one or 
more analytes. The method comprises the steps of: 
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[0054] (a) providing a ?rst complex comprising at 
least one speci?c-binding molecule to Which is 
bound a semiconductor nanocrystal conjugate, 
Wherein the semiconductor nanocrystal has a char 
acteristic spectral emission and Wherein the conju 
gate speci?cally binds to the speci?c-binding mol 
ecule; 

[0055] (b) combining the sample With the ?rst com 
plex, Wherein the combining is performed under 
conditions that alloW formation of a second complex 
comprising the speci?c-binding molecule and the 
analyte, When present; 

[0056] (c) detecting the presence of the second com 
plex, if present, by monitoring the characteristic 
spectral emission of the semiconductor nanocrystal, 
Wherein a change in the characteristic spectral emis 
sion indicates the presence of one or more target 
analytes in the sample. 

[0057] In certain embodiments of the method above, the 
plurality of ?rst complexes are provided each comprising a 
different speci?c-binding molecule each bound to a conju 
gate Which speci?cally binds each speci?c-binding molecule 
and Where each speci?c-binding molecule binds a different 
analyte, and Wherein each conjugate bound to a different 
speci?c-binding molecule comprises a semiconductor 
nanocrystal that has a characteristic spectral emission dis 
tinct from the other semiconductor nanocrystals; and 
Wherein changes in the spectral emission of any selected 
semiconductor nanocrystal associated With a particular spe 
ci?c-binding molecule in a ?rst complex, indicates the 
presence of an analyte that binds to the particular speci?c 
binding molecule. 
[0058] In certain embodiments, the speci?c-binding mol 
ecule is radiolabeled, and When the conjugate is bound to the 
speci?c-binding molecule the semiconductor nanocrystal 
emits light, as described in Example 13. Further, the method 
may be one Wherein a plurality of ?rst complexes are 
provided each comprising a different speci?c-binding mol 
ecule each bound to a conjugate Which speci?cally binds 
each speci?c-binding molecule and Where each speci?c 
binding molecule binds a different analyte, and Wherein each 
conjugate bound to a different speci?c-binding molecule 
comprises a semiconductor nanocrystal that has a charac 
teristic spectral emission distinct from the other semicon 
ductor nanocrystals; and Wherein changes in the spectral 
emission of any selected semiconductor nanocrystal associ 
ated With a particular speci?c-binding molecule in a ?rst 
complex, indicates the presence of an analyte that binds to 
the particular speci?c-binding molecule. 
[0059] In the methods above, the one or more analytes 
may be one or more polypeptides or nucleic acid sequences, 
either the same or different; the nucleic acid sequences may 
be present on one or more chromosomal fragments; the 
nucleic acid sequences may be DNA or RNA; the semicon 
ductor nanocrystal conjugate may comprise an antibody, an 
aptamer, or at least one polymerase chain reaction primer; 
the speci?c-binding molecule may comprise a nucleic acid 
molecule, e.g., an oligonucleotide, DNA, RNA, an aptamer, 
a protein, a receptor, an antibody, a polysaccharide or a small 
molecule 

[0060] These and other embodiments of the present inven 
tion Will readily occur to those of ordinary skill in the art in 
vieW of the disclosure herein. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0061] FIG. 1 is a pictorial representation of a QdotTM 
immunosorbent assay (QISA). 

[0062] FIG. 1A is a pictorial representation of a sandwich 
QISA as described in Example 1. 

[0063] FIG. 1B is a pictorial representation of a direct 
capture QISA as described in Example 2. 

[0064] FIG. 1C is a pictorial representation of a ?uid 
phase QISA as described in Example 3. 

[0065] FIG. 2 shoWs the results of a QISA performed on 
a 96-well plate and read in a standard ?uorescent plate 
reader, as described in Example 1A. 

[0066] FIG. 3 shoWs the distribution of beads among three 
roWs (A, B and C) of eight Wells With differing concentra 
tions of semiconductor nanocrystal conjugates, as described 
in Example 12. 

[0067] FIG. 4 is a representation of results that can be 
obtained When semiconductor nanocrystals are used in a 
homogeneous scintillation inhibition assay, as described in 
Example 13. In the Figure, lanes A, B and C contain different 
inhibitors. 

[0068] FIG. 5 is a pictorial representation of a competitive 
microsphere ?lter assay as described in Example 19. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0069] The practice of the present invention Will employ, 
unless otherWise indicated, conventional methods of chem 
istry and biochemistry Within the skill of the art. Such 
techniques are explained fully in the literature. 

[0070] As used in this speci?cation and the appended 
claims, the singular forms “a,”“an” and “the” include plural 
references unless the content clearly dictates otherWise. 
Thus, for example, reference to “a semiconductor nanocrys 
tal” includes a mixture of tWo or more such semiconductor 
nanocrystals, an “analyte” includes more than one such 
analyte, and the like. 

[0071] All publications, patents and patent applications 
cited herein, Whether supra or infra, are hereby incorporated 
by reference in their entirety. 

[0072] 
[0073] In describing the present invention, the folloWing 
terms Will be employed, and are intended to be de?ned as 
indicated beloW. 

I. De?nitions 

[0074] The terms “semiconductor nanocrystal,”“quantum 
dot” and “QdotTM nanocrystal” are used interchangeably 
herein and refer to an inorganic crystallite betWeen about 1 
nm and about 1000 nm in diameter or any integer or fraction 
of an integer therebetWeen, preferably betWeen about 2 nm 
and about 50 nm or any integer or fraction of an integer 
therebetWeen, more preferably about 2 nm to about 20 nm 

(such as about 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 
16, 17, 18, 19, or 20 nm). A semiconductor nanocrystal is 
capable of emitting electromagnetic radiation upon excita 
tion (i.e., the semiconductor nanocrystal is luminescent) and 
includes a “core” of one or more ?rst semiconductor mate 

rials, and may be surrounded by a “shell” of a second 
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semiconductor material. A semiconductor nanocrystal core 
surrounded by a semiconductor shell is referred to as a 
“core/shell” semiconductor nanocrystal. The surrounding 
“shell” material Will preferably have a bandgap energy that 
is larger than the bandgap energy of the core material and 
may be chosen to have an atomic spacing close to that of the 
“core” substrate. The core and/or the shell can be a semi 
conductor material including, but not limited to, those of the 
group II-VI (ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, 
HgSe, HgTe, MgS, MgSe, MgTe, CaS, CaSe, CaTe, SrS, 
SrSe, SrTe, BaS, BaSe, BaTe, and the like) and III-V (GaN, 
GaP, GaAs, GaSb, InN, InP, InAs, InSb, and the like) and IV 
(Ge, Si, and the like) materials, and an alloy or a mixture 
thereof. 

[0075] A semiconductor nanocrystal is, optionally, sur 
rounded by a “coat” of an organic capping agent. The 
organic capping agent may be any number of materials, but 
has an af?nity for the semiconductor nanocrystal surface. In 
general, the capping agent can be an isolated organic mol 
ecule, a polymer (or a monomer for a polymeriZation 
reaction), an inorganic complex, and an extended crystalline 
structure. The coat is used to convey solubility, e.g., the 
ability to disperse a coated semiconductor nanocrystal 
homogeneously into a chosen solvent, ?nctionality, binding 
properties, or the like. In addition, the coat can be used to 
tailor the optical properties of the semiconductor nanocrys 
tal. Methods for producing capped semiconductor nanoc 
rystals are discussed further beloW. 

[0076] Thus, the terms “semiconductor nanocrystal, 
”“quantum dot” and “QdotTM nanocrystal” as used herein 
denote a coated semiconductor nanocrystal core, as Well as 
a core/shell semiconductor nanocrystal. 

[0077] By “luminescence” is meant the process of emit 
ting electromagnetic radiation (light) from an object. Lumi 
nescence results from a system Which is “relaxing” from an 
excited state to a loWer state With a corresponding release of 
energy in the form of a photon. These states can be elec 
tronic, vibronic, rotational, or any combination of the three. 
The transition responsible for luminescence can be stimu 
lated through the release of energy stored in the system 
chemically or added to the system from an external source. 
The external source of energy can be of a variety of types 
including chemical, thermal, electrical, magnetic, electro 
magnetic, physical or any other type capable of causing a 
system to be excited into a state higher than the ground state. 
For example, a system can be excited by absorbing a photon 
of light, by being placed in an electrical ?eld, or through a 
chemical oxidation-reduction reaction. The energy of the 
photons emitted during luminescence can be in a range from 
loW-energy microWave radiation to high-energy x-ray radia 
tion. Typically, luminescence refers to photons in the range 
from UV to IR radiation. 

[0078] “Monodisperse particles” include a population of 
particles Wherein at least about 60% of the particles in the 
population, more preferably 75% to 90% of the particles in 
the population, or any integer in betWeen this range, fall 
Within a speci?ed particle siZe range. A population of 
monodispersed particles deviate less than 10% rms (root 
mean-square) in diameter and preferably less than 5% rms. 

[0079] The phrase “one or more siZes of semiconductor 
nanocrystals” is used synonymously With the phrase “one or 
more particle siZe distributions of semiconductor nanocrys 
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tals.” One of ordinary skill in the art Will realize that 
particular siZes of semiconductor nanocrystals are actually 
obtained as particle siZe distributions. 

[0080] By use of the term “a narroW Wavelength band” or 
“narroW spectral lineWidth” With regard to the electromag 
netic radiation emission of the semiconductor nanocrystal is 
meant a Wavelength band of emissions not exceeding about 
40 nm, and preferably not exceeding about 20 nm in Width 
and symmetric about the center, in contrast to the emission 
bandWidth of about 100 nm for a typical dye molecule With 
a red tail Which may extend the bandWidth out as much as 
another 100 nm. It should be noted that the bandWidths 
referred to are determined from measurement of the full 
Width of the emissions at half peak height (FWHM), and are 
appropriate in the range of 200 nm to 2000 mn. 

[0081] By use of the term “a broad Wavelength band,” 
With regard to the excitation of the semiconductor nanoc 
rystal is meant absorption of radiation having a Wavelength 
equal to, or shorter than, the Wavelength of the onset 
radiation (the onset radiation is understood to be the longest 
Wavelength (loWest energy) radiation capable of being 
absorbed by the semiconductor nanocrystal). This onset 
occurs near to, but at slightly higher energy than the “narroW 
Wavelength band” of the emission. This is in contrast to the 
“narroW absorption band” of dye molecules Which occurs 
near the emission peak on the high energy side, but drops off 
rapidly aWay from that Wavelength and is often negligible at 
Wavelengths further than 100 nm from the emission. 

[0082] The terms “polynucleotide, oligonucleotide, 
”“nucleic acid” and “nucleic acid molecule” are used herein 
to include a polymeric form of nucleotides of any length, 
either ribonucleotides or deoxyribonucleotides. This term 
refers only to the primary structure of the molecule. Thus, 
the term includes triple-, double- and single-stranded DNA, 
as Well as triple-, double- and single-stranded RNA. It also 
includes modi?cations, such as by methylation and/or by 
capping, and unmodi?ed forms of the polynucleotide. More 
particularly, the terms “polynucleotide,”“oligonucleotide, 
”“nucleic acid” and “nucleic acid molecule” include 
polydeoxyribonucleotides (containing 2-deoxy-D-ribose), 
polyribonucleotides (containing D-ribose), any other type of 
polynucleotide Which is an N- or C-glycoside of a purine or 
pyrimidine base, and other polymers containing nonnucleo 
tidic backbones, for example, polyamide (e.g., peptide 
nucleic acids (PNAs)) and polymorpholino (commercially 
available from the Anti-Virals, Inc., Corvallis, Oreg. as 
Neugene) polymers, and other synthetic sequence-speci?c 
nucleic acid polymers providing that the polymers contain 
nucleobases in a con?guration Which alloWs for base pairing 
and base stacking, such as is found in DNA and RNA. There 
is no intended distinction in length betWeen the terms 
“polynucleotide,”“oligonucleotide,”“nucleic acid” and 
“nucleic acid molecule,” and these terms Will be used 
interchangeably. These terms refer only to the primary 
structure of the molecule. Thus, these terms include, for 
example, 3‘-deoxy-2‘,5‘-DNA, oligodeoxyribonucleotide 
N3‘ P5‘ phosphoramidates, 2‘-O-alkyl-substituted RNA, 
double- and single-stranded DNA, as Well as double- and 
single-stranded RNA, DNA:RNA hybrids, and hybrids 
betWeen PNAs and DNA or RNA, and also include knoWn 
types of modi?cations, for example, labels Which are knoWn 
in the art, methylation, “caps,” substitution of one or more 
of the naturally occurring nucleotides With an analog, inte 
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mucleotide modi?cations such as, for example, those With 
uncharged linkages (e.g., methyl phosphonates, phosphotri 
esters, phosphoramidates, carbamates, etc.), With negatively 
charged linkages (e.g., phosphorothioates, phosphorodithio 
ates, etc.), and With positively charged linkages (e.g., ami 
noalklyphosphoramidates, aminoalkylphosphotriesters), 
those containing pendant moieties, such as, for example, 
proteins (including nucleases, toxins, antibodies, signal pep 
tides, poly-L-lysine, etc.), those With intercalators (e.g., 
acridine, psoralen, etc.), those containing chelators (e.g., 
metals, radioactive metals, boron, oxidative metals, etc.), 
those containing alkylators, those With modi?ed linkages 
(e.g., alpha anomeric nucleic acids, etc.), as Well as unmodi 
?ed forms of the polynucleotide or oligonucleotide. In 
particular, DNA is deoxyribonucleic acid. 

[0083] The terms “polynucleotide analyte” and “nucleic 
acid analyte” are used interchangeably and include a single 
or double-stranded nucleic acid molecule that contains a 
target nucleotide sequence. The analyte nucleic acids may be 
from a variety of sources, e.g., biological ?uids or solids, 
chromosomes, food stuffs, environmental materials, etc., 
and may be prepared for the hybridiZation analysis by a 
variety of means, e.g., proteinase K/SDS, chaotropic salts, or 
the like. 

[0084] As used herein, the term “target nucleic acid 
region” or “target nucleotide sequence” includes a probe 
hybridiZing region contained Within the target molecule. The 
term “target nucleic acid sequence” includes a sequence 
With Which a probe Will form a stable hybrid under desired 
conditions. 

[0085] As used herein, the term “nucleic acid probe” 
includes reference to a structure comprised of a polynucle 
otide, as de?ned above, that contains a nucleic acid sequence 
complementary to a nucleic acid sequence present in the 
target nucleic acid analyte. The polynucleotide regions of 
probes may be composed of DNA, and/or RNA, and/or 
synthetic nucleotide analogs. 

[0086] It Will be appreciated that the hybridiZing 
sequences need not have perfect complementarity to provide 
stable hybrids. In many situations, stable hybrids Will form 
Where feWer than about 10% of the bases are mismatches, 
ignoring loops of four or more nucleotides. Accordingly, as 
used herein the term “complementary” refers to an oligo 
nucleotide that forms a stable duplex With its “complement” 
under assay conditions, generally Where there is about 90% 
or greater homology. 

[0087] The term “aptamer” (or nucleic acid antibody) is 
used herein to refer to a single- or double-stranded DNA or 
a single-stranded RNA molecule that recogniZes and binds 
to a desired target molecule by virtue of its shape. See, e.g., 
PCT Publication Nos. WO92/14843, WO91/19813, and 
WO92/05285, the disclosures of Which are incorporated by 
reference herein. 

[0088] “Polypeptide” and “protein” are used interchange 
ably herein and include a molecular chain of amino acids 
linked through peptide bonds. The terms do not refer to a 
speci?c length of the product. Thus, “peptides,”“oligopep 
tides,” and “proteins” are included Within the de?nition of 
polypeptide. The terms include post-translational modi?ca 
tions of the polypeptide, for example, glycosylations, acety 
lations, phosphorylations and the like. In addition, protein 
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fragments, analogs, mutated or variant proteins, fusion pro 
teins and the like are included Within the meaning of 
polypeptide. 

[0089] As used herein, the term “binding pair” refers to 
?rst and second molecules that speci?cally bind to each 
other. “Speci?c binding” of the ?rst member of the binding 
pair to the second member of the binding pair in a sample is 
evidenced by the binding of the ?rst member to the second 
member, or vice versa, With greater af?nity and speci?city 
than to other components in the sample. The binding 
betWeen the members of the binding pair is typically non 
covalent. Unless the context clearly indicates otherWise, the 
terms “af?nity molecule” and “target analyte” are used 
herein to refer to ?rst and second members of a binding pair, 
respectively. 

[0090] Exemplary binding pairs include any haptenic or 
antigenic compound in combination With a corresponding 
antibody or binding portion or fragment thereof (e.g., 
digoxigenin and anti-digoxigenin; ?uorescein and anti-?uo 
rescein; dinitrophenol and anti-dinitrophenol; bromodeox 
yuridine and anti-bromodeoxyuridine; mouse immunoglo 
bulin and goat anti-mouse immunoglobulin) and 
nonimmunological binding pairs (e.g., biotin-avidin, biotin 
streptavidin, hormone [e.g., thyroxine and cortisol]-hor 
mone binding protein, receptor-receptor agonist or antago 
nist (e.g., acetylcholine receptor-acetylcholine or an analog 
thereof) IgG-protein A, lectin-carbohydrate, enZyme-en 
Zyme cofactor, enZyme-enZyme-inhibitor, and complemen 
tary polynucleotide pairs capable of forming nucleic acid 
duplexes) and the like. 

[0091] The terms “speci?c-binding molecule” and “af?n 
ity molecule” are used interchangeably herein and refer to a 
molecule that Will selectively bind, through chemical or 
physical means to a detectable substance present in a 
sample. By “selectively bind” is meant that the molecule 
binds preferentially to the target of interest or binds With 
greater af?nity to the target than to other molecules. For 
example, an antibody Will selectively bind to the antigen 
against Which it Was raised; A DNA molecule Will bind to a 
substantially complementary sequence and not to unrelated 
sequences. The affinity molecule can comprise any mol 
ecule, or portion of any molecule, that is capable of being 
linked to a semiconductor nanocrystal and that, When so 
linked, is capable of recogniZing speci?cally a detectable 
substance. Such affinity molecules include, by Way of 
example, such classes of substances as antibodies, as de?ned 
beloW, monomeric or polymeric nucleic acids, aptamers, 
proteins, polysaccharides, sugars, and the like. See,. e.g., 
Haugland, “Handbook of Fluorescent Probes and Research 
Chemicals” (Sixth Edition), and any of the molecules 
capable of forming a binding pair as described above. 

[0092] A “semiconductor nanocrystal conjugate” is a 
semiconductor nanocrystal Which is linked to or associated 
With a speci?c-binding molecule, as de?ned above. A “semi 
conductor nanocrystal conjugate” includes, for example, a 
semiconductor nanocrystal linked or otherWise associated, 
through the coat, to a member of a “binding pair” or a 
“speci?c-binding molecule” that Will selectively bind to a 
detectable substance present in a sample, e.g., a biological 
sample as de?ned herein. The ?rst member of the binding 
pair linked to the semiconductor nanocrystal can comprise 
any molecule, or portion of any molecule, that is capable of 
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being linked to a semiconductor nanocrystal and that, When 
so linked, is capable of recogniZing speci?cally the second 
member of the binding pair. 

[0093] The term “antibody” as used herein includes anti 
bodies obtained from both polyclonal and monoclonal 
preparations, as Well as, the folloWing: hybrid (chimeric) 
antibody molecules (see, for example, Winter et al. (1991) 
Nature 349:293-299; and US. Pat. No. 4,816,567); F(ab‘)2 
and F(ab) fragments; Fv molecules (noncovalent het 
erodimers, see, for example, Inbar et al. (1972) Proc Natl 
Acad Sci USA 69:2659-2662; and Ehrlich et al. (1980) 
Biochem 19:4091-4096); single-chain Fv molecules (sFv) 
(see, for example, Huston et al. (1988) Proc Natl Acad Sci 
USA 85:5879-5883); dimeric and trimeric antibody frag 
ment constructs; minibodies (see, e.g., Pack et al. (1992) 
Biochem 31:1579-1584; Cumber et al. (1992)]Imman0l0gy 
149Bz120-126); humaniZed antibody molecules (see, for 
example, Riechmann et al. (1988) Nature 332:323-327; 
Verhoeyan et al. (1988) Science 239:1534-1536; and UK. 
Patent Publication, No. GB 2,276,169, published 21 Sep. 
1994); and, any functional fragments obtained from such 
molecules, Wherein such fragments retain speci?c-binding 
properties of the parent antibody molecule. 

[0094] As used herein, the term “monoclonal antibody” 
refers to an antibody composition having a homogeneous 
antibody population. The term is not limited regarding the 
species or source of the antibody, nor is it intended to be 
limited by the manner in Which it is made. Thus, the term 
encompasses antibodies obtained from murine hybridomas, 
as Well as human monoclonal antibodies obtained using 
human rather than murine hybridomas. See, e.g., Cote, et al. 
M0ncl0nal Antibodies and Cancer Therapy, Alan R. Liss, 
1985, p. 77. 

[0095] A semiconductor nanocrystal is “linked” or “con 
jugated” to, or “associated” With, a speci?c-binding mol 
ecule or member of a binding pair When the semiconductor 
nanocrystal is chemically coupled to, or associated With the 
speci?c-binding molecule. Thus, these terms intend that the 
semiconductor nanocrystal may either be directly linked to 
the speci?c-binding molecule or may be linked via a linker 
moiety, such as via a chemical linker described beloW. The 
terms indicate items that are physically linked by, for 
example, covalent chemical bonds, physical forces such van 
der Waals or hydrophobic interactions, encapsulation, 
embedding, or the like. As an example Without limiting the 
scope of the invention, nanocrystals can be conjugated to 
molecules that can interact physically With biological com 
pounds such as cells, proteins, nucleic acids, subcellular 
organelles and other subcellular components. For example, 
nanocrystals can be associated With biotin Which can bind to 
the proteins, avidin and streptavidin. Also, nanocrystals can 
be associated With molecules that bind nonspeci?cally or 
sequence-speci?cally to nucleic acids (DNA RNA). As 
examples Without limiting the scope of the invention, such 
molecules include small molecules that bind to the minor 
groove of DNA (for revieWs, see Geierstanger and Wemmer 
(1995) Ann. Rev. Biophys. Biomol. Stract. 24:463-493; and 
Baguley (1982) Mol. Cell. Biochem 43:167-181), small 
molecules that form adducts With DNA and RNA (e.g. 
CC-1065, see Henderson and Hurley (1996) J. Mol. Recog 
nit. 9:75-87; a?atoxin, see Garner (1998) Mutat. Res. 
402:67-75; cisplatin, see Leng and Brabec (1994) IARC Sci. 
Pabl. 125 1339-348), molecules that intercalate betWeen the 
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base pairs of DNA (e.g. methidium, propidium, ethidium, 
porphyrins, etc., for a review see Bailly et al. J. Mol. 
Recognit. 5:155-171), radiomimetic DNA damaging agents 
such as bleomycin, neocarZinostatin and other enediynes 
(for a revieW, see Povirk (1996) Mutat. Res. 355:71-89), and 
metal complexes that bind and/or damage nucleic acids 
through oxidation (e.g. Cu-phenanthroline, see Perrin et al. 
(1996) Prog. Nucleic Acid Res. Mol. Biol. 52:123-151; 
Ru(II) and Os(II) complexes, see Moucheron et al. (1997) J. 
Photochem. Photobiol. B 40:91-106; chemical and photo 
chemical probes of DNA, see Nielsen (1990) J. Mol. Rec 
ognit. 3:1-25. 

[0096] As used herein, a “biological sample” refers to a 
sample of isolated cells, tissue or ?uid, including but not 
limited to, for example, plasma, serum, spinal ?uid, semen, 
lymph ?uid, the external sections of the skin, respiratory, 
intestinal, and genitourinary tracts, tears, saliva, milk, blood 
cells, tumors, organs, and also samples of in vitro cell culture 
constituents (including but not limited to conditioned 
medium resulting from the groWth of cells in cell culture 
medium, putatively virally infected cells, recombinant cells, 
and cell components). 

[0097] A “small molecule” is de?ned as including an 
organic or inorganic compound either synthesiZed in the 
laboratory or found in nature. Typically, a small molecule is 
characteriZed in that it contains several carbon-carbon 
bonds, and has a molecular Weight of less than 1500 
grams/Mol. 
[0098] A “biomolecule” is a synthetic or naturally occur 
ring molecule, such as a protein, amino acid, nucleic acid, 
nucleotide, carbohydrate, sugar, lipid and the like. 

[0099] A “homogeneous assay” is one that is performed 
Without transfer, separation or Washing steps. Thus, for 
example, a homogeneous HTS assay involves the addition 
of reagents to a vessel, e.g., a test tube or sample Well, 
folloWed by the detection of the results from that particular 
Well. A homogeneous HTS assay can be performed in the 
solution in the test tube or Well, on the surface of the test 
tube or Well, on beads or cells Which are placed into the test 
tube or the Well, or the like. The detection system typically 
used is a ?uorescence, chemiluminescence, or scintillation 
detection system. 

[0100] The term “multiplexing” is used herein to include 
conducting an assay or other analytical method in Which 
multiple analytes or biological states can be detected simul 
taneously by using more than one detectable label, each of 
Which emits at a distinct Wavelength, With a distinct inten 
sity, With a distinct FWHM, With a distinct ?uorescence 
lifetime, or any combination thereof. Preferably, each 
detectable label is linked to one of a plurality of ?rst 
members of binding pairs each of Which ?rst members is 
capable of binding to a distinct corresponding second mem 
ber of the binding pair. A multiplexed method using semi 
conductor nanocrystals having distinct emission spectra can 
be used to detect simultaneously in the range of 2 to 
1,000,000, preferably in the range of 2 to 10,000, more 
preferably in the range of 2 to 100, or any integer betWeen 
these ranges, and even more preferably in the range of up to 
10 to 20, e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 
17, 18, 19, or 20, of analytes, biological compounds or 
biological states. Multiplexing also includes assays or meth 
ods in Which the combination of more than one semicon 
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ductor nanocrystal having distinct emission spectra can be 
used to detect a single analyte. 

[0101] The term “barcode” as used herein refers to one or 
more siZes, siZe distributions, compositions, or any combi 
nation thereof, of semiconductor nanocrystals. Each siZe, 
siZe distribution and/or composition of semiconductor 
nanocrystals has a characteristic emission spectrum, e.g., 
Wavelength, intensity, FWHM, and/or ?uorescent lifetime. 
In addition to the ability to tune the emission energy by 
controlling the siZe of the particular semiconductor nanoc 
rystal, 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 barcode system. In preferred 
embodiments, 2-15 different intensities may be achieved for 
a particular emission at a desired Wavelength, hoWever, one 
of ordinary skill in the art Will realiZe that more than ?fteen 
different intensities may be achieved, depending upon the 
particular application of interest. For the purposes of the 
present invention, different intensities may be achieved by 
varying the concentrations of the particular siZe semicon 
ductor nanocrystal attached to, embedded Within or associ 
ated With an item, compound or matter of interest. The 
“barcode” enables the determination of the location or 
identity of a particular item, compound or matter of interest. 
For example, semiconductor nanocrystals can be used to 
barcode chromosomes, as Well as portions of chromosomes, 
for spectral karyotyping, as described further beloW. 

[0102] “Optional” or “optionally” means that the subse 
quently described event or circumstance may or may not 
occur, and that the description includes instances Where the 
event or circumstance occurs and instances in Which it does 
not. For example, the phrase “optionally overcoated With a 
shell material” means that the overcoating referred to may or 
may not be present in order to fall Within the scope of the 
invention, and that the description includes both the pres 
ence and absence of such overcoating. 

[0103] 
[0104] Before describing the present invention in detail, it 
is to be understood that this invention is not limited to 
speci?c assay formats, materials or reagents, as such may, of 
course, vary. It is also to be understood that the terminology 
used herein is for the purpose of describing particular 
embodiments of the invention only, and is not intended to be 
limiting. 

II. Modes of Carrying Out the Invention 

[0105] Although a number of compositions and methods 
similar or equivalent to those described herein can be used 
in the practice of the present invention, the preferred mate 
rials and methods are described herein. 

[0106] The present invention provides chemical and bio 
logical assays Which use semiconductor nanocrystals as 
detectable luminescent labels to detect the presence or 
amount of one or more molecules, as Well as to detect 

biological interactions, biological processes, alterations in 
biological processes, or alterations in the structure of a 
chemical or biological compound. 

[0107] Semiconductor nanocrystals demonstrate quantum 
con?nement effects in their luminescent properties. When 
semiconductor nanocrystals are illuminated With a primary 
energy source, a secondary emission of energy occurs of a 
frequency that corresponds to the bandgap of the semicon 
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ductor material used in the semiconductor nanocrystal. In 
quantum con?ned particles, the bandgap energy is a function 
of the siZe and/or composition of the nanocrystal. A mixed 
population of semiconductor nanocrystals of various siZes 
and/or compositions can be excited simultaneously using a 
single Wavelength of light and the detectable luminescence 
can be engineered to occur at a plurality of Wavelengths. The 
luminescent emission is related to the siZe and/or the com 
position of the constituent semiconductor nanocrystals of the 
population. Furthermore, semiconductor nanocrystals can be 
made highly luminescent through the use of a shell material 
Which ef?ciently encapsulates the surface of the semicon 
ductor nanocrystal core. A “core/shell” semiconductor 
nanocrystal has a high quantum ef?ciency and signi?cantly 
improved photochemical stability. The surface of the core/ 
shell semiconductor nanocrystal can be modi?ed to produce 
semiconductor nanocrystals that can be coupled to a variety 
of biological molecules or substrates by techniques 
described in, for example, BrucheZ et. al. (1998) Science 
281:2013-2016, Chan et. al. (1998) Science 281:2016-2018, 
BrucheZ “Luminescent Semiconductor Nanocrystals: Inter 
mittent Behavior and use as Fluorescent Biological Probes” 
(1998) Doctoral dissertation, University of California, Ber 
keley, Mikulec “Semiconductor Nanocrystal Colloids: Man 
ganese Doped Cadmium Selenide, (Core)Shell Composites 
for Biological Labeling, and Highly Fluorescent Cadmium 
Telluride” (1999) Doctoral dissertation, Massachusetts Insti 
tute of Technology, and described further beloW. 

[0108] It is readily apparent that semiconductor nanocrys 
tals can be used to detect or track a single target. Addition 
ally, a population of semiconductor nanocrystals may be 
used for either simultaneous detection of multiple targets or 
to detect particular compounds and/or items of interest in, 
e.g., a library of compounds. 

[0109] For example, compositions of semiconductor 
nanocrystals comprising one or more particle siZe distribu 
tions having characteristic spectral emissions may be used as 
“barcodes” in assays to either track the location or source of 
a particular item of interest or to identify a particular item of 
interest. The semiconductor nanocrystals used in such a 
“barcoding” scheme can be tuned to a desired Wavelength to 
produce a characteristic spectral emission by changing the 
composition and siZe, or siZe distribution, of the semicon 
ductor nanocrystal. Additionally, the intensity of the emis 
sion at a particular characteristic Wavelength can also be 
varied, thus enabling the use of binary or higher order 
encoding schemes. The information encoded by the semi 
conductor nanocrystals can be spectroscopically decoded, 
thus providing the location and/or identity of the particular 
item or component of interest. 

[0110] The ability to use semiconductor nanocrystals in 
order to detect multiple targets results from 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). Upon exposure to a primary light source, 
each semiconductor nanocrystal distribution is capable of 
emitting energy in narroW spectral lineWidths, as narroW as 
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12 nm to 60 nm FWHM, and With a symmetric, nearly 
Gaussian line shape, thus providing an easy Way to identify 
a particular semiconductor nanocrystal. As one of ordinary 
skill in the art Will realiZe, the lineWidths are dependent on 
the siZe heterogeneity, i.e., monodispersity, of the semicon 
ductor nanocrystals in each preparation. Single semiconduc 
tor nanocrystal complexes have been observed to have 
FWHM as narroW as 12 nm to 15 nm. In addition, semi 
conductor nanocrystal distributions With larger lineWidths in 
the range of 35 nm to 60 nm can be readily made and have 
the same physical characteristics as semiconductor nanoc 
rystals With narroWer lineWidths. 

[0111] Semiconductor nanocrystals can be used to detect 
the presence and/or amount of a biological moiety, e.g., a 
biological target analyte; the structure, composition, and 
conformation of a biological molecule; the localiZation of a 
biological moiety, e.g., a biological target analyte in an 
environment; interactions of biological molecules; alter 
ations in structures of biological compounds; and/or alter 
ations in biological processes. 

[0112] Thus, it is readily apparent that semiconductor 
nanocrystals ?nd use in a variety of assays Where other, less 
reliable, labeling methods have typically been used, includ 
ing, Without limitation, ?uorescence microscopy, histology, 
cytology, pathology, ?oW cytometry, FISH and other nucleic 
acid hybridiZation assays, signal ampli?cation assays, DNA 
and protein sequencing, immunoassays such as competitive 
binding assays and ELISAs, immunohistochemical analysis, 
protein and nucleic acid separation, homogeneous assays, 
multiplexing, high throughput screening, chromosome 
karyotyping, and the like. 

[0113] Production of Semiconductor Nanocrystals 
[0114] Semiconductor nanocrystals for use in the subject 
methods are made using techniques knoWn in the art. See, 
e.g., US. Pat. Nos. 6,048,616; 5,990,479; 5,690,807; 5,505, 
928; 5,262,357 (all of Which are incorporated herein in their 
entireties); as Well as PCT Publication No. 99/26299 (pub 
lished May 27, 1999). In particular, exemplary materials for 
use as semiconductor nanocrystals in the biological and 
chemical assays of the present invention include, but are not 
limited to those described above, including group II-VI, 
III-V and group IV semiconductors such as ZnS, ZnSe, 
ZnTe, CdS, CdSe, CdTe, MgS, MgSe, MgTe, CaS, CaSe, 
CaTe, SrS, SrSe, SrTe, BaS, BaSe, BaTe, GaN, GaP, GaAs, 
GaSb, InP, InAs, InSb, AIS, AlP, AlSb, PbS, PbSe, Ge and 
Si and ternary and quaternary mixtures thereof. The semi 
conductor nanocrystals are characteriZed by their uniform 
nanometer siZe. 

[0115] As discussed above, the selection of the composi 
tion of the semiconductor nanocrystal, as Well as the siZe of 
the semiconductor nanocrystal, affects the characteristic 
spectral emission Wavelength of the semiconductor nanoc 
rystal. Thus, as one of ordinary skill in the art Will realiZe, 
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, ZnSe, ZnTe, GaP, and GaAs. 
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. 
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[0116] For any particular composition selected for the 
semiconductor nanocrystals to be used in the inventive 
methods, it is possible to tune the emission to a desired 
Wavelength by controlling the siZe of the particular compo 
sition of the semiconductor nanocrystal. In preferred 
embodiments, 5-20 discrete emissions (?ve to tWenty dif 
ferent siZe populations or distributions distinguishable from 
one another), more preferably 10-15 discrete emissions, are 
obtained for any particular composition, although one of 
ordinary skill in the art Will realiZe that feWer than ?ve 
emissions and more than tWenty emissions could be used 
depending on the monodispersity of the semiconductor 
nanocrystal particles. If high information density is required, 
and thus a greater number of distinct emissions, the nanoc 
rystals are preferably substantially monodisperse Within the 
siZe range given above. 

[0117] As explained above, “monodisperse,” as that term 
is used herein, means a colloidal system in Which the 
suspended particles have substantially identical siZe and 
shape. In preferred embodiments for high information den 
sity applications, monodisperse particles deviate less than 
10% rms in diameter, and preferably less than 5%. Mono 
disperse semiconductor nanocrystals have been described in 
detail in Murray et al. (1993) J. Am. Chem. Soc. 115:8706, 
and in Murray, “Synthesis and Characterization of II-VI 
Quantum Dots and Their Assembly into 3-D Quantum Dot 
Superlattices,” (1995) Doctoral dissertation, Massachusetts 
Institute of Technology, Which are hereby incorporated by 
reference in their entireties. One of ordinary skill in the art 
Will also realiZe that the number of discrete emissions that 
can be distinctly observed for a given composition depends 
not only upon the monodispersity of the particles, but also 
on the deconvolution techniques employed. Semiconductor 
nanocrystals, unlike dye molecules, can be easily modeled 
as Gaussians and therefore are more easily and more accu 

rately deconvoluted. 

[0118] HoWever, for some applications high information 
density Will not be required and it may be more economi 
cally attractive to use more polydisperse particles. Thus, for 
applications that do not require high information density, the 
lineWidth of the emission may be in the range of 40-60 nm. 

[0119] 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 electrons or holes that degrade the 
electrical and optical properties of the semiconductor nanoc 
rystal. An insulating layer at the surface of the semiconduc 
tor 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. 

[0120] Suitable materials for the overcoating layer include 
semiconductor materials having a higher bandgap energy 
than the semiconductor nanocrystal core. In addition to 
having a bandgap energy greater than the semiconductor 
nanocrystal core, suitable materials for the overcoating layer 
should have good conduction and valence band offset With 
respect to the core semiconductor nanocrystal. Thus, the 
conduction band is desirably higher and the valence band is 
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desirably loWer than those of the core semiconductor nanoc 
rystal. For semiconductor nanocrystal cores that emit energy 
in the visible (e.g., CdS, CdSe, CdTe, ZnSe, ZnTe, GaP, 
GaAs) or near IR (e.g., InP, InAs, InSb, PbS, PbSe), a 
material that has a bandgap energy in the ultraviolet regions 
may be used. Exemplary materials include ZnS, GaN, and 
magnesium chalcogenides, e.g., MgS, MgSe, and MgTe. For 
a semiconductor nanocrystal core that emits in the near IR, 
materials having a bandgap energy in the visible, such as 
CdS or CdSe, may also be used. The preparation of a coated 
semiconductor nanocrystal may be found in, e.g., Dabbousi 
et al. (1997) J. Phys. Chem. B 101:9463) and Kuno et al. 
(1997) J. Phys. Chem. 106:9869. 

[0121] Most semiconductor nanocrystals are prepared in 
coordinating solvent, such as trioctylphosphine oxide 
(TOPO) and trioctyl phosphine (TOP) resulting in the for 
mation of a passivating organic layer on the nanocrystal 
surface comprised of the organic solvent. This layer is 
present on semiconductor nanocrystals containing an over 
coating and those that do not contain an overcoating. Thus, 
either of these classes of passivated semiconductor nanoc 
rystals is readily soluble in organic solvents, such as toluene, 
chloroform and hexane. As one of ordinary skill in the art 
Will realiZe, these functional moieties may be readily dis 
placed or modi?ed to provide an outer coating that renders 
the semiconductor nanocrystals suitable for use as the 
detectable labels of the present invention, as described 
further beloW. Furthermore, based upon the desired appli 
cation, a portion of the semiconductor nanocrystal function 
ality, or the entire surface of the semiconductor nanocrystal 
functionality may be modi?ed by a displacement reaction, 
based upon the desired use therefor. 

[0122] After selection of the composition of semiconduc 
tor nanocrystal for the desired range of spectral emission and 
selection of a desired surface functionaliZation compatible 
With the system of interest, it may also be desirable to select 
the minimum number of semiconductor nanocrystals needed 
to observe a distinct and unique spectral emission of suf? 
cient intensity for spectral identi?cation. Selection criteria 
important in determining the minimum number of semicon 
ductor nanocrystals needed to observe a distinct and unique 
spectral emission of suf?cient intensity include providing a 
suf?cient number of semiconductor nanocrystals that are 
bright (i.e., that emit light versus those that are dark) and 
providing a suf?cient number of semiconductor nanocrystals 
to average out over the blinking effect observed in single 
semiconductor nanocrystal emissions. Nirmal et al., (1996) 
Nature 3831802. 

[0123] For example, eight or more semiconductor nanoc 
rystals of a particular composition and particle siZe distri 
bution can be provided. If, for example, the desired method 
of use utiliZes three different particle siZe distributions of a 
particular composition, eight of each of the three different 
particle siZe distributions of a semiconductor nanocrystal is 
used, in order to observe sufficiently intense spectral emis 
sions from each to provide reliable information regarding 
the location or identity of a particular analyte of interest. 
One of ordinary skill in the art Will realiZe, hoWever, that 
feWer than eight semiconductor nanocrystals of a particular 
composition and particle siZe distribution may be utiliZed 
provided that a unique spectral emission of suf?cient inten 
sity is observed, as determined by the selection criteria set 
forth above. 



US 2004/0166505 A1 

[0124] The above method can be used to prepare separate 
populations of semiconductor nanocrystals, Wherein each 
population exhibits a different characteristic photolumines 
cence spectrum. Each of a plurality of populations of semi 
conductor nanocrystals can be conjugated to distinct ?rst 
members of binding pairs for use in a multiplexed assay or 
analytical method in Which each of a plurality of corre 
sponding second members of the binding pairs can be 
detected simultaneously. 

[0125] The narroW spectral lineWidths and nearly gaussian 
symmetrical lineshapes lacking a tailing region observed for 
the emission spectra of nanocrystals combined With the 
tunability of the emission Wavelengths of nanocrystals 
alloWs high spectral resolution in a system With multiple 
nanocrystals. In theory up to 10-20 or more different-sized 
nanocrystals or different siZe distributions of monodisperse 
populations of nanocrystals from different preparations of 
nanocrystals, With each sample having a different emission 
spectrum, can be used simultaneously in one system, i.e., 
multiplexing, With the overlapping spectra easily resolved 
using techniques Well knoWn in the art, e.g., optically With 
or Without the use of deconvolution softWare. 

[0126] As discussed previously, the ability of the semi 
conductor nanocrystals to produce discrete optical transi 
tions, along With the ability to vary the intensity of these 
optical transitions, enables the development of a versatile 
and dense encoding scheme. The characteristic emissions 
produced by one or more siZes of semiconductor nanocrys 
tals attached to, associated With, or embedded Within a 
particular support, compound or matter enables the identi 
?cation of the analyte of interest and/or its location. For 
example, by providing N siZes of semiconductor nanocrys 
tals (each having a discrete optical transition), each having 
M distinguishable states resulting from the absence of the 
semiconductor nanocrystal, or from different intensities 
resulting from a particular discrete optical transition, Mn 
different states can be uniquely de?ned. In the case Wherein 
M is 2, in Which the tWo states could be the presence or 
absence of the semiconductor nanocrystal, the encoding 
scheme Would thus be de?ned by a base 2 or binary code. In 
the case Wherein M is 3, in Which the three states could be 
the presence of a semiconductor nanocrystal at tWo distin 
guishable intensities and its absence, the encoding scheme 
Would be de?ned by a base 3 code. Herein, such base M 
codes Wherein M is greater than 2 are termed higher order 
codes. The advantage of higher order codes over a binary 
order code is that feWer identi?ers are required to encode the 
same quantity of information. 

[0127] As one of ordinary skill in the art Will realiZe, the 
ability to develop a higher order encoding system is depen 
dent upon the number of different intensities capable of 
detection by both the hardWare and the softWare utiliZed in 
the decoding system. In particularly preferred embodiments, 
each discrete emission or color, is capable of being detect 
able at tWo to tWenty different intensities. In a particularly 
preferred embodiment Wherein ten different intensities are 
available, it is possible to employ a base 11 code comprising 
the absence of the semiconductor nanocrystal, or the detec 
tion of the semiconductor nanocrystal at 10 different inten 
sities. 

[0128] Clearly, the advantages of the semiconductor 
nanocrystals, namely the ability to observe discrete optical 
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transitions at a plurality of intensities, provides a poWerful 
and dense encoding scheme that can be employed in a 
variety of disciplines. In general, one or more semiconductor 
nanocrystals may act as a barcode, Wherein each of the one 
or more semiconductor nanocrystals produces a distinct 
emissions spectrum. These characteristic emissions can be 
observed as colors, if in the visible region of the spectrum, 
or may also be decoded to provide information about the 
particular Wavelength at Which the discrete transition is 
observed. Likewise, for semiconductor nanocrystals produc 
ing emissions in the infrared or ultraviolet regions, the 
characteristic Wavelengths that the discrete optical transi 
tions occur at provide information about the identity of the 
particular semiconductor nanocrystal, and hence about the 
identity of or location of the analyte of interest. 

[0129] The color of light produced by a particular siZe, 
siZe distribution and/or composition of a semiconductor 
nanocrystal can be readily calculated or measured by meth 
ods Which Will be apparent to those skilled in the art. As an 
example of these measurement techniques, the bandgaps for 
nanocrystals of CdSe of siZes ranging from 12A to 115A are 
given in Murray et al. (1993) J. Am. Chem. Soc. 115:8706. 
These techniques alloW ready calculation of an appropriate 
siZe, siZe distribution and/or composition of semiconductor 
nanocrystals and choice of excitation light source to produce 
a nanocrystal capable of emitting light device of any desired 
Wavelength. 

[0130] An example of a speci?c system for automated 
detection for use With the present methods includes, but is 
not limited to, an imaging scheme comprising an excitation 
source, a monochromator (or any device capable of spec 
trally resolving the image, or a set of narroW band ?lters) and 
a detector array. In one embodiment, the apparatus consists 
of a blue or UV source of light, of a Wavelength shorter than 
that of the luminescence detected. This may be a broadband 
UV light source, such as a deuterium lamp With a ?lter in 
front; the output of a White light source such as a xenon lamp 
or a deuterium lamp after passing through a monochromator 
to extract out the desired Wavelengths; or any of a number 
of continuous Wave (cW) gas lasers, including but not limited 
to any of the Argon Ion laser lines (457, 488, 514, etc. nm), 
a HeCd laser; solid state diode lasers in the blue such as GaN 
and GaAs (doubled) based lasers or the doubled or tripled 
output of YAG or YLF based lasers; or any of the pulsed 
lasers With output in the blue, to name a feW. 

[0131] The luminescence from the dots may be passed 
through an imaging subtracting double monochromator (or 
tWo single monochromators With the second one reversed 
from the ?rst), for example, consisting of tWo gratings or 
prisms and a slit betWeen the tWo gratings or prisms. The 
monochromators or gratings or prisms can also be replaced 
With a computer controlled color ?lter Wheel Where each 
?lter is a narroW band ?lter centered at the Wavelength of 
emission of one of the dots. The monochromator assembly 
has more ?exibility because any color can be chosen as the 
center Wavelength. Furthermore, a CCD camera or some 
other tWo dimensional detector records the images, and 
softWare color codes that image to the Wavelength chosen 
above. The system then moves the gratings to a neW color 
and repeats the process. As a result of this process, a set of 
images of the same spatial region is obtained and each is 
color-coded to a particular Wavelength that is needed to 
analyZe the data rapidly. 
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[0132] In another embodiment, the apparatus is a scanning 
system as opposed to the above imaging scheme. In a 
scanning scheme, the sample to be analyzed is scanned With 
respect to a microscope objective. The luminescence is put 
through a single monochromator or a grating or prism to 
spectrally resolve the colors. The detector is a diode array 
that then records the colors that are emitted at a particular 
spatial position. The softWare then ultimately recreates the 
scanned image and decodes it. 

[0133] Production of Semiconductor Nanocrystal Conju 
gates 

[0134] The present invention uses a composition compris 
ing semiconductor nanocrystals associated With a speci?c 
binding molecule or af?nity molecule, such that the com 
position can detect the presence and/or amounts of 
biological and chemical compounds, detect interactions in 
biological systems, detect biological processes, detect alter 
ations in biological processes, or detect alterations in the 
structure of biological compounds. Without limitation, semi 
conductor nanocrystal conjugates comprise any molecule or 
molecular complex, linked to a semiconductor nanocrystal, 
that can interact With a biological target, to detect biological 
processes, or reactions, as Well as alter biological molecules 
or processes. Preferably, the molecules or molecular com 
plexes or conjugates physically interact With a biological 
compound. Preferably, the interactions are speci?c. The 
interactions can be, but are not limited to, covalent, nonco 
valent, hydrophobic, hydrophilic, electrostatic, van der 
Waals, or magnetic. Preferably, these molecules are small 
molecules, proteins, or nucleic acids or combinations 
thereof. 

[0135] Semiconductor nanocrystal conjugates can be 
made using techniques knoWn in the art. For example, 
moieties such as TOPO and TOP, generally used in the 
production of semiconductor nanocrystals, as Well as other 
moieties, may be readily displaced and replaced With other 
functional moieties, including, but not limited to carboxylic 
acids, amines, aldehydes, and styrene to name a feW. One of 
ordinary skill in the art Will realiZe that factors relevant to 
the success of a particular displacement reaction include the 
concentration of the replacement moiety, temperature and 
reactivity. Thus, for the purposes of the present invention, 
any functional moiety may be utiliZed that is capable of 
displacing an existing functional moiety to provide a semi 
conductor nanocrystal With a modi?ed functionality for a 
speci?c use. 

[0136] The ability to utiliZe a general displacement reac 
tion to modify selectively the surface functionality of the 
semiconductor nanocrystals enables functionaliZation for 
speci?c uses. For example, because detection of biological 
compounds is most preferably carried out in aqueous media, 
a preferred embodiment of the present invention utiliZes 
semiconductor nanocrystals that are solubiliZed in Water. In 
the case of Water-soluble semiconductor nanocrystals, the 
outer layer includes a compound having at least one linking 
moiety that attaches to the surface of the particle and that 
terminates in at least one hydrophilic moiety. The linking 
and hydrophilic moieties are spanned by a hydrophobic 
region sufficient to prevent charge transfer across the region. 
The hydrophobic region also provides a “pseudo-hydropho 
bic” environment for the nanocrystal and thereby shields it 
from aqueous surroundings. The hydrophilic moiety may be 
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a polar or charged (positive or negative) group. The polarity 
or charge of the group provides the necessary hydrophilic 
interactions With Water to provide stable solutions or sus 
pensions of the semiconductor nanocrystal. Exemplary 
hydrophilic groups include polar groups such as hydroxides 
(—OH), amines, polyethers, such as polyethylene glycol 
and the like, as Well as charged groups, such as carboxylates 
(—CO2_), sulfonates ($03“), phosphates (—PO42_ and 
—PO32_), nitrates, ammonium salts (—NH4+), and the like. 
AWater-solubiliZing layer is found at the outer surface of the 
overcoating layer. Methods for rendering semiconductor 
nanocrystals Water-soluble are knoWn in the art and 
described in, e.g., International Publication No. WO 
00/17655, published Mar. 30, 2000. 

[0137] The af?nity for the nanocrystal surface promotes 
coordination of the linking moiety to the semiconductor 
nanocrystal outer surface and the moiety With af?nity for the 
aqueous medium stabiliZes the semiconductor nanocrystal 
suspension. 
[0138] A displacement reaction may be employed to 
modify the semiconductor nanocrystal to improve the solu 
bility in a particular organic solvent. For example, if it is 
desired to associate the semiconductor nanocrystals With a 
particular solvent or liquid, such as pyridine, the surface can 
be speci?cally modi?ed With pyridine or pyridine-like moi 
eties to ensure solvation. 

[0139] The surface layer may also be modi?ed by dis 
placement to render the semiconductor nanocrystal reactive 
for a particular coupling reaction. For example, displace 
ment of TOPO moieties With a group containing a carboxy 
lic acid moiety enables the reaction of the modi?ed semi 
conductor nanocrystals With amine containing moieties 
(commonly found on solid support units) to provide an 
amide linkage. Additional modi?cations can also be made 
such that the semiconductor nanocrystal can be associated 
With almost any solid support. A solid support, for the 
purposes of this invention, is de?ned as an insoluble material 
to Which compounds are attached during a synthesis 
sequence, screening, immunoassays, etc. The use of a solid 
support is particularly advantageous for the synthesis of 
libraries because the isolation of support-bound reaction 
products can be accomplished simply by Washing aWay 
reagents from the support-bound material and therefore the 
reaction can be driven to completion by the use of excess 
reagents. 

[0140] A solid support can be any material that is an 
insoluble matrix and can have a rigid or semi-rigid surface. 
Exemplary solid supports include but are not limited to 
pellets, disks, capillaries, holloW ?bers, needles, pins, solid 
?bers, cellulose beads, pore-glass beads, silica gels, poly 
styrene beads optionally cross-linked With divinylbenZene, 
grafted co-poly beads, polyacrylamide beads, latex beads, 
dimethylacrylamide beads optionally crosslinked With N-N‘ 
bis-acryloylethylenediamine, and glass particles coated With 
a hydrophobic polymer. 

[0141] For example, the semiconductor nanocrystals of 
the present invention can readily be ?nctionality to create 
styrene or acrylate moieties, thus enabling the incorporation 
of the semiconductor nanocrystals into polystyrene, poly 
acrylate or other polymers such as polyimide, polyacryla 
mide, polyethylene, polyvinyl, polydiacetylene, polyphe 
nylene-vinylene, polypeptide, polysaccharide, polysulfone, 
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polypyrrole, polyimidaZole, polythiophene, polyether, 
epoxies, silica glass, silica gel, siloxane, polyphosphate, 
hydrogel, agarose, cellulose, and the like. 

[0142] For a detailed description of these linking reac 
tions, see, e.g., US. Pat. No. 5,990,479; BrucheZ et. al. 
(1998) Science 281:2013-2016., Chan et. al. (1998) Science 
281:2016-2018, BrucheZ “Luminescent Semiconductor 
Nanocrystals: Intermittent Behavior and use as Fluorescent 
Biological Probes” (1998) Doctoral dissertation, University 
of California, Berkeley, and Mikulec “Semiconductor 
Nanocrystal Colloids: Manganese Doped Cadmium 
Selenide, (Core)Shell Composites for Biological Labeling, 
and Highly Fluorescent Cadmium Telluride” (1999) Doc 
toral dissertation, Massachusetts Institute of Technology. 

[0143] Semiconductor 
Reagents in Immunoassays 

[0144] In one embodiment of the invention, immunoas 
says, such as immunosorbent assays, are provided in Which 
semiconductor nanocrystal conjugates are used as the detec 
tion reagents. A QdotTM immunosorbent assay (QISA) has 
several advantages over current immunosorbent assays 
including, but not limited to, simultaneous multicolor detec 
tion and, hence, multiple analyte detection, no requirement 
for enZyme development, increased photostability over 
alternative ?uorophores thereby alloWing increased detec 
tion sensitivity by virtue of the ability to monitor the signal 
over a long period of time, increased sensitivity over 
enZyme-based detection systems. 

Nanocrystals as Detection 

[0145] Semiconductor nanocrystals of varying core siZes 
(10-150 A), composition and/or siZe distribution are conju 
gated to speci?c-binding molecules Which bind speci?cally 
to an analyte of interest. Any speci?c anti-analyte can be 
used, for example, an antibody, an immunoreactive fragment 
of an antibody, and the like. Preferably, the anti-analyte is an 
antibody. The semiconductor nanocrystal conjugates are 
used in an immunosorbent assay to detect any analyte for 
Which a speci?c-binding agent exists. 

[0146] More speci?cally, the speci?c-binding molecule 
may be derived from polyclonal or monoclonal antibody 
preparations, may be a human antibody, or may be a hybrid 
or chimeric antibody, such as a humaniZed antibody, an 
altered antibody, F(ab‘)2 fragments, F(ab) fragments, Fv 
fragments, a single-domain antibody, a dimeric or trimeric 
antibody fragment construct, a minibody, or functional frag 
ments thereof Which bind to the analyte of interest. Anti 
bodies are produced using techniques Well knoWn to those of 
skill in the art and disclosed in, for example, US. Pat. Nos. 
4,011,308; 4,722,890; 4,016,043; 3,876,504; 3,770,380; and 
4,372,745, 

[0147] For example, polyclonal antibodies are generated 
by immuniZing a suitable animal, such as a mouse, rat, 
rabbit, sheep or goat, With an antigen of interest. In order to 
enhance immunogenicity, the antigen can be linked to a 
carrier prior to immuniZation. Such carriers are Well knoWn 
to those of ordinary skill in the art. ImmuniZation is gener 
ally performed by mixing or emulsifying the antigen in 
saline, preferably in an adjuvant such as Freund’s complete 
adjuvant, and injecting the mixture or emulsion parenterally 
(generally subcutaneously or intramuscularly). The animal 
is generally boosted 2-6 Weeks later With one or more 
injections of the antigen in saline, preferably using Freund’s 
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incomplete adjuvant. Antibodies may also be generated by 
in vitro immuniZation, using methods knoWn in the art. 
Polyclonal antiserum is then obtained from the immuniZed 
animal. 

[0148] Monoclonal antibodies are generally prepared 
using the method of Kohler and Milstein (1975) Nature 
256:495-497, or a modi?cation thereof. Typically, a mouse 
or rat is immuniZed as described above. HoWever, rather 
than bleeding the animal to extract serum, the spleen (and 
optionally several large lymph nodes) is removed and dis 
sociated into single cells. If desired, the spleen cells may be 
screened (after removal of nonspeci?cally adherent cells) by 
applying a cell suspension to a plate or Well coated With the 
antigen. B-cells, expressing membrane-bound immunoglo 
bulin speci?c for the antigen, Will bind to the plate, and are 
not rinsed aWay With the rest of the suspension. Resulting 
B-cells, or all dissociated spleen cells, are then induced to 
fuse With myeloma cells to form hybridomas, and are 
cultured in a selective medium (e.g., hypoxanthine, aminop 
terin, thymidine medium, “HAT”). The resulting hybrido 
mas are plated by limiting dilution, and are assayed for the 
production of antibodies Which bind speci?cally to the 
immuniZing antigen (and Which do not bind to unrelated 
antigens). The selected monoclonal antibody-secreting 
hybridomas are then cultured either in vitro (e.g., in tissue 
culture bottles or holloW ?ber reactors), or in vivo (e.g., as 
ascites in mice). 
[0149] Human monoclonal antibodies are obtained by 
using human rather than murine hybridomas. See, e. g., Cote, 
et al. Monclonal Antibodies and Cancer Therapy, Alan R. 
Liss, 1985, p. 77 
[0150] Monoclonal antibodies or portions thereof may be 
identi?ed by ?rst screening a B-cell cDNA library for DNA 
molecules that encode antibodies that speci?cally bind to 
p185, according to the method generally set forth by Huse 
et al. (1989) Science 246:1275-1281. The DNA molecule 
may then be cloned and ampli?ed to obtain sequences that 
encode the antibody (or binding domain) of the desired 
speci?city. 
[0151] As explained above, antibody fragments Which 
retain the ability to recogniZe the analyte of interest, Will 
also ?nd use in the subject immunoassays. A number of 
antibody fragments are knoWn in the art Which comprise 
antigen-binding sites capable of exhibiting immunological 
binding properties of an intact antibody molecule. For 
example, functional antibody fragments can be produced by 
cleaving a constant region, not responsible for antigen 
binding, from the antibody molecule, using e.g., pepsin, to 
produce F(ab‘)2 fragments. These fragments Will contain tWo 
antigen binding sites, but lack a portion of the constant 
region from each of the heavy chains. Similarly, if desired, 
Fab fragments, comprising a single antigen binding site, can 
be produced, e.g., by digestion of polyclonal or monoclonal 
antibodies With papain. Functional fragments, including 
only the variable regions of the heavy and light chains, can 
also be produced, using standard techniques such as recom 
binant production or preferential proteolytic cleavage of 
immunoglobulin molecules. These fragments are knoWn as 
FV. See, e.g., Inbar et al. (1972) Proc. Nat. Acad. Sci. USA 
69:2659-2662; Hochman et al. (1976) Biochem 15:2706 
2710; and Ehrlich et al. (1980) Biochem 19:4091-4096. 

[0152] A single-chain Fv (“sFv” or “scFv”) polypeptide is 
a covalently linked VH-VL heterodimer Which is expressed 








































