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METHOD AND APPARATUS FOR FLOW 
CYTOMETRY LINKED WITH ELEMENTAL 

ANALYSIS 

CROSS REFERENCE TO RELATED 
APPLICATION AND INCORPORATION BY 

REFERENCE 

0001. This application claims the benefit of U.S. Provi 
sional Patent Application No. 60/555,952, filed 25 Mar. 2004 
and entitled Method and Apparatus for Flow Cytometry 
Linked with Elemental Analysis, the entire contents of which 
are incorporated by this reference. 
0002 The entire contents of commonly-assigned U.S. 
patent application Ser. No. 09/905,907, filed Jul.17, 2001 and 
entitled Elemental Analysis of Tagged Biologically Active 
Materials (published as US 2002/0086441); and Ser. No. 
10/614,115, filed Jul. 3, 2003 and entitled Elemental Analysis 
of Tagged Biologically Active Materials (published as US 
2004/0072250) are hereby incorporated by reference. 
0003. The entire contents of U.S. Pat. No. 6,524.793, filed 
Jun. 18, 1999 and entitled Multiplexed Analysis of Clinical 
Specimens Apparatus and Method; International Patent 
Application Publication WO 98/33203, published Jul. 30, 
1998, and entitled Gate for Eliminating Charged Particles in 
Time of Flight Spectrometers; and each of the publications 
cited in the Reference Section herein are hereby incorporated 
by reference. 

FIELD OF THE INVENTION 

0004. The invention features apparatus and methods for 
sequentially analyzing particles, for example single cells or 
single beads, by spectrometry. In particular, the invention 
provides elemental-flow cytometers. 

BACKGROUND OF THE INVENTION 

0005. The ability to analyze single particles, for example 
single cells or single beads, is a useful tool in the health 
Sciences, in human and animal food Sciences, in environmen 
tal sciences, forensic Sciences, and in genomics and proteom 
1CS 

0006. In the health sciences, cells are recognized as mem 
bers of certain classes, for example normal cells or cancerous 
cells for diagnostic or biomedical research purposes. Cells 
carry multiple antigens or biomarkers 1, either extracellu 
larly or intracellularly 2, which can be quantified or quali 
fied for clinical medicine 3 or biomedical research 4 pur 
poses. These methods are useful for development of 
pharmaceutical products particularly in the development of 
cell based assays and toxicity studies. 
0007 For example, chronic lymphocytic leukemia (CCL) 

is recognized as a unique disorder of B-cells 5, 6. CCL is a 
disease with an uncertain clinical picture, and is often misdi 
agnosed resulting in inadequate treatment. However, a more 
detailed study of a patient's cellular immunophenotypic pro 
file allows reclassification of the patient, which leads to a 
more personalized diagnosis and treatment. Such classifica 
tion requires multi-targeted analysis of many markers on a 
cell membraneas well as in-cellantigens, their qualitative and 
quantitative description, and consideration of minute concen 
tration variances. 
0008. Other examples in the health sciences include the 
analysis of single cells in the Subclassification of non 
Hodgkin's lymphoma. In addition, single cell analysis is use 
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ful in immunophenotyping of helper T-cells, and the determi 
nation of the ratio of CD4 to CD8T-cells, for indication of the 
HIV progression in HIV positive patients. Further, the tech 
nique can be used to analyze single cells from patients with 
renal, cardiac and bone marrow transplants, for discriminat 
ing between graft rejections and viral infections in post-op 
erative patients. 
0009. In human and animal food sciences, the analysis of 
single cells can be used to detect artificial hormones, pesti 
cides, herbicides or antibiotics. Finally, in environmental sci 
ences, the analysis of single cells can detect toxic waste, for 
example, in plant or bacterial cells. 
0010. A known method of analyzing single cells is by a 
fluorescence activated cell sorter (FACS). FACS is a technol 
ogy to measure biological properties of cells by scanning 
single cells as they pass through a laser beam. Cells are 
usually stained with one or more fluorescent dyes specific to 
cell components of interest, for example, receptors on the cell 
surface and DNA of the cell nucleus, and the fluorescence of 
each cell is measured as it traverses the excitation beam. Since 
the amount of fluorescence emitted is proportional to the 
amount of fluorescent probe bound to the cell antigen, anti 
bodies conjugated to fluorochromes are routinely used as 
reagents to measure the antigen both qualitatively and quan 
titatively on and in the cell. Primarily, researchers use the 
sorting function of the FACS machines to investigate cell 
receptors and other membrane antigens on a specific cell 
population. It can be used for antibody Screening in multiple 
cell lines simultaneously (for example, a transfected cell line 
expressing the antigen of interest and a control cell line not 
expressing the antigen). In its simplified flow cytometry func 
tion, FACS machines are used mostly without sorting, which 
allows for example the use of fixed permeabilized cells and 
analysis of intracellular antigens. Many routine flow cytom 
etry methods that identify antigens expressed on the cell 
Surface and within the cell using specific antibodies, as well 
as general immunoassay methods for clinical diagnostics and 
treatment have been developed. Some of them involve mul 
tiplexing through the use of different fluorochromes and 
lasers. Deficiencies of this approach are related to limitations 
and difficulties of cell staining methods and spectral overlap 
of fluorochromes. Other measurable optical parameters 
include light absorption and light scattering, the latter being 
applicable to the measurement of cell size, shape, density, 
granularity, and stain uptake. 
(0011 U.S. patent application Ser. No. 09/905,907, pub 
lished under US 2002/0086441 on Jul. 4, 2002, and Ser. No. 
10/614,115, describe labeling of analytes for analysis by 
mass spectrometry. Biologically active materials (for 
example, antibodies and aptamers) are labeled and conju 
gated to analytes prior to analysis. 

SUMMARY OF THE INVENTION 

0012. In one broad aspect, the present invention provides 
an apparatus for introducing particles sequentially and ana 
lyzing the particles (for example, single particles Such as 
single cells or single beads), by spectrometry. The apparatus, 
an elemental flow cytometer, is an instrument comprising: a 
means for introducing single particles sequentially, a means 
to vaporize, atomize, and excite or ionize the particles or an 
elemental tag associated with an analyte on the particles, and 
a means to analyze the elemental composition of the vapor 
ized, atomized, ionized and or excited particles, oran elemen 
tal tag associated with the particles. 
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0013. It is to be understood that although the term “means 
for introducing single particles sequentially is used, this may 
encompass introduction of a predetermined number of par 
ticles (for example, 2 or more) in discrete packets. 
0014. It is also to be understood that the term “means to 
vaporize, atomize, and excite or ionize' includes means 
where atomization may not be necessary, so that the term may 
or may not encompass vaporization followed by ionization 
directly. In some applications, such as for example optical 
emission spectrometry (OES), it is not essential to ionize the 
sample; emission from atomic species can be sufficient. For 
OES, it is necessary only to excite the atoms (or ions) to cause 
emission. Thus, for example, “vaporize, atomize and ionize” 
should be understood to mean vaporize, atomize and ionize 
(for mass spectrometry) or excite (either or both atoms and 
ions) for OES. 
0015. In another broad aspect, the invention provides a 
method for analyzing particles that have been introduced 
sequentially, such as single cells or single beads, by spectrom 
etry. A trigger will report the ion cloud arrival with following 
analysis, including for example initiation of data acquisition. 
Triggering may be based, for example on light scattering or 
on an ion current change or ion composition change. 
0016. Another aspect of the invention is an elemental flow 
cytometer, comprising: a means for introducing particles 
sequentially into a device to vaporize, atomize and excite or 
ionize the particles, or an elemental tag associated with the 
particles; a device to vaporize, atomize and excite or ionize 
the particles, oran elemental tag associated with the particles, 
downstream of the means for introducing particles sequen 
tially; and a spectrometer to analyze the vaporized, atomized 
and ionized and/or excited particles, or the elemental tag 
associated with the particles. 
0017. Another aspect of the invention is a mass-spectrom 
eter-based flow cytometer, comprising: a means for introduc 
ing particles sequentially into a device to vaporize, atomize 
and ionize the particles, or an elemental tag associated with 
the particles; a device to vaporize, atomize and ionize the 
particles, or an elemental tag associated with the particles, 
downstream of the means for introducing particles sequen 
tially; and a mass spectrometer operatively connected and 
downstream of the device to vaporize, atomize and ionize. 
0018. Another aspect of the invention is a mass-spectrom 
eter-based flow cytometer, comprising: a means for introduc 
ing particles sequentially into a device to vaporize, atomize 
and ionize the particles, or an elemental tag associated with 
the particles; a device to vaporize, atomize and ionize the 
particles, or an elemental tag associated with the particles, 
downstream of the means for introducing particles sequen 
tially; an ion pretreatment device operatively connected and 
downstream of the device to vaporize, atomize and ionize; 
and a mass spectrometer operatively connected and down 
stream of the ion pretreatment device. The ion pretreatment 
device may be provided as a part of the mass spectrometer, 
preferably upstream of the mass anaylzer section thereof. 
0019. Another aspect of the invention, is an optical emis 
sion spectrometer-based flow cytometer, comprising: a 
means for introducing particles sequentially into a device to 
vaporize, atomize and excite or ionize the particles, or an 
elemental tag associated with the particles; a device to vapor 
ize, atomize and excite or ionize the particles, or an elemental 
tag associated with the particles downstream of the means for 
introducing particles sequentially, and an optical emission 
spectrometer to analyze the vaporized, atomized and excited 
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or ionized particles, or the elemental tag associated with the 
particles downstream of the device to vaporize, atomize and 
excite or ionize the particles. 
0020. Another aspect of the invention, is a method of 
analyzing particles that have been introduced sequentially 
into a device to vaporize, atomize and excite or ionize, com 
prising: sequentially introducing particles or particles asso 
ciated with an elemental tag, into a device to vaporize, atom 
ize and excite or ionize the particles or the elemental tag 
associated with the particles; and introducing the vaporized, 
atomized and excited or ionized particles, or the elemental tag 
associated with the particles into a spectrometer. 
0021. The labeling or tagging of the single particles with 
elemental tags can be done, for example, using the methods 
and system disclosed in U.S. Ser. No. 09/905,907 and U.S. 
Ser. No. 10/614,115, both applications of which are herein 
incorporated by reference. U.S. Ser. No. 09/905,907 and U.S. 
Ser. No. 10/614,115 describe methods and systems for the 
analysis of biologically active materials conjugated to ana 
lytes by mass spectrometry. Other methods of labeling or 
tagging the particles will also serve. If, for example, the 
particles are beads, the particles themselves can be labeled 
either on the surface or within their bodies, as disclosed 
herein 

0022. Another aspect of the present invention is to provide 
kits having reagents for carrying out the methods of the 
present invention and instructions for these methods. 
0023. Another aspect of the present invention is to provide 
beads with an affinity substance as a carrier to measure an 
analyte in a sample, further comprising an elemental label or 
tag. The elemental tag can be on the analyte, on the affinity 
substance or (and) on or in the bead itself. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0024 FIG. 1 is a schematic diagram of a flow cytometer 
according to the invention. 
0025 FIG. 2 is a schematic diagram of an embodiment of 
a mass-spectrometer-based flow cytometer according to the 
invention. 

0026 FIG. 3 is a schematic diagram of an embodiment of 
a optical emission spectrometer (OES)-based flow cytometer 
of the invention. 

0027 FIG. 4 is a schematic diagram of a single-particle 
injector according to the invention. 
0028 FIG. 5 is a calibration curve for flag-BAP using 
agarose bead immobilization with C-BAP primary and Au 
tagged C-mouse secondary antibodies. 
0029 FIG. 6 is a plot of Fluorokine bead assay, detecting 
TNF-C. and IL-6 simultaneously using distinguishable (Eu 
and Tb) elemental tags on the corresponding primary anti 
bodies. 

0030 FIG. 7 is a plot of an ELISA based assay coupled to 
ICPMS showing the simultaneous quantitation of two pro 
teins. 

0031 FIG. 8 shows a schematic diagram of a sample intro 
duction system 
0032 FIG. 9 shows overlaid results of measuring ion sig 
nals as a function of time for direct injection of a standard 
solution of 100 ppt Rh (1% HNO) and of a MO7E cell 
Suspension for which the Surface antigen CD33 was tagged 
with a Au particle. 
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0033 FIG. 10 shows oscilloscope output of A(left): Ar." 
signal and B(right): Au" from MO7e cell introduction for 
which the Surface antigen CD33 was tagged with a Au par 
ticle. 

0034 FIG. 11 shows an analog signal from an oscillo 
Scope registered while continuously monitoring Na". A(left): 
cell suspension in 30 mM CaCl and B(right): buffer 30 
mMCaCl. 
0035 FIG. 12 shows comparative data for analysis of cell 
Surface proteins and intracellular proteins by both conven 
tional FACS and by the method of the present invention. 
0036 FIG. 13 shows Si" signal (A left) and Tb" signal (B: 
right) for stober silica particles grown in the presence of a Tb 
Solution. 

DEFINITIONS 

0037 ICP-MS: is an Inductively-Coupled Plasma Mass 
Spectrometer. 
0038 FACS: is a Fluorescence Activated Cell Sorter. 
0039. Single particle: is a single entity (item, material, 
element, Substance, structure, organism, matter, body, article 
or thing) or a single packet of a predetermined number of 
discrete entities (for example, 2, 3 or 4), and includes but is 
not limited to single cells, single beads, single bacteria, single 
viral particles, single pollen particles, single microscopic 
insects such as dust mites. 

0040 Tag (or label): a chemical moiety that provides a 
distinguishable signal of the presence of the analyte or ana 
lyte complex with which it is associated, as for example 
through linkage to an affinity product that in turn recognizes 
the analyte or analyte complex. As disclosed herein, the tag 
(which is also called an "elemental tag) can contain an 
element oran isotope (or multiple copies thereof) that provide 
the distinguishable signal. A tag can include for example an 
element or isotope of an element that is associated with an 
analyte or analyte complex and which is measured to deter 
mine the presence of the analyte. A tag can also include, for 
example, any distinguishable component (e.g., an element or 
isotope or multiple copies thereof) that is provided on the 
surface or within the body of, or is otherwise associated with, 
a particle and serves to distinguish that particle from other 
particles. 
0041 TOF-MS: is a Time-of-Flight Mass Spectrometer 

DESCRIPTION OF SPECIFIC EMBODIMENTS 
INCLUDING THE BEST MODE CURRENTLY 
CONTEMPLATED BY THE INVENTORS 

0042. The elemental flow cytometer of the present inven 
tion provides for the identification and quantitative analysis 
of particles that have been introduced sequentially into a 
device to vaporize, atomize and excite or ionize them, for 
example individual cells or microscopic beads, by measuring 
the elemental composition of the single particle (or any dis 
tinctive part of cell or bead), or a tag or label associated with 
an analyte located on or in the cell- or bead by employing the 
mass-to-charge ratio or optical emission of the disintegrated 
tag elements. The tag can be of any chemical nature, as it is 
only its elemental composition that is important. In compari 
son, the chemical structure of the appropriate tag is absolutely 
critical to provide a unique fluorescence in FACS. 
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0043. The elemental flow cytometer includes: 
means for introducing particles sequentially (for example, 
cell-by-cell or bead-by-bead), preferably adapted for discrete 
event analysis; 
means to vaporize, atomize and excite or ionize the particles, 
or an elemental tag (or classifiable elemental composition) 
associated with an analyte of interest on or in the particles to 
quantify the analyte of interest associated with the particles; 
and 
means for registering the information on elemental composi 
tion of the particles, or an elemental tag associated with an 
analyte on the particles. This can be done, for example, by 
mass spectrometry (MS) or by optical emission spectrometry 
(OES). 
0044 Elemental flow cytometers according to the inven 
tion are quantitative analytical instruments 7. They can per 
form the task of quantitative or qualitative analysis of bio 
logical or environmental samples using analytical methods 
8. 
0045 Beads with an affinity substance can be used as 
carriers to measure an analyte in a sample. The placement of 
the elemental tag or label can be on the analyte, on the affinity 
substrate, and/or on or in the bead itself. 
0046 Specific embodiments of the elemental flow cytom 
eter include: (1) a mass spectrometer based flow cytometer 
(MSFC) and (2) an optical emission spectrometer based flow 
cytometer (OES FC). 
0047. A mass spectrometer based flow cytometer (MSFC) 
comprises: 
means for introducing particles sequentially: 
means to vaporize, atomize and ionize the particles and/orany 
tags that may be associated with the particles; and 
a mass spectrometer to analyze the elemental composition of 
the vaporized, atomized and ionized particles, and/or any tags 
that may be associated with the particles. 
0048 MSFCs according to the invention can further com 
prise ion pretreatment devices, for pretreatment of ions prior 
to analysis by the mass spectrometer. 
0049. The means to vaporize, atomize and ionize the 
single particles may include glow discharge, graphite fur 
nace, and capacitively coupled plasma devices, or other Suit 
able devices. Preferably, the means to vaporize, atomize and 
ionize the single particle includes an inductively coupled 
plasma (ICP) device because it has a capacity to disintegrate, 
vaporize, atomize and ionize cells and beads during their 
short residence time in the plasma and because the ICP is 
particularly tolerant of concomitant materials, is robust to 
changes of the composition of the plasma gases, and is a 
highly efficient atomizer and ionizer. 
0050. The ion pretreatment device acts, inter alia, as an 
interface between atmospheric conditions in the vaporizer/ 
atomizer/ionizer and the vacuum in the mass spectrometer. In 
addition, the very strong ion current originating from this 
Source is dominated by space charge, which could be reduced 
by an accelerating potential and/or by rejection of major 
plasma ions on the basis of their mass-to-charge ratio (Ar". 
for example). In the case of a TOF MS, the ion pretreatment 
device also conditions the ion flow for the needs of the TOF 
mass analyzer. For example, it will narrow the ion energy 
distribution and focus the parallel ion beam close to the axis 
of the mass analyzer. 
0051. The mass spectrometer can be any mass spectrom 
eter. For example, it can be a quadrupole, magnetic sector 
with array detector, 3D Ion Trap or Linear Ion Trap mass 
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spectrometer. Preferably it is a time of flight mass spectrom 
eter (TOFMS). TOF MS is a simultaneous analyzer. It is able 
to register all masses of interest in one particle simulta 
neously. 
0052. The optical emission spectrometer based flow 
cytometer (OES FC) comprises: 
a means for introducing particles sequentially; 
a means to vaporize, atomize and excite or ionize the par 
ticles, and/or any tags that may be associated with the par 
ticles; and 
an optical emission spectrometer to analyze the elemental 
composition of the vaporized/atomized and excited orionized 
particles and/or any tags that may be associated with the 
particles. 
0053. The means to vaporize, atomize and excite or ionize 
the single particles may include glow discharge, graphite 
furnace, and capacitively coupled plasma devices, or other 
suitable devices. Preferably, the means to atomize and ionize 
the single particles includes an inductively coupled plasma 
(ICP) device because it has a capacity to disintegrate, atomize 
and excite or ionize cells and beads during their short resi 
dence time in the plasma and because the ICP is particularly 
tolerant of concomitant materials, is robust to changes of the 
composition of the plasma gases, and is a highly efficient 
atomizer and ionizer. 
0054 Processes implemented by elemental flow cytom 
eters according to the invention can also include an in-line 
lysis step between the means for single particle introduction 
and the means to vaporize, atomize and ionize. 
0055. The embodiments will now be described in detail. 
0056. In a most general aspect, the present invention pro 
vides an elemental analyZeras a detector for a flow cytometer. 
FIG. 1 shows schematically a cytometer 100 suitable for use 
implementing methods of analysis according to the invention. 
Cytometer 100 comprises means 102 for introducing par 
ticles sequentially, for example a cell or particle injector 171 
(FIGS. 2, 3, 4), operatively connected upstream of a device 
104 for vaporizing, atomizing and exciting or ionizing par 
ticles or elemental tags associated with the particles. The 
elemental composition of the particle or elemental tag is 
determined by a spectrometer 106 operatively connected to 
the device 104. Spectrometer 106 may, for example, include 
an optical spectrometer 157, which detects the emission from 
excited atoms and/or ions, or a mass spectrometer 116 which 
detects the ions. 
0057. In one embodiment the present invention provides a 
mass-spectrometer based flow cytometer (MSFC) 101. A 
schematic representation of Such an embodiment is given in 
FIG 2. 
0058 Referring to FIG. 2, mass-spectrometer based 
embodiment 101 of cytometer 100 comprises means 102 for 
introducing particles sequentially, for example a cell or par 
ticle injector 171, operatively connected upstream of device 
104 for vaporizing, atomizing and exciting or ionizing par 
ticles or elemental tags associated with the particles, namely 
an inductively coupled plasma (ICP) vaporizer/atomizer?ion 
izer. In the embodiment shown, means 102 comprises 
optional in-line lysis system 110. 
0059. Ion pretreatment device 112, in this instance com 
prising vacuum interface 114, high-pass filter 116 and gas 
filled “cooler cell 118, is operatively connected downstream 
of the ICP vaporizer/ionizer. 
0060 Time-of-flight (TOF) mass spectrometer 106, 161, 
126 is operatively connected downstream of the ion pretreat 
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ment device. Use of mass spectrometer-based cytometer 101 
according to Such embodiments to analyze single particles 
can provide greatly improved accuracy, large dynamic range 
and high sensitivity, compared to prior art systems. In addi 
tion, because a large number of distinguishable elements and 
isotopes can be used as tags, and because the mass spectrom 
eter provides high abundance sensitivity (exceedingly small 
overlap of signal on adjacent mass/charge detection chan 
nels), it facilitates a higher order of multiplexing (simulta 
neous determination of multiple analytes, each distinguish 
ably tagged) than prior art fluorescence-based detection flow 
cytometers. Further, because of the high resolution of adja 
cent mass/charge detection channels and the large linear 
dynamic range of the mass spectrometer, the instrument pro 
vides for a large dynamic range both for a given analyte and 
between analytes. Thus, in many instances generic tagging 
moieties can be used in analyses in which the copy-count of 
the analytes differs dramatically; this distinguishes the 
method from conventional fluorescence detection methods 
for which the composition of the several fluorophores used 
for multiplex assay must often be adjusted for a particular 
assay to provide emission intensities of similar magnitude to 
minimize spectral overlap. Thus such embodiments can pro 
vide researchers and clinicians Substantially improved ana 
lytical and prognostic capabilities. 
0061 Another important application of cytometers 
according to this embodiment of the invention is to multiplex 
assay distinguishable beads, where the beads are distin 
guished by their elemental compositions and have attached 
affinity products that recognize an antigen in the sample into 
which they are introduced, where the antigen is then further 
recognized using a sandwich (or other) assay employing yet a 
further distinguishable element. 
0062 Significant components of the mass spectrometer 
based flow cytometer 101 of FIG. 2 and methods of use will 
now be described in detail. 
0063 Tagging 
0064. In certain cases the particle (for example a single 
cell) will not require tagging 
0065. In some cases a particles will not require tagging. 
For example, if a single cell contains or is bound to an element 
that is detectable against the background by mass spectrom 
etry, no tagging is required. For example, for the analyses of 
bacterial or plant cells that accumulate elemental species in 
bioremediation, additional tagging would not be required. 
Further, the intracellular accumulation of metal, for example 
platinum- or gold-containing drugs would not require addi 
tional tagging. 
0066. In cases where single particles require tagging 
0067 Tagging of particles can be done by many methods 
as is known to those of skill in the art. For example, fluores 
cent dyes which have a succinimidyl ester moiety react effi 
ciently with primary amines of proteins (antibodies) to form 
stable dye-protein conjugates. In a first step to tag DNA, an 
amine-modified nucleotide, 5-(3-aminoallyl)-dUTP can be 
incorporated into DNA using conventional enzymatic tag 
ging methods. In a second step, the amine-modified DNA can 
be chemically tagged using an amine-reactive fluorescent 
dye. Biotinilation of antibodies can be carried out using sulf 
hydryl-directed solid-phase chemistry. These methods are 
well established and are available in kit formats from different 
companies, including for example Molecular Probes Inc. 
Pierce Chemical Company, and others. Specific chemical 
reactions are known in radioimmunochemistry. For example, 
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radionuclides (88/90)Y and (177)Lu can be used to tag anti 
bodies using cyclic diethylenetriaminepentaacetic acid anhy 
dride (cDTPA), isothiocyanatobenzyl-DTPA (SCN-Bz 
DTPA), or 1,4,7,10-tetraazacyclododecanetetraacetic acid 
(DOTA) (PMID: 14960657). 
0068 Elemental analysis of tagged biologically active 
materials has been disclosed in the incorporated references, 
U.S. patent application Ser. Nos. 09/905,907 and 10/614,115. 
Tagged biologically active materials, for example, antibodies 
and aptamers, etc., that react specifically with cellular com 
ponents can be used to in cells. Other affinity products are 
known to those skilled in the art. For example, they may 
include antigens, RNA, DNA, lipoproteins, glycoproteins, 
peptides, polypeptides, hormones, etc. 
0069. Although in many applications of systems and 
methods according to the invention it is convenient to tag each 
biologically active material (for example an antibody, 
aptamer orantigen) with a single element or isotope, it should 
be readily appreciated by those skilled in the art that an 
antibody or antigen may be tagged with more than one ele 
ment. As there are more than 80 naturally-occurring elements 
having more than 250 stable isotopes, there are numerous 
elements, isotopes, and combinations thereof to choose from. 
Within limits prescribed by the need to have distinguishable 
tags when in combination, this will allow for simultaneous 
detection of numerous biologically-tagged complexes. It is 
advantageous if the relative abundance of the tag elements is 
sufficiently different from the relative abundance of elements 
in a given sample under analysis. By “sufficiently different it 
is meant that under the methods of the present invention it is 
possible to detect the target antibody or antigen over the 
background elements contained in a sample under analysis. 
Indeed, the difference in inter-elemental ratios of the tagged 
antibody orantigen, and the sample matrix can be used advan 
tageously to analyze the sample. 
0070. It is feasible to select elemental tags, which do not 
produce interfering signals during analysis. Therefore, two or 
more analytical determinations can be performed simulta 
neously in one sample. Moreover, because the elemental tag 
can be made containing many atoms, the measured signal can 
be greatly amplified. 
0071. The use of multiple copies of the element or isotope 
per tag can improve the sensitivity linearly, particularly, for 
example in the employment of ICP-MS embodiments of the 
invention. For multiplex assay of up to 23 simultaneous ana 
lytes, the tags can be conveniently constructed using the 
natural isotopic distributions of, for example, Ru, Rh, Pd, Ag, 
In, La, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Re, 
Ir, Pt and Au. These elements, which are expected in most 
instances to be uncommon in biological samples, each have at 
least one isotope with natural abundance greater than 10% 
that is not significantly interfered by the others or by the oxide 
or hydroxide ions of the others. For those isotopes of lower 
natural abundance (e.g., ''Nd, 12.2%), tagging with the 
isotopically enriched isotope provides an obvious sensitivity 
advantage. Where a higher order of multiplexing is desired, 
the use of commercially-available enriched isotopes (of 
which there may be as many as 167 of 55 elements that are not 
expected to be common in biological systems) offers a pos 
sibility (depending, of course, on availability, cost and isoto 
pic purity). For example, there are as mentioned at least 35 
isotopes of the lanthanides and noble metals alone that may be 
obtained in enriched form, are not expected to be common in 
biological systems and are largely independent with respect 

May 28, 2009 

to mutual interference (though some care in the selection of 
the tagging protocol is to be taken where large differences in 
copy counts of the analytes occur; for example, if the copy 
count of an analyte tagged with 'Tm is 1000 times greater 
than for an analyte tagged with Er, TmC" will interfere 
significantly with the determination of Er" since Tmo" is 
typically about 0.07% of the Tm signal (though, as for 
FACS, some of this interference can be corrected mathemati 
cally since the fractional formation of oxide ions is stable and 
can be calibrated). In special circumstances, it might be fea 
sible to tag a given biologically active material with more than 
one element or isotope (for example, there are in theory 20 
distinguishable 3-isotope tags that can be constructed from 4 
isotopes). 
0072 The invention allows the development of a novel 
powerful technique to measure biological properties of cells 
by analyzing single cells as they pass through an ICP. When 
using antibodies as the affinity product (biologically active 
material) the amount of a tag element detected by the mass 
spectrometer is proportional to the amount of tagged affinity 
product bound to the cell. Antibodies conjugated to the 
elemental tag are routinely used as reagents to measure the 
antigen both qualitatively and quantitatively, for example 
acquiring the patient's immunophenotypic profile, which is 
almost unlimited in the number of markers of interest. 
Another advantage offered by the invention is a reduced need 
to enhance the antibody signal by “sandwich immunostain 
ing” which can result in analytical errors. 
0073 Methods according to the inventionare distinct from 
the approach of conventional methods (such as fluorescence, 
radioimmunoassay, chemiluminescent assay) that are chal 
lenged by overlap of detector signals, limited dynamic range, 
time-sensitive signals, and in some instances sensitivity. 
Accordingly, the method offers the potential for massively 
multiplexed assay (limited principally by the independence 
and cross-reactivity of the affinity chemistry) with essentially 
no signal overlap. Where the elemental (isotopic) tags are 
quantitatively associated with specific affinity products, the 
quantitative characteristic of ICP-MS offers a novel opportu 
nity for absolute determination of multiple antigens simulta 
neously. 
0074 The method and apparatus can, for example, detect 
as few as 100 copies of each tag per cell. It is estimated that for 
the detection of as few as 100 copies of each tag per cell, at 
least 70 atoms per tag will be required. 
(0075. The invention provides the feasibility to perform 
massively multiplexed bead assays. Current fluorescence 
based flow cytometers are frequently used for bead assays. In 
this application, beads are typically labeled with 2 fluoro 
chromes in varying ratios, typically providing up to about 100 
distinguishable beads as determined by the fluorophore emis 
sion ratio (see, for example, the incorporated reference, U.S. 
Pat. No. 6,524.793 and references therein). Each bead also 
has attached affinity products (e.g., antibodies) that recognize 
an analyte in a solution in which the bead is placed, each bead 
of different “colour having an affinity product for a different 
analyte. Once exposed to the sample solution, the captured 
analyte is then Sandwiched with another antibody having a 
third fluorophore reporter. Thus, in the flow cytometric analy 
sis, the beads can be mixed, the copy-count of the analyte 
captured determined by the emission of the third fluorophore 
and the identity of the analyte determined by the ratio of the 
emissions of the bead-labeling fluorophores. Accordingly, the 
conventional fluorescence detector flow cytometer can per 
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form multiplexed bead assays to as high 100 order (the num 
ber of distinguishable “colours”, though in practice much 
fewer are used (presumably because of signal overlap, which 
limits the measurement accuracy (and thus confidence in the 
identification of the bead) when the ratio of the fluorescence 
emission intensity is large (e.g., one or two orders of magni 
tude, depending on the emission wavelength distributions). 
0076 A similar method can be implemented using mass 
spectrometer-based flow cytometers according to the inven 
tion, with the advantage that the degree of multiplexing can be 
vastly increased and the overlap of signals can be virtually 
eliminated from concern. For example, the bead can incorpo 
rate (either on its surface or, probably more conveniently, 
within its body, mixtures of elements or isotopes that can be 
used to report the identity of the bead. Assuming that the 
detector has a dynamic range of 3 orders of magnitude and 
that factors of 3 in relative signal can be reliably determined, 
2 elements incorporated into the bead allows 63 distinguish 
able beads. Under the same assumptions but using 5 element 
labels provides 32,767 distinguishable beads, and if the 
dynamic range is 5 orders of magnitude, the same 5-element 
labels provide for 248,831 distinguishable beads. Further 
more, these few labeling elements can be selected so that 
signal overlap is nonexistent (e.g., by choosing them Such that 
they appear at mass differences greater than a few atomic 
mass units), which enables the large dynamic range of detec 
tion. The sandwich assay for the analyte captured by the bead 
employs a yet different element tag, which also is readily 
distinguished from the bead-labeling elements. Further, in 
this configuration each bead can contain several affinity prod 
ucts to attach several different analytes per bead, each recog 
nized by a sandwich assay using a yet different element, 
providing for multiplex assay both between beads and on a 
single bead. One anticipated application is for a 96-well plate 
(or 384-well, or 1536-well) for which a differently-labeled 
bead is provided to each well, and multiplexed element 
tagged immunoassay on the bead Surface in each well is 
conducted. The entire contents of the plate (96, or 384 or 1536 
wells) can then be pooled and the result analyzed by flow 
cytometry, thus providing a type of mass spectrometer'plate 
reader' (where the bead identity, as determined by its elemen 
tal composition, identifies the well in which the assay took 
place). 
0.077 
0078. The sample introduction system 102 can comprise 
several devices that are currently in use with other flow 
cytometry sample introduction systems. For example, there 
currently exist several cell or particle injector 171 systems in 
use for flow cytometry, including various formats of sheath 
flow injection. Because of considerations for solvent loading 
of the ICP (typically optimum for 25 to 80 uL/min), the “flow 
in air (or in the instance of the ICP. “flow in argon’’) injector 
171 may in some circumstances be considered most appro 
priate (though some improvement over current designs may 
be preferred, in order to minimize cell agglomeration). All 
sample introduction devices suitable for the purposes dis 
closed herein, including ICP devices, will serve, regardless of 
whether they now exist or are hereafter developed or 
improved. 
0079. For the feasibility experiments that we report below, 
a small Volume spray chamber (similar in concept to a design 
reported by J. L Todoli and J. M. Mermet, I. Anal. At. Spec 
trometry 2002, V17,345-351) was employed, having a drain 
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to remove condensed liquid (of which there was essentially 
none at the Suspension flow rates used) and having no gas 
outlet except into the ICP. 
0080. It is noted that, compared to the FACS method for 
which careful alignment of the particles with the excitation 
laser is important, the present method allows relaxation of the 
alignment of the particles with the vaporizer, atomizer and 
ionizer (unless light scattering is used as the particle detection 
trigger; see later). This is because, especially for the ICP 
instance, the precise position of the particle within the injec 
tortube feeding the ICP is of little importance to the detected 
signal (in part because the central channel flow containing the 
particle expands dramatically upon heating and in part 
because virtually all of the central channel flow is inhaled into 
the sampler of the ICP-MS vacuum interface, though only the 
predominantly central portion is Subsequently transmitted 
through the skimmer, in any event, there appears to be Sub 
stantial mixing of the central channel flow prior to sampling 
into the vacuum interface). 
I0081. It is desirable that the entire particle introduced to 
the ICP be vaporized, and at least partially atomized and 
ionized, so as to enable determination of the element tags 
contained within the particle (intracellular tags, or bead 
labels). Current wisdom holds that solid particles (e.g., of 
glasses or geological materials) Smaller than about 1 um 
diameter, and liquid aerosols Smaller than about 10 um diam 
eter, are efficiently vaporized, atomized and ionized in the 
ICP, while larger particles may be only partially volatilized. 
This is presumably due to the short transit time of the particle 
through the ICP. for which the heat transfer to a large particle 
is insufficient to allow complete vaporization, atomization 
and ionization. Thus, it is propitious to use beads having a 
diameter Smaller than about 1 um diameter (for example, we 
used stober silica particles of about 150 nm diameter in our 
feasibility studies described below). However, cells are fre 
quently larger than 10 um diameter. Nonetheless, our feasi 
bility experiments, described below, Suggest that cells larger 
than this perceived minimum are, in fact, efficiently vapor 
ized, atomized and ionized, from which we infer that, upon 
the rapid heating during transit through the ICP, the cell 
explodes into fragments that are small enough to be vapor 
ized, atomized and ionized. It remains possible that in certain 
instances the particles may be too large to allow efficient 
vaporization, atomization and ionization, which could be 
indicated by the failure to observe an intracellular tag or the 
element labels of a bead. In this instance, several ion Source 
parameters (gas flow, power, sampling depth) can be adjusted 
to alleviate this deficiency. Alternatively, an in-line lysis com 
ponent can be employed. 
I0082 In-Line Lysis 
I0083. In-line lysis system 110 may be advantageously 
employed in Some circumstances. For example, in the event 
that whole cell introduction is not viable, use of an in-line 
lysis system can be advantageous. This may be done by any 
method suitable for the purposes disclosed herein, including 
a number of methods now known to persons skilled in the art, 
including acidification of the sheath flow fluid to cause cell 
collapse or high purity (low conductivity) water sheath flow 
to induce rupture of the cell by osmotic pressure. In this 
instance, the elemental tags will be retained and transmitted 
to the device to vaporize, atomize and ionize the sample, 
though the transient pulse may be broadened slightly by dif 
fusion in the flow stream. 
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0084. Means for Vaporizing/Atomizing/Ionizing 
0085. Any means 104 suitable for the purposes disclosed 
herein can be employed to vaporize, atomize and excite or 
ionize the particle or the elemental tag associated with the 
particle; for example, graphite furnace, glow discharge and 
capacitively coupled plasma. Preferably, the vaporizer/atom 
izer/ionizer is an inductively coupled plasma. In some 
instances, vaporization, atomization and ionization and/or 
excitation can occur in different devices and at different times 
(e.g., within a graphite furnace for vaporization in combina 
tion with ICP for atomization and ionization and/or excita 
tion. 
I0086 Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS) is a preferred means of determining the elemental 
composition, especially ultra-trace components, of materials. 
It has found acceptance in various applications including 
environmental (e.g., drinking, river, Sea and waste water 
analyses), geological (e.g., trace element patterning), clinical 
(e.g., determination of trace metals in blood, serum and urine) 
and high purity materials (e.g., semiconductor reagents and 
components) analysis. 
0087 ICP-MS couples an inductively coupled plasma ion 
ization source to a mass spectrometer. Briefly, a sample, most 
commonly an aerosol produced by nebulization, is injected 
into a high temperature atmospheric pressure plasma 
obtained by the coupling of radio frequency (rf) energy into 
the flowing argon gas stream. The resultant plasma is charac 
terized by a high temperature (ca. 5000K) and relatively high 
concentration (ca. 10'cm) of equal numbers of electrons 
and positive ions. Provided that the particles of the nebulized 
sample are small enough, as described above, the sample is 
promptly vaporized, atomized and ionized as it flows through 
the plasma. The efficiency of ionization is inversely and expo 
nentially dependent on the ionization potential of the ele 
ments, with the majority of the periodic table being nearly 
100% ionized. The resultant plasma containing the ionized 
sample components is extracted into vacuum where the ions 
are separated from neutral species and Subjected to mass 
analysis. The “mass fingerprint’ identifies the elements con 
tained in the sample. The detected signal is directly and quan 
titatively proportional to the concentration of the elemental 
composition of the sample. The particular attributes of the 
method of note include: widelinear dynamic range (9 orders 
of magnitude), exceptional sensitivity (Sub-part per trillion, 
orattomole/microlitre, detection), high abundance sensitivity 
(<10 overlap between adjacent isotopes for quadrupole 
analyzers), counting-statistics-limited precision, absolute 
quantification, and tolerance of concomitant matrix. 
I0088 ICP-OES is another preferred methodofperforming 
the analyses described above; it is of particular merit when the 
solids content of the sample is greater than about 1% (for 
homogeneous liquid introduction rate of the order of 1 
mL/minute). The conditions employed in the ICP are compa 
rable to those described for the ICP-MS method. Detection of 
the emission from excited neutral atoms and ions in the ICP 
provides for the quantitative determination of the elemental 
composition of the sample. Most current ICP-OES instru 
ments provide array detection for true simultaneous determi 
nation across most of the periodic table. In many favorable 
instances, ICP-OES retains some of the desirable character 
istics of ICP-MS, including wide dynamic range and well 
resolved detection channels. In other instances, there is 
potential for inter-element or molecular emission interfer 
ence, though in Such instances alternate emission wave 
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lengths are frequently available. The principal deficiencies 
for the application considered here are its generally lower 
sensitivity (in Some instances limited by background emis 
sion signals) and its inability to distinguish isotopes of a given 
element. Nonetheless, ICP-OES is perceived to be more 
simple to use, more robust, and less expensive than ICP-MS, 
and hence may have application for the present method. 
0089. Ion Pretreatment Device 
0090. In some circumstances, as for example in MSFC, an 
ion-pretreatment device 112 may be used to condition the 
ions for the mass analyzer. Because the mass spectrometer 
operates at reduced pressure (typically less than 10 torr) and 
the ion Sources noted above typically operate at higher pres 
Sure (e.g., atmospheric pressure for the conventional ICP), 
one function of the ion-pretreatment device is to efficiently 
transport the ions derived from the sample through a pressure 
reduction step (the vacuum interface). It is desirable in this 
step, and Subsequently, to increase the ratio of ions to neutrals 
that are Subsequently transmitted to the mass analyzer. Ion 
optical components (ion lenses) typically serve this function, 
by localizing the ions and allowing the neutrals to be removed 
through vacuum pumps. An additional function of the ion 
optics is to condition the ion beam (in space and energy) to 
match the acceptance of the mass analyzer. 
(0091 High-pass filter 116 and “cooler cells 118 are only 
two of the many suitable forms of pretreatment that now exist; 
doubtless other forms will hereafter be developed. Any 
devices or methods suitable for the purposes herein will serve. 
0092. Due to the short residence time of a single particle 
passing through the plasma, two separate ion handling (pre 
treatment) and mass separating techniques may be used. 
0093. Again of two orders of magnitude relative to current 
ICP-TOF-MS instruments, which means about one order of 
magnitude greater than current quadrupole systems is also 
desired. The mass spectrometer-based flow cytometer is ideal 
for the detection of heavy atom tags. It is sufficient to deter 
mine only the mass range above ca. 100 amu. One of the most 
significant impediments to improved sensitivity is space 
charge repulsion of the dominant Art ions (m/Z-40). Since 
the method is not limited by the conventional elemental 
analysis demands (the mass range of the typical elemental 
analyzer is from m/z 4 to m/z 250), it is possible to optimize 
the ion optics for the transmission of high mass ions. 
0094. While a conventional ICP-MS having simultaneous 
detection capability (for example, an ICP-TOF-MS 126 or 
ICP-ion trap-MS) is as a detector of the MS FC 101, it should 
be realized that the requirements of the MS FC 101 are quite 
distinct from those of the conventional elemental analysis 
application. In particular, in the MS FC application the ele 
ments to be determined (as tags or labels) can be selected with 
advantage to be those above, say, 90 atomic mass units (amu, 
dalton, Thomson). In Such instance, there is no need to pro 
vide simultaneously optimum sensitivity for low mass (e.g., 
Li, B, Na, Mg, Co, etc.) and high mass (e.g., the lanthanides 
and noble metals). 
0.095 One approach employing a TOF analyzer 126 is to 
accelerate the ion beam relatively early in the plasma expan 
sion because an accelerated beam has a higher space-charge 
limited ion current and to high-pass filter the beam. This can 
be through the use of a quadrupole-type device, which is not 
pressurized. The depleted ion beam can then be decelerated 
(even collisionally cooled in a pressurized multipole, which 
could potentially also provide ion-bunching) prior to injec 
tion into the TOF. It is anticipated that the space-charge limit 
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of Such a continuous extraction beam is sufficiently high to 
allow a ten-fold improvement in sensitivity for the higher 
mass ions. 
0096. An alternate, or concomitant approach, is to pulse 
extract the ion beam. Since lower massions are accelerated to 
high velocity in a given extraction field, the Ar" ions (and 
lower mass ions, which can be discarded) run ahead of the 
higher mass ions of interest. Preferably, the front-running 
ions can be discarded using an orthogonal pulse, similar to 
“SmartGate” of the GBC TOF, (see, e.g., WO 98/33203) but 
in the ion optics region. The transmission window does not 
need to be precisely defined in this instance, as it is sufficient 
to interceptions <100 amu. A downstream cooling cell could 
still be used to bunch the ions and normalize their energies. If 
the orthogonal pulser is problematic, the entire pulse-ex 
tracted ion beam can be run into the TOF extraction region, 
with the deficiency that more-narrow mass windows will be 
simultaneously injected into the TOF. Simple calculations 
(which overestimate the potential by at least some margin) 
indicate that a 15% duty cycle pulse-extractor could yield up 
to 28-fold (m/z=100) and 12-fold (m/Z 238) sensitivity 
improvement over current (80McpS/ppm) quad systems. This 
assumes 100% transmission efficiency through the ion optics 
and 100% duty cycle of the TOF (requiring bunching). 
0097. The ion pretreatment device may also include a 
particle event trigger, which triggers instrument mass selec 
tion and detection systems to acquire data from discrete par 
ticles, and keeps the instrument idle between events. AS is 
know to those skilled in the art, this can be done in many 
different ways. 
0098. Therefore, the ion pretreatment device may com 
prise: 
0099 a vacuum interface: 
0100 a high-pass mass filter downstream of the vacuum 
interface; and 
0101 a gas filled ion cooler cell downstream of the 
vacuum interface. 
0102 Among the distinctions that simplify the design of 
the MS FC 101 according to the invention relative to a con 
ventional elemental analyzer are the relative invariance of the 
sample (cells or beads in a known buffer) that simplify the 
need for anionizer design (e.g., ICP) that is tolerant of various 
sample types and matrices, the relative (with respect to the 
total ion current of the ICP) invariance of the total elemental 
composition of the sample that relieves the need to provide 
compensation for inter-element matrix Suppression effects 
(recognizing that, for example, Na and Ca will be significant 
components of cells), and to a large extent (depending on the 
selection of tag elements) the need to compensate for the 
presence of spectral interferences due to argides, oxides and 
doubly charged ions. Thus, MSFCs according to the inven 
tion can be advantageously adapted to Suit the cytometric 
application but not for the general elemental analytical appli 
cation because of the selectability of the elements to be deter 
mined. For example, conventional elemental analysis by ICP 
MS is compromised by the mutual repulsion of ions following 
extraction into the vacuum system; this space charge effect, 
well known to those skilled in the art, derives principally from 
the overwhelmingly large flux of lower mass ions that derive 
from the plasma Support gas or the sample solvent Such as O". 
Ar". ArO". Ar", and in some instances lower mass ions that 
derive from other sample matrix components such as Na", 
Ca", Cl". It will be recognized that the most significant of 
these ions that form the bulk of the space charge effectare low 
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mass ions, being below about 80 amu. Thus, advantage is to 
be had by eliminating Such low massions as early as possible 
following extraction into the vacuum system because doing 
So will alleviate the space charge and its associated effective 
potential field barrier that suppresses transmission of other 
ions. Several schemes for achieving this relief can be con 
ceived, including the use of a high-pass mass filter Such as a 
quadrupole device that is operated to transmitions above, say 
80 amu. Notably, a quadrupole can be operated at the pres 
sures extant in the ion optics region (typically about 10 
torr). An additional advantage of Such an ion pretreatment 
device for the present application is that it can also be oper 
ated to simultaneously provide a low pass mass filter function 
(that is, a bandpass between a selected low mass and a 
selected high mass). In the instance that a time-of-flight mass 
analyzer is used, this bandpass can provide an improvement 
in duty cycle (resulting in improved sensitivity) because it 
minimizes the incursion of the arrival of high massions from 
a previous pulse into the arrival time distribution of the cur 
rent pulse and also the incursion of low mass ions from the 
previous pulse into the arrival time distribution of the current 
pulse (where “pulse' means the packet of ions that are 
injected into the flight tube of the time of flight mass ana 
lyZer). Further, acceleration of the ions as soon as possible 
upon their entrance to the vacuum system (or near the point 
where the debye length of the plasma is comparable to the 
dimensions of the apparatus or lenses) can furthermitigate the 
space charge effects. However, in the instance that the ions are 
Subsequently decelerated (for example, in the acceleration 
region for the TOF), the space charge effects can return and 
reassert themselves resulting in reduction of sensitivity and, 
in the instance of the TOF, reduced mass resolution due to 
energy broadening in the direction of the flight tube. Hence, 
the high pass mass filter, which can be functional at relatively 
high ion kinetic energy if appropriately designed, can be 
operated in concert with acceleration optics to mitigate space 
charge effects both immediately downstream of the vacuum 
interface and further downstream, for example in the accel 
eration region of a TOF mass analyzer 126. 
0103. It is further advantageous, as is well known to those 
skilled in the art, that reduction of the axial ion energy by 
collisions with a non-reactive buffer gas in a pressurized 
multipole cell (a “cooler cell) 118 provides improved reso 
lution and sensitivity for TOF mass analysis (also expected to 
be true for an array-detector magnetic sector mass analyzer). 
Here again, the high pass mass filter 116, which should pre 
cede the “cooler cell 118, can be operated in concert with the 
“cooler” cell 118 with advantage, since bandpassing the ions 
prior to the “cooler cell 118 will mitigate to large extent 
space charge effects that otherwise would be detrimental (i.e., 
cause loss of sensitivity) in the “cooler cell (which would 
happen because the ions are slowed by collisions in the 
“cooler” cell, and slowing them without first removing the 
bulk of the low mass 'space charge inducing ions causes an 
abrupt appearance of a significant defocusing space charge 
field near the entrance of the “cooler cell). 
0104. As is known to those skilled in the art, in certain 
instances advantage is also to be had in including reactive 
gases in the “cooler cell 118 in order to transform ions that 
are isobaric and thus are interfering or are interfered (refer 
ence U.S. Pat. No. 6,140,638). Further, the “cooler” cell can 
also be operated in a trap-and-pulse mode that could be opti 
mized for synchronous operation with a TOF acceleration 
pulse to provide improved duty cycle (and hence sensitivity) 
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for that mass analyzer. Thus, the MS FC 106 can incorporate 
with advantage ion acceleration optics and a high pass mass 
filter. 
0105 For several mass analyzer embodiments, including 
in particular the TOF and array-detector magnetic sector con 
figuration, the use of a gas-filled "cooler” cell is also advan 
tageous. For the TOF configuration in particular, the high pass 
mass filter could with advantage be operated as a bandpass 
mass filter with both a low and a high mass transmission limit. 
As is knownto those skilled in the art, the high pass mass filter 
and “cooler” cell can be combined as a single unit (cf., U.S. 
Pat. No. 6,140,638). 
010.6 Advantage is also to be had, to minimize the volume 
of data collected to include only the most significant data or, 
in the instance of a mass analyzer (such as TOF) which is 
constrained by a duty cycle, to coordinate the measurement of 
data with the passage of a particle of interest through the 
detector system. In the conventional FACS method, this coor 
dination is accomplished most often by the measurement of 
light scattering as the particle passes through the excitation 
region; the nature of this light scattering (forward and side 
light scatter) can provide information on the size and granu 
larity of the particle which also has diagnostic value. In the 
MS FC or OES FC method, light scattering can be similarly 
used. 
0107. Where the source of excitation is an ICP, the scat 
tering event can be detected prior to vaporization of the par 
ticle; hence a delay corresponding to the time or spatial delay 
required for signal generation. For OES FC this is the time or 
distance required for vaporization, atomization, ionization 
and emission; for MS FC an additional delay corresponding 
to the transit time of the extracted ions from the region of 
ionization to the mass analyzer is required. Those skilled in 
the art will realize that for continuous monitoring mass spec 
trometers, for example an array detector magnetic sector 
mass analyzer, this delay should be applied to the arrival of 
the ions at the array detector. For other mass analyzers, for 
example TOF and ion traps, the delay is applied to the device 
that introduces the ions into the mass analyzer, for example 
the acceleration region preceding the flight tube of the TOF or 
a pulsing lens that introduces ions to an ion trap, to which the 
Subsequent mass analysis and detection is synchronized. 
0108. Other methods of providing a trigger for data col 
lection are contemplated for the MS FC 106. For example, it 
is expected that the passage of a particle through the ionizer 
(for example, the ICP) will cause an abrupt and consequent 
change in the mass distribution of the major ions that are 
extracted (for example, the dominant Ar" signal in ICP-MS 
could be suppressed with concomitant formation of C, H, 
Na", Ca", etc.). It is thus expected that the ion current ejected 
or the spatial position of this ion current ejection (due to 
differences in the stability characteristics of ions of different 
masses) from, for example, the high pass mass filter, will 
change significantly and can be detected with one or more 
electrodes within or external to, for example, the high pass 
mass filter. Further, the magnitude or duration of the current 
change detected may be correlated with the size or content of 
the particle and could provide further diagnostic information. 
0109) Other trigger devices are contemplated, including, 
for example, a detector that measures changes in the ion 
current or impedence or magnetic field associated with the 
ion beam extracted into the vacuum system. 
0110 Optionally, various components, including for 
example a high mass filter and a gas-filled ion cooler, may be 
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provided in a single housing. This can provide, for example, 
improved durability, as well as improved operating, handling 
and installing qualities. 
0111 Mass Spectrometer 
0112 The pretreated ion cloud may be analyzed with a 
simultaneous mass analyzer. Sequential mass analysis (e.g., 
through the use of quadrupole devices) is also possible. 
Examples of simultaneous mass analyzers include TOF, 3D 
trap and Linear Trap. 
0113. In some instances where the MS FC 101 method is 
to be used to best advantage (e.g., multiplex assay of indi 
vidual particles), a simultaneous mass analyzer is preferred. 
For example, in the instance of the use of an ICP as the 
vaporizer, atomizer and ionizer, the transient signals from a 
single particle may last for a period in the range 20 to 200 
microseconds, which can be insufficient to allow quantitative 
multiplex assay using a sequential mass analyzer, for example 
a quadrupole mass analyzer. In Such instances, examples of 
preferred mass analyzers include TOF, array-detector mag 
netic sector, 3D ion trap and linear ion trap. In other instances 
where the period of the transient signal is significantly longer, 
either by the nature of the device to vaporize, atomize and 
ionize or by broadening of the transient signal, for example 
through transport of the vaporized particles, atoms or ions 
through a length of tubing or through collisional processes 
(such as those reported by D. R. Bandura, V.I. Baranov and S. 
D. Tanner in J. Anal. At. Spect. 2000, V15, 021-928), a 
sequential mass analyzer may find utility. 
0114. At the current state of development of mass analyz 
ers, the TOF appears to be best-suited for the MS FC appli 
cation. Ion traps (3d and linear) might be suitable provided 
that they are preceded by a selection device, for example a 
high pass mass filter, that reduces the space charge in the trap. 
The array-detector magnetic sector analyzer, which offers 
high duty cycle and should provide high sensitivity, could be 
suitable provided that an efficient array detector is developed, 
though at the present state of development the abundance 
sensitivity (overlap of signals onto neighbouring mass chan 
nels) is limiting. 
0115 The most commonly-used mass analyzer 106 
coupled to the ICP is at present the quadrupole, principally 
because of its robustness, ease of use, and moderate cost. 
However, the quadrupole is a sequential scanning analyzer 
having a cycle time for multiplex analysis that is long relative 
to the duration of a transient signal from a single particle in 
the plasma Source. Therefore, the quadrupole cannot deliver 
correlated multi-analyte signals for Such a short transient. A 
quadrupole ICP-MS analyzer is often used for the analysis of 
samples presented in quasi-continuous flow, for example for 
nebulization and laserablation. It is appropriate for the analy 
sis of homogeneous samples, such as for many conventional 
immunoassays where total element signaling is of interest. 
0116. In contrast, the time-of-flight (TOF) analyzer 126 
shown in FIG. 2, which samples a packet of ions in a given 
time period and spreads them in time according to their 
velocities in a potential field which are a function of the 
mass-to-charge ratios of the ions, is a 'simultaneous” ana 
lyZer that is Suited to the analysis of short transients such as 
those produced by single particles. Although TOF analyzers 
are known, the inventors are unaware of any TOF or other 
mass spectrometer analyzer currently being used for flow 
cytometry. Commercial ICP-TOF-MS instruments are some 
10-100 times less sensitive than quadrupoles, at least in part 
due to more significant space charge effects in the ion optics 
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and TOF acceleration region and to inefficiencies in duty 
cycle. With the employment of appropriate ion optics and 
other concepts noted herein, these deficiencies should be 
alleviated. 
0117. Another useful cytometer configuration is the OES 
FC 151 shown in FIG. 3. A distinction between the OES FC 
151 and the MS FC 101 is that in the former, light emitted by 
both atoms and ions derived from the vaporized particle are 
collected and transmitted to an optical spectrometer having 
an array detector. In the ICP embodiment of OES FC 151, the 
emission may be collected either radially through the ICP at 
a specified “height above the rf load coil (the preferred 
observation height is a function of the plasma conditions, but 
is stable for stable ICP conditions) or axially by looking 
“down' through the plasma towards the injector (which 
requires a cooled viewing interface usually with a curtain flow 
of gas), as shown in FIG. 3. The configuration and use of 
radial- and axial-viewed ICP-OES instruments is well known 
by those skilled in the art. 
0118. Among the distinctions of cytometers according to 
the invention from conventional fluorescence-based flow 
cytometry are that: (1) the cells or beads or analytes are 
tagged with elements rather than fluorophores; (2) the cells or 
beads are vaporized, atomized and (optionally, but usually 
naturally under optimum conditions) ionized and it is the 
elemental components of the cells and beads that are 
detected; (3) excitation to induce emission is gained from the 
ICP (convective and/or electron impact heating) rather than 
laser excitation at an absorption band of the fluorophore; (4) 
almost all elements of the periodic table are excited to emis 
sion (either atomic or ionic) under the operating conditions of 
the ICP, whereas multiple fluorophore excitation in conven 
tional flow cytometry generally requires two or more excita 
tion lasers, each of which may excite one or more fluoro 
phores with absorption bands that are coincident with the 
wavelength of the excitation laser; (5) the emitted light is 
dispersed by, for example, eschelle gratings or prisms in one 
or preferably two dimensions and collected on an array of 
detectors; for example a CCD “camera', whereas the conven 
tional flow cytometer uses bandpass optics to select a “least 
interfered wavelength for each fluorophore; and (6) the 
emission wavelengths are more narrow in ICP-OES than in 
fluorescence-based flow cytometry, and there is usually more 
than one usable and detectable wavelength so that inter-ele 
ment interferences are both less common (better resolved 
emission spectra) and more easily circumvented (by choosing 
an alternate emission wavelength). 

EXAMPLES 

Example 1 

Development of Aptamers for Specific Labeling 
Leukemic Stem Cells 

0119 Leukemic stem cells and their progenitor cells can 
be purified 10. They can be used as targets for selection of 
aptamers by selecting for the stem cell and against the pro 
genitor cells using a novel method of combinatorial screen 
ing. The selected aptamers can be tested for, and selected 
against cross-reactivity with other aptamers directed for the 
multiplex assay of the challenge. The aptamers can be labeled 
with distinguishable stable isotopic elemental tags as is 
known to those skilled in the art. 
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Example 2 
Preparation of Labeled MO7E Cell Line 

0.120. A homogeneous MO7E cell-line which has been 
transduced with the p210 bcr/abl tyrosine kinase fusion pro 
tein from chronic myeloid leukemia can be used. This cell 
expresses the CD33 surface marker as well contains large 
amounts of p210 internally. The markers can be tagged with 
antibodies or aptamers Suitably tagged with commercially 
available tagging kits (NanoGoldTM, DELFIATM). The tagged 
affinity products can be incubated with fixed, permeabilized 
cells. 

Example 3 
Preparation of Quadrupole ICP-MS-Based Flow 

Cytometer 

I0121 Demonstration of concept can be achieved using a 
quadrupole-based ICP-MS and the tagged cells of Example 2. 
0.122 A flow cell can be constructed based on a direct 
injection nebulizer or a sheath-flow non-ionizing nano 
sprayer. A commercial flow cytometer can be used, but with 
modifications, and excluding parts related to fluorescence. 
I0123. Single ion monitoring at the mass/charge of one of 
the tag elements has improved duty cycle relative to scanning 
mode so that many of the cell events are observed. Subse 
quent measurement, in the same sample but at a later time, at 
the second Surface tag element mass/charge will confirm 
independence of the affinity chemistry and detection, with the 
implication that simultaneous determination with an appro 
priate (TOF) detector is possible. Observation of the internal 
protein marker will provide important evidence that cell vola 
tilization is achievable. If the internal marker is not detect 
able, in-line lysis can be used. 

Example 4 
Development of a Prototype Single Particle Injector 

0.124 Referring to the injector 171 shown in FIG. 4, the 
injector is used to inject cells (or beads or other particles) 400 
together with the buffer solution into the desolvation chamber 
403 surrounded by a heater 405. The buffer solution flow is 
nebulized by high-pressure gas. The Volatile component of 
the buffer and cells (mostly water) is transferred from aerosol 
to gas phase during the desolvation process and is expelled 
out of the desolvation chamber together with most of the 
nebulizer gas through exhaust vents 407. In most cases, the 
nebulizergas flow is limited by size and design of the injector 
(nebulizer). Therefore, some makeup gas can be introduced to 
allow complete desolvation. Desolvated heavy cells (or 
beads) escape directly into the straight cylindrical channel 
409 with the rest of the gas and are introduced into vaporizer/ 
atomizer/ionizer 104 of the EFC. In an embodiment the 
vaporizer/atomizer/ionizer is the ICP plasma, which allows 
~1 1/min of gas to be introduced. Therefore, by adjusting the 
gap 411 between the desolvation chamber and the cylindrical 
channel housing, one can control desolvation as well as flow 
into the ICP plasma. 

Example 5 
Preparation of ICP-TOF-MS-Based Flow Cytometer 

Research Prototype Instrument 
(0.125 ICP-TOF-MS instruments are commercially avail 
able. The TOF mass spectrometer provides a simultaneous 
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analyzer which is beneficial for multivariant analysis, of for 
example, rare leukemic stem cells. 
0126. An ICP-TOF-MS can be outfitted with a flow cell. 
The components of the instrument as shown in FIGS. 1, 2, and 
3 and described in the preferred embodiment can be 
assembled. Relevant components of commercial products 
(ELANR) ICP-MS and proTOF(R) orthogonal MALDI-TOF) 
can be procured as the basis of a working system. Some 
modification of the operating system will be required to 
address the specific data collection issues of the cytometer 
prototype; suitable modifications are well understood by 
those of ordinary skill in the art. It can be sufficient to operate 
independent computer control systems for the ICP source and 
the TOF analyzer, as this would allow rapid and efficient 
research investigation. 
0127. An instrument can be evaluated with respect to its 
analytical performance for homogeneous aqueous sample 
introduction as well as homogeneous cell digests. The ICP 
TOF MS-based flow cytometer can be tested, for example, 
using human established leukemia cell lines (MO7e, K562, 
HL-60) to investigate the capabilities with respect to the 
needs for the cytometric application. Specifications for 
dynamic range, abundance sensitivity, transient signal pulse 
width and detection mode (analog/digital) for the research 
prototype instrument can be established. 
0128. The following examples have been demonstrated 
using a conventional quadrupole ICP-MS instrument (se 
quential scanning) using conventional nebulization of solu 
tions obtained by acidification with HCl of the sample fol 
lowing immunoprecipitation and washing, which digested 
the sample yielding a relatively homogeneous solution. Thus, 
“simultaneous' determination refers in this instance to simul 
taneous immunoprecipitation followed by sequential mea 
surement of the concomitant tags by ICP-MS. 

Example 7 
Dynamic Range of Anti-Flag M2 Agarose Bead Ele 

ment-Tagged Immunoassay 

0129 FIG. 5 is a calibration curve of the ICP-MS linked 
immunoprecipitation assay of 3x FLAG-BAP M2 agarose 
beads were used to capture samples of serially diluted 3x 
FLAG-BAP over a concentration range of 0.05 ng to 1500 ng 
per 100 ul. 3x FLAG-BAP was detected using an anti-BAP 
primary antibody and an anti-mouse-nanoAu secondary anti 
body. Diluted HCl was used to dissolve the nanogold tag for 
ICP-MS sampling. The results indicate that the detected sig 
nal (for gold) is linearly proportional to the antigen (FLAG 
BAP) concentration, and that at least 4.5 orders of magnitude 
of linear dynamic range are achievable. Large dynamic range 
is important in the cytometric application to permit simulta 
neous determination of biomarkers that appear in largely 
different copy-counts per cell or bead. 

Example 8 

Simultaneous Assay of Two Cytokines Using Beads 

0130 FluorokineTM beads coupled with cytokine capture 
antibodies against either TNF-C. or IL-6 were mixed and 
exposed to a mixture of cytokines, including TNF-C. and IL-6, 
incubated and then probed with cytokine-specific antibodies 
tagged with Eu (for anti-TNF-C.) and Tb (for anti-IL-6). After 
washing and digestion with HCl, the solution was analyzed 
for Eu and Tb. FIG. 6 provides calibration curves derived 
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from this simultaneous immunoassay experiment. Linearity 
of signal with antigen concentration over at least 3 orders of 
magnitude is observed. 

Example 9 
Simultaneous Assay of Two Proteins Using ICP-MS 

Linked Maleylation Immunoassay 
I0131 FIG. 7 shows the simultaneous quantitation of two 
proteins using a direct immunoassay conducted in a Reacti 
bind Maleic Anhydride 96 well plate, coupled to ICP-MS 
detection. In this experiment, two proteins (Human IgG and 
3xFLAG-BAP) in 1xRBS were incubated in triplicate for one 
hour at room temperature to allow binding to the Surfaces of 
the well of the Maleic Anhydride plate. Negative controls 
consisted of 100 ul PBS without protein. The plate was 
probed with primary antibodies anti-Human Fab'-nano Au 
and anti-FLAG-Eu, washed and acidified with 10% HCl with 
1 ppb Ir and 1 ppb Ho as internal standards 11. Homoge 
neous samples were used wherein the elemental tag(s) are 
released to acidic solution for conventional nebulizer intro 
duction to the ICP-MS. Note that the sensitivity to IgG using 
the nanogold tag is approximately 10 times greater than that 
for FLAG-BAP using the Eu tag; this is because each nan 
ogold tag contains approximately 70 gold atoms (Au is 
monoisotopic) while each Eu tag contained only between 6 
and 10 Eu atoms, approximately equally distributed between 
the two natural isotopes of Eu (''Eu and "Eu, the sum of 
which were measured). The example demonstrates that at 
least two proteins can be immunoreacted simultaneously and 
detected without mutual interference, and that the sensitivity 
scales with the concentration of the antigen and with the 
number of atoms of the measured isotope per tag. 

Example 10 
Preparation of a Kit for the Analysis of an Analyte 
Bound to a Single Cell by Mass Spectrometry 

0.132. A kit is assembled comprising (1) a tagged biologi 
cally active material which binds to an analyte of interest 
bound to a single cell and (2) instructions for single cell 
analysis by mass spectrometry. 

Example 11 
Forensic Applications 

I0133. The methods and apparatus of the present invention 
can be used for forensic applications. For example, the meth 
ods and apparatus can be used to: 

0.134 determine antigenic blood types (ABO and Lewis 
types); 

0.135 identify body fluid (blood, semen, saliva) and 
other biosamples (whole blood, plasma, serum, urine, 
cerebrospinal fluid, vitreous humor, liver or hair); 

0.136 determine tissue origin (species, personal iden 
tity, etc.); 

0.137 determine paternity. 

Example 12 
Transfusion Medicine 

0.138. The methods and apparatus of the present invention 
can be used in transfusion medicine to: 

0.139 resolve blood group A, B and D typing discrep 
ancies; 
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0140 determine the origin of the engrafted leukocytes 
in a stem cell recipient; and 

0141 determine the origin of lymphocytes in a patient 
with graft-Versus-disease. 

Example 13 

Flow Cytometer with ICP-MS Detector Feasibility 
Test 

0142 We have performed feasibility studies to validate the 
concept of the present invention. A quadrupole (sequential 
mass scanning) ICP-MS instrument designed for conven 
tional elemental analysis (and thus not optimized for the flow 
cytometric application) was used. The instrument was modi 
fied in only two ways: a modified sample introduction system 
was installed, and an oscilloscope was attached in parallel 
with signal handling hardware and software of the original 
detector system. 
0143. The sample introduction system 102,800 is shown 
schematically in FIG. 8. Sample 400 consisting of cells or 
other particles was aspirated using a syringe pump connected 
with capillary tubing 801 to a small volume spray chamber 
803 having a drain 805 to remove condensed liquid and hav 
ing no gas outlet except into the ICP through the 2 mm 
diameter injector tube 807. Sample was pumped at 50 
uL/min, about half of which was drained from the spray 
chamber 803 and half delivered to the ICP. The inventors 
recognize that this sample introduction device 800 may not 
necessarily optimum for presentation of single particles to the 
ICP with high efficiency in all cases, depending upon the 
circumstances of the analysis, but it was sufficient in this case 
to introduce at least a fraction of the particles into the ICP and 
thus to show feasibility. 
0144. The discrete dynode detector of the ICP-MS instru 
ment provides signals that are either analog or digital (pulse). 
The analog signal, taken part way along the dynode chain, is 
converted to digital output in the hardware and software of the 
detector System. The digital (pulse) signal is taken from the 
final dynode of the chain, is amplified and transient signals 
corresponding to single pulse events whose amplitudes 
exceed a given threshold are counted in the detector system 
hardware and software. The detector system hardware and 
Software can be configured to provide output not of each 
pulse, but the integral of these over a specified measurement 
period (minimum about 100 microseconds). In normal opera 
tion, if the signal detected at the analog dynode exceeds a 
specified threshold, the dynode chain downstream is disabled 
(disabling digital signal detection). If the analog signal is 
higher than a second threshold, the detector firmware adjusts 
the voltage of the ion optics of the instrument to defocus the 
ions from the detector in order to protect the detector. An 
oscilloscope was tapped into the analog output and operated 
in parallel with the detector hardware to enable the measure 
ment of the transient events over the period of a single particle 
event in the ICP (e.g., up to several milliseconds with as low 
as a few nanoseconds resolution). 
0145 Because the instrument used for these experiments 

is not capable of measurement of more than one mass/charge 
channel during a short transient period, multiplex analysis of 
a single particle event in the ICP was not be demonstrated. 
However, measurement of single mass/charge detection 
channel events has allowed demonstration and evaluation of 
certain important characteristics of the ICP-MS detector sys 
tem for the cytometric application. The inventors believe that 
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these characteristics can be replicated, with some differences 
depending on the selected embodiment of the instrument 
configuration, with a simultaneous mass analyzer, with the 
additional benefit of facilitation of simultaneous measure 
ment of many mass/charge detection channels permitting 
multiplex assay of single particles. 
0146 Feasibility Test 1: Detection of Single Particle 
Events, and Estimate of Sensitivity of Current Instrument 
0147 The MO7e cell line is a human megakaryocytic 
leukemia-derived cell. MO7e expresses CD33 antigen (67 
kDa single chain transmembrane glycoprotein, myeloid cell 
surface antigen CD33 precursor (gp67)). The cell is thought 
to express approximately 5000 to 10000 copies of antigen per 
cell. The cell line was used to demonstrate that individual 
cells can be observed by methods according to the invention, 
and to estimate the sensitivity of Such method using the cur 
rent instrumentation. The CD33 surface marker was detected 
using monoclonal anti-CD33 (IgG1 mouse) and Nan 
ogoldTM-tagged anti-mouse secondary antibody (approxi 
mately 70 Au-atoms pertag). It is estimated that the efficiency 
of secondary antibody staining is approximately 10%. 
0.148. Materials 
0149 MO7e cells were cultured for three days in a T75 

flask. The cell concentration was determined by 
hemocytometer and found to be 0.5x10 cells/ml, 

0.150 Monoclonal antibody anti-CD33, unconjugated. 
IgG1 (mouse) isotype Supplied at 2 mg/ml and purified 
in PBS/BSA with 0.1% sodium azide by Immunotech 
Inc. Catil 1134. 

0151. Secondary anti-mouse IgG conjugated with nan 
ogold from Nanogold Inc. (approximately 70 Au-atoms 
per tag) 

0152 1% formalin prepared from 37% formalin: 
diluted in PBS. 

0153. Wash and antibody dilution buffer PBS/1% BSA. 
0154) 50 mMammonium bicarbonate buffer, pH 8.0. 

O155 Procedure 
0156 Tubes were soaked in PBS/1% BSA for one hour. 
MO7e cells were pelleted at 1500 rpm (at approximately 
200 g) 5 min, resuspended in 5 ml PBS, pelleted and the 
wash discarded. 

(O157 Cell pellet was resuspended in 3 ml PES/ 10% 
BSA and distributed into three eppendorf tubes (at 
approximately 10° cells/tube) marked as 
0158 primary and secondary antibodies added 
0159 only secondary antibody added 
(0160 no antibodies added. 

(0161 Primary antibody was diluted 1:50 in PBS/1% 
BSA and added to the cell pellet for 30 min on ice. 

(0162 Cells were washed with PBS/1% BSA once 
(0163) Secondary antibody was diluted 1:50 in PBS/1% 
BSA and added to cell pellet for 30 min on ice. 

(0164. Cells were washed once with PBS/1% BSA, once 
with PBS. 

0.165 Live stained cells were fixed in 1% formalin/PBS 
for 10 min RT and left in the fixative on ice overnight. 

0166 Cells that did not receive antibodies were treated 
only with PBS/1% BSA concordantly with the stained 
cells. 

(0167 Stained formalin fixed cells were pelleted at 1500 
rpm (at approximately 200g) for 5 minutes and resus 
pended in 1 ml 50 mM ammonium bicarbonate buffer, 
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pH 8.0 per tube next day. This was discarded after cen 
trifugation and fresh bicarbonate (0.5-1 ml) was added 
to each tube. 

0168 Tubes were vortexed gently to breakup the pellet, 
left to sit for 5 minutes for large clumps to settle to the 
bottom, and the top 25uL of whole cell suspension were 
injected into the ICP-MS instrument. 

(0169. Observations 
0170 The integrated (pulse detector) signal for Au for 
discrete cell introduction gave 300-500 counts per second 
(cps), secondary antibodies only, less than 100 cps, no anti 
bodies, less than 10 cps and buffer only, less than 3 cps. 
(0171 FIG.9 shows the overlaid results of separate direct 
injections of the 100 ppt Rh (1% HNO) and cell suspension 
(separate injection, 50 mM NHHCO) samples as described 
above. 
0172 FIG. 10 shows oscilloscope data associated with 
FIG. 9. Figure A (on the left) shows the signal for Art (about 
10 cps) signal. The upper trace covers a relatively large time 
window (ca. 100 us), from which one could conceivably 
determine the average ion signal rate. The lower trace shows 
the pulse for a single ion detection event (over a greatly 
magnified time scale). Figure B (on the right) shows Aufrom 
cell introduction. The upper trace indicates that multiple ion 
signal pulses are not observed. The lower trace shows the 
signal pulse for a single Au ion detection event. Typically, 
only one ion pulse was observed in a particle event time 
window, Suggesting that we detect on average only about one 
Au atom per cell. 
(0173 Efficiency of Detection 
0.174 We estimate the sample introduction rate at (very) 
approximately 400 cells/second, derived as follows: approxi 
mately 1x10° cells per sample, 1 mL/sample at 50 uL/minute 
introduction sampling with 25uI/min delivered to the ICP. 
0.175. Accordingly, we infer that approximately one Au 
atom per cell is observed. 
0176 The detection efficiency of the instrument used was 
estimated from the signal obtained from continuous aspira 
tion of a sample containing 100 parts per trillion (ppt, mass/ 
Volume) in 1% nitric acid. The signal obtained was approxi 
mately 2000 cps, Suggesting an efficiency for detection of Rh 
of 1x10, derived as: 100 ppt (10'g/mL), atomic weight 
103 g/mole, 25 uL/min delivered to plasma, yielding 2x10 
atoms Rh/second delivered to plasma for which 2000 cps is 
observed. The inventors ascribe this efficiency to the follow 
ing: 100% ionization, 1% transmission through the vacuum 
interface (100% of central plasma containing ion inhaled 
through sampler, 1% of sampler flow transmitted through 
skimmer), 10% transmission through mass analyzing quadru 
pole, and therefore about 1% transmission through the ion 
optics. (From these estimates, we infer that improvements in 
sensitivity for the cytometric application, assuming retention 
of the vacuum interface configuration, should principally 
focus on improving the transmission through the mass ana 
lyZer (e.g., TOF with high duty cycle) and, more importantly, 
the ion optics (according to the earlier discussion, principally 
through accelerating optics and elimination of space-charge 
inducing ions)). 
0177. Therefore, if one Au atom detection event per cell is 
obtained, and this is obtained with the same detection effi 
ciency as Rh solution, we estimate that the MO7e cell aver 
ages approximately 1400 tagged CD33 markers per cell. With 
the assumption that the efficiency of the two antibody tagging 
is about 10%, the estimated number of CD33 per cell is 
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14000, which is consistent with the 5000-10000 quoted ear 
lier. It is desirable to provide higher sensitivity so that proteins 
oflower copy-count percell can be detected. In addition to the 
ion optical improvements Suggested above, direct immuno 
tagging (as opposed to the 2 antibody sandwich used here) is 
expected to be advantageous. 
0.178 We conclude that the method is able to detect single 
particle events in the plasma. The experiments described pro 
vide guidance for research efforts to improve the sensitivity of 
the method. A simultaneous mass analyzer is required to 
facilitate the multiplex advantage that the mass spectrometer 
detector provides to flow cytometry. 
(0179 Feasibility Test 2: Estimation of the Transient 
Period of a Single Particle Event 
0180. The MO7e cell sample used in Feasibility Test 1 
provides an opportunity for the estimation of the transient 
period of a single particle event, which is important for the 
design and optimization of the MS FC. It is estimated that the 
NaCl content in the cell is 0.9% w/w. For a 16 micrometer cell 
this converts to 2x10' atoms of Naper cell. The efficiency of 
the instrument used in these experiments for Na detection is 
lower than for Rh; about 1x10'. Thus, for a single cell event, 
2x10 ions will reach the detector. This is a sufficiently large 
number that the arrival period of Na ions corresponding to a 
single MO7e cell event can be measured. 
0181. If the transient produced by the single cell event is of 
the order of 100-300 microseconds (as reported by Olesik for 
monodispersed 3-65 micrometer particles), an equivalent 
average count rate of (0.7-2)x10 is achieved (with peak cur 
rent about twice that). 
0182 FIG. 11 shows the Na" signal detected at the oscil 
loscope over the period of several cell introduction events. 
The data given infigure A shows the Na" signal when cells are 
introduced in a 30 mM CaCl buffer. The data shown in figure 
B presents the results for buffer only. The variability of the 
observed signals may reflect the variability in cell size (vol 
ume and thus Na content) of the cell population, or might 
indicate the presence of Na-containing particles other than 
MO7e cells. The important observation, for the present pur 
poses, however, is that the transient signal for a single particle 
event is of the order of 100-150 us. 
0183. The baseline is very different between the two 
datasets shown in FIG. 11. This difference can be attributed to 
the fact that a first cell detected should trip the higher thresh 
old detector protection circuitry and activate ion defocusing. 
This is because the anticipated 2x10 Naions percellarrive in 
the period of approximately 100-150 us, which corresponds 
to an average count rate exceeding 10 per second, is suffi 
cient to trip the second threshold detector. In the absence of 
cells in the sample (data given on the right in FIG. 11), the 
detector protection circuitry is not tripped. The ion optical 
defocusing appears to Suppression transport by about a factor 
of 1000, accounting for the difference in the baseline data, but 
this is not intended to be a stable or reproducible (quantita 
tive) defocusing factor. 
0.184 Transient signals of 100-150 us period, ascribed to 
MO7e introduction events, were observed at a frequency of 
about 5 to 6 per 10 milliseconds, or about 500 to 600 cells per 
second. This is consistent with the estimates made earlier, and 
with the estimate of 10° cells per 1 mL in the original sample 
(procedure step 4 of Feasibility Test 1, subsequently reduced 
to approximately 1 mL volume in step 9). 
0185. A notable inference taken from this experiment is 
that the high Na' signal anticipated forcells, or effects related 
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to the change in mass distribution of the plasma ions as a 
result of the passage of a particle through the plasma, might 
provide a means to trigger the system upon a cell event. 
Further, it is feasible that the magnitude of the Na" signal (or 
signal of another element at high concentration in the cell), or 
the magnitude of effects related to the ion distribution change 
as a result of the particle's passage through the plasma, could 
be correlated with the physical size of the particle, which may 
be of importance in identifying target particles or distinguish 
ing single particles from groups of particles. 
0186 The important conclusion of this experiment is that 
the transient signal is approximately 100-150 us FWHM in 
duration. This has implications for design considerations to 
provide dynamic range. Further, it is evident that particles 
characterized by transient signals of this period can be intro 
duced to the system at a rate of about 3000 per second (so that 
signal corresponding to a particle is present up to 50% of the 
time). Smaller cells, and smaller beads, should have shorter 
transients, and thus allow higher rate of introduction. 
0187. Feasibility Test 3: Comparison of Current FACS 
with the Current ICP-MS with Cell Injection, and Demon 
stration of Entire Cell Volatilization 

0188 The inventors have had an opportunity to compare 
directly the performance of a current FACS instrument to that 
of the ICP-MS instrument with cell injection described in 
Feasibility Test 1. Further, the test was configured to provide 
for tagging of intracellular proteins; if these internal tags can 
be detected, this implies that the entire cell and its contents 
were vaporized, atomized and ionized, rather than just vapor 
ization of Surface tags. 
(0189 Because the ICP-MS instrument used for these 
experiments was not a simultaneous detector, the same (nan 
ogold) tags could be used for each antigen, and immuno 
tagging was performed in separate vials for each sample and 
antigen. Thus, each antigen for each sample was determined 
in a separate analysis. Samples were introduced to the ICP 
MS as described in Feasibility Test 1. 
(0190. Preparation of Samples for ICP-MS Analysis with 
Cell Injection 
(0191 Materials 
0.192 Human monocyte cell lines: 
0193 MO7e parent line is a human megakaryocytic leu 
kemia-derived cell. MO7e express CD33 antigen (67kDa 
single chain transmembrane glycoprotein, myeloid cell Sur 
face antigen CD33 precursor (gp67)). Approximately 5000 
10000 copies of CD33 antigen per cell. 
0194 MBA-1 and MBA-4 are stable clones of M07e 
transfected with p210 BCR/Abl expression plasmid. 
(0195 HL-60 (ATCC cathCCL-240), myeloid leukemia 
cell line used as antigen in production of anti-CD33 mono 
clonal antibodies. 

0196. Antibodies: 
anti-CD33, mouse monoclonal, unconjugated. IgG1 (mouse) 
isotype. Supplied at 2 mg/ml purified in PBS/BSA with 0.1% 
sodium azide (Immunotech Inc. Catil 1134). 
anti-IgG2a, mouse, (BD PharMingen, cati555571) (0.5 
mg/ml stock) 
anti-BCR antibody raised in rabbit (Cell Signaling Tech. 
Cath3902), used at 1:25 for flow cytometry. 
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Secondary antibodies: 2001 nanogold-anti-mouse IgG 
(NMI) and 2004 nanogold anti-rabbit Fab' (NRF) (Nano 
probes Inc.) used at (1:50) according to manufacturer's rec 
ommendation. 

Buffers: 

(0.197 BD Biosciences FACS permeabilization solution 2 
(cath347692) 
(0198 PBS with Ca++/Mg++: 
0199 PBS/1% BSA 
(0200 1% and 0.5% formalin prepared from 37% forma 
lin; diluted in PBS 
0201 50 mMammonium bicarbonate buffer, pH 8.0 
0202 Procedure: 
Tubes were soaked in PBS/1% BSA for one hour. 
Cells were pelleted at 1500 rpm (~200 g) 5 min, resuspended 
in 5 ml PBS and counted using a hemocytometer. Cell yield: 
0203 MO7e 1e6/ml 
0204 MBA-1–1e6/ml 
0205 MBA-4–1e6/ml 
0206 HL-60–1e6/ml 
M07e (tube #1) and HL-60 (tube #2) were stained live with 
anti-CD33 (1:50) on ice for 30 min; followed by one wash 
with PBS/BSA. Anti-mouse-IgG-Au (1:50) was added to the 
washed cell pellet for another 30 minonice. Live stained cells 
were fixed in 196 formalin/PBS for 10 min RT and left in the 
fixative on ice over 48 hours. 

MBA-1 (tube #3), MBA-4 (tube #4) and M07e(tube #5) were 
permeabilised and fixed in the FACS Permeabilization Solu 
tion 2 for 10 min at RT. After one wash the cells were incu 
bated in media with 10% FBS to block non-specific antigen 
sites for 15 min RT. 
Permeabilized cells were treated with anti-BCR antibodies 
(1:25) (tubes #3,4,5) or with non-specific IgG (tubes #3, 4, 
5 w/o primary antibody) for 45 min RT. Secondary antibod 
ies were added to washed cells anti-rabbit-IgG-Au (1:50) for 
45 min RT. 
Stained cells were washed twice prior to post-fixation in 0.5% 
formalin and kept in fridge over the weekend prior to MS 
analysis when the formalin was replaced with 50 mMammo 
nium bicarbonate. 
0207 Preparation of Samples for FACS Analysis (Carried 
Out Simultaneously with Above) 

Materials 

Antibodies: 

0208 
gen) 

0209 anti-CD45-FITC antibody raised in mouse (BD 
PharMingen) used at 1:50 for flow cytometry. CD45 is 
expressed on the Surface of all human leukocytes. Used 
as a positive sample for FACS set-up. 

0210 Secondary fluorescent antibodies: anti-mouse 
IgG-FITC (BD PharMingen) and anti-rabbit-FITC (Bi 
olab) used at (1:50) 

anti-IgG1-FITC mouse isotype, (BD PharMin 

Buffers: 

0211 BD Biosciences FACS permeabilization solution 
2 (cath347692) 

0212 PBS with Ca++/Mg++: 
0213 PBS/1% BSA 
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0214) 1% and 0.5% formalin prepared from 37% for 
malin; diluted in PBS 

0215 50 mMammonium bicarbonate buffer, pH 8.0 

Procedure 

0216 Cell preparation and primary antibody staining 
was done in parallel with samples for ICP-MS with leo 
cells/1 ml/tube. 

0217 All procedures with fluorescent secondary anti 
body staining and cell washes were carried out in the 
dark on ice. 

0218. After the final PBS wash cells were resuspended 
in PBS (not formalin) and immediately processed by 
FACS (BD FACSCalibur). 

0219 Gates and settings were determined using the 
anti-CD45FITC stained HL-60 as positive (R4) channel 
and isotype anti-mouse IgG-FITC stained HL-60 as 
negative (R3) channel. 

Observations 

0220. The results for both the ICP-MS detection (shaded 
grey) and conventional FACS (white) are summarized in FIG. 
12. Standard deviations for triplicate analyses by ICP-MS are 
shown by error bars; equivalent uncertainties for the FACS 
results were not provided. 
0221) Both the CD33 (surface markers on MO7e and 
HL60) and the BCR (internal marker in MO7e, MBA1 and 
MBA4) were determined by both FACS and ICP-MS detec 
tors. This implies that the entire (permeabilized) cells and 
their contents were vaporized, atomized and ionized in the 
ICP-MS. Further, the FACS and ICP-MS results are largely in 
rather good agreement for both the Surface and internal mark 
ers and for the procedural blanks. 
0222 We conclude from these results that FACS and ICP 
MS detection (using the current un-optimized instrument) 
provide comparable results for single antigen assay. It is 
anticipated that the sensitivity of the ICP-MS detector will be 
improved as discussed above, and that incorporation of a 
simultaneous mass analyzer will permit high order multiplex 
assay. It is also evident that the MO7e, MBA1 and MBA4 
cells used in these experiments were efficiently vaporized, 
atomized and ionized. This suggests that the optional in-line 
lysis device discussed above is not required for these or simi 
lar cells. 
0223 Feasibility Test 4: Production and Detection of Ele 
ment-Tagged Beads 
0224. Another approach to multiplexed assay is to use 
different identifiable beads that immobilize antigens. The 
beads typically have capture affinity agents (e.g., antibodies) 
attached to their surface. After exposure to a sample, the 
bead-antigen complexes are typically exposed to a second 
affinity product (antibody, aptamer, etc.) which is tagged with 
an element or isotope as already discussed (herein, and in 
U.S. patent application Ser. No. 09/905,907, published under 
US 2002/0086441 on Jul. 4, 2002 and Ser. No. 10/614,115). 
The beads are distinguished by their elemental composition, 
which might be a Surface element label, and encapsulated 
element label or an element label incorporated within the 
bead material. The identity of the bead can be associated with 
the type of capture affinity agent attached to the bead or to the 
sample (e.g., beads with different element labels are exposed 
to different samples, or are placed in different wells of a 96 
or 384- or 1536-well plate). Thus, detection of the secondary 
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affinity product tag determines the presence of the antigen 
and the element composition (element label) of the bead 
indicates which antigen was captured or the sample in which 
it was captured. The method is modeled after U.S. Pat. No. 
6,524.793, assigned to Luminex, and references therein. 
0225. The beads may be of any appropriate material (e.g., 
polystyrene, agarose, silica). Each bead may contain one or 
more affinity capture agents, and multiplexed assay of the 
antigens captured on the bead may be conducted. The element 
label incorporated in or on the bead may be a single element 
or isotope or, preferably, a combination of elements or iso 
topes. For example, if the dynamic range of the detector is 
three orders of magnitude and differences in signal levels of a 
factor of three are reliably detected, two element labels can be 
combined in different ratios to provide 63 distinguishable 
beads. Under the same conditions, 5 element labels can pro 
vide 32,767 distinguishable beads. With 5 orders of dynamic 
range and 5 element labels for which factors of three in signal 
can be reliably detected, 248,831 distinguishable beads can 
be constructed. It will be recognized that the beads can be 
manufactured to a size Suitable for complete vaporization, 
atomization and ionization in the device used for that purpose 
(e.g., ICP). It will also be recognized that smaller beads are 
likely to provide shorter transient signals, and that accord 
ingly the rate of particle introduction can be optimized for the 
particular beads used. 
0226 To demonstrate the viability of the method, stober 
silica particles having a diameter of about 150 nm were grown 
in various lanthanide (Ho, Tb, Tm) solutions. The lanthanide 
elements were incorporated into the silica particles. The silica 
particles (beads) were introduced serially to the ICP-MS 
instrument as described in Feasibility Test 1. Since the instru 
ment used was not capable of simultaneous multielement 
analysis, the transient signals for the lanthanides and for 
silicon were measured separately for different beads. 
0227 FIG. 13 shows some of the data obtained. The data 
provided in the left figure shows the detection of Si", clearly 
indicating that the beads are vaporized, atomized and ionized. 
Data provided in the right figure show the detection of Tb" 
(for beads grown in Tb solution). Clearly, the Tb label is 
detected. If a mixture of beads having different lanthanide 
labels were sampled, the different lanthanide signals would 
identify the different beads. It is also evident that beads can be 
grown in solutions of mixed lanthanides (or other elements), 
and would incorporate the different elements, thus providing 
for a larger number of distinguishable beads as indicated 
above. The availability of a simultaneous analyzer would 
further allow simultaneous detection of the elements associ 
ated with the bead itself and also with the tag associated with 
a secondary affinity product that recognizes a captured anti 
gen. 

0228. Therefore, elements within a bead can be detected 
(i.e., the bead is vaporized to its atomic components). Differ 
ent combinations of element internal "labels' can be used to 
distinguish beads. If those beads carry different surface anti 
bodies to bind different antigens, and those antigens are then 
recognized by another antibody containing a different ele 
ment reporter tag, a multiplexed assay is enabled. Alterna 
tively, the differently labeled beads can be used with the same 
surface antibodies, but with the different beads being applied 
to different samples (such as a 96 well plate), so that the signal 
associated with the labeled affinity product identifies the anti 
gen concentration in the sample indicated by the signals cor 
responding to the bead composition. 
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0229. Numerous modifications, variations and adapta 
tions may be made to the particular embodiments of the 
invention described above without departing from the scope 
of the invention, which is defined in the claims. 
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1. An elemental flow cytometer, comprising: 
means for introducing particles sequentially into a device 

to vaporize, atomize and excite or ionize the particles or 
an elemental tag associated with the particles; 

a device to vaporize, atomize and excite or ionize the par 
ticles or an elemental tag associated with the particles, 
downstream of the means for introducing particles 
sequentially; and 

a spectrometer to analyze the vaporized, atomized and 
excited or ionized particles, or the elemental tag associ 
ated with the particles. 

2. The elemental flow cytometer of claim 1 wherein the 
means for introducing particles sequentially introduces par 
ticles one at a time. 
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3. The elemental flow cytometer of claim 1 wherein the 
means for introducing particles sequentially comprises a cell 
injector. 

4. A mass-spectrometer-based flow cytometer, comprising: 
means for introducing particles sequentially into a device 

to vaporize, atomize and ionize the particles or an 
elemental tag associated with the particles; 

a device to vaporize, atomize and ionize the particles oran 
elemental tag associated with the particles downstream 
of the means for introducing particles sequentially; and 

a mass spectrometer operatively connected and down 
stream of the ion pretreatment device. 

5. The mass spectrometer-based flow cytometer of claim 4 
wherein the device to vaporize, atomize and ionize comprises 
an inductively coupled plasma. 

6. The mass spectrometer-based flow cytometer of claim 4 
wherein the means for introducing particles sequentially 
comprises a cell injector. 

7. The mass spectrometer-based flow cytometer of claim 4 
further comprising an in-line lysis between the means for 
introducing particles sequentially and the device to vaporize, 
atomize and ionize. 

8. The mass spectrometer-based flow cytometer of claim 4 
further comprising an in-line desolvation between the means 
for introducing particles sequentially and the device to vapor 
ize, atomize and ionize. 

9. The mass spectrometer-based flow cytometer of claim 4 
wherein the mass spectrometer comprises a time-of-flight 
mass spectrometer. 

10. The mass spectrometer-based flow cytometer of claims 
4 wherein the mass spectrometer comprises a magnetic sector 
array detector mass spectrometer. 

11. The mass spectrometer-based flow cytometer of claim 
4 wherein the mass spectrometer comprises a 3D ion trap 
mass spectrometer. 

12. The mass spectrometer-based flow cytometer of claims 
4 wherein the mass spectrometer comprises a linear ion trap 
mass spectrometer. 

13. A mass-spectrometer-based flow cytometer, compris 
ing: 
means for introducing particles sequentially into a device 

to vaporize, atomize and ionize the particles or an 
elemental tag associated with the particles; 

a device to vaporize, atomize and ionize the particles oran 
elemental tag associated with the particles downstream 
of the means for introducing particles sequentially; 

an ion pretreatment device operatively connected and 
downstream of the device to vaporize, atomize and ion 
ize; and 

a mass analyzer operatively connected and downstream of 
the ion prtreatment device. 

14. The mass spectrometer-based flow cytometer of claim 
13 wherein the ion pretreatment device comprises at least one 
of: 

a vacuum interface; 
a high-pass mass filter downstream of the vacuum inter 

face; and 
a gas filled ion cooler cell downstream of the vacuum 

interface. 
15. The mass spectrometer-based flow cytometer of claim 

14 wherein the high-pass mass filter is operated as a bandpass 
mass filter with both high and low mass cutoffs. 
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16. The mass spectrometer-based flow cytometer of claim 
14 comprising a high-pass mass filter and a gas filled ion 
cooler cell in a shared housing. 

17. A mass-spectrometer-based flow cytometer, compris 
ing: 

means for introducing particles sequentially into a device 
to vaporize, atomize and ionize the particles or an 
elemental tag associated with the particles; 

a device to vaporize, atomize and ionize the particles oran 
elemental tag associated with the particles downstream 
of the means for introducing particles sequentially; and 

a mass spectrometer operatively connected and down 
stream of the ion pretreatment device. 

18. The mass spectrometer-based flow cytometer of claim 
17 wherein the device to vaporize, atomize and ionize com 
prises an inductively coupled plasma. 

19. The mass spectrometer-based flow cytometer of claim 
17 wherein the means for introducing particles sequentially 
comprises a cell injector. 

20. The mass spectrometer-based flow cytometer of claim 
17 further comprising an in-line lysis between the means for 
introducing particles sequentially and the device to vaporize, 
atomize and ionize. 

21. The mass spectrometer-based flow cytometer of claim 
17 further comprising an in-line desolvation between the 
means for introducing particles sequentially and the device to 
vaporize, atomize and ionize. 

22. The mass spectrometer-based flow cytometer of claim 
17 wherein the mass spectrometer comprises a time-of-flight 
mass spectrometer. 

23. The mass spectrometer-based flow cytometer of claims 
17 wherein the mass spectrometer comprises a magnetic sec 
tor array detector mass spectrometer. 

24. The mass spectrometer-based flow cytometer of claim 
17 wherein the mass spectrometer comprises a 3D ion trap 
mass spectrometer. 

25. The mass spectrometer-based flow cytometer of claims 
17 wherein the mass spectrometer comprises a linear ion trap 
mass spectrometer. 

26. An optical emission spectrometer based flow cytom 
eter, comprising: 

means for introducing particles sequentially into a device 
to vaporize, atomize and excite or ionize the particles or 
an elemental tag associated with the particles; 

a device to vaporize, atomize and excite or ionize the par 
ticles or an elemental tag associated with the particles 
downstream of the means for introducing particles 
sequentially; and 

an optical emission spectrometer to analyze the vaporized, 
atomized and excited or ionized particles, or the elemen 
tal tag associated with the particles. 

27. The optical emission flow cytometer of claim 26 
wherein the device to vaporize, atomize and ionize comprises 
an inductively coupled plasma. 

28. The optical emission flow cytometer of claim 26 
wherein the means for introducing particles sequentially 
comprises a cell injector. 

29. The optical emission flow cytometer of claim 26 further 
comprising an in-line lysis between the means for introducing 
particles sequentially and the device to vaporize, atomize and 
excite or ionize. 
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30. The optical emission flow cytometer of claim 26 further 
comprising an in-line desolvation between the means for 
introducing particles sequentially and the device to vaporize, 
atomize and excite or ionize. 

31. A method of analyzing a particle by spectrometXy, 
comprising: 

sequentially introducing particles or particles associated 
with an elemental tag, into a device to vaporize, atomize 
and excite or ionize the particles or the elemental tag 
associated with the particles; and 

introducing the vaporized, atomized and excited or ionized 
particles or, the elemental tag associated with the par 
ticles into a spectrometer. 

32. The method of claim 31 further comprising a step of 
labeling the particle with an elemental tag. 

33. The method of claim32 where the particle is a bead and 
in which at least one element tag is attached to the Surface of 
the bead. 

34. The method of claim32 where the particle is a bead and 
in which at least one element tag is incorporated within the 
bead. 

35. The method of claim 31 wherein the spectrometer 
comprises a mass spectrometer. 

36. The method of claim 35 wherein the mass spectrometer 
comprises a time of flight mass spectrometer. 

37. The method of claim 31 wherein the spectrometer 
comprises an optical emission spectrometer. 

38. A kit for the sequential analysis of particles by spec 
trometry, comprising: at least one reagent for labeling a par 
ticle; and instructions for the sequential analysis of the par 
ticles by spectrometry. 

39. A particle for the analysis of an analyte in a biological 
sample containing at least one of an element or an isotope, 
wherein on vaporization, atomization, excitation or ioniza 
tion of the particle, the elements or isotopes are capable of 
measurement by either an optical spectrometer or mass spec 
trometer. 

40. The use of the particle of claim 39 in either an optical 
spectrometer or mass spectrometer to produce signals or 
ratios of the elements or isotopes to distinguish the particle 
from other particles. 

41. The particle of claim 39, wherein the particle is a bead 
42. The particle of claim 41, wherein the bead comprises of 

polystyrene, agarose or silica. 
43. The particle of claim39, wherein particle is less than 10 

micrometer in diameter. 
44. The particle of claim 43, wherein the particle is less 

than 1 micrometer in diameter. 
45. The particle of claim 44, wherein the particle is about 

150 nanometer in diameter. 
46. The particle of claim 39, wherein the element is 

selected from the group consisting of Ru, Rh, Pd, Ag, In, La, 
Ce, Pr, Nd, Sm, Eu, Th, Dy, Ho, Er, Tm, Yb, Lu, Hf, Re, Ir, Pt, 
Au, Tb and isotopes of the foregoing 

47. The particle of claim39, further comprising an affinity 
Substance capable of binding an analyte. 

48. The particle of claim 47, wherein the element or isotope 
is bound to the affinity substance. 

49. The particle of claim 47, wherein the affinity substance 
is selected from the group consisting of an oligonucleotide, 
aptamer, antibody and antigen. 

50. The particle of claim 46, wherein the element is Au. 
51. The particle of claim 46, wherein the element is Eu. 
52. The particle of claim 46, wherein the element is Tb. 
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53. A method of detecting the presence of a biological 
analyte in a sample comprising: 

providing particles for the analysis of an analyte in a bio 
logical sample containing at least one of an element oran 
isotope, wherein the particle comprises an affinity Sub 
stance capable of binding the analyte; 

exposing the particles to the sample; 
introducing the particles sequentially into a device that 

vaporizes, atomizes, excites or ionizes the particles; and 
individually analyzing elemental composition of one or 
more of the vaporized, atomized, excited or ionized par 
ticles; 

wherein on vaporization, atomization, excitation or ioniza 
tion of the particle, the elements or isotopes are capable 
of measurement by either an optical spectrometer or 
mass spectrometer. 

54. The method of claim 53, wherein following the step of 
exposing the particles to the sample, there is an additional 
step of exposing the particles to a second affinity Substance 

May 28, 2009 

capable of binding the analyte and associated with a different 
at least one of an element or an isotope; 

55. A set of particles, each particle being a particle of claim 
39, wherein the at least one of an element or an isotope is 
identical for all particles in the set and is present in sufficiently 
identical concentration in each particle. 

56. A group of sets of particles, each set according to claim 
55 and wherein the at least one of an element oran isotope is 
different for each set. 

57. A kit comprising the set of particles of claim 55 and 
instructions for use. 

58. The kit of claim 57, wherein the instructions corre 
spond to the steps of the method of claim 53. 

59. A kit comprising the group of claim 56 and instructions 
for use. 

60. The kit of claim 59, wherein the instructions corre 
spond to the steps of the method of claim 53. 

c c c c c 


