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(57) ABSTRACT 

The invention provides a microfabricated device for sorting 
cells based on a desired characteristic, for example, reporter 
labeled cells can be sorted by the presence or level of reporter 
on the cells. The device includes a chip having a substrate into 
Which is microfabricated at least one analysis unit. Each 
analysis unit includes a main channel, having a sample inlet 
channel, typically at one end, and a detection region along a 
portion of its length. Adjacent and downstream from the 
detection region, the main channel has a discrimination 
region or branch point leading to at least tWo branch channels. 
The analysis unit may further include additional inlet chan 
nels, detection points, branch points, and branch channels as 
desired. A stream containing cells is passed through the detec 
tion region, such that on average one cell occupies the detec 
tion region at a given time. The cells can be sorted into an 
appropriate branch channel based on the presence or amount 
of a detectable signal such as an optical signal, With or With 
out stimulation, such as exposure to light in order to promote 
?uorescence. 
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MICROFABRICATED CELL SORTER 

[0001] This application claims the bene?t of priority from 
US. patent application Ser. No. 08/932,774, ?led Sep. 25, 
1997, and is a continuation-in-part thereof; US. Provisional 
Application No. 60/108,894 ?led Nov. 17, 1998; and US. 
Provisional Application No. 60/086,394 ?led May 22, 1998, 
each incorporated herein by reference in their entireties. 
[0002] The U. S. Government may have certain rights in this 
invention pursuant to Grant No. DAAH04-96-1-0141 
aWarded by the Army. 

BACKGROUND OF THE INVENTION 

[0003] This invention relates to a method and microfabri 
cated device for sorting cells or particles by siZe, charge or 
other identifying characteristics, for example, characteristics 
that can be optically detected. The invention includes a ?uo 
rescence activated cell sorter (FACS), and methods for ana 
lyZing and sorting cells by measuring a signal produced by an 
optically-detectable (e.g., ?uorescent, ultraviolet or color 
change) reporter associated With the cells. The methods and 
apparatus of the invention alloW for high sensitivity, no cross 
contamination, and loWer cost than conventional FACS 
machines. In preferred embodiments, cell sorting is per 
formed on a microfabricated chip With a detection volume of 
approximately 1 to 1,000,000 femtoliters (?), preferably 
about 200 to 500 ?, and most preferably about 375 ?. Sorting 
occurs immediately after detection. In a particular embodi 
ment, the inlet and collection Wells are incorporated on the 
same chip. 
[0004] Sorters of the invention can function as stand-alone 
devices or as components of integrated microanalytical chips, 
and can be disposable. Living cells With a distinguishing 
characteristic, such as E. coli cells expressing a ?uorescent 
protein, can be e?iciently separated from cells lacking this 
characteristic. Furthermore, the cells remain viable after 
being extracted from the sorting device. An advantage of the 
invention is that it can be applied to various aspects of chemi 
cal and biological studies, e. g., cell sorting, enZyme catalysis 
and molecular evolution (1). 
[0005] The references cited herein are referred to numeri 
cally, and are appended in a Bibliography beloW. All of the 
references are incorporated herein in their entirety. 
[0006] Harrison et al. (39) disclose a micro?uidic device 
Which manipulates and stops the ?oW of ?uid through a 
microfabricated chip, so that a cell can be observed after it 
interacts With a chemical agent. The cells and the chemical 
agent are loaded into the device via tWo different inlet chan 
nels Which intersect With a main ?oW path. The ?oW of the 
?uid is controlled by a pressure pump or by electric ?elds 
(electrophoretic or electro-osmotic) and can be stopped so 
that the cells can be ob served, after they mix and interact With 
the chemical. The cells then pass through the main ?oW path, 
Which terminates in a single common Waste chamber. Harri 
son et al do not provide a device or method for sorting cells, 
nor do they suggest or motivate one having ordinary skill in 
the art to make and use any such device. On the contrary, cells 
are mixed With chemicals, observed, and are discarded as 
Waste. 

[0007] Conventional ?oW cell sor‘ters, such as FACS, are 
designed to have a ?oW chamber With a noZZle and use the 
principle of hydrodynamic focusing With sheath ?oW to sepa 
rate or sort biological material such as cells (2-7). In addition, 
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most sorting instruments combine the technology of ink-jet 
Writing and the effect of gravity to achieve a high sorting rate 
of droplet generation and electrical charging (8-10). Despite 
these advances, many failures of these instruments are due to 
problems in the ?oW chamber. For example, ori?ce clogging, 
particle adsorption and contamination in the tubing may 
cause turbulent ?oW in the jet stream. These problems con 
tribute to the great variation in illumination and detection in 
conventional FACS devices. Another major problem is 
knoWn as sample carryover, Which occurs When remnants of 
previous specimens left in the channel back-?ush into the neW 
sample stream during consecutive runs. A potentially more 
serious problem occurs When dyes remain on the tubing and 
the chamber, Which may give false signals to the ?uorescence 
detection or light scattering apparatus. Although such sys 
tems can be steriliZed betWeen runs, it is costly, time consum 
ing, ine?icient, and results in hours of machine doWn time for 
bleaching and sterilization procedures. 
[0008] Similarly, each cell, as it passes through the ori?ce, 
may generate a different perturbation in response to droplet 
formation. Larger cells can possibly change the droplet siZe, 
non-spherical cells tend to align With the long axis parallel to 
the ?oW axis, and deformable cells may elongate in the direc 
tion of the ?oW (9, 10). This can result in some variation in the 
time from the analysis to the actual sorting event. Further 
more, a number of technical problems make it di?icult to 
generate identically charged droplets, Which increases 
de?ection error. A charged droplet may cause the next droplet 
of the opposite polarity to have a reduced charge. On the other 
hand, if consecutive droplets are charged identically, then the 
?rst droplet might have a loWer potential than the second 
droplets, and so on. Yet, charged droplets Will have a de?ned 
trajectory only if they are charged identically. In addition, 
increasing droplet charges may cause mutual electrostatic 
repulsion betWeen adjacent droplets, Which also increases 
de?ection error. Other factors, such as the very high cost for 
even modest conventional FACS equipment (on the order of 
$250,000), the high cost of maintenance, and the requirement 
for trained personnel to operate and maintain the equipment 
have been among the main considerations that hinder this 
technology and its Widespread accessibility and use (10). 
Even though the ?eld of ?oW cytometry has been extensively 
exploited in the development of cell sorting devices, signi? 
cant problems persist and remain to be addressed. Thus, there 
is a need for improved methods and machines for cell sorting 
Which are fast, e?icient, cost-effective and disposable. 

SUMMARY OF THE INVENTION 

[0009] The invention provides a microfabricated device for 
sorting cells based on a desired characteristic, for example, 
reporter-labeled cells can be sorted by the presence or level of 
reporter on the cells. The device includes a chip having a 
substrate into Which is microfabricated at least one analysis 
unit. Each analysis unit includes a main channel, having a 
sample inlet channel, typically at one end, and a detection 
region along its length. Adjacent and doWnstream from the 
detection region, the main channel has a discrimination 
region or branch point leading to at least tWo branch channels. 
The analysis unit may further include additional inlet chan 
nels, detection points, branch points, and branch channels as 
desired. A stream containing the cells, e.g., in a solution or 
mixture, is passed through the detection region, such that on 
average only one cell occupies the detection region at any 
given time. The cells can be sorted based on their ability to 



US 2011/0229872 A1 

emit a detectable signal such as an optical signal, With or 
Without stimulation, such as exposure to light in order to 
promote ?uorescence. According to the invention, the pres 
ence or level of reporter from each cell is measured Within the 
detection region, and each cell is directed to a selected branch 
channel based on the level of reporter detected or measured. 

[0010] In addition to sorting ?uorescent and non-?uores 
cent cells, the invention can also provide multiparameter 
analysis, such as multicolor detection or a gated WindoW 
detection. For example, beads of different colors, or cells 
labelled With one or more chromophores, can be sorted by the 
invention. Sorting according to a WindoW, or threshold, 
means that cells or particles are selected for sorting based on 
the presence of a signal above a certain value or threshold, and 
Which is typically loWer than a certain upper limit. There can 
also be several points of analysis on the same chip for multiple 
time course measurements. 

[0011] The invention offers several advantages over tradi 
tional sheath ?oW methods. Since the channels in the present 
device can be made With micron dimensions, the volume of 
the detection region is precisely controlled and there is no 
need for hydrodynamic focusing. The planar geometry of the 
device alloWs the use of high numerical aperture optics, 
thereby increasing the sensitivity of the system. Since ?uid 
?oWs continuously through the system, there is no need for 
droplet formation, or for charged droplets, and many chal 
lenging technical issues can be avoided. In addition, there is 
no aerosol formation because the system is entirely self 
contained, alloWing much safer sorting of biohaZardous 
material, in comparison With conventional FACS devices. 
The sorting device of the invention is also disposable, Which 
obviates the need for cleaning and steriliZing the instrument, 
and prevents cross-contamination betWeen samples. 
[0012] Thus, a cell sorter of the invention, such as a dispos 
able microfabricated FACS, employs a substrate that inte 
grates at least one inlet channel and at least tWo outlet chan 
nels, Which meet at a branch or sorting point. In a preferred 
embodiment, the substrate is planar, and contains a microf 
luidic chip made from a silicone elastomer impression of an 
etched silicon Wafer according replica methods in soft-lithog 
raphy (11). In one embodiment, the channels meet to form a 
“T” (T junction). AY-shaped junction, and other shapes and 
geometries may also be used. A detection region is typically 
upstream from the branch point. Cells are diverted into one or 
another outlet channel based on a predetermined characteris 
tic that is evaluated as each cell passes through the detection 
region. The channels are preferably sealed to contain the ?oW, 
for example by ?xing a transparent coverslip, such as glass, 
over the chip, to cover the channels While permitting optical 
examination of one or more channels or regions, particularly 
the detection region. In a preferred embodiment the coverslip 
is pyrex, anodically bonded to the chip. 
[0013] In one embodiment, cells are directed into one or 
another of a pair of outlet channels by electrodes that apply an 
electric ?eld across the branch point, Which effectively directs 
a particular cell into a predetermined outlet or branch chan 
nel. 

[0014] In another embodiment, a ?oW of cells is maintained 
through the device via a pump or pressure differential. A valve 
structure at the branch point permits each cell to enter only 
one of the branch channels depending on the measurement at 
the detection point. In a similar embodiment, a valve structure 
can be provided for each branch channel, doWnstream of the 
branch point, Which alloWs or cur‘tails the ?oW through a 
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particular channel. Alternatively, the pressure may be 
adjusted Within or at the outlet of each branch channel, to 
alloW or curtail ?oW through the channel. 
[0015] An apparatus, machine or device of the invention 
may include a plurality of analysis units, and in such embodi 
ments can further include a plurality of manifolds (e.g., a 
?tting or point With more than one lateral outlet to permit 
connection of or division to branch channels). The number of 
manifolds typically equals the number of branch channels in 
one analysis unit, to facilitate collection of cells from corre 
sponding branch channels of the different analysis units. 
[0016] The microfabricated device includes a transparent 
coverslip (e.g., glass) bonded to the substrate and covering the 
channels to form a “roof” and/or “?oor” for the channels. A 
silicon chip With an anodically bonded pyrex coverslip may 
be used. The channels in the device are preferably betWeen 
about 1 and 500 microns in Width and betWeen about 1 and 
500 microns in depth, and the detection region has a volume 
of betWeen about 1 ? and 100 nl. 
[0017] Where desired, an external laser, a diode or inte 
grated semiconductor laser or a high-intensity lamp (e.g., a 
mercury lamp) may be used to stimulate a reporter to release 
a measurable or detectable signal (e.g., light energy). Mea 
surements may be taken, for example, using a microscope in 
connection With an intensi?ed charge couple device (CCD) 
camera, photomultiplier tube, avalanche photodiode, an inte 
grated photodiode, or the like. 
[0018] In another aspect, the invention includes a method of 
isolating cells having a selected threshold amount of a bound 
or associated optically-detectable (e.g., ?uorescent, ultravio 
let or color change) reporter. The method includes, (a) ?oW 
ing a stream of solution containing reporter-labeled cells 
through a channel comprising a detection region having a 
selected volume, Where the concentration of the cells in the 
solution is such that they pass through the detection region 
one by one, (b) determining the presence or amount of 
reporter on each cell as it passes through the detection region, 
(c) diverting cells having a selected threshold of reporter into 
a ?rst branch channel, and diverting cells not having the 
selected threshold into a second branch channel, and (d) 
collecting cells diverted into one or more branch channels. 

[0019] The method can be applied to diverting a cell having 
a selected reporter threshold into the ?rst branch channel, in 
such a Way that the diverting action blocks the ?oW into the 
second branch channel. That is, the second channel is blocked 
and the stream carries the cell having the selected reporter 
threshold into the ?rst branch channel. Alternatively or in 
addition, the method may be used to divert a cell that does not 
have the selected reporter threshold into the second branch 
channel, by blocking the ?oW into the ?rst branch channel. 
This can be done, for example, using a valve or valves that are 
actuated by an electrical or mechanical sWitch responsive to a 
reporter measurement. 
[0020] The method may be applied to any cell, including 
prokaryotic or eukaryotic, such as bacterial, plant, animal, 
and the like. The method is particularly useful for the sorting 
of mammalian (e.g., human) blood cells, such as peripheral 
blood mononuclear cells (PBMCs), based on the expression 
of various antigens, such as HLA DR, CD3, CD4, CD8, 
CD11a, CD11c, CD14, CD16, CD20, CD45, CD45RA, 
CD62L, etc. The method can also be used to sort any cell on 
the basis of Whether it does or does not express or produce a 
detectable protein, either directly or in cooperation With a 
reporter molecule. For example, cells that produce a ?uores 
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cent protein may be sorted from those that do not. Alterna 
tively, a ?uorescent protein can be used as a reporter, for 
example, by co-expression With another protein (50, 51). 
[0021] Alternatively, the cell may produce a detectable sub 
stance (eg a ?uorescent compound) through its interaction 
With another substance added to the ?uid medium. For 
example, cells containing a gene for a monooxygenase 
enZyme may catalyZe a reaction on an aromatic substrate (e.g. 
benZene or naphthalene) With the net result that the ?uores 
cence, or another detectable property of the substrate, Will 
change. This change can be detected in the detection region, 
and cells having that change in ?uorescence can be collected 
based on predetermined criteria. A second reagent or cou 
pling enZyme can be used to enhance ?uorescence. See, Aff 
holter and Arnold (50) and 100 et al. (51). 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] FIGS. 1A through 1D shoW steps in photolitho 
graphic microfabrication of a cell sorting device from a sili 
con Wafer, using photolithography and several stages of etch 
mg. 
[0023] FIG. 2A shoWs one embodiment of a detection 
region used in a cell sorting device, having an integrated 
photodiode detector; FIG. 2B shoWs another embodiment of 
a detection region, having an integrated photodiode detector, 
and providing a larger detection volume than the embodiment 
of FIG. 2A. 
[0024] FIGS. 3A and 3B shoW one embodiment of a valve 
Within a branch channel of a cell sorting device, and steps in 
fabrication of the valve. 
[0025] FIG. 4A shoWs one embodiment of a discrimination 
region and associated channels used in a cell sorting device, 
having electrodes disposed Within the channels for electro 
phoretic discrimination; FIG. 4B shoWs another embodiment 
having electrodes disposed for electro-osmotic discrimina 
tion; FIGS. 4C and 4D shoW tWo additional embodiments 
having valves disposed for pressure electrophoretic separa 
tion, Where the valves are Within the branch point, as shoWn in 
FIG. 4C, or Within the branch channels, as shoWn in FIG. 4D. 
[0026] FIG. 5 shoWs a device With analysis units containing 
a cascade of detection and discrimination regions suitable for 
successive rounds of cell sorting. 
[0027] FIG. 6 is a photograph of an apparatus of the inven 
tion, shoWing a chip With an inlet channel and reservoir, a 
detection region, a branch point, and tWo outlet channels With 
reservoirs. 
[0028] FIG. 7 shoWs a schematic representation of a pro 
cess for obtaining a silicone elastomer impression of a silicon 
mold to provide a microfabricated chip according to the 
invention. 
[0029] FIG. 8 shoWs a schematic representation of an appa 
ratus of the invention, in Which a silicone elastomer chip is 
mounted on an inverted microscope for optical detection of a 
laser-stimulated reporter. Electrodes are used to direct cells in 
response to the microscope detection. 
[0030] FIG. 9 shoWs the results of sorting blue and red 
?uorescent beads having an initial ratio of 10:1, respectively, 
using a forward mode. The darker bar represents the ratio of 
red beads over the total number of beads sorted and the lighter 
bar represents the ratio of blue beads over the total number of 
beads sorted. 
[0031] FIG. 10 shoWs the results of sorting blue and red 
?uorescent beads having an initial ratio of 100:1, respec 
tively, using a reversible sWitching mode. The darker bar 
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represents the ratio of red beads over the total number of 
beads sorted and the lighter bar represents the ratio of blue 
beads over the total number of beads sorted. 
[0032] FIG. 11 shoWs the results of sorting green and red 
?uorescent beads having an initial ratio of 100:1, respec 
tively, using a reversible sWitching mode. The darker bar 
represents the ratio of red beads over the total number of 
beads sorted and the lighter bar represents the ratio of green 
beads over the total number of beads sorted. 
[0033] FIG. 12 shoWs the results of sorting Wild-type (non 
?uorescent) E. coli HBlOl cells and E. coli HBlOl cells 
expressing green ?uorescent protein (GFP) having an initial 
ratio of 100:1, respectively, using a forWard sWitching mode. 
The lighter bar represents the ratio of Wildtype E. coli cells 
over the total number (approximately 120,000) of cells sorted 
and the darker bar represents the ratio of GFP-expressing E. 
coli cells over the total number of cells sorted. 
[0034] FIG. 13 shoWs the results of sorting Wild-type (non 
?uorescent) E. coli HBlOl cells and E. coli HBlOl cells 
expressing green ?uorescent protein (GFP) having an initial 
ratio of 3:2, respectively, using a forWard sWitching mode. 
[0035] FIGS. 14A and B shoW a sorting scheme according 
to the invention, in diagrammatic form. 
[0036] FIGS. 15A and B shoW a reversible sorting scheme 
according to the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

De?nitions 
[0037] The terms used in this speci?cation generally have 
their ordinary meanings in the art, Within the context of the 
invention, and in the speci?c context Where each term is used. 
Certain terms are discussed beloW, or elseWhere in the speci 
?cation, to provide additional guidance to the practitioner in 
describing the devices and methods of the invention and hoW 
to make and use them. For convenience, certain terms are 
highlighted, for example using italics and/ or quotation marks. 
The use of highlighting has no in?uence on the scope and 
meaning of a term; the scope and meaning of a term is the 
same, in the same context, Whether or not it is highlighted. It 
Will be appreciated that the same thing can be said in more 
than one Way. Consequently, alternative language and syn 
onyms may be used for any one or more of the terms discussed 
herein, nor is any special signi?cance to be placed upon 
Whether or not a term is elaborated or discussed herein. Syn 
onyms for certain terms are provided. A recital of one or more 
synonyms does not exclude the use of other synonyms. The 
use of examples anyWhere in this speci?cation, including 
examples of any terms discussed herein, is illustrative only, 
and in no Way limits the scope and meaning of the invention 
or of any exempli?ed term. LikeWise, the invention is not 
limited to the preferred embodiments. 
[0038] As used herein, “cell” means any cell or cells, as 
Well as viruses or any other particles having a microscopic 
size, eg a siZe that is similar to that of a biological cell, and 
includes any prokaryotic or eukaryotic cell, e.g., bacteria, 
fungi, plant and animal cells. Cells are typically spherical, but 
can also be elongated, ?attened, deformable and asymmetri 
cal, i.e., non-spherical. The siZe or diameter of a cell typically 
ranges from about 0.1 to 120 microns, and typically is from 
about 1 to 50 microns. A cell may be living or dead. Since the 
microfabricated device of the invention is directed to sorting 
materials having a siZe similar to a biological cell (e. g. about 
0.1 to 120 microns) any material having a siZe similar to a 



US 2011/0229872 A1 

biological cell can be characterized and sorted using the 
microfabricated device of the invention. Thus, the term cell 
shall further include microscopic beads (such as chromato 
grophic and ?uorescent beads), liposomes, emulsions, or any 
other encapsulating biomaterials and porous materials. Non 
limiting examples include latex, glass, or paramagnetic 
beads; and vesicles such as emulsions and liposomes, and 
other porous materials such as silica beads. Beads ranging in 
siZe from 0.1 micron to 1 m can also be used, for example in 
sorting a library of compounds produced by combinatorial 
chemistry. As used herein, a cell may be charged or 
uncharged. For example, charged beads may be used to facili 
tate ?oW or detection, or as a reporter. Biological cells, living 
or dead, may be charged for example by using a surfactant, 
such as SDS (sodium dodecyl sulfate). 
[0039] A “reporter” is any molecule, or a portion thereof, 
that is detectable, or measurable, for example, by optical 
detection. In addition, the reporter associates With a cell or 
With a particular marker or characteristic of the cell, or is itself 
detectable, to permit identi?cation of the cell. Such a marker 
includes antibodies, proteins and sugar moieties, receptors, 
polynucleotides, and fragments thereof. The term “label” can 
be used interchangeably With “reporter”. The reporter is typi 
cally a dye, ?uorescent, ultraviolet, or chemiluminescent 
agent, chromophore, or radio-label, any of Which may be 
detected With or Without some kind of stimulatory event, e.g., 
?uoresce With or Without a reagent. In one embodiment, the 
reporter is a protein that is optically detectable Without a 
device, eg a laser, to stimulate the reporter, such as horse 
radish peroxidase (HRP). A protein reporter can be expressed 
in the cell that is to be detected, and such expression may be 
indicative of the presence of the protein or it can indicate the 
presence of another protein that may or may not be coex 
pressed With the reporter. A reporter may also include any 
substance on or in a cell that causes a detectable reaction, for 
example by acting as a starting material, reactant or a catalyst 
for a reaction Which produces a detectable product. Cells may 
be sorted, for example, based on the presence of the sub 
stance, or on the ability of the cell to produce the detectable 
product When the reporter substance is provided. 
[0040] A “marker” is a characteristic of the cell that is made 
detectable by the reporter, or may be coexpressed With a 
reporter. Characteristics may include a protein, including 
enZyme, receptor and ligand proteins, saccharrides, poly 
nucleotides, and combinations thereof, or any biological 
material associated With a cell. The product of an enZymatic 
reaction may also be used as a marker. The marker may be 
directly or indirectly associated With the reporter or can itself 
be a reporter. 

[0041] The term “?oW” means any movement of liquid or 
solid through a device or in a method of the invention, and 
encompasses Without limitation any ?uid stream, and any 
material moving With, Within or against the stream, Whether 
or not the material is carried by the stream. For example, the 
movement of cells through a device or in a method of the 
invention, eg through channels of a micro?uidic chip of the 
invention, comprises a ?oW. This is so, according to the inven 
tion, Whether or not the cells are carried by a stream of ?uid 
also comprising a ?oW, or Whether the cells are caused to 
move by some other direct or indirect force or motivation, and 
Whether or not the nature of any motivating force is knoWn or 
understood. The application of any force may be used to 
provide a ?oW, including Without limitation, pressure, capil 
lary action, electro-osmosis, electrophoresis, dielectrophore 
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sis, optical tWeeZers, and combinations thereof, Without 
regard for any particular theory or mechanism of action, so 
long as cells are directed for sorting according to the inven 
tion. 
[0042] An “inlet region” is an area of a microfabricated 
chip that receives cells for sorting. The inlet region may 
contain an inlet channel, a Well or reservoir, an opening, and 
other features Which facilitate the entry of cells into the 
device. A chip may contain more than one inlet region if 
desired. The inlet region is in ?uid communication With the 
main channel and is upstream therefrom. 
[0043] An “outlet region” is an area of a microfabricated 
chip that collects or dispenses cells after sorting. An outlet 
region is doWnstream from a discrimination region, and may 
contain branch channels or outlet channels. A chip may con 
tain more than one outlet region if desired. 

[0044] An “analysis unit” is a microfabricated substrate, 
e.g., a microfabricated chip, having at least one inlet region, at 
least one main channel, at least one detection region and a 
branch point, that forms at least tWo branch channels and tWo 
outlet regions. A device according to the invention may com 
prise a plurality of analysis units. 
[0045] A “main channel” is a channel of the chip of the 
invention Which permits the ?oW of cells past a detection 
region and into a discrimination region for sorting. Both 
regions can be placed or fabricated into the main channel. The 
main channel is typically in ?uid communication With an inlet 
channel or inlet region, Which permit the ?oW of cells into the 
main channel. The main channel is also typically in ?uid 
communication With branch channels, outlet channels, or 
Waste channels, each of Which permit the ?oW of cells out of 
the main channel. 
[0046] A “detection region” is a location Within the chip, 
typically Within the main channel Where cells to be sorted are 
examined for sorting on the basis of a predetermined charac 
teristic. In a preferred embodiment, the cells are re-examined 
one at a time, and the characteristic is detected or measured 
optically, for example, by testing for the presence or amount 
of a reporter. For example, the detection region is in commu 
nication With one or more microscopes, diodes, light stimu 
lating devices, (e.g., lasers), photomultiplier tubes, and pro 
cessors (e.g., computers and software), and combinations 
thereof, Which cooperate to detect a signal representative of a 
cell characteristic or reporter, and to determine and direct the 
sorting action at the discrimination region. The detection 
region is in ?uid communication With a discrimination region 
and is at, proximate to, or upstream of the discrimination 
region. 
[0047] A “discrimination region” or “branch point” is a 
junction of a channel Where the ?oW of cells can change 
direction to enter one or more other channels, e.g., a branch 
channel, depending on a signal received in connection With an 
examination in the detection region. Typically, a discrimina 
tion region is monitored and/or under the control of a detec 
tion region, and therefore a discrimination region may “cor 
respond” to such detection region. The discrimination region 
is in communication With and is in?uenced by one or more 
sorting techniques or ?oW control systems, e. g., electric, elec 
tro-osmotic, (micro-) valve, etc. A ?oW control system can 
employ a variety of sorting techniques to change or direct the 
?oW of cells into a predetermined branch channel. 
[0048] A “branch channel” is a channel Which is in com 
munication With a discrimination region and a main channel. 
Typically, a branch channel receives cells depending on the 
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cell characteristic of interest as detected by the detection 
region and sorted at the discrimination region. A branch chan 
nel may be in communication with other channels to permit 
additional sorting. Alternatively, a branch channel may also 
have an outlet region and/ or terminate with a well or reservoir 
to allow collection or disposal of the cells. 
[0049] The term “forward sorting” describes a one-direc 
tion ?ow of cells, typically from an inlet region (upstream) to 
an outlet region (downstream), and preferably without a 
change in direction, e.g., opposing the “forward” ?ow. Pref 
erably, cells travel forward in a linear fashion, i.e., in single 
?le. The preferred “forward” sorting algorithm consists of 
running the cells from the input channel to the waste channel, 
until a cell’s ?uorescence is above a pre-set threshold, at 
which point the voltages are temporarily changed to divert it 
to the collection channel. 
[0050] The term “reversible sorting” describes a movement 
or ?ow that can change, i.e., reverse direction, for example, 
from a forward direction to an opposing backwards direction. 
Stated another way, reversible sorting permits a change in the 
direction of ?ow from a downstream to an upstream direction. 
This may be useful for more accurate sorting, for example, by 
allowing for con?rmation of a sorting decision, selection of 
particular branch channel, or to correct an improperly 
selected channel. 
[0051] Different algorithms for sorting in the micro?uidic 
device can be implemented by different programs, for 
example under the control of a personal computer. As an 
example, consider a pressure-switched scheme instead of 
electro-osmotic ?ow. Electro-osmotic switching is virtually 
instantaneous and throughput is limited by the highest volt 
age that can be applied to the sorter (which also affects the run 
time through ion depletion effects). A pressure switched 
scheme does not require high voltages and is more robust for 
longer runs. However, mechanical compliance in the system 
is likely to cause the ?uid switching speed to become rate 
limiting with the “forward” sorting program. Since the ?uid is 
at low Reynolds number and is completely reversible, when 
trying to separate rare cells one can implement a sorting 
algorithm that is not limited by the intrinsic switching speed 
of the device. The cells ?ow at the highest possible static 
(non-switching) speed from the input to the waste. When an 
interesting cell is detected, the ?ow is stopped. By the time the 
?ow stops, the cell may be past the junction and part way 
down the waste channel. The system is then run backwards at 
a slow (switchable) speed from waste to input, and the cell is 
switched to the collection channel when it passes through the 
detection region. At that point, the cell is saved and the device 
can be run at high speed in the forward direction again. This 
“reversible” sorting method is not possible with standard 
FACS machines and is particularly useful for collecting rare 
cells or making multiple time course measurements of a 
single cell. 

Cell Sorter Architecture and Method 

[0052] A cell sorter according to the invention comprises at 
least one analysis unit having an inlet region in communica 
tion with a main channel, a detection region within or coin 
cident with a portion of the main channel, a detector associ 
ated with the detection region, a discrimination region or 
branch point in communication with the main channel and 
with branch channels, and a ?ow control responsive to the 
detector. The branch channels may each lead to an outlet 
region and to a well or reservoir. The inlet region may also 
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communicate with a well or reservoir. As each cell passes into 
the detection region, it is examined for a predetermined char 
acteristic (i.e. using the detector), and a corresponding signal 
is produced, for example indicating that “yes” the character 
istic is present, or “no” it is not. In response to this signal, a 
?ow control can be activated to divert a cell or cells into one 
branch channel or another. Thus, a cell or cells within the 
discrimination region can be sorted into an appropriate 
branch channel according to a signal produced by the corre 
sponding examination at the detection region. Optical detec 
tion of cell characteristics is preferred, for example directly or 
by use of a reporter associated with a characteristic chosen for 
sorting. However, other detection techniques may also be 
employed. 
[0053] A variety of channels for sample ?ow and mixing 
can be microfabricated on a single chip and can be positioned 
at any location on the chip as the detection and discrimination 
or sorting points, e.g., for kinetic studies (12, 14). A plurality 
of analysis units of the invention may be combined in one 
device. Microfabrication applied according to the invention 
eliminates the dead time occurring in conventional ?ow cyto 
metric kinetic studies, and achieves a better time-resolution. 
Furthermore, linear arrays of channels on a single chip, i.e., a 
multiplex system, can simultaneously detect and sort a 
sample by using an array of photomultiplier tubes (PMT) for 
parallel analysis of different channels (15). This arrangement 
can be used to improve throughput or for successive sample 
enrichment, and can be adapted to provide a very high 
throughput to the micro?uidic devices that exceeds the capac 
ity permitted by conventional ?ow sor‘ters. Moreover, micro 
fabrication permits other technologies to be integrated or 
combined with ?ow cytometry on a single chip, such as PCR 
(21), moving cells using optical tweeZer/cell trapping (16 
18), transformation of cells by electroporation (19), uTAS 
(22), and DNA hybridiZation (6). Detectors and/or light ?lters 
that are used to detect cell characteristics or the reporters can 
also be fabricated directly on the chip. 
[0054] A device of the invention can be microfabricated 
with a sample solution reservoir or well at the inlet region, 
which is typically in ?uid communication with an inlet chan 
nel. A reservoir may facilitate introduction of cells into the 
device and into the sample inlet channel of each analysis unit. 
An inlet region may have an opening, such as in the ?oor of 
the microfabricated chip, to permit entry of the cell sample 
into the device. The inlet region may also contain a connector 
adapted to receive a suitable piece of tubing, such as liquid 
chromatography or HPLC tubing, through which a sample 
may be supplied. Such an arrangement facilitates introducing 
the sample solution under positive pressure in order to 
achieve a desired ?ow rate through the channels. Outlet chan 
nels and wells can be similarly provided. 

Substrate and Flow Channels 

[0055] A typical analysis unit of the invention comprises an 
inlet region that is part of and feeds or communicates with a 
main channel, which in turn communicates with two (or 
more) branch channels at a junction or branch point, forming 
for example a T-shape or aY-shape. Other shapes and channel 
geometries may be used as desired. The region at or surround 
ing the junction can also be referred to as a discrimination 
region, however, precise boundaries for the discrimination 
region are not required. A detection region is identi?ed within 
or coincident with a portion of the main channel downstream 
of the inlet region, and at or upstream of the discrimination 


































