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(57) ABSTRACT 

This invention relates in general to a method for molecular 
?ngerprinting. The method can be used for forensic identi 
?cation (e.g. DNA ?ngerprinting, especially by VNTR), 
bacterial typing, and human/animal pathogen diagnosis. 
More particularly, molecules such as polynucleotides (e.g. 
DNA) can be assessed or sorted by siZe in a microfabricated 
device that analyzes the polynucleotides according to 
restriction fragment length polymorphism. In a microfabri 
cated device according to the invention, DNA fragments or 
other molecules can be rapidly and accurately typed using 
relatively small samples, by measuring for example the 
signal of an optically-detectable (e.g., ?uorescent) reporter 
associated With the polynucleotide fragments. 
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METHODS AND SYSTEMS FOR MOLECULAR 
FINGERPRINTING 

[0001] This application claims priority under 35 U.S.C. § 
119(e) to copending US. provisional patent application Ser. 
No. 60/194,422 ?led on Apr. 4, 2000. The present applica 
tion is also a continuation-in-part of copending US. patent 
application Ser. Nos. 08/932,774 and 09/325,667, ?led on 
Sep. 23, 1997 and May 21, 1999, respectively. Each of these 
prior applications is hereby incorporated by reference in its 
entirety. 

1. FIELD OF THE INVENTION 

[0002] This invention relates in general to a method for 
molecular ?ngerprinting. The method can be used for foren 
sic identi?cation (e.g. DNA ?ngerprinting, especially by 
VNTR), bacterial typing, and human/animal pathogen diag 
nosis. More particularly, molecules such as polynucleotides 
(e.g. DNA) can be assessed or sorted by siZe in a micro 
fabricated device that analyZes the polynucleotides accord 
ing to restriction fragment length polymorphism. In a micro 
fabricated device according to the invention, DNA 
fragments or other molecules can be rapidly and accurately 
typed using relatively small samples, by measuring for 
example the signal of an optically-detectable (e.g., ?uores 
cent) reporter associated With the polynucleotide fragments. 

[0003] More generally, the invention relates to a method of 
analyZing or sorting molecules such as polynucleotides (e.g., 
DNA) by siZe or some other characteristic. In particular, the 
invention relates to a method of analyZing and/or sorting 
individual polynucleotide molecules in a microfabricated 
device by measuring the signal of an optically-detectable 
(e.g., ?uorescent, ultraviolet, radioactive or color change) 
reporter associated With the molecules. These methods and 
devices can also be adapted to analyZe or sort cells or 
particles. 
[0004] The devices and methods of the invention are 
advantageous, particularly in comparison With conventional 
gel electrophoresis techniques. For example, the invention 
provides less costly and more rapid equipment, can use 
smaller molecular samples, is less labor-intensive and is 
more readily automated. The invention is also advanta 
geously ?exible. Additional functions can be incorporated 
into the design as desired, such as in-line digestion, sepa 
ration, etc. 

2. BACKGROUND OF THE INVENTION 

[0005] When DNA is broken into fragments using restric 
tion enZymes, each of Which cuts the DNA in a knoWn Way, 
the resulting DNA fragments or polypeptides of different 
siZes produce a unique pattern or pro?le Which can be used 
to uniquely identify the source of the DNA molecules. In the 
invention, a reporter or other measurable signal varies as a 
function of molecule siZe, and in this Way pro?les based on 
siZe can be ef?ciently generated and compared, particularly 
on a small scale and in an automated or semi-automated 
fashion. 

[0006] Methods enabling the matching of unidenti?ed 
tissue samples to speci?c individuals have Wide application 
in many ?elds. For DNA ?ngerprinting, commonly used 
methods include RFLP analysis (53, 54), variable nucleotide 
tandem repeats (55), and microsatellites (56). With the 
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possible exception of monoZygotic tWins, each individual in 
the human population has a unique genetic composition 
Which can be used to speci?cally identify each individual. 
This phenomenon has alloWed laW enforcement of?cials to 
use DNA sequence variation to determine, for example, 
Whether a forensic sample Was derived from any given 
individual. The ?elds of forensic and medical serology, 
paternity testing, and tissue and sample origin have seen 
increasing use of such techniques, including the forensic and 
diagnostic use of DNA sequence variation, e.g., statistical 
evaluations based on satellite sequences and variable num 
ber of tandem repeats (VNTRS) or ampli?ed fragment 
length polymorphisms (AMP-FLPS). These methods are 
being used in crime laboratories, courts, hospitals and 
research and testing labs. Inclusion probabilities stated by 
the laboratories performing the analyses in such cases often 
exceed 111,000,000. That is, only one individual in one 
million is predicted, on a statistical basis, to have a given 
DNA “?ngerprint” obtained by analyZing a pattern of DNA 
fragments generated according to these techniques. 

[0007] The ?rst implementation of DNA typing in foren 
sics Was Jeffreys’ use of a multilocus DNA probe “?nger 
print” that identi?ed a suspect in a murder case in England. 
(55) In the United States, DNA pro?ling has been estab 
lished using a battery of unlinked highly polymorphic single 
locus VNTR probes. (57) The use of these batteries of 
probes permits the development of a composite DNApro?le 
for an individual. These pro?les can be compared to data 
bases, for example using the principles of Hardy-Weinberg 
to determine the probability of a match betWeen a suspect 
and an unknoWn forensic sample. 

[0008] Although these methods have markedly improved 
the poWer of the forensic and medical scientists to distin 
guish betWeen individuals, they suffer from a number of 
shortcomings including a lack of sensitivity, the absence of 
internal controls, expense, time intensity, relatively large 
sample siZe, an inability to perform precise allele (gene pair) 
identi?cation, and problems With identifying degraded DNA 
samples. 

[0009] For example, the most frequently used method for 
forensic identi?cation is the “Southern” hybridiZation tech 
nique, Which has been Widely used in forensic identi?cation 
and medical diagnosis. Also called a “Southern blot,” this 
technique treats an extracted molecule (a DNA sample) With 
a restriction endonuclease, an enZyme that cuts a polynucle 
otide chain Wherever a speci?c and relatively short sequence 
of nucleic acids in the chain occurs. Examples of Well 
knoWn restriction enZymes used in this Way are the endocu 
cleases HaeIII, EcoRI, HpaI and HindIII. In DNA ?nger 
printing, restriction sites are typically used to isolate VNTRs 
(variable number of tandem repeats), Which are regions in 
Which a short sequence of DNA has been repeated a number 
of times. The number of repeating units Within these regions 
vary betWeen individuals, and When cut With a restriction 
endonuclease result in multiple fragments of different siZe 
called] RFLPs (restriction fragment length polymorphisms). 
These fragments can be used as a “?ngerprint” because they 
vary in number and siZe from one individual to another. 

[0010] The resulting nucleotide fragments (ie the RFLPs) 
are separated by siZe via gel electrophoresis, in Which 
different siZed charged molecules are separated by their 
different rates of movement through a stationary gel under 
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the in?uence of an electric current. Following electrophore 
sis, the separated nucleotides are denatured and transferred 
to the surface of a nylon membrane by blotting; the so-called 
“Southern Blot”. The Southern Blot is then incubated in a 
solution containing a radioactive single locus probe under 
conditions of temperature and salt concentration that favor 
hybridiZation. (A single locus probe is also called a 
“primer.”) The locations of radioactive probe hybridiZation 
on the Southern Blot are detected and recorded via X-ray 
?lm or some other detection technique, thus providing a 
“pro?le” of the nucleotide. (Hybridization is used to pull out 
VNTR fragments, ie to separate them from irrelevant 
fragments.) In this approach, sample DNA is digested, and 
the resulting fragments are separated by siZe using gel 
electrophoresis. The separated fragments are transferred to a 
membrane by blotting, and are subjected to primer hybrid 
iZation. (58) 

[0011] This technique is time-consuming, labor intensive, 
and the gel may have a limited resolving poWer, making it 
potentially dif?cult to interpret the results. Another disad 
vantage is that these techniques generally require the use of 
a polymerase chain reaction (PCR) to multiply the poly 
nucleotide in the sample. That is, the conventional tests are 
not very sensitive, and require relatively large DNA samples 
Which often are not available. In such cases the sample 
concentration is increased to a meaningful detectable level 
by PCR. While this addresses some problems of sensitivity 
and sample degradation, PCR has been open to challenge 
because of possible sample contamination, and consequent 
undesirable ampli?cation of contaminants leading to unre 
liable results. PCR approaches are also difficult to multiplex. 
For example, the probes and primers must be chosen With 
care, and generally only one set can be used. The sample 
may be consumed by one round of PCR, and different sets 
of probes or primers may require different reaction condi 
tions, such as temperature. A simpler, more poWerful tech 
nique is needed, Which can accommodate small samples, 
does not rely on PCR, and Which makes use of the most 
recent advances in DNA technology. 

[0012] As described herein, the invention addresses these 
problems. In preferred embodiments a DNA sample is 
digested, primers are used to extend speci?cally desired 
DNA regions (eg VNTRs), Without successive rounds of 
PCR, and highly sensitive or speci?c reporter molecules, 
such as ?uorescently-labeled single nucleotides, are used to 
ef?ciently determine the length of the resulting DNA. A 
microfabricated or micro?uidic device may be used to 
implement these techniques, for example to separate and 
optically detect labeled fragments. 

[0013] The identi?cation and separation of nucleic acid 
fragments by siZe, such as in sequencing of DNA or RNA, 
is a Widely used technique in many ?elds, including molecu 
lar biology, biotechnology, and medical diagnostics. The 
most frequently used method for such separation is gel 
electrophoresis, in Which different siZed charged molecules 
are separated by their different rates of movement through a 
stationary gel under the in?uence of an electric current. Gel 
electrophoresis presents several disadvantages, hoWever. 
The process can be time consuming, and resolution is 
typically about 10%. Ef?ciency and resolution decrease as 
the siZe of fragments increases; molecules larger than 40,000 
base pairs are dif?cult to process, and those larger than 10 
million base pairs cannot be distinguished. 
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[0014] Methods have been proposed for determination of 
the siZe of nucleic acid molecules based on the level of 
?uorescence emitted from molecules treated With a ?uores 
cent dye. See Keller, et al., 1995 (31); GoodWin, et al., 1993 
(28); Castro, et. al., 1993 (27); and Quake, et al., 1999 (59). 
Castro (27) describes the detection of individual molecules 
in samples containing either uniformly siZed (48 Kbp) DNA 
molecules or a predetermined 1:1 ratio of molecules of tWo 
different siZes (48 Kbp and 24 Kbp). Aresolution of approxi 
mately 12-15% Was achieved betWeen these tWo siZes. There 
is no discussion of sorting or isolating the differently siZed 
molecules. 

[0015] In order to provide a small diameter sample stream, 
Castro (27) uses a “sheath ?oW” technique Wherein a sheath 
?uid hydrodynamically focuses the sample stream from 100 
pm to 20 pm. This method requires that the radiation 
exciting the dye molecules, and the emitted ?uorescence, 
must traverse the sheath ?uid, leading to poor light collec 
tion ef?ciency and resolution problems caused by lack of 
uniformity. Speci?cally, this method results in a relatively 
poor signal-to-noise ratio of the collected ?uorescence, 
leading to inaccuracies in the siZing of the DNA molecules. 

[0016] GoodWin (28) mentions the sorting of ?uorescently 
stained DNA molecules by ?oW cytometry. This method, 
hoWever, employs costly and cumbersome equipment, and 
requires atomiZation of the nucleic acid solution into drop 
lets, With the requirement that each droplet contains at most 
one analyte molecule. Furthermore, the ?oW velocities 
required for successful sorting of DNA fragments Were 
determined to be considerably sloWer than used in conven 
tional ?oW cytometry, so the method Would require adapta 
tions to conventional equipment. Sorting a usable amount 
(e.g., 100 ng) of DNA using such equipment Would take 
Weeks, if not months, for a single run, and Would generate 
inordinately large volumes of DNA solution requiring addi 
tional concentration and/or precipitation steps. 

[0017] Quake (59) relates to a single molecule siZing 
microfabricated device (SMS) for sorting polynucleotides or 
particles by siZe, charge or other identifying characteristics, 
for example, characteristics that can be optically detected. 
The invention includes a ?uorescence activated sorter 
(FAS), and methods for analyZing and sorting polynucle 
otides by measuring a signal produced by an optically 
detectable (e.g., ?uorescent, ultraviolet or color change) 
reporter associated With the molecules. These methods and 
microfabricated devices alloW for high sensitivity, no cross 
contamination, and loWer cost than conventional gel tech 
niques. In one embodiment of the invention, it has been 
discovered that devices of this kind can be advantageously 
designed for use in molecular ?ngerprinting applications, 
such as DNA ?ngerprinting. 

[0018] It is thus desirable to provide a method of rapidly 
analyZing and sorting differently siZed nucleic acid mol 
ecules With high resolution, using simple and inexpensive 
equipment. In a microfabricated system, a short optical path 
length is desirable to reduce distortion and improve signal 
to-noise of detected radiation. Ideally, sorting of fragments 
can be carried out using any siZe-based criteria. 

3. SUMMARY OF THE INVENTION 

[0019] The invention provides a molecular ?ngerprinting 
method and system, including for example microfabricated 
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devices for sorting reporter-labeled polynucleotides or poly 
nucleotide molecules by size. 

[0020] An object of the present invention is a method for 
DNA ?ngerprinting using synthetic repeat polymorphisms. 

[0021] An additional object of the present invention is a 
method for identifying the source of DNA in a forensic or 
medical sample. 

[0022] A further object of the present invention is to 
provide an automated DNA pro?ling assay. This case be 
used, for eXample for DNA mapping, eg of BAC or YAC 
libraries. 

[0023] An additional object of the present invention is to 
provide a kit for detecting synthetic repeat polymorphisms. 

[0024] In accomplishing these and other objectives, the 
invention provides a method for molecular ?ngerprinting 
using a synthetic version of restriction fragment length 
polymorphism. The method includes choosing at random a 
short (20-50 bp) sequence of the polynucleotide that is a 
?Xed distance aWay from a restriction site. This can be 
repeated any number: of times for enhanced statistical 
discrimination, With different locations in the polynucleotide 
and different distances to a restriction site. Thus, a unique set 
of fragments can be generated, resulting in a ?ngerprint that 
can be obtained Without relying on naturally occurring 
repeat sequences or restriction sites. 

[0025] The method also provides for identi?cation of a 
?ngerprint in a sample. To identify a ?ngerprinted poly 
nucleotide in a sample, an oligonucleotide (i.e. a short 
polynucleotide probe) is synthesiZed to complement the 
randomly chosen sequences. The probes are miXed With the 
sample along With nucleotide triphosphates and polymerase. 
The nucleotides can be ?uorescently labeled. Through this 
technique a set of ?uorescent strands of polynucleotide Will 
be synthesiZed. Each complementary strand is cut With 
restriction enZymes to yield a polynucleotide of a ?Xed 
length. The polynucleotides can then be siZed, either by gel 
electrophoresis or in a single molecule siZing device (SMS). 
One oligonucelotide probe derived from a references sample 
can be used, resulting in one complementary strand in a test 
sample containing matching sequences. If multiple oligo 
nucleotides are designed, the reaction can be multiplexed 
and the different length fragments can be resolved into a 
multiple fragment ?ngerprint that can be compared to the 
standard or reference ?ngerprint. Preferably, a digestion is 
performed before enZyme/primer eXtension to prevent non 
speci?c binding of primers. A siX-base cutter (digestion 
enZyme) is particularly preferred to cut the sample into 
fragments of tens of thousands of base pairs. Alternatively, 
digestion after eXtension to ?X the length can be performed. 

[0026] A number of variations and modi?cations to this 
technique Will be apparent to the practitioner of ordinary 
skill. For eXample, instead of using labeled nucleotides, 
complementary polynucleotides can be post-stained With an 
intercalating dye. Another variation is to use af?nity puri? 
cation to pull doWn the fragment of interest, i.e., using 
biotinylated oligonucleotides and streptavidin coated mag 
netic beads. 

[0027] In a preferred embodiment, a microfabricated 
device is used for detecting or sorting the nucleotide frag 
ments in a ?ngerprint based on siZe. The SMS device is fast, 
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alloWing analysis in as little as 10 minutes, and requires only 
femtograms of material, thus, the SMS device provides 
relatively high sensitivity Without the need for PCR. 

[0028] Mircofabricated Device. The device includes a 
chip having a substrate With at least one microfabricated 
analysis unit. Each analysis unit includes a main channel, 
having at one end a sample inlet, having along its length a 
detection region, and having, adjacent and doWnstream of 
the detection region, an outlet or a branch point discrimi 
nation region leading to a plurality of branch channels 
originating at the discrimination region and in communica 
tion With the main channel. The analysis unit also provides 
a stream of solution, preferably continuous, containing the 
molecules and passing through the detection region, such 
that on average only one molecule occupies the detection 
region at any given time. The level of reporter from each 
molecule is measured as it passes Within the detection 
region. If desired, the molecule is directed to a selected 
branch channel based on the level of reporter. 

[0029] In a preferred embodiment, the substrate is planar, 
and contains a micro?uidic chip made from a silicone 
elastomer impression of an etched silicon Wafer according 
replica methods in soft-lithography (11). In one embodi 
ment, the channels meet to form a “T” (T junction). A 
Y-shaped junction, and other shapes and geometries may 
also be used. A detection region is typically upstream from 
the branch point. Molecules or cells are diverted into one or 
another outlet channel based on a predetermined character 
istic 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 cov 
erslip, such as glass, over the chip, to cover the channels 
While permitting optical eXamination of one or more chan 
nels or regions, particularly the detection region. In a 
preferred embodiment the coverslip is pyreX, anodically 
bonded to the chip. 

[0030] Other devices such as electrophoresis chips may 
also be used. Exemplary devices are described in US. Pat. 
Nos. 6,042,709; 5,965,001; 5,948,227; 5,880,690; and 
6,007,690. 
[0031] Channel Dimensions. The channels in a molecular 
analysis device are preferably betWeen about 1 pm and about 
20 pm in Width and betWeen about 1 pm and about 20 pm 
in depth, and the detection region has a volume of betWeen 
about 1 ? and about 1 pl. In a cell analysis device the 
channels 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. In preferred embodiments, the device includes a 
transparent (e.g., glass) cover slip bonded to the substrate 
and covering the channels to form the roof of the channels. 
The channels may be of any dimensions suitable to accom 
modate the largest dimension of the molecules to be ana 
lyZed. 
[0032] Manifolds. A device Which contains a plurality of 
analysis units may further include a plurality of manifolds, 
the number of such manifolds typically being equal to the 
number of branch channels in one analysis unit, to facilitate 
collection of molecules from corresponding branch channels 
of the different analysis units. 

[0033] How of Molecules. In one embodiment, the mol 
ecules are directed or sorted by electroosmotic force. Apair 
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of electrodes apply an electric ?eld or gradient across the 
discrimination region that is effective to move the How of 
molecules through the device. In a sorting embodiment the 
electrodes can be sWitched to direct a particular molecule 
into a selected branch channel based on the amount of 
reporter signal detected from that molecule. In another 
embodiment, a How of molecules is maintained through the 
device via a pump or pressure differential, and a valve 
structure can be used at the branch point effective to permit 
each molecule to enter only one selected branch channel. 
Alternatively, a valve can be placed in one or more channels 
doWnstream of the branch point to alloW or curtail ?oW 
through each channel. In a related, pressure can be adjusted 
at the outlet of each branch channel effective to alloW or 
curtail ?oW through the channel. 

[0034] Optical Detection. Preferably the molecules are 
optically detectable When passing through the detection 
region. For example the molecules may be labeled With a 
reporter, for example a ?uorescent reporter. The optically 
detectable signal can be measured, and generally is propor 
tional to or is a function of a characteristic of the molecules, 
such as siZe or molecular Weight. A ?uorescent reporter, 
generating a quantitative optical signal can be used. Fluo 
rescent reporters are knoWn, and can be associated With 
molecules such as polynucleotides using knoWn techniques. 

[0035] In a preferred molecular ?ngerprinting embodi 
ment, the reporter label is a ?uorescently-labeled single 
nucleotides, such as ?uorescein-dNTP, rhodamine-dNTP, 
Cy3-dNTP, CyS-dNTP, Where dNTP represents dATP, dTTP, 
dUTP or dCTP. The reporter can also be chemically-modi 
?ed single nucleotides, such as biotin-dNTP. Alternatively, 
chemicals can be used that Will react With an attached 
functional group such as biotin. 

[0036] Sorting Molecules. In another aspect, the invention 
includes a method of isolating polynucleotides having a 
selected siZe. The method includes: a) ?oWing a continuous 
stream of solution containing reporter-labeled polynucle 
otides through a channel comprising a detection region 
having a selected volume, Where the concentration of the 
molecules in the solution is such that the molecules pass 
through the detection region one-by-one, c) determining the 
siZe of each molecule as it passes through the detection 
region by measuring the level of the reporter, d) in the 
continuous stream of solution, diverting molecules hav 
ing the selected siZe into a ?rst branch channel, and (ii) 
molecules not having the selected siZe into a second branch 
channel. Polynucleotides diverted into any channel can be 
collected as desired. 

[0037] Flow Control. In preferred embodiments, the con 
centration of polynucleotides in the solution is betWeen 
about 10 fM and about 1 nM and the detection region 
volume is betWeen about 1 ? and about 1 pl. The molecules 
can be diverted, for example, by transient application of an 
electric ?eld effective to bias a molecule having the 
selected siZe (e.g., betWeen about 100 bp and about 10 mb) 
to enter one branch channel, and (ii) a molecule not having 
the selected siZe to enter another branch channel. Alterna 
tively, molecules can be directed into a selected channel, 
based on siZe, by temporarily blocking the How in other 
channels, such that the continuous stream of solution carries 
the molecule having the selected siZe into the selected 
channel. Pumps and valves may also be used to divert ?oW, 
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and carry molecules into one or another channels, and 
mechanical sWitches may also be used. These methods can 
also be used in combination, and likeWise molecules can be 
diverted based on Whether they have a selected property or 
siZe, or do not have that property or siZe, or exceed or do not 
exceed a selected threshold measurement. 

[0038] Synchronization. In each embodiment Where mol 
ecules are measured and then diverted, as opposed to being 
measured only, the molecules are detected and measured 
one-by-one Within the detection region, and are diverted 
one-by-one into the appropriate channels, by coordinating or 
synchroniZing the diversion of How With the detection step 
and With the How entering the detection, as described for 
example in more detail beloW. In certain embodiments the 
How rate may be adjusted, for example delayed, to maintain 
ef?cient detection and sWitching, and as described beloW the 
How may in some cases be temporarily reversed to improve 
accuracy. 

[0039] SiZing Molecules. In yet another aspect, the inven 
tion includes a method of siZing polynucleotides in solution. 
This method includes: a) ?oWing a continuous stream of 
solution containing reporter-labeled polynucleotides 
through a microfabricated channel comprising a detection 
region having a selected volume, Where the concentration of 
the molecules in the solution is such that most molecules 
pass through the detection region one by one, and b) 
determining the siZe of each molecule as it passes through 
the detection region by measuring the level of the reporter. 

[0040] Multiparameter Embodiments. In addition to ana 
lyZing or sorting ?uorescent and non-?uorescent nucleotide 
fragments, the SMS can also provide multiparameter analy 
sis. For example, siZing or sorting can be done according to 
a WindoW or threshold value, meaning that molecules (e.g. 
polynucleotides) are selected based on the presence of a 
signal above or beloW a certain value or threshold. There can 
also be several points of analysis on the same chip for 
multiple time course measurements. 

[0041] Thus, the invention provides for the rapid and 
accurate determination of the “pro?le” of a polynucleotide 
in high resolution using minimal amounts of material in 
these simple and inexpensive microfabricated devices. The 
methods and devices of the invention can replace or be used 
in combination With conventional gel based approaches. 

4. BRIEF DESCRIPTION OF THE DRAWINGS 

[0042] FIG. 1 shoWs a nucleic acid sorting device in 
accordance With one embodiment of the invention. 

[0043] FIG. 2 shoWs a partial perspective vieW of a 
nucleic acid sorting device, shoWing a sample solution 
reservoir and sample inlet. 

[0044] FIG. 3A shoWs one embodiment of a detection 
region used in a nucleic acid sorting device, having an 
integrated photodiode detector. 

[0045] FIG. 3B shoWs another embodiment of a detection 
region, having an integrated photodiode detector, and pro 
viding a larger detection volume (than the embodiment of 
FIG. 3A). 

[0046] FIGS. 4A-4B shoW one embodiment of a valve 
Within a branch channel of a nucleic acid sorting device, and 
steps in fabrication of the valve. 
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[0047] FIG. 5A shows one embodiment of a discrimina 
tion region used in a nucleic acid sorting device, having 
electrodes disposed Within the channels for electrophoretic 
discrimination. 

[0048] FIG. 5B shoWs another embodiment of a discrimi 
nation region used in a nucleic acid sorting device, having 
electrodes disposed for electroosmotic discrimination. 

[0049] FIGS. 5C and 5D shoW tWo further embodiments 
of a discrimination region, having valves disposed for pres 
sure electrophoretic separation, Where the valves are Within 
the branch point, as shoWn in FIG. 5C, or Within the branch 
channels, as shoWn in FIG. 5D. 

[0050] FIG. 6 shoWs a device With analysis units contain 
ing a cascade of detection and discrimination regions suit 
able for successive rounds of polynucleotide or cell sorting. 

[0051] FIGS. 7A-7D shoW initial steps in photolitho 
graphic microfabrication of a nucleic acid sorting device 
from a silicon-Wafer, using photolithography and several 
stages of etching. 

[0052] FIG. 8 shoWs a schematic representation of a 
process for obtaining a silicone elastomer impression of a 
silicon mold to provide a microfabricated chip according to 
the invention. 

[0053] FIG. 9 shoWs a schematic representation of an 
apparatus 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. 

[0054] FIG. 10 is a photograph of an apparatus of the 
invention, shoWing a chip With an inlet channel and reser 
voir, a detection region, a branch point, and tWo outlet 
channels With reservoirs. 

[0055] FIGS. 11A and 11B shoW a sorting scheme 
according to the invention, in diagrammatic form. 

[0056] FIGS. 12A and 12B shoW a reversible sorting 
scheme according to the invention. 

[0057] FIG. 13 shoWs the results a comparison betWeen a 
?ngerprint for T7 phage and a knoWn T7 sample, using the 
method and a microfabricated device of the invention. 

[0058] FIG. 14 shoWs the results a comparison betWeen a 
?ngerprint for T7 phage and a knoWn lambda phage sample, 
using the method and a microfabricated device of the 
invention. 

[0059] FIG. 15 shoWs a comparison betWeen a T7 phage 
sample and a lambda phage sample against a T7 ?ngerprint, 
using a threshold detection algorithm in a microfabricated 
device of the invention. 

5. DETAILED DESCRIPTION OF THE 
INVENTION 

5.1. De?nitions 

[0060] 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 practi 
tioner in describing the devices and methods of the invention 
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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 lan 
guage and synonyms 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. Synonyms for certain terms are provided. Arecital of 
one or more synonyms does not exclude the use of other 
synonyms. The use of examples anyWhere in this speci?ca 
tion, 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. 

[0061] General De?nitions. As used herein, the term “iso 
lated” means that the referenced material is removed from 
the environment in Which it is normally found. Thus, an 
isolated biological material can be free of cellular compo 
nents, i.e., components of the cells in Which the material is 
found or produced. In the case of nucleic acid molecules, an 
isolated nucleic acid includes a PCR product, an isolated 
mRNA, a cDNA, or a restriction fragment. In another 
embodiment, an isolated nucleic acid is preferably excised 
from the chromosome in Which it may be found, and more 
preferably is no longer joined to non-regulatory, non-coding 
regions, or to other genes, located upstream or downstream 
of the gene contained by the isolated nucleic acid molecule 
When found in the chromosome. In yet another embodiment, 
the isolated nucleic acid lacks one or more introns. Isolated 
nucleic acid molecules include sequences inserted into plas 
mids, cosmids, arti?cial chromosomes, and the like. Thus, in 
a speci?c embodiment, a recombinant nucleic acid is an 
isolated nucleic acid. An isolated protein may be associated 
With other proteins or nucleic acids, or both, With Which it 
associates in the cell, or With cellular membranes if it is a 
membrane-associated protein. An isolated organelle, cell, or 
tissue is removed from the anatomical site in Which it is 
found in an organism. An isolated material may be, but need 
not be, puri?ed. 

[0062] The term “puri?ed” as used herein refers to mate 
rial that has been isolated under conditions that reduce or 
eliminate the presence of unrelated materials, i.e., contami 
nants, including native materials from Which the material is 
obtained. For example, a puri?ed protein is preferably 
substantially free of other proteins or nucleic acids With 
Which it is associated in a cell; a puri?ed nucleic acid 
molecule is preferably substantially free of proteins or other 
unrelated nucleic acid molecules With Which it can be found 
Within a cell. As used herein, the term “substantially free” is 
used operationally, in the context of analytical testing of the 
material. Preferably, puri?ed material substantially free of 
contaminants is at least 50% pure; more preferably, at least 
90% pure, and more preferably still at least 99% pure. Purity 
can be evaluated by chromatography, gel electrophoresis, 
immunoassay, composition analysis, biological assay, and 
other methods knoWn in the art. 

[0063] Methods for puri?cation are Well-knoWn in the art. 
For example, nucleic acids can be puri?ed by precipitation, 
chromatography (including preparative solid phase chroma 
tography, oligonucleotide hybridiZation, and triple helix 



US 2005/0123947 A1 

chromatography), ultracentrifugation, and other means. 
Polypeptides and proteins can be puri?ed by various meth 
ods including, Without limitation, preparative disc-gel elec 
trophoresis, isoelectric focusing, HPLC, reversed-phase 
HPLC, gel ?ltration, ion exchange and partition chromatog 
raphy, precipitation and salting-out chromatography, extrac 
tion, and countercurrent distribution. For some purposes, it 
is preferable to produce the polypeptide in a recombinant 
system in Which the protein contains an additional sequence 
tag that facilitates puri?cation, such as, but not limited to, a 
polyhistidine sequence, or a sequence that speci?cally binds 
to an antibody, such as FLAG and GST. The polypeptide can 
then be puri?ed from a crude lysate of the host cell by 
chromatography on an appropriate solid-phase matrix. Alter 
natively, antibodies produced against the protein or against 
peptides derived therefrom can be used as puri?cation 
reagents. Cells can be puri?ed by various techniques, includ 
ing centrifugation, matrix separation (e.g., nylon Wool sepa 
ration), panning and other immunoselection techniques, 
depletion (e.g., complement depletion of contaminating 
cells), and cell sorting (e.g., ?uorescence activated cell 
sorting Which is also referred to as FACS). Other puri?cation 
methods are possible. A puri?ed material may contain less 
than about 50%, preferably less than about. 75%, and most 
preferably less than about 90%, of the cellular components 
With Which it Was originally associated. The “substantially 
pure” indicates the highest degree of purity Which can be 
achieved using conventional puri?cation techniques knoWn 
in the art. 

[0064] A “sample” as used herein refers to a biological 
material Which can be tested, e.g., for the presence of CK-2 
polypeptides or CK-2 nucleic acids, e.g., to identify cells 
that speci?cally express the CK-2 gene and its gene product. 
Such samples can be obtained from any source, including 
tissue, blood and blood cells, including circulating hemato 
poietic stem cells (for possible detection of protein or 
nucleic acids), plural effusions, cerebrospinal ?uid (CSF), 
ascites ?uid, and cell culture. In preferred embodiments 
samples are obtained from bone marroW. 

[0065] Non-human animals include, Without limitation, 
laboratory animals such as mice, rats, rabbits, hamsters, 
guinea pigs, etc.; domestic animals such as dogs and cats; 
and, farm animals such as sheep, goats, pigs, horses, and 
coWs. 

[0066] In preferred embodiments, the terms “about” and 
“approximately” shall generally mean an acceptable degree 
of error for the quantity measured given the nature or 
precision of the measurements. Typical, exemplary 4 
degrees of error are Within 20 percent (%), preferably Within 
10%, and more preferably Within 5% of a given value or 
range of values. Alternatively, and particularly in biological 
systems, the terms “about” and “approximately” may mean 
values that are Within an order of magnitude, preferably 
Within 5-fold and more preferably Within 2-fold of a given 
value. Numerical quantities given herein are approximate 
unless stated otherWise, meaning that the term “about” or 
“approximately” can be inferred When not expressly stated. 

[0067] The term “molecule” means any distinct or distin 
guishable structural unit of matter comprising one or more 
atoms, and includes, for example, polypeptides and poly 
nucleotides. 

[0068] As used herein, the term “cell” means any cell or 
cells (e.g., biological cells) as Well as viruses or any other 

Jun. 9, 2005 

particle,having a microscopic siZe; e. g., a siZe that similar to 
(such as having the same order of magnistude as) the siZe of 
a biological cell. The terms cell therefore encompasses both 
prokaryotic and eukaryotic cells; including bacteria, fungi, 
plant and animal cells. Cells are typically spherical, but can 
also be elongated, ?attened, deformable and asymmetrical, 
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 
(eg about 0.1 to 120 microns) any material having a siZe 
similar to a 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 
chromatogrophic and ?uorescent beads), liposomes, emul 
sions, 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 mm can also be 
used, for example in sorting a library of compounds pro 
duced by combinatorial chemistry. As used herein, a cell 
may be charged or uncharged. For example, charged beads 
may be used to facilitate ?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). 

[0069] 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 mol 
ecule or cell or With a particular marker or characteristic of 
the molecule or cell, or is itself detectable, to permit iden 
ti?cation of the molecule or cell, or the presence or absence 
of a characteristic of the molecule or cell. In the case of 
molecules such as polynucleotides such characteristics 
include siZe, molecular Weight, the presence or absence of 
particular constituents or moeties (such as particular nucle 
otide sequences or restrictions sites). The term “label” can 
be used interchangeably With “reporter”. The reporter is 
typically 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. Typical reporters 
for molecular ?ngerprinting include Without limitation ?uo 
rescently-labeled single nucleotides such as ?uorescein 
dNTP, rhodamine-dNTP, Cy3-dNTP, Cy5-dNTP, Where 
dNTP represents DATP, dTTP, dUTP or dCTP. The reporter 
can also be chemically-modi?ed single nucleotides, such as 
biotin-dNTP. Alternatively, chemicals can be used that react 
With an attached functional group such as biotin. 

[0070] A “marker” is a characteristic of a molecule or cell 
that is detectable or is made detectable by a reporter, or 
Which may be coexpressed With a reporter. For molecules, a 
marker can be particular constituents or moeties, such as 
restrictions sites or particular nucleic acid sequences in the 
case of polynucleotides. The marker may be directly or 
indirectly associated With the reporter or can itself be a 
reporter. Thus, a marker is generally a distinguishing feature 
of a molecule, and a reporter is generally an agent Which 
directly or indirectly identi?es or permits measurement of a 
marker. These terms may, hoWever, be used interchangeably. 

[0071] The term “?oW ” means any movement of liquid or 
solid through a device or in a method of the invention, and 
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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 molecules or cells through a device or in a 
method of the invention, eg through channels of a microf 
luidic chip of the invention, comprises a ?oW. This is so, 
according to the invention, Whether or not the molecules or 
cells are carried by a stream of ?uid also comprising a ?oW, 
or Whether the molecules or 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, cap 
illary action, electro-osmosis, electrophoresis, dielectro 
phoresis, optical tWeeZers, and combinations thereof, With 
out regard for any particular theory or mechanism of action, 
so long as molecules or cells are directed for detection, 
measurement or sorting according to the invention. 

[0072] An “inlet region” is an area of a microfabricated 
chip that receives molecules or cells for detection measure 
ment or sorting. The inlet region may contain an inlet 
channel, a Well or reservoir, an opening, and other features 
Which facilitate the entry of molecules or 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. 

[0073] An “outlet region” is an area of a microfabricated 
chip that collects or dispenses molecules or cells after 
detection, measurement or sorting. An outlet region is doWn 
stream from a discrimination region, and may contain 
branch channels or outlet channels. Achip may contain more 
than one outlet region if desired. 

[0074] 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 
at least one outlet region. Sorting embodiments of the 
analysis unit include a discrimination region and/or a branch 
point, e.g. doWnstream of the detection region, that forms at 
least tWo branch channels and tWo outlet regions. A device 
of the invention may comprise a plurality of analysis units. 

[0075] A “main channel” is a channel of the chip of the 
invention Which permits the ?oW of molecules or cells past 
a detection region for detection (identi?cation), measure 
ment, or sorting. In a chip designed for sorting, the main 
channel also comprises a discrimination region. The detec 
tion and discrimination 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 molecules or cells into the main channel. 
The main channel is also typically in ?uid communication 
With an outlet region and optionally With branch channels, 
each of Which may have an outlet channel or Waste channel. 
These channels permit the ?oW of cells out of the main 
channel. 

[0076] A “detection region” is a location Within the chip, 
typically Within the main channel Where molecules or cells 
to be identi?ed, measured or sorted are examined on the 
basis of a predetermined characteristic. In a preferred 
embodiment, molecules or cells are 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 communication With 
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one or more microscopes, diodes, light stimulating devices, 
(e.g., lasers), photomultiplier tubes, and processors (e.g., 
computers and softWare), and combinations thereof, Which 
cooperate to detect a signal representative of a characteristic, 
marker, or reporter, and to determine and direct the mea 
surement or the sorting action at the discrimination region. 
In sorting embodiments the the detection region is in ?uid 
communication With a discrimination region and is at, 
proximate to, or upstream of the discrimination region. 

[0077] A “discrimination region” or “branch point” is a 
junction of a channel Where the ?oW of molecules or 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 discrimination region is monitored and/or under 
the control of a detection region, and therefore a discrimi 
nation region may “correspond” 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, electro-osmotic, (micro-) valve, etc. A 
?oW control system can employ a variety of sorting tech 
niques to change or direct the ?oW of molecules or cells into 
a predetermined branch channel. 

[0078] A “branch channel” is a channel Which is in com 
munication With a discrimination region and a main channel. 
Typically, a branch channel receives molecules or cells 
depending on the molecule or cell characteristic of interest 
as detected by the detection region and sorted at the dis 
crimination region. A branch channel may be in communi 
cation 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 molecules or cells. 

[0079] The term “forWard sorting” or ?oW describes a 
one-direction ?oW of molecules or 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. Preferably, molecules or cells travel 
forWard in a linear fashion, i.e., in single ?le. A preferred 
“forWard” sorting algorithm consists of running molecules 
or cells from the input channel to the Waste channel, until a 
molecule or cell is identi?ed to have an optically detectable 
signal.(e.g. ?uorescence) that is above a pre-set threshold, at 
Which point voltages are temporarily changed to electroos 
motically divert the molecule or to the collection channel. 

[0080] The term “reversible sorting” or ?oW describes a 
movement or ?oW that can change, i.e., reverse direction, for 
example, from a forWard direction to an opposing back 
Wards direction. Stated another Way, reversible sorting per 
mits 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. 

[0081] 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 
voltage that can be applied to the sorter (Which also affects 
the run time through ion depletion effects). A pressure 






















































