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(57) ABSTRACT 

The invention is based on the discovery that hyperbaric, 
hydrostatic pressure reversibly alters the partitioning of 
biomolecules betWeen certain adsorbed and solvated phases 
relative to partitioning at ambient pressure. The neW meth 
ods and devices disclosed herein make use of this discovery 
for highly selective and ef?cient, loW salt isolation and 
puri?cation of nucleic acids from a broad range of sample 
types, including forensic samples, blood and other body 
?uids, and cultured cells. 

In one embodiment, the invention features a pressure-modu 
lation apparatus. The apparatus includes an electrode array 
system having at least tWo (i.e., tWo, three, four, or more) 
electrodes; and a conduit interconnecting the electrodes. The 
conduit contains an electrically conductive ?uid in contact 
With a phase positioned in a pressure chamber. The phase 
can be, for example, a binding medium or stationary phase. 
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PRESSURE-ENHANCED EXTRACTION AND 
PURIFICATION 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application is a continuation-in-part of US. 
Ser. No. 08/962,280, ?led on Oct. 31, 1997, Which is hereby 
incorporated by reference. 

FIELD OF THE INVENTION 

[0002] The invention is in the general ?eld of methods and 
devices for isolating and purifying compounds from miX 
tures. 

BACKGROUND OF THE INVENTION 

[0003] Many methods for separating biomolecules from 
mixtures such as cell lysates or synthetic preparations are 
based on a procedure in Which the sample is loaded onto a 
column packed With a solid phase. 

[0004] In the case of nucleic acids, for eXample, the solid 
phase can include an anion-exchange medium or resin. The 
negatively charged, anionic phosphate backbone of a nucleic 
acid can bind to and is thereby effectively immobiliZed by 
the resin. The resin can be Washed With a loW salt solution 
(e.g., 0.2 M sodium chloride), Which ?ushes aWay the 
neutral, cationic, and less highly charged anionic compo 
nents of the original miXture Without substantially disrupting 
the binding of the nucleic acid molecules to the solid phase. 

[0005] A high salt buffer solution (e. g., a buffer containing 
1 M sodium chloride) is then used to elute the nucleic acid 
molecules aWay from the solid phase. The high salt concen 
tration, hoWever, can interfere With mass spectroscopy, 
electrophoresis, and many doWnstream enZymatic processes 
commonly employed in the laboratory or clinic, for 
eXample, for diagnostics, forensics, or genomic analysis. It 
is therefore necessary, in many cases, to remove at least 
some of the salt from the nucleic acid in an additional, 
frequently time-consuming step. Desalting can be accom 
plished by any of several procedures, including ethanol 
precipitation, dialysis, and puri?cation from glass or silica 
beads or resin. In some cases it may also be necessary to add 
nuclease inhibitors to the Wash and buffer solutions to 
prevent degradation of the nucleic acid. 

SUMMARY OF THE INVENTION 

[0006] The invention is based on the discovery that hyper 
baric, hydrostatic pressure reversibly alters the partitioning 
of biomolecules betWeen certain adsorbed and solvated 
phases relative to partitioning at ambient pressure. The neW 
methods and devices disclosed herein make use of this 
discovery for highly selective and efficient, loW salt isolation 
and puri?cation of nucleic acids from a broad range of 
sample types, including forensic samples, blood and other 
body ?uids, and cultured cells. 

[0007] In one embodiment, the invention features a pres 
sure-modulation apparatus. The apparatus includes an elec 
trode array system having at least tWo (i.e., tWo, three, four, 
or more) electrodes; and a conduit interconnecting the 
electrodes. The conduit contains an electrically conductive 
?uid in contact With a phase positioned in a pressure 
chamber. The phase can be, for eXample, a binding medium 
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or stationary phase. It can be a gel (e. g., a pressure-sensitive 
gel), a resin (e.g., an ion-exchange resin, a hydrophobic 
resin, a reversed phase resin, or a siZe eXclusion resin), a 
plastic, a glass, hydroXyapatite, an immobiliZed oligonucle 
otide, a silica, an ion-exchange material, silicon or other 
metal, an alumina, a Zeolite, a cellulose, a particle, a 
microparticle, a nanoparticle, a coating on a substrate, a 
soluble polymer, a micelle, a liposome, a porous solid 
medium, a membrane, a pressure-stable medium (e.g., 
DEAE-coated glass, quartZ, thermoplastic polymer, gel, or a 
non-porous resin made up of 1 to 50 Am beads With 
positively charged surface), or a phase of a phase-separated 
liquid. The electrodes can have a protective coating (e.g., of 
polyacrylamide gel. 

[0008] The apparatus can also include at least one (i.e., 
one, tWo, three, four, or more) reservoir in communication 
With the conduit to contain materials transported by the 
conduit. The reservoir can also be positioned in the pressure 
chamber. The conduit can be, for eXample, an electrically 
non-conducting tube. The apparatus can also include a 
pressure-transmitting apparatus (e.g., an electrically medi 
ated pressure actuator, such as an electrostrictive apparatus, 
magnetostrictive apparatus, or a shape-memory alloy 
device) that can transmit pressure to or from the pressure 
chamber. If there are three electrodes or more, the electrodes 
can be con?gured in a straight line or can alternatively de?ne 
tWo or more (i.e., tWo, three, four, or more) aXes. The 
conduit can include an electrophoretic or electroosmotic 
capillary. The electrode array system can be con?gured on a 
microchip. 

[0009] The invention also features a method for purifying 
nucleic acids from a sample. The method includes the steps 
of contacting the sample With the phase of the aforemen 
tioned apparatuses at an initial pressure (i.e., Where the 
phase is a phase that non-speci?cally binds to nucleic acids 
With greater affinity than it does to non-nucleic acid com 
ponents of the sample); transporting (e.g., electrophoreti 
cally or electroosmotically) at least some of the non-nucleic 
acid components (e.g., toWards one electrode, or aWay from 
the nucleic acids); modifying the pressure to a level suf? 
cient to disrupt the binding of the nucleic acids to the phase; 
and transporting (e.g., electrophoretically or electroosmoti 
cally) the nucleic acids (e.g., toWards a second electrode, or 
aWay from the phase). 

[0010] In another embodiment, the invention features 
another method for isolating and purifying nucleic acids 
from a sample. The method includes the steps of applying 
the sample to a phase at an initial pressure (i.e., Where the 
phase non-speci?cally binds to nucleic acids With greater 
af?nity than it does to non-nucleic acid components of the 
sample); spatially separating (e.g., by electrophoresis, elec 
troosmosis, or ?uid ?oW) at least some of the non-nucleic 
acid components from the phase and the nucleic acids; 
modifying the pressure to a level suf?cient to disrupt the 
binding of at least some of the nucleic acids to the phase; and 
spatially separating the nucleic acids from the phase at the 
modi?ed pressure. The “applying” and ?rst “spatially sepa 
rating” steps, at least, are carried out Within a single reaction 
vessel (e.g., a pressure modulation apparatus, or a pressur 

iZed vessel). 

[0011] The ?rst “spatially separating” step can include 
transporting the non-nucleic acid components into a reser 
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voir. The reservoir can optionally include binding materials 
such as ion-exchange materials, desalting (mixed ion-ex 
change) resin, nonspeci?c af?nity resin, polystyrene resin, 
gamma-irradiated polystyrene resin, a covalent attachment 
resin (e.g., an aldehyde-rich surface, a carbodiimide-rich 
surface, an o-methylisourea-rich surface, an amidine-rich 
surface, a dicarbonyl-rich surface, a hydraZide-rich surface, 
or a thiol-rich surface), a resin or combination of resins 
possessing different binding functionalities, or a hydropho 
bic material; alternatively, an anion-exchange material can 
be placed at one or more electrodes of positive potential or 
a cation-exchange material can be placed at one or more 
electrodes of negative potential. 

[0012] The initial pressure can be, for example, ambient 
pressure and the modi?ed pressure can be an elevated 
pressure (e.g., 100 to 200,000 psi, 500 to 100,000 psi, 1,000 
to 50,000 psi, or 2,000 to 25,000 psi). 

[0013] In some instances, the sample can include cells; the 
method Would then also include subjecting the sample to a 
hyperbaric pressure suf?cient to lyse the cells. The cells can 
include both external and nuclear membranes, and the 
hyperbaric pressure can be suf?cient to lyse both mem 
branes, or alternatively, only to lyse the external membrane, 
not the nuclear membranes. 

[0014] The sample can also include nucleic acid-binding 
proteins (e.g., nuclease enZymes); the method can thus also 
include subjecting the sample to a hyperbaric pressure 
sufficient to inactivate the nucleic acid-binding proteins. 

[0015] The sample can include various siZes of nucleic 
acids; the modi?ed pressure level can, for example, be 
sufficient only to disrupt the binding of relatively small 
nucleic acids to the phase. To disrupt the binding of larger 
nucleic acids, and the method also includes the steps of 
further modifying the pressure to a level suf?cient to disrupt 
the binding of the relatively larger nucleic acids to the phase; 
and spatially separating the nucleic acids from the phase at 
the further modi?ed pressure. By this method, for example, 
a 250 base pair nucleic acid can be separated from a 500 base 
pair nucleic acid, a 1000 base pair nucleic acid can be 
separated from a 2000 base pair nucleic acid, or a 10,000 
base pair nucleic acid can be separated from a 20,000 base 
pair nucleic acid. 

[0016] The sample can be, for example, a biological ?uid, 
Whole blood, serum, plasma, cultured cells, tumor biopsy 
tissue, plant tissue, or living tissue (e.g., tissue in Which most 
normally processes associated With life are ongoing; can be 
from a living or deceased organism). 

[0017] The nucleic acids can be partially digested, and 
fragments of a particular siZe distribution can be recovered 
(e.g., for use in sequencing or hybridiZation analysis). The 
nucleic acids can include RNA (e.g., total RNA, messenger 
RNA (mRNA), viral RNA, ribosomal RNA (rRNA)) or 
DNA (e.g., chromosomal DNA, a vector, or viral DNA). 

[0018] The modi?ed pressure can be suf?cient to elute 
vector DNA (e.g., typically around 5,000 to 20,000 base 
pairs, regardless of source; it can include, e.g., digested 
chromosomal DNA) but not high enough to elute chromo 
somal DNA (e.g., typically 50,000 base pairs or more). This 
method Would require pressures in the range of, for example, 
15000 to 30000 psi, depending on the nature of the phase, 
temperature, pH, ion concentration, etc. 
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[0019] Similarly, the modi?ed pressure can be sufficient to 
elute RNA but not high enough to elute chromosomal DNA 
(e.g., 10,000 to 30,000 psi, depending on phase and other 
conditions). 
[0020] A dicarbonyl compound can also be added to the 
sample to inactivate nucleic-acid binding proteins such as 
nucleases. Pressure can, for example, accelerate the conden 
sation of guanido moieties, such as arginine residues Within 
the proteins, With the dicarbonyls. 

[0021] In some cases, the nucleic acids can be concen 
trated (e.g., at an elevated pressure) betWeen tWo membranes 
by electrophoresis, Wherein one of said membranes is sub 
stantially impermeable to nucleic acids and the second 
membrane has increased permeability to nucleic acids under 
applied electrical potential. In another case, the nucleic acids 
can be trapped in a ?lter by electrophoresis. 

[0022] The nucleic acids can be transported to an analyti 
cal device (e.g., a matrix-assisted laser desorption and 
ioniZation (MALDI) mass spectrometer). 

[0023] The invention also features a device for carrying 
out the aforementioned methods. The device includes a 
pressure modulation apparatus; and a pressuriZable cell 
containing the phase. The cell is adapted to ?t Within the 
apparatus. 

[0024] In still another embodiment, the invention features 
a device for pressuriZing a sample. The device includes a 
sample compartment; and a pressure-transmitting apparatus 
to transmit pressure from a pressuriZing medium outside of 
the device to the sample compartment, Without alloWing 
?uid ?oW betWeen the medium and the sample compart 
ment. 

[0025] The device can also include a chamber having an 
ori?ce, Wherein the sample compartment and the pressure 
transmitting apparatus are con?gured Within the ori?ce. The 
pressure-transmitting device can include, for example, a 
shape-memory alloy device, or a magnetostrictive device. 
The chamber can be in the form of a cylinder (e.g., a plastic 
tube With one sealed end and one open end) and the 
pressure-transmitting apparatus can be a piston (e.g., a 
rubber piston, or a syringe plunger). The chamber can 
alternatively be a Well in a microtiter plate. The invention 
also features a method for permeabiliZing (or lysing) cells. 
The method includes the steps of charging the sample 
compartment of the preceding device With cells at an initial 
pressure; introducing the device into a pressure modulation 
apparatus; and momentarily increasing the pressure to at 
least 10,000 psi to permeabiliZe the cells. The cells can be, 
for example, yeast, bacteria, animal, or plant; the initial 
pressure can be less than, equal to, or greater than atmo 
spheric pressure; the permeabiliZed cells can be removed 
and electrophoresed, or puri?ed electrically (e.g., electro 
phoretic Washing or Washing With ?uid driven by electroos 
motic ?oW); a detergent can be added to the cells prior to or 
after pressure treatment. The sample compartment can also 
be charged With a gas (e.g., air). Additionally, a voltage can 
be applied across the sample compartment to spatially 
separate at least some components of the permeabiliZed cells 
from other components of the cells. The cells can addition 
ally be froZen. 

[0026] Yet another embodiment of the invention is the use 
of hyperbaric pressure to modulate binding af?nities asso 
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ciated With an ion-exchange material (e.g., an anion-ex 
change resin, or a cation-exchange resin) for use in ion 
exchange chromatography. This can include traditional or 
capillary chromatography, and the chromatographic sub 
strates can include nucleic acids, proteins, carbohydrates, or 
other small molecules. The method can be also be integrated 
With lysis or electrophoresis methods. 

[0027] Another embodiment of the invention is a method 
for the isolation of molecules from cells. The method 
includes the steps of exposing the cells to an elevated 
pressure of at least 500 psi (e.g., 1,000, 2,000, 5,000, 10,000, 
20,000, 30,000, 50,000, or 100,000 psi, or even higher) in a 
pressure chamber to form lysed cells; and separating the 
molecules from the cells Within the pressure chamber. The 
method can be carried out in an integrated device (e.g., a 
consumable, single-use cartridge). The pressure can be 
pulsed or cycled betWeen the elevated pressure and ambient 
pressure at least tWice (e.g., tWo, three, four, or more times). 
The cells can be, for example, yeast, bacteria, fungi, animal 
cells, plant cells, insect cells, or protoZoan cells. 

[0028] The molecules can be extracted by elution With a 
?oWing solvent, electrophoresis, electroosmosis, selective 
absorption to an absorptive medium, ?ltration, differential 
sedimentation, volatiliZation, distillation, gas chromatogra 
phy, or precipitation. The molecules can be extracted While 
the cells are at the elevated pressure. The pressure can be 
raised to its ?nal value in less than 1 second (e.g., less than 
0.1 second). The method can also include the step of 
returning the cells to ambient pressure, for example, in 1 
second or less (e.g., 0.1 second or less). The molecules can 
be puri?ed, at least partially, Within the integrated device. 

[0029] The molecules can also be puri?ed by elution With 
a ?oWing solvent, electrophoresis, electroosmosis, selective 
absorption to an absorptive medium, ?ltration, differential 
sedimentation, volatiliZation, distillation, gas chromatogra 
phy, or precipitation. The purifying step can, for example, 
requires a change in pressure of at least 500 psi. 

[0030] Unless otherWise de?ned, all technical and scien 
ti?c terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to Which this 
invention belongs. Although methods and materials similar 
or equivalent to those described herein can be used in the 
practice or testing of the present invention, the preferred 
methods and materials are described beloW. All publications, 
patent applications, patents, and other references mentioned 
herein are incorporated by reference in their entirety. In case 
of con?ict, the present application, including de?nitions, 
Will control. In addition, the materials, methods, and 
examples are illustrative only and not intended to be limit 
mg. 

[0031] An important advantage of the neW methods is the 
potential for use of a single solvent for both isolation and 
puri?cation of nucleic acids. Asingle solvent can be used for 
1) loading the nucleic acid-containing sample onto the 
immobiliZed solid phase, 2) Washing non-nucleic acid impu 
rities aWay from the immobiliZed nucleic acid, and 3) 
dissociating the nucleic acid from the solid phase. Addition 
ally, if the sample includes cells, the cells can be lysed by 
hyperbaric pressure in the same solvent as is used for 
loading, Washing, and dissociating. 
[0032] Asingle solvent method can be more cost-ef?cient, 
can generate less Waste, and is generally simpler to imple 
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ment. Furthermore, the solvent can be the same buffer that 
is used for a doWnstream reaction. For example, prepack 
aged buffers, such as those containing magnesium salts and 
other cofactors for use in the polymerase chain reaction 
(PCR), can be used as the loading, Washing, and elution 
buffer in the neW methods. 

[0033] The use of a single, loW-salt solution enables 
electrophoresis of biomolecules through an ion-exchange 
matrix, at a pressure that alloWs the desired molecules to 
adhere to the solid phase, While undesired molecules are 
removed by electrophoresis to a Waste reservoir. The pres 
sure can then be modulated to release the desired molecules, 
Which can be collected by further application of an electric 
?eld. This method is compatible With miniaturiZed “bio 
chip” devices Which can utiliZe methods of high-volume 
manufacturing. 

[0034] Another advantage of the neW methods is the use of 
solvents that minimiZe damage to biomolecular constituents. 
Because pressure can be used to assist the lysis of the cells 
(if any) in the sample, there is no need for harsh lysis 
solutions (e.g., phenol/chloroform, guanidinium salts, chao 
tropic salts) that are often used in vast excess and must 
subsequently be removed. Since pressure can also be used to 
reduce the affinity of the biomolecules for the solid phase, 
high-salt elution solvents are not necessary. 

[0035] Pressure can also be used to selectively lyse, for 
example, the cell Wall or external membrane Without lysing 
the nuclear membrane. This can be useful for isolation of 
vector DNA, for example, from the cytoplasm, While leav 
ing chromosomal DNA (i.e., in the nucleus) behind. 

[0036] Yet another advantage ensues from the obviation of 
the need for high-salt elution solvents: the need for desalting 
procedures is avoided. Desalting is generally necessary if, 
for example, the puri?ed nucleic acids are to be used in 
further reactions or processes such as PCR, transfection, 
transformation, electroporation, electrophoresis, mass spec 
troscopy, quanti?cation With ?uorescent dyes, in vitro trans 
lation, stringent hybridiZation, sequencing, genetic engineer 
ing, ligation, restriction digestion, genomic mapping, 
clinical diagnostics, or hybridiZation With other molecules. 
In the present methods, the eluted biomolecule-containing 
solution does not need to be desalted. The neW methods also 
do not require precipitation in organic solvents, or binding of 
the nucleic acids to silicon or glass beads for desalting. 

[0037] The use of loW salt buffers also alloWs the neW 
methods to be compatible With electrophoretic or electroos 
motic transfer of materials. Salt can cause excessive heat 
generation in these processes. Electrophoretic devices are 
generally inexpensive, can be incorporated into other 
devices, and can alloW isolation of, for example, less frag 
mented nucleic acids (e.g., compared to How techniques). 
Electrophoresis can also be used to concentrate nucleic acid 

samples (i.e., electroconcentration). 
[0038] Still another advantage of the present methods is 
that the methods avoid the need for addition of nuclease 
inhibitors. The majority of proteins are believed to be 
denatured at pressures loWer than 100,000 psi at ambient 
temperature and neutral pH, Whereas nucleic acids can 
Withstand substantially higher pressures. Altering pH or 
temperature can further enhance protein denaturation. Thus, 
a pressure pulse of, for example, 120,000 psi at pH 4 and 25° 
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C. can effectively inactivate nuclease activity Without 
adversely affecting the desired nucleic acids. 

[0039] Moreover, it is known that arginine residues of 
proteins react With 1,2 and 1,3-dicarbonyl compounds such 
as phenyl glyoXal, 2,3-butanedione and 1,2-cycloheXanedi 
one, to form condensation products that can be stabilized by 
borate ions (Creighton, T E, “Proteins: Structures and 
Molecular Properties, 1993, W.H. Freeman and Company: 
NeW York, pp 12-13 and references therein). By using a 
dicarbonyl compound that is attached to a solid support, 
nucleic acid binding proteins such as nucleases and histones 
may be retained in the puri?cation process. A charged 
molecule bearing a dicarbonyl moiety is useful since eXcess 
reagent can be removed by electrophoresis. The condensa 
tion of arginine With a dicarbonyl compound can be accel 
erated by pressure. 

[0040] Centrifugation is generally avoided in the process 
ing of the samples for the neW methods. This is an advantage 
in that centrifugation can generate shearing forces and 
pressure drops that may irreparably damage the integrity of 
many biomolecules, thereby decreasing the yield and quality 
of the isolation. Moreover, the neW methods eliminate much 
of the handling and pipetting of the biomolecule-containing 
solutions. As a result, much longer mRNA strands, for 
eXample, Which can be shorn by routine handling and 
pipetting, can be isolated intact, thereby facilitating forma 
tion of more reliable cDNA libraries, even from mRNA 
molecules present in loW concentration or loW copy number. 
The neW methods can give yields of greater than 95% With 
high purity and speed. 
[0041] Because all of the steps in the neW methods can be 
carried out in a single solvent, no additional time is required 
for manipulation of solvents prior to each step. Moreover, 
the effects of pressure are manifest very rapidly; pressure is 
transferred through the sample at the speed of sound. As a 
result, the neW methods require only the time that it takes to 
spatially separate the sample constituents; the need to Wait 
for the nucleic acid to precipitate in alcohol, for eXample, is 
avoided. 

[0042] Furthermore, the neW methods can be scaled up or 
doWn over a large range of sample siZes, from the isolation 
of the genomic DNA from a single hair follicle to the 
puri?cation of a plasmid from a megaprep of bacteria. 
Sample volumes as small as 1 femtoliter or as large as 5 
liters (e.g., for commercial nucleic acid preparation) can be 
accommodated by the neW methods. Small-scale nucleic 
acid isolations can be completed Within seconds; large-scale 
isolations may take a feW minutes. 

[0043] Moreover, essentially the same methods can be 
used for the isolation of small nucleic acids (e.g., less than 
50 bp) or large nucleic acids (e.g., larger than 1,000,000 bp). 
The small molecules elute at loWer pressures and loWer salt 
concentrations, and can therefore be independently isolated 
from samples containing both large and small nucleic acids. 

[0044] The neW methods are also suitable for isolating 
nucleic acid from a broad range of samples, including, but 
not limited to, blood, urine, semen, mucal scrapings, sWeat, 
hair, bone, pus, saliva, fecal matter, biopsy tissue, amniotic 
?uid, synovial ?uid, plasma, prokaryotic (e.g., bacteria) or 
eukaryotic cultures (e.g., plant tissue, yeast, tumor cells), 
viruses, viroids, and blood-stained materials. Pressure can 
also enhance dissociation of proteins from nucleic acids. 
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[0045] Hyperbaric pressure can cause nucleic acids to 
adopt compact con?gurations Which confer added resistance 
to shearing, nicking, and enZymatic degradation, thus yield 
ing a puri?ed nucleic acid of improved quality. 

[0046] The use of hyperbaric pressure also improves elec 
trophoretic and electroosmotic processes by suppression of 
gas bubble formation, Which can block the transmission of 
electric ?elds. 

[0047] The neW methods are also amenable to automation. 
The neW methods require little human intervention; no 
additional pipetting, decanting, centrifugation, precipitation, 
or resuspension of the nucleic acid is generally required. The 
methods are also highly ef?cient, and are thus both cost 
effective and suitable for high-throughput screening pro 
cesses (e.g., genetic screening, drug screening). Since the 
neW methods rely on physical processes, little customiZation 
is required for different applications (i.e., sample speci 
mens). 
[0048] In an eXample of high-throughput methods, a 
multi-column array is used. Such an array can include 
ninety-six miniature columns built into a microtiter plate 
type device, each column packed With DEAE cellulose 
retained by a frit and having a volume of a feW hundred 
microliters. In another version, the array can include patches 
of a NUCLEPORE®-type (Corning Separations Division, 
Acton, Mass.) track etch membrane, derivatiZed to include 
charged groups. Each individual pore Would effectively be a 
“column” of ion-exchange material, With a volume of about 
a femtoliter each. Several thousand of these columns can be 
present in each patch. The separation material and the Wall 
of the column can be made of the same substance. In still 
another version, separation columns can be microfabricated 
on chips measuring only a feW microns in lateral dimension. 
Such columns can either contain a ?lling material or use the 
Walls of the device as a separation material. 

[0049] Typical procedures for RNA puri?cation require 
lysis using chaotropic agents (e.g., guanidinium salts, 
sodium dodecyl sulfate, sarcosyl, urea, phenol, or chloro 
form), Which disrupt the plasma membrane and subcellular 
organelles, and inactivate ribonucleases, or using a gentler 
solution that only solubiliZes the plasma membrane (e.g., 
hypotonic nonidet P-40 lysis buffer). The latter reagents also 
require addition of a nuclease inhibitor. Organic solvent 
extraction or silica membrane absorption methods are then 
be used to eXtract the RNA from the cell lysate. Using the 
neW pressure-based methods, hoWever, cell lysis and RNA 
puri?cation can be combined in a single procedure. This 
offers the advantages of reduced human intervention, better 
control of contamination With RNase, and a rapid processing 
speed, Which also reduced the potential for RNA degrada 
tion. 

[0050] Other features and advantages of the invention Will 
be apparent from the folloWing detailed description, and 
from the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0051] FIG. 1 is a draWing of a resin-?lled cartridge for 
use in a pressure-modulation apparatus. 

[0052] FIG. 2 is a draWing of a ?ve electrode chip for use 
in a pressure-modulation apparatus. 
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[0053] FIG. 3 is a drawing of an eight electrode chip for 
use in a pressure-modulation apparatus. 

[0054] FIGS. 4A to 4C are vieWs of a chip that includes 
a diaphragm for relaying pressure. 

[0055] FIGS. 5A to 5C are vieWs of a chip that includes 
a hydrophobic valve for relaying pressure. 

[0056] FIGS. 6A to 6C are vieWs of a chip that includes 
a compressible piston for relaying pressure. 

[0057] FIG. 7 is a graph of percent recovery of nucleic 
acids as a function of sodium chloride concentration at 
constant pressure for three siZes of DNA: 50 bp ( . . . ), 4.6 
kb ( - - - ), and 48.4 kb 

[0058] FIG. 8 is a graph of percent recovery of nucleic 
acids as a function of pressure at constant sodium chloride 
concentration for three siZes of DNA: 50 bp ( . . . ), 4.6 kb 
(- - - ), and 48.4 kb 

[0059] FIG. 9 is a vieW of a sample cell for pressuriZation. 

[0060] FIGS. 10A and 10B are side and top vieWs, 
respectively, of a high pressure puri?cation cartridge. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0061] Methods and devices are described for the highly 
selective and efficient, loW ionic strength isolation and 
puri?cation of biomolecules (e.g., nucleic acids, proteins, 
carbohydrates, and small molecules) from many types of 
samples. The invention is based on the observation that 
pressure can be used to effect the dissociation of nucleic 
acids and other biomolecules from solid phases to Which 
they normally bind tightly (e.g., anion-exchange resins), 
even at loW salt concentrations. 

[0062] General Procedure 

[0063] In general, a solution containing a biomolecule to 
be puri?ed is introduced onto a solid phase at loW pressure 
(e.g., ambient pressure). The solid phase, to Which the 
biomolecule present in the solution should noW be bound, is 
Washed With a buffered second solution, in Which the desired 
biomolecule Will remain bound to the solid phase at elevated 
pressure, Whereas the undesirable contaminants (e.g., pro 
teins and lipids) Will be removed from the solid phase. When 
the Washing has been completed, the pressure is increased 
further to a level suf?cient to cause the desired biomolecule 
to be freed from the solid phase. While this elevated pressure 
is maintained, fresh loW salt buffer can be used to Wash the 
liberated biomolecule aWay from the solid phase and into a 
collection vessel. These procedures can be fully automated. 
The recovered biomolecule is free from high salt and can be 
used in doWnstream enZymatic reactions. 

[0064] Biomolecules that can be puri?ed by this procedure 
include nucleic acids (e.g., chromosomal DNA, viral DNA, 
plasmid DNA, mitochondrial DNA, a DNA vector, an 
oligonucleotide, mRNA, mitochondrial RNA, viral RNA, or 
miXtures of nucleic acids), proteins (e.g., enZymes, antibod 
ies, structural proteins, metalloproteins, hormones, glyco 
proteins, mucins), and carbohydrates and other small mol 
ecules (e.g., sugars, dyes, synthetic drugs, cofactors, amino 
acids). The solid phase can be made from any substance that 
selectively binds the desired biomolecule at ambient pres 
sure and has reduced affinity at elevated pressure, such as an 
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anion-exchange column, an oligo-dT column, or an elec 
trode coated With absorptive polymers. 

[0065] In addition to binding to the desired biomolecule, 
the solid phase can have other functions. For eXample, the 
solid phase can absorb the biological samples (e.g., a 
sponge-type polymer); it can assist in the lysis of the cells, 
for eXample, by miXing the solid phase material With pro 
teases (e.g., pepsin or trypsin), lipases, or glycosidases (e.g., 
lysoZyme) to digest proteins, lipids, and polysaccharides, 
respectively; or it can include DNase for RNA puri?cations, 
or RNase for DNA puri?cation. Some solid phases can bind 
nucleic acids, but only Weakly interact With other negatively 
charged molecules such as some proteins or lipids, or vice 
versa. 

[0066] The same solution or different solutions can be 
used to load the biomolecule sample onto the solid phase, 
elute the impurities aWay, and elute the biomolecule aWay 
from the solid phase. Nonetheless, it is generally most 
desirable to use a single buffer, both for ease of operation 
and to reduce Waste. Whether the solution acts as a Wash 
buffer or as an elution buffer depends on the pressure. At 
pressures greater than about 25,000 psi, for eXample, large 
nucleic acids (e.g., more than 5,000 bp) can be eluted in loW 
salt buffers. In addition, at 25,000 psi, small nucleic acids 
such as those used in the Sanger sequencing method can be 
eluted at still loWer salt concentrations. At ambient pressure, 
hoWever, it is necessary to use an eluent having a much 
higher concentration of salt. High salt eluents can interfere 
With doWnstream reactions, especially enZymatic reactions 
used in the manipulation of nucleic acids (e.g., for sequenc 
ing or ampli?cation), and are therefore ideally avoided. 

[0067] As described above, for a loW salt buffer to be an 
effective elution solvent, the pressure in the vicinity of the 
solid phase must be greatly increased, often to several 
thousand times ambient pressure. Suitable pressure-modu 
lation apparatuses for generating the requisite pressure are 
described in PCT Appln. No. US/96/03232, PCTAppln. No. 
US/97/11198, and US. Ser. No. 08/903,615, Which are 
hereby incorporated by reference. A chip or a cartridge 
containing the solid phase can be inserted into this appara 
tus, for eXample, and the puri?cation can be carried out 
Within the apparatus. The apparatus can be made in various 
con?gurations to accommodate the full range of sample 
sizes. 

[0068] Other properties important to separation can also 
be altered by pressure. These include the denaturation and 
refolding of proteins and the association of nucleic acids into 
double-stranded forms (or dissociation into single-stranded 
forms), both of Which can affect the ?ltration, sedimentation 
velocity or equilibrium, radius of gyration, eXclusion vol 
ume, electrophoretic mobility, and/or chemical reactivity of 
biomolecules. Any of the separation techniques described 
herein can be used to equivalent effect by selection of 
appropriate conditions. 

[0069] All of the steps of biomolecule puri?cation, includ 
ing lysis, binding, elution, and isolation, can be automated. 
Additionally, the pressure can be scaled up to alloW elution 
of progressively larger biomolecules, thereby facilitating the 
isolation of speci?c siZes of molecules. A pressure gradient 
(i.e., either stepped or continuous) can also be set up Within 
the devices. A pressure gradient (e.g., step function) can be 
used, for eXample, to fractionate samples. Fractionation can 
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be used to purify speci?c fragments from a partially 
degraded sample or a highly diverse sample (e.g., a cDNA 
library). 
[0070] Pressure can alter the effective hydrodynamic 
radius of gyration of a macromolecule such as a nucleic acid 
or a protein. In general, such a change can alter the elution 
position (i.e., Vs, the exclusion volume) of the macromol 
ecule on a siZe-exclusion medium (e.g., silica, a rigid plastic 
such as polystyrene, or a porous hydrogel such as SEPHA 
DEXTM and SEPHAROSETM (Pharmacia) resins). The mol 
ecule does not need to bind to the resin; rather, the mol 
ecule’s ability to enter a pore can be affected by the 
hydrostatic pressure at Which the separation is conducted. 
The ability to select a pore siZe such that a given molecule 
is included at one pressure and excluded at another can alloW 
improved separations. In particular, molecules that co-elute 
at one pressure can be separated at another. 

[0071] Nucleic Acids 

[0072] Examples of applications of the present method 
include puri?cation of nucleic acids from blood, cell culture 
(genomics or infectious disease) or tissue (e.g., tumor 
biopsy) for clinical or research purposes, puri?cation of 
microbial DNA for genetic or biotechnology research, 
desalting of DNA, forensic analysis (e.g., puri?cation of 
DNA from hair, blood, semen, or tissue found at the scene 
of a crime), and puri?cation of PCR products. 

[0073] The isolation and puri?cation techniques of the 
invention can be applied to both natural and arti?cial nucleic 
acids. Arti?cial nucleic acids are typically based on ribose or 
deoxyribose, or geometrical analogs thereof. Linkages other 
than the natural phosphodiester bonds can be employed in 
arti?cial nucleic acids, including thiophosphate and amide 
bonds. 

[0074] Among RNA molecules, the most common classes 
include mRNA (messenger RNA), tRNA (transfer RNA), 
rRNA (ribosomal RNA), viral RNA, and RNA that has been 
copied from DNA in vitro. 

[0075] For most applications, chromosomal DNA is lin 
eariZed from a cyclic form, if present as such, and can also 
broken into smaller pieces for ease of manipulation. The 
breaking may be done non-speci?cally (e.g., using the 
exonuclease DNase I, or by sonication); or by speci?c 
cutting With an enZyme (a “restriction endonuclease”) or by 
chemical means; helicases, topoisomerases, kinases, and 
other nucleic acid-speci?c enZymes can also be used, for 
example, to alter migration or absorption properties of the 
nucleic acids. If no other alterations have been made, such 
DNA may still be generally referred to as chromosomal. 

[0076] A plasmid is an independently replicating DNA 
found in bacteria, generally circular, and is often used for 
transmission of genes in biotechnology. Plasmid DNA may 
also be cut into small pieces, usually by restriction enZymes. 
The fragments produced by restriction enZymes are often 
named by their apparent molecular Weights, in “base pairs” 
or “bases” of DNA. For example, a “4.6 kB” DNA fragment 
is about 4,600 bases long, Whether it is double stranded or 
single stranded. 

[0077] Most proteins (e.g., nucleases) are inhibited by 
pressure. A 120,000 psi pulse, for example, can irreversibly 
denature the nucleases in a sample. It is important, espe 
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cially in attempted isolations of RNA, to denature nucleases 
such as RNAse to prevent degradation of the desired nucleic 
acids during the isolation process. Pressure can be used here 
in place of chemical inhibitors. In some cases, nuclease 
denaturation and cell lysis can be accomplished simulta 
neously. 
[0078] Ribonuclease A is subject to cold-denaturation at 
elevated pressures. Addition of a reducing agent can subse 
quently facilitate irreversible denaturation by reducing the 
disul?de bonds of the nuclease. Thus, for example, 10 mM 
[3-mercaptoethanol can be added to a sample, the sample can 
be cooled to —20° C., and the pressure can be increased to 
60,000 psi to irreversibly denature the nuclease. 

[0079] Additionally, activation of RNases may be desir 
able for certain applications, such as for the extraction of 
genomic DNA. In this case, conditions that activate or 
enhance RNase activity can be obtained through a combi 
nation of temperature, pH, or pressure (e.g., using pressures 
high enough to accelerate enZymatic activity, but still loWer 
than the pressures required to denature the enZyme). 

[0080] For example, at 220 MPa (about 32,000 psi), 100% 
of Lambda DNA ()tDNA) Was eluted off a DEAE column 
With 50 mM Tris-HCl buffer, pH 8.5. At atmospheric pres 
sure (0.1 MPa, or 14 psi), higher salt buffers (e.g., 1 M 
sodium chloride Tris-HCl buffer) are generally required to 
elute the DNA aWay from the DEAE resin. Moreover, 
plasmid DNA dissociated at loWer salt concentrations and 
loWer pressures than )tDNA. Thus, loW molecular Weight 
DNA molecules can be dissociated at loWer salt concentra 
tions and loWer pressures than higher molecular Weight 
molecules. For sample analysis and other applications, it can 
be useful to separate nucleic acid fragments by siZe. 

[0081] Eukaryotic cells can express cloned genes (i.e., 
transient and stable heterologous expression), using eukary 
otic expression vectors puri?ed by the neW methods. To 
analyZe and identify the function of cloned eukaryotic 
genes, for example, eukaryotic expression plasmids carrying 
the gene of interest can be obtained in a form suitable for 
introduction into mammalian cells. It is often necessary to 
generate a large panel of mutants for structure-function 
studies of a particular eukaryotic gene. Therefore, the neW 
methods provide a method for rapid and facile analysis. 

[0082] Isolation of DNA by the neW methods can be used 
for numerous applications including, but not limited to, 
protein expression and protein structure function studies in 
eukaryotic cells, Southern blot analysis, in vitro transcrip 
tion, ligation, and transformation, heterologous protein 
expression in bacteria or yeast, microinj ection studies, PCR, 
DNA sequencing, viral DNA detection, paternity testing by 
RFLP analysis, and genetic screening by single-strand con 
formation polymorphism (SSCP) or non-isotopic RNase 
cleavage assay (NIRCATM; Ambion, Austin, Tex.). Simi 
larly, isolation of RNA provides a variety of applications 
including, but not limited to, genetic analysis, cDNA library 
construction, microinjection into oocytes, differential dis 
play, Northern blot analysis, RNase protection assays, in 
vitro translation, reverse transcriptase PCR (RT-PCR), and 
detection of viral RNA (e.g. HIV, hepatitis C, hepatitis A, 
and HTLV-l) in human blood. Isolation of nucleic acids 
produced in vivo generally requires the lysis of the host cells 
in Which the nucleic acids are contained. Any cell lysis 
method can be employed in conjunction With the neW 
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methods, provided that it produces a yield and quality of 
nucleic acid sufficient for an intended subsequent use. Lysis 
can be carried out inside or outside of a pressurized or 
pressuriZable apparatus. 

[0083] Cells differ in their resistance to lysis. For example, 
many animal cells can be lysed through contact With even 
small amounts of detergents or organic solvents. Animal 
cells have little or no containing structure except a plasma 
membrane and its embedded proteins. Dissolution of the 
cellular membrane alloWs all of the cellular contents to 
diffuse into the lysing solution. 

[0084] Animal cells can also be lysed by changing the 
osmolarity of the solution (e.g., by loWering it from its 
normal level of about 300 mOsm to about 0 to 10 mOsm. 
Osmotic lysis is especially effective on cells Which are 
normally exposed to a ?xed, normal osmolarity, such as 
human tissue. 

[0085] Animal cells can also be lysed by chemical, enZy 
matic (e.g., proteases can be used in conjunction With 
chemicals to lyse membranes When purifying nucleic acids), 
or mechanical methods. For example, mammalian tissues 
can be lysed by strong mechanical shear in solution, such as 
by grinding and dispersing With a Dounce homogeniZer or a 
kitchen blender. 

[0086] Viruses can generally be lysed under conditions 
similar to those described above for the lysis of animal cells. 
Some viruses can be lysed under even milder conditions, 
such as a change in ionic conditions (e.g., by removal of 
polyvalent cations) or temperature. 

[0087] Bacterial cells often have strongly crosslinked cell 
Walls in addition to plasma membranes. Consequently, they 
can be more dif?cult to lyse than animal cells. The cell Walls 
are generally resistant to most detergents and chemicals, and 
also stabiliZe the plasma membrane against rupture by 
change in osmolarity. HoWever, bacteria can be groWn in the 
presence of antibiotics (or under speci?c metabolic condi 
tions) that prevent the formation of cell Walls, facilitating 
subsequent lysis by the means described above in connec 
tion With animal and viral cells. 

[0088] Yeast cells, most plant cells, and some insect cells 
have still more durable cell Walls. More poWerful methods 
are required for lysis of such cells. These methods, Which 
can also be used for lysis of the less robust cell types 
described above, include sudden depressuriZation from high 
pressure to atmospheric pressure, often by How from a 
pressuriZed cell through a ?ne needle (i.e., French press). An 
alternative for rupturing the durable cell Walls is the grinding 
of cells With glass beads (or other durable particles), often in 
a violently reciprocating shaker (e.g., in a “Nossal shaker”). 
When prevention of enZymatic activity after cell lysis is 
particularly critical, cells or tissues can be froZen, for 
example in liquid nitrogen, and then ground in the froZen 
state (“cryogrinding”). 

[0089] One method for purifying DNA relies on the 
absorption of DNA by silica at high concentrations of 
chaotropic salt, especially sodium iodide. Typically, DNA is 
absorbed to the silica surface at this high salt concentration, 
and impurities (and excess iodide) are Washed aWay in the 
presence of methanol/Water. On reduction of the methanol 
concentration, the DNA is released. This process can be 
pressure-sensitive, and thus either some of the expensive 
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sodium iodide can be replaced by application of the DNA to 
the silica resin at high pressure, or the elution itself can be 
facilitated by pressure modulation. 

[0090] Hyperbaric Cell Lysis and Extraction 

[0091] For the puri?cation of non-secreted biomolecules 
from cells (e.g., from cell cultures or tissue), the cells must 
be lysed, or at least permeabiliZed, prior to the introduction 
of the sample onto the solid phase. There are many knoWn 
methods for cell lysis, as described above in connection With 
the isolation of nucleic acids, including chemical methods 
(e.g., phenol/chloroform extraction, treatment With guani 
dinium salts, chaotropic salts, detergents such as sodium 
dodecyl sulfate, or enZymes such as proteinase K) and 
physical methods (e.g., boiling, French pressing, Douncing, 
vortexing in the presence of glass beads, or sonication—see, 
e.g., Bollag et al., “Protein Methods,” 2nd Ed., 1996, pp. 
27-56). Often these methods can be sensitive to variations in 
time and temperature. 

[0092] Another suitable method is the use of hyperbaric 
pressure to cause cell lysis. Hyperbaric lysis can be carried 
out in the same solvent as Will be used as the loading buffer 
for later introducing the sample onto the solid phase, or can 
be carried out in a different solvent. Still another suitable 
method is the use of a chemical agent (e.g., a detergent) in 
combination With pressure. For example, a small amount of 
a chaotropic salt can be used to prime the cells for lysis; after 
the cells have been treated With the chaotropic agent, they 
can be lysed at loWer pressure. 

[0093] More gentle lysis procedures can be especially 
preferable for isolating single-strand (e.g., RNA) or high 
molecular Weight nucleic acid molecules. Single strand 
nucleic acids are more easily shorn; high molecular Weight 
nucleic acids are statistically more likely to be damaged 
during lysis. Furthermore, pressure-based lysis can be used 
to preferentially fractionate cellular material (e.g., lysis of 
external cell Wall/membrane While maintaining the nuclear 
membrane for the isolation of extranuclear constituents) By 
modulating hydrostatic pressure, a tissue or cell suspension 
can be rapidly freeZed and thaWed While maintaining a loW 
temperature. This technique can be advantageous in that the 
action of nuclease enZymes can be inhibited at loW tem 
perature; nucleases can also be denatured by pressure at loW 
temperature. 
[0094] In a typical procedure, the sample is cooled to —20° 
C. to freeZe the sample, then the pressure is cycled betWeen 
60,000 psi (i.e., to melt the sample) and 14 psi (i.e., to 
re-freeZe the sample) repeatedly until the sample is suf? 
ciently disrupted. Alternatively, the temperature can be 
modulated by cyclic application of pressure to a sample or 
a gas-containing pressuriZing medium in proximity to the 
sample. The compression and decompression of the gas 
either in the sample compartment or in the pressuriZing 
medium modulate the temperature via the Joule-Thompson 
effect. 

[0095] Molecules can be extracted from the cell With 
pressure, alloWing direct application of the extracts to the 
various solid supports. Pressure-based extraction methods 
are easily integrated With the hyperbaric methods described 
herein. Exposure of cells to high pressure can cause lysis or 
permeabiliZation of cells Without any further treatment. 

[0096] For example, bacteria in a solution in a test tube 
can be exposed to a pressure of 60,000 psi. While the cells 
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are held at such a pressure, molecules can diffuse out of the 
cells. Even relatively large molecules such as nucleic acid 
plasmids can diffuse under these conditions. Application of 
an electric ?eld across a pressuriZed sample can further 
increase the extraction ef?ciency. 

[0097] Repeated cycling betWeen ambient and elevated 
pressures can cause rupture of cells. For example, yeast cells 
exposed to 30,000 psi for 240 cycles Were fragmented, 
releasing at least some of their intracellular contents. This 
mechanism of fragmentation is different from that used in a 
French-type pressure cell, Where a pressuriZed solution 
containing cells is released through a ?ne ori?ce. There, the 
fragmentation generally requires both a sudden pressure 
drop and high rate of shear in the solution. The neW methods 
require no shear, and are thus gentler to the cells. In at least 
some cases, the neW methods also do not require sudden 
depressuriZation. 

[0098] Because the sample integrity can be maintained 
during molecule extraction, the neW pressure-based extrac 
tion methods alloW hundreds, thousands, or even more 
samples to be processed in parallel. The samples can be in 
the Wells of microtiter plates, for example. For smaller 
volumes, the cells can be present in droplets on bibulous 
media. Imprinted boundaries of hydrophobic materials can 
also be used to separate the droplets. The bibulous material 
can also serve as the separation medium, binding the desired 
molecules for later elution. The permeabiliZing (or lysis) and 
separation steps can each be carried out at a high, but 
isostatic, pressure. Thus, multilayer arrays of bibulous and 
separation media can be made, having multiple sample 
spots. Moreover, because the pressure is isostatic, ?uids can 
be processed through such arrays at high pressure Without 
requiring that the array, for example, or machinery handling 
it Within the hyperbaric volume, have suf?cient integrity to 
Withstand the pressure differentials. Thus, for example, cells 
contained in a moist DEAE grid on a paper strip can be 
pressure-lysed in situ and then “blotted” (Wet layer applied 
“above”, dry layer “beloW”) to transfer the molecules of 
interest to one layer, While the cell debris and extraneous 
molecules are left behind or transferred to other layers. With 
suitable equipment, selective extraction and puri?cation of 
molecules from cells can be substantially automated. 

[0099] Cells can be lysed in a device intended to carry 
absorbed biomolecules into a pressure chamber, either 
before or after application of pressure. The cell debris can be 
retained by ?ltration on a medium (e.g., ?lter paper), While 
the soluble components (i.e., including the biomolecules) 
are carried to an absorptive material by pressure-induced 
How of buffer. The biomolecules can be later released from 
the resin by changes in pressure. If further puri?cation is 
desired, the output of pressure-released biomolecules from 
the retention medium can be absorbed by another medium 
(e.g., another resin). 

[0100] Provision can be made for control of such param 
eters as shear forces and enZymatic attack on the nucleic 
acids to be isolated. If, for example, the biomolecule of 
interest is a small, double-stranded DNA molecule (e.g., a 
plasmid, a cosmid, or viral DNA) from a bacterium, then it 
may not be necessary to completely lyse the bacteria. Lysis 
of the plasma membrane, accompanied by physical and/or 
chemical treatment (e.g., heating in the presence of protease 
K) to inactivate DNA-degrading enZymes, can be used to 
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leave the contaminating bacterial chromosomal DNA inside 
the bacterial cell Wall for ease of isolation. Cartridges 

[0101] One design for an isolation device is shoWn in FIG. 
1. This device is a cartridge 10 made of metal (e. g., titanium, 
stainless steel, or aluminum), plastic (e.g., a thermoplastic 
such as polypropylene or polytetra?uoroethylene), glass, 
quartZ, stone (e. g., sapphire), or a ceramic, adapted to ?t into 
a pressure-modulation apparatus such as that described in 
PCT Appln. No. US/96/03232. 

[0102] The cartridge is generally formed in the shape of a 
tubular column, although other designs can be used. Regard 
less of the shape, the cartridge usually has tWo openings 12 
and 14, one 12 to alloW ?uid to enter and another 14 to alloW 
the ?uid to exit. BetWeen the tWo openings, but Within a 
channel 16 common to the openings, a solid phase material 
18 is packed. The solid phase can be any of a multitude of 
nucleic acid-binding materials, including silica gel, glass, 
anion-exchange resin (e.g., DEAE), tethered speci?c bind 
ing molecules. Binding groups, bound to the resin by 
suitable chemical or physical linkage, can include nucle 
otides or nucleic acids, tethered proteins or peptides, poly 
mers, DNA-binding molecules (e.g., ethidium, acridinium), 
or other small molecules (e.g., sugars, benZodiaZepines, 
drugs). The solid phase should ideally be able to Withstand 
the hyperbaric pressures utiliZed in the neW methods Without 
permanent deformation or malfunction. Thus, solid phases 
that can Withstand higher pressures can be preferable (e.g., 
DEAE-coated glass can advantageously be used in place of 
certain silica-based resins for some applications). 

[0103] The cartridge can be designed such that the open 
ings are in direct ?uid contact With the reaction chamber of 
the pressure-modulation apparatus, or can be designed as a 
closed system With valves and pistons that can open and 
close to regulate the pressure and the ?uid ?oW Within the 
cartridge. The valves and pistons in this embodiment can be 
controlled either electronically or mechanically. 

[0104] Cartridges designed for use With samples derived 
from lysed Whole cells can optionally include a ?lter or 
membrane 19, having a pore siZe suitable for removal of any 
remaining cell debris prior to introduction of the sample 
onto the solid phase. This ?lter may be larger in cross 
sectional area than the resin chamber to prevent pressure 
gradients. 

[0105] The volume of the cartridges can vary Widely. For 
example, the cartridge can have an internal volume that can 
range from a femtoliter (?) up to 10 ml or more (e.g., 1 pl 
to 1 ml). A? is the approximate volume of a 10 pm diameter 
capillary penetrating a 100 pm thick (4 mil) membrane. The 
volume of the separation medium Will depend upon the 
intended use. Typically, the solid phase occupies about half 
of the internal volume of the cartridge, although some 
cartridges can be ?lled to nearly to their full capacity While 
others may be ?lled just one tenth of the Way. In some cases, 
the cartridges can be reused. The volume applied to the 
column to load it is arbitrary, and the relevant column 
parameter for separation is the binding capacity of the 
column. 

[0106] In an example of one mode of operation of the 
cartridges, the sample is typically dissolved or suspended in 
a loW-salt buffer solution and introduced at opening 12. The 
cartridge 10 is placed in the pressure-modulation apparatus. 
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A loW pressure How of buffer solution is used to force the 
sample through the membrane 19 and through the solid 
phase 18. Nucleic acids in the sample bind to the solid phase; 
the ?oW-through continues through the solid phase and 
emerges from opening 14. In some cases, the ?oW-through 
is taken up by a sample output tube leading to an input on 
a detection device (e.g., a UV-vis spectrophotometer). The 
loW pressure How of the buffer solution is continued until the 
detection device shoWs that no additional residues are 
Washed aWay. The ?oW-through is discarded. 

[0107] The pressure is then increased to 500 to 100,000 
psi, causing the nucleic acid to be released from the solid 
phase. More of the buffer solution is introduced through 
opening 12, and the nucleic acid-containing ?oW-through 
that emerges from opening 14 is collected. This ?oW 
through can also be fed into a detection device and analyZed, 
and the How continued until the nucleic acid detected in the 
?oW-through falls beloW a set threshold level. 

[0108] The cartridges can also include multiple compart 
ments. For example, the individual compartments can con 
tain different solid phase materials (e. g., ion-exchange resin, 
silica gel, tethered oligonucleotides). Reactions can be car 
ried out Within the cartridges. 

[0109] For instance, a cartridge of the present invention 
can be used as a PCR reaction vessel, if placed Within a 
thermal cycling apparatus after the solid phase has been 
Washed to remove non-nucleic acid impurities and the 
nucleic acid has been eluted from the solid phase into, for 
eXample, a second compartment in the cartridge. 

[0110] A multi-compartment cartridge can also be used to 
concentrate nucleic acids. In such a cartridge, ?uids can be 
moved hydrodynamically or electrically, or both. In one 
eXample, DNA from a large sample can be concentrated 
hydrodynamically onto a resin, small molecule impurities 
can be Washed aWay, then the DNA can be electrophoresed 
into a doWnstream cartridge. This process is herein termed 
electroconcentration. 

[0111] In another tWo-part cartridge, nucleic acids are 
eluted from a ?rst compartment (e.g., containing an anion 
eXchange resin), using pressure, and concentrated in a 
second compartment (e.g., containing silica gel) that 
requires different conditions for elution. Thus, concentrated 
nucleic acids can be isolated from eve dilute samples 
containing many impurities. Alternatively, the eluted sample 
can be automatically transferred to another device (e.g., a 
disk, a pad, a bead, or a detection device). 

[0112] Silica and glass are commonly used in isolation of 
nucleic acids, particularly double-stranded DNA (dsDNA). 
In a high concentration of a chaotropic salt, such as NaI 
(sodium iodide), DNA binds to glass surfaces. After other 
impurities are Washed aWay by a solvent Which retains the 
DNA on the glass, Which solution can be the chaotropic salt 
solution, or an aqueous solution containing a nonsolvent for 
DNA, such as an alcohol, then the DNA can be released and 
eluted by eXposure of the column to dilute buffer. There are 
several steps in this procedure in Which high pressure might 
be used to simplify the procedure. 

[0113] Cartridges containing multiple, layered resins are 
also Within the scope of the claims. A layer of cation 
eXchange resin, for instance, Will capture any positively 
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charged proteins Which might bind to the DNA. Hydropho 
bic (e.g., reverse-phase) resins can bind to the lipids in the 
sample. 
[0114] Devices Using Electrophoresis or Electroosmosis 

[0115] Alternative designs for isolation devices are 
depicted in FIGS. 2 and 3. These devices are in the form of 
a chip, With an electrode array aligned along at least tWo 
aXes. The individual electrodes are coated With a solid phase 
material. In some cases, all of the electrodes are coated With 
the same material; in other cases, the coatings differ from 
electrode to electrode or form a coating gradient along a 
capillary connecting tWo or more electrodes. The chips can 
optionally be interfaced With an analytical device such as a 
mass spectrometer or a capillary electrophoresis device. 

[0116] Although the design of the chips can vary Widely, 
the operation of the chips is similar irrespective of the 
design. In one of the simplest designs (FIG. 2), electrodes 
20, 30, 50, 70, and 80 are electrically connected to contact 
points 22, 32, 52, 72, and 82, respectively. A sample con 
taining, for eXample, chromosomal DNA to be isolated is 
introduced at electrode 20 at ambient pressure. In addition to 
the nucleic acids to be isolated, the sample can include salt 
(e.g., 50 to 350 mM sodium chloride) and various impuri 
ties. Electrode 20 is coated With a material that absorbs the 
sample (e.g., an ion-exchange resin such as DEAE). 

[0117] The chip 25 is placed Within the sample chamber of 
a pressure-modulation apparatus (e.g., the apparatus 
described in Us. Ser. No. 08/903,615) adapted to supply a 
sWitchable electrical voltage at the contact points 22, 32, 52, 
72, and 82. A voltage potential is supplied betWeen elec 
trodes 20 and 30 (i.e., electrode 20 is the anode and electrode 
30 is the cathode) While the system is at ambient pressure. 
The potential causes the sample to How through capillary 40, 
Which is ?lled With a siZe-eXclusion ?ltration material (e.g., 
0.5%-2% agarose) that retains large cellular debris but 
alloWs nucleic acids, proteins, lipids, and other small cellu 
lar components to pass through. 

[0118] The ?oW-through then passes through to electrode 
50, Which is coated With an anion-exchange resin. Nucleic 
acids in the molecule are trapped at electrode 50, While other 
components in the ?oW-through continue through the aque 
ous solution in capillary 60, and ultimately, to electrode 30. 
Electrode 30 includes a material (e.g., polyacrylamide) that 
traps the impurities that reach it. The voltage potential 
betWeen electrodes 20 and 30 is then discontinued. 

[0119] The pressure in the system is increased to a mod 
erately elevated level (e.g., 500 to 10,000 psi). A voltage 
potential is set up betWeen electrodes 50 (anode) and 80 
(cathode). The moderate pressure causes the smallest 
nucleic acids (e. g., less than 5,000 bp) to dissociate from the 
anion-exchange resin at electrode 50, and the potential 
causes the nucleic acid to migrate through the liquid phase 
in capillary 90 and ?nally into electrode 80, Which includes 
a reservoir. The potential is discontinued. 

[0120] The pressure in the system is increased to a more 
elevated level (e.g., 12,000 to 100,000 psi). A voltage 
potential is set up betWeen electrodes 50 (anode) and 70 
(cathode). The high pressure causes the remaining nucleic 
acids to dissociate from the anion-exchange resin at elec 
trode 50, and the potential causes the nucleic acid to migrate 
through the liquid phase in capillary 75 and ?nally into 






















