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through the barrier region and out the exit region and to ?ll 
the chamber With the liquid from the source. 
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METHODS AND APPARATUS FOR INTRODUCING 
LIQUIDS INTO MICROFLUIDIC CHAMBERS 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to micro?uidic sys 
tems, and more particularly, to methods and apparatus for 
introducing and distributing ?uid in channels of a microf 
luidic system. More particularly, the invention relates to 
?lling micro?uidic systems With liquids in a manner such 
that no gaseous bubbles are present in the system after 
?lling, because such bubbles, if present, degrade the perfor 
mance of the system. The micro?uidic systems include, for 
eXample, microdroplet dispensing devices, microdevices 
With arti?cial nanopores, and the like. 

[0002] In the ?eld of diagnostics and therapeutics, it is 
often useful to attach species to a surface. One important 
application is in solid phase chemical synthesis Wherein 
initial derivatiZation of a substrate surface enables synthesis 
of polymers such as oligonucleotides and peptides on the 
substrate itself. Substrate bound oligomer arrays, particu 
larly oligonucleotide arrays, may be used in screening 
studies for determination of binding af?nity. Modi?cation, 
of surfaces for use in chemical synthesis has been described. 
See, for example, US. Pat. No. 5,624,711 (Sundberg), US. 
Pat. No. 5,266,222 (Willis) and US. Pat. No. 5,137,765 
(FarnsWorth). 
[0003] The arrays may be microarrays created on the 
surface of a substrate by in situ synthesis of biopolymers 
such as polynucleotides, polypeptides, polysaccharides, etc., 
and combinations thereof, or by deposition of molecules 
such as oligonucleotides, cDNA and so forth. In general, 
arrays are synthesiZed on a surface of a substrate or substrate 
by one of any number of synthetic techniques that are knoWn 
in the art. In one approach, for eXample, the substrate may 
be one on Which a single array of chemical compounds is 
synthesiZed. Alternatively, multiple arrays of chemical com 
pounds may be synthesiZed on the substrate, Which is then 
diced, i.e., cut, into individual assay devices, Which are 
substrates that each comprise a single array, or in some 
instances multiple arrays, on a surface of the substrate. 

[0004] The in situ synthesis methods include those 
described in US. Pat. No. 5,449,754 for synthesiZing pep 
tide arrays, as Well as WO 98/41531 and the references cited 
therein for synthesiZing polynucleotides (speci?cally, 
DNA). Such in situ synthesis methods can be basically 
regarded as repeating at each spot the sequence of: (a) 
deprotecting any previously deposited monomer so that it 
can noW link With a subsequently deposited protected mono 
mer; and (b) depositing a droplet of another protected 
monomer for linking. Different monomers may be deposited 
at different regions on the substrate during any one iteration 
so that the different regions of the completed array Will have 
different desired biopolymer sequences. One or more inter 
mediate further steps may be required in each iteration, such 
as oxidation, capping and Washing steps. The deposition 
methods basically involve depositing biopolymers at prede 
termined locations on a substrate, Which are suitably acti 
vated such that the biopolymers can link thereto. Biopoly 
mers of different sequence may be deposited at different 
regions of the substrate to yield the completed array. Wash 
ing or other additional steps may also be used. Reagents 
used in typical in situ synthesis are Water sensitive, and thus 
the presence of moisture should be eliminated or at least 
minimiZed. 
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[0005] Similar technologies can be used for in situ syn 
thesis of biopolymer arrays, such as DNA oligomer arrays, 
on a solid substrate. In this case, each oligomer is formed 
nucleotide by nucleotide directly in the desired location on 
the substrate surface. This process demands repeatable drop 
siZe and accurate placement on the substrate. 

[0006] As indicated above, one of the steps in the synthe 
sis process usually involves depositing small volumes or 
microdroplets of liquid containing reagents for the synthesis, 
for eXample, monomeric subunits or Whole polynucleotides, 
onto to surface of a support or substrate. In one approach, 
pulse-jet techniques are employed in depositing small vol 
umes of liquid for synthesis of chemical compounds on the 
surface of substrates. For eXample, arrays may be fabricated 
by depositing droplets from a pulse-jet in accordance With 
knoWn techniques. The pulse-jet includes pieZo or thermal 
jets. Given the above requirements of biopolymer array 
fabrication, deposition using pulse-jet techniques is particu 
larly favorable. In particular, pulse-j et deposition has advan 
tages that include producing very small spot siZes. This 
alloWs high-density arrays to be fabricated. Furthermore, the 
spot siZe is uniform and reproducible. Since it is a non 
contact technique, pulse-jet deposition does not result in 
scratching or damaging the surface of the support on Which 
the arrays are synthesiZed. Pulse-jet techniques have very 
high deposition rate, Which facilitates rapid manufacture of 
arrays. 

[0007] HoWever, a pulse jet deposition system used for 
fabricating a biopolymer array, should meet a number of 
requirements. The system should provide for reliable dis 
pensing of the reagents and avoid deposition errors that can 
ruin the array fabrication. One requirement is that the 
presence of gaseous bubbles in the system must be mini 
miZed, eliminated, or prevented because gaseous bubbles 
present a problem of hydraulic compliance, Which degrades 
system performance. Speci?cally, the pulse jet head must be 
capable of being loaded, or primed, With very small volumes 
of expensive DNA solution in a manner that minimiZes, 
eliminates, or prevents gaseous bubbles Without Wasting that 
DNA solution in the priming process. Further, if gaseous 
bubbles occur in the pulse jet deposition system after the 
priming process, it must be possible to minimiZe or elimi 
nate such bubbles Without Wasting that DNA solution in the 
process of minimiZation or elimination. 

[0008] Considerable Work is noW underWay to develop 
micro?uidic systems, particularly for performing chemical, 
clinical, and environmental analysis of chemical and bio 
logical specimens. The term micro?uidic system refers to a 
system or device having a netWork of chambers connected 
by channels, in Which the channels have microscale features, 
that is, features too small to eXamine With the unaided eye, 
e.g., having at least one cross-sectional dimension in the 
range from about 0.1 pm to about 1 mm. Such micro?uidic 
systems are often fabricated using photolithography, Wet 
chemical etching, and other techniques similar to those 
employed in the semiconductor industry. The resulting 
devices can be used to perform a variety of sophisticated 
chemical and biological analytical techniques. 

[0009] Micro?uidic systems have a number of advantages 
over conventional chemical or physical laboratory tech 
niques. For eXample, such micro?uidic systems are particu 
larly Well adapted for analyZing small sample siZes, typi 
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cally making use of samples on the order of nanoliters and 
even picoliters. The substrates may be produced at relatively 
loW cost, and the channels can be arranged to perform 
numerous speci?c analytical operations, including mixing, 
dispensing, valving, reactions, detections, electrophoresis, 
and the like. The analytical capabilities of such micro?uidic 
systems are generally enhanced by increasing the number 
and complexity of netWork channels, reaction chambers, and 
the like. 

[0010] Ef?cient ?lling of a micro?uidic system With liquid 
can be problematic because gas bubbles such as air bubbles 
can be trapped in the liquid ?oW path during introduction of 
the liquid into the micro?uidic system. Such bubbles are 
dif?cult to remove from such systems. A number of 
approaches have been postulated for reducing or eliminating 
bubble formation during ?lling of micro?uidic systems. For 
example, in one approach a pieZoelectric system for dis 
pensing DNA reagents is ?lled using degassed or deaerated 
liquids. The process begins With introducing a buffer solu 
tion, Which is then replaced With an expensive reagent liquid 
containing a dissolved compound such as, for example, a 
DNA reagent. The object of this tWo-step procedure is to 
avoid introducing air bubbles into the How path. HoWever, 
the requirement of ?ushing the buffer solution With the 
expensive reagent liquid results in some Waste of the expen 
sive reagent liquid as Well as Waste of user time. See, for 
example, US. Patent Application Publication No. US 2002/ 
0122748. 

[0011] Recently, Work has been conducted on micro?uidic 
systems incorporating arti?cially fabricated nanopores. A 
nanopore is a hole through a membrane Wherein the hole has 

a diameter less that approximately 100 nanometers Naturally occurring nanopore molecules can be found in the 

membranes of living cells. For example, the naturally 
occurring alpha-hemolysin nanopore is a protein complex 
With a minimum internal diameter of 1.5 nm, Which has been 
used in a simple micro?uidic system to detect the passage of 
single-stranded oligonucleotide molecules. Arti?cially fab 
ricated nanopores With diameters on the order of 2 to 100 nm 
have been fabricated by drilling holes in membranes of 
silicon nitride or silicon dioxide using a focused ion beam 
(FIB), folloWed by narroWing of the drilled hole using 
sculpting With a loW-energy argon beam. 

[0012] The process for establishing a liquid ionic conduct 
ing path through an arti?cially fabricated nanopore often 
presents difficulties. Such a pore may comprise a hole about 
2 nm to about 70 nm in diameter in a membrane such as, e. g., 
silicon nitride or silicon dioxide, typically about 60 nm thick 
and about 50 pm in length and Width. When such a pore is 
placed in a micro?uidic system and the system is ?lled With 
an ionic buffer solution of potassium chloride (KCl), it is 
almost invariably found that an air bubble blocks electrical 
ionic conduction through the pore. 

[0013] One approach to establishing conduction through 
an arti?cial nanopore is to ?rst introduce a buffer solution of 
KCl in Water to the structure holding the arti?cial nanopore, 
then place the system in a vacuum chamber and reduce the 
air pressure beloW atmospheric pressure. In this Way, it is 
hoped that any trapped air bubbles in the system expand 
greatly and then leave the system When air pressure is 
increased again to atmospheric pressure. Unfortunately, this 
approach sometimes fails because, When the air pressure is 
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increased, the trapped air bubble may return to its original 
position, leaving the nanopore blocked. 

[0014] It is therefore desirable to provide improved struc 
tures, systems, and methods that overcome or substantially 
mitigate the problems set forth above. In particular, there 
exists a need in relation to the ?lling of micro?uidic systems 
such as, for example, inkjet heads and arti?cial nanopore 
structures, for apparatus and methods that Will reliably 
remove a gaseous bubble from a chamber Without Wasting 
liquids or time or both. 

[0015] US. Pat. No. 6,360,775 (Barth, et al.) discloses a 
sWitching device for controlling ?uid motion. The device 
includes a capillary ?lled With a ?rst ?uid into Which a 
Wall-con?ned bubble of a second ?uid is introduced to 
achieve a ?rst sWitching event. Capillary geometry and 
Wetting properties provide a pressure-related asymmetric 
energy potential distribution for controlling the How of the 
bubble, and the device is called an asymmetric bubble 
chamber, or ABC. The bubble is initially trapped in an 
energy potential Well, and upon increase of its volume 
moves from the Well into a region of loW energy potential to 
achieve a second sWitching event. The ?rst sWitching event 
may be blocking of a ?uid channel or re?ection of an optical 
beam in an optical crosspoint sWitch, While the second 
sWitching event may be unblocking of a ?uid channel or 
restoration of transmission of an optical beam. The increase 
in bubble volume betWeen the ?rst and second sWitching 
events can act as the stroke of a ?uidic piston to pump a 
volume of the ?rst ?uid Within the capillary. The device can 
be employed to thermally degas a liquid. The use of large 
magnitude geometry-related energy potentials permits rapid 
cyclical operation of the device in a manner resistant to 
mechanical shock. 

SUMMARY OF THE INVENTION 

[0016] In the present invention a trapped gaseous bubble 
is removed from a micro?uidic system by means of reducing 
selected energy potentials of the system, Where such energy 
potentials regard the energetics of movement of the bubble, 
to levels beloW the energy of the trapped bubble so that the 
bubble has enough energy to exit the system. The removal 
of the bubble achieves the purpose of complete liquid ?lling 
of the micro?uidic system. 

[0017] For purposes of description, the gaseous bubble is 
a bubble comprising a vapor of the liquid in Which the 
bubble occurs, a gas or gas mixture other than the vapor of 
the liquid, or a combination of a vapor of the liquid and 
another gas or gas mixture. The bubble is considered to be 
trapped in a chamber region or “chamber.” The chamber is 
in ?uid communication With regions that function as a 
source of replacement ?uid or “source”, as an energy barrier 
region or “barrier,” and as an exit region or “exit”. The 
source, chamber, barrier, and exit regions each have distinct 
energy potential properties With respect to one another 
arising from differences in geometry, differences in con 
struction materials, differences in surface layers, differences 
in applied voltages, Which produce electroWetting effects, or 
a combination of one or more of the above. 

[0018] In one embodiment of the present invention, the 
energy potentials each vary directly With the magnitude of 
ambient gas pressure surrounding the micro?uidic system. 
In this embodiment, ambient pressure is reduced to a level 
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below atmospheric pressure by means of placing the microf 
luidic system in a vacuum chamber and pumping out some 
of the ambient gas from the vacuum chamber. The number 
of moles of gas Within the gas bubble may be substantially 
constant as is explained more fully beloW. As ambient 
pressure is reduced, the bubble expands, eventually displac 
ing the bubble from the chamber, past the barrier, to the exit. 
Simultaneously With the movement of the bubble, liquid 
?oWs from the source into the chamber to leave the entire 
micro?uidic system ?lled With degassed (deaerated) liquid. 
Then, the vacuum chamber is re?lled With gas to return the 
ambient pressure to atmospheric pressure. The bubble may 
be exhausted from the exit to the vacuum chamber or 
vacuum manifold. Subsequently, one or more of the barrier 
and exit regions may be plugged to prevent liquid from 
leaving the device in an undesired manner. Accordingly, in 
the present invention the energy potentials of the source, the 
chamber, the barrier and the exit are decreased With respect 
to the energy of the bubble, the energy of the bubble being 
nearly constant, so that the bubble is removed. 

[0019] The present invention differs from the method of 
Barth, et al., supra. In the present methods a micro?uidic 
chamber is ?lled With a liquid by equaliZing bubble pressure 
in the chamber With an applied pressure. The disclosure of 
Barth, et al., did not contemplate this method. In Barth, et al., 
the energy Within a bubble is increased With respect to the 
energy potential of a source, a gate, a barrier and a drain to 
a level greater than the energy potential of the barrier region 
so that the bubble moves to achieve the desired switching. 
In the present invention the energy potentials of a liquid 
source, a chamber microvolume, a barrier region and an exit 
region of a chamber are decreased With respect to the energy 
of the bubble Where the energy of the bubble is nearly 
constant, thus resulting in movement of the bubble out of the 
chamber. 

[0020] One embodiment of the present invention is a 
method for removing a gaseous bubble con?ned in a micro 
volume of liquid in a chamber. A source of liquid, a barrier 
region and an exit region are provided in ?uid communica 
tion With the chamber. The source of liquid has an energy 
potential as regards movement of the gaseous bubble that is 
higher than the energy potential of the barrier region, the 
barrier region has a higher energy potential than the cham 
ber, and the chamber has a higher energy potential than the 
exit region. The energy potentials of the chamber, the source 
of liquid, the barrier region, and the exit region are reduced 
by an amount such that the energy Within the gaseous bubble 
is sufficient to displace the gaseous bubble from the chamber 
through the barrier region and out the exit region and to ?ll 
the chamber With the liquid from the source. 

[0021] Another embodiment of the present invention is a 
method of introducing a liquid into a chamber by means of 
a procedure that avoids the presence of a gaseous bubble at 
the end of the procedure, Whether or not any gaseous bubble 
occurs in the chamber during the procedure. In this embodi 
ment any possible gaseous bubble can be considered a 
“virtual bubble,” that is, a bubble Which may or may not 
actually occur but, if it occurs, is removed. The liquid is 
introduced into the chamber from, a source of liquid. The 
source of liquid, a barrier region and an exit region are in 
?uid communication With the chamber. The source of liquid 
has an energy potential as regards movement of the gaseous 
bubble that is higher than the energy potential of the barrier 
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region, the barrier region has a higher energy potential than 
the chamber, and the chamber has a higher energy potential 
than the exit region. The energy potential is reduced Within 
the chamber, the source of liquid, the barrier region, and the 
exit region by an amount such that the energy Within the 
gaseous bubble is sufficient to displace the gaseous bubble 
from the chamber through the barrier region and out the exit 
region and to ?ll the chamber With the liquid from the 
source. 

[0022] Another embodiment of the present invention is an 
apparatus comprising a chamber, a source of liquid in ?uid 
communication With the chamber, a barrier region in ?uid 
communication With the chamber, an exit region in ?uid 
communication With the barrier region, and an aperture in a 
Wall of the chamber. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] The folloWing ?gures are included to better illus 
trate the embodiments of the apparatus and technique of the 
present invention. The ?gures are not to scale and some 
features may be exaggerated for the purpose of illustrating 
certain aspects or embodiments of the present invention. 

[0024] FIG. 1A is a Wireframe vieW of one embodiment 
of the present invention. 

[0025] FIG. 1B is a cross-sectional vieW of the embodi 
ment of FIG. 1A taken along section line 101 at one point 
in time. 

[0026] FIG. 1C is a cross-sectional vieW of the embodi 
ment of FIG. 1A taken along section line 101 at another 
point in time. 

[0027] FIG. 1D is a cross-sectional vieW of the embodi 
ment of FIG. 1A taken along section line 101 at another 
point in time. 

[0028] FIG. 1E is a cross-sectional vieW of the embodi 
ment of FIG. 1A taken along section line 101 at another 
point in time. 

[0029] FIG. 1F is a cross-sectional vieW of the embodi 
ment of FIG. 1A taken along section line 101 at another 
point in time. 

[0030] FIG. 1G is a cross-sectional vieW of the embodi 
ment of FIG. 1A taken along section line 101 at another 
point in time. 

[0031] FIG. 1H is a cross-sectional vieW of the embodi 
ment of FIG. 1A taken along section line 101 at another 
point in time. 

[0032] FIG. 2A is a Wireframe vieW of one embodiment 
of the present invention. 

[0033] FIG. 2B is a cross-sectional vieW of the embodi 
ment of FIG. 2A taken along section line 201 at one point 
in time. 

[0034] FIG. 2C is a cross-sectional vieW of the embodi 
ment of FIG. 2A taken along section line 201 at another 
point in time. 

[0035] FIG. 2D is a cross-sectional vieW of the embodi 
ment of FIG. 2A taken along section line 201 at another 
point in time. 
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[0036] FIG. 2E is a cross-sectional vieW of the embodi 
ment of FIG. 2A taken along section line 201 at another 
point in time. 

[0037] FIG. 2F is a cross-sectional vieW of the embodi 
ment of FIG. 2A taken along section line 201 at another 
point in time. 

[0038] FIG. 2G is a cross-sectional vieW of the embodi 
ment of FIG. 2A taken along section line 201 at another 
point in time. 

DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS 

[0039] As mentioned above, the present invention is 
directed to ?lling of a chamber With liquid While removing 
or avoiding gaseous bubbles that might otherWise result 
from such ?lling. The chamber is usually part of a microf 
luidic system. The term “micro?uidic system” as used herein 
refers to a system or device having ?uidic conduit features 
that are dif?cult or impossible to see With the naked eye, that 
is, having features on a scale of millimeters to tenths of 
micrometers. The siZe of the chambers is dependent on the 
particular application in Which the chamber is used. Such 
chambers are found in microdevices such as droplet dis 
pensing devices, devices With arti?cial nanopores, micro 
total analysis systems, and so forth. The present invention 
has application to any chamber that is to be ?lled With a 
liquid Where the operation of the device after ?lling may be 
deleteriously affected by the presence of a gaseous bubble. 
The chambers may have internal volumes of about 1 
picoliter to about 50 microliters and may in certain circum 
stances be larger or smaller than the aforementioned vol 
umes. The terms “?lling” and “?ll” are used herein to mean 
introducing liquid into the chamber to occupy at least about 
98% of the volume, at least about 99% of the volume, 
usually about 100% of the volume, of the chamber. 

[0040] The materials from Which the chambers and related 
components may be fabricated are dependent on the par 
ticular environment or use of the chamber, the nature of the 
liquid Within the chamber, the desired differences in energy 
potentials in accordance With the present invention, the 
advantages and limitations of particular fabrication tech 
niques, and so forth. Materials include polymers, plastics, 
resins, polysaccharides, silica or silica-based materials, car 
bon, metals including metal alloys, metal oXides, inorganic 
glasses, and so forth. Particular plastics ?nding use include, 
for eXample, polyethylene, polypropylene, such as high 
density polypropylene, polytetra?uoroethylene (PTFE), e.g., 
TEFLON®, polymethylmethacrylate, polycarbonate, poly 
ethylene terephthalate, polystyrene or styrene copolymers, 
polyurethanes, polyesters, polycarbonates, polyureas, polya 
mides, polyethyleneamines, polyarylene sul?des, polysiloX 
anes, polydimethylsiloXanes, polyimides, polyacetates, poly 
etheretherketone (PEEK), and the like. Metals include, for 
eXample, stainless steel, hastalloy, platinum, gold, silver, 
titanium, and so forth. 

[0041] The interior of the chamber, the barrier region, the 
eXit region, the source of liquid, and the like may be coated 
With a material that functions to change the energy proper 
ties of the surfaces of any of the above. The coating may be 
any of the aforementioned materials placed on the surface of 
the material from Which the chamber or one or more of its 
components are fabricated. 
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[0042] The present devices may be fabricated as unitary 
devices or they may be constructed from several parts 
assembled into the device. Apertures may be made in the 
chamber housing by laser cutting, etching, piercing, drilling, 
punching, direct molding or casting from a master With pins, 
and so forth. 

[0043] Droplet dispensing devices usually comprise one 
or more chambers, Which are ?lled With liquid to be dis 
pensed. Typically, a chamber has at least one aperture or 
ori?ce, usually, one aperture or ori?ce, Which is a micropore 
and through Which droplets are dispensed. A micropore is a 
pore (or aperture or ori?ce) that is small usually on the order 
of micrometers (or micron scale) or less. The siZe of the 
micropore as it relates to the present invention is usually 
about 2 pm to about 50 pm, more usually, about 4 pm to 
about 40 pm. The chamber is in ?uid communication With a 
source of liquid, Which may be contained in one or more 
reservoirs that are connected to the chamber by suitable 
conduits and valves. The droplet dispensing devices also 
include a means for causing the droplet to be dispensed, for 
eXample a pieZoelectric driver element or a thermal driver 
element. 

[0044] A number of approaches have been developed for 
accurately dispensing small drops of liquid and depositing 
them onto solid substrates. For example, inkjet printers 
utiliZe pieZoelectric dispensers to dispense liquid drops at 
rates of up to at least 2,000 drops per second. In one such 
system (knoWn as a continuous device) a ?uid under pres 
sure issues from an ori?ce in a dispenser While a pieZoelec 
tric crystal attached to the dispenser induces pressure oscil 
lations in the ?uid causing the ?uid stream to break into 
drops after issuing from the dispenser. The drops form in the 
presence of an electrostatic ?eld and thus acquire an electric 
charge. As the drops continue toWard the substrate, they pass 
through another electrostatic ?eld, Which interacts With their 
acquired charge to de?ect them to a desired location. 

[0045] In another inkjet system ?uid from a reservoir is 
fed into a dispenser and a pieZoelectric crystal directly or 
indirectly coupled to the ?uid responds to a voltage pulse to 
induce a volume change in the dispenser, thus causing a drop 
of ?uid to issue from an ori?ce toWard a substrate. In this 
type of dispenser (knoWn as a drop-on-demand device) a 
drop is formed only in response to a predetermined voltage 
pulse. 
[0046] In addition to using pieZoelectric effects, inkjets 
may also use heat to form and propel drops of ?uid. Thermal 
inkjets heat a ?uid so rapidly that the ?uid vaporiZes. Rapid 
volumetric changes provide the impetus for propelling drops 
of ?uid or ink from the dispenser. Bubble jet printers also 
function on similar principals. 

[0047] The aforementioned jetting systems have been 
adapted to dispense liquid reagents to a surface for conduct 
ing chemical reactions such as in the analysis of analytes, 
synthesis of chemical compounds, and the like. For 
eXample, in the manufacture of nucleic acid arrays, inkjets 
can be used to deposit nucleic acids on the substrate surface. 
See, for example, US. Pat. No. 5,658,802. US. Pat. No. 
5,338,688 describes the use of a bubble-jet for similar 
applications. The present invention has application in all of 
the above systems. 

[0048] As mentioned above, micro?uidic systems include 
microdevices With nanopores, usually, arti?cial nanopores. 
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The term micro?uidic system refers to a system or device 
having a network of chambers connected by channels, in 
Which the channels have mesoscale dimensions, e.g., having 
at least one cross-sectional dimension in the range from 
about 0.1 pm to about 500 pm. Typically, a chamber has at 
least one aperture or ori?ce, Which is a nanopore, i.e., a small 
pore (or aperture or ori?ce) on the order of nanometers (i.e., 
nanometer scale). Materials in a liquid contained Within the 
chamber are moved through the nanopore. The siZe of the 
nanopore is usually about 0.5 nm to about 100 nm, more 
usually, about 1.5 nm to about 30 nm. In one eXample, a 
micro?uidic ?uid delivery system may include a micro?u 
idic device having a ?uid input. A ?uid reservoir is ?uid 
communication With the ?uid input. The aforementioned 
devices may also include means for introducing liquids into 
the devices as Well as means for moving materials in the 
liquids Within the devices. The resulting devices can be used 
to perform a variety of sophisticated chemical and biological 
analytical techniques. 
[0049] In one approach, micro?uidic systems are 
employed to separate materials in a microchannel and move 
the materials through microchannels. Moving the materials 
through microchannels is possible by use of a ?uid pressure 
difference and by use of various electro-kinetic processes 
including electrophoresis, electroosmotic ?oW, and electro 
kinetic pumping. Micro?uidic devices have been designed 
that are useful in performing high throughput assays useful 
for biological and chemical screening experiments. Glass, 
polymer, semiconductor, ceramic, and metallic micro?uidic 
devices comprising micro?uidic channels and micro?uidic 
Wells are noW available. Continuous ?oW micro?uidic sys 
tems are useful, for eXample, in screening large numbers of 
different compounds for their effects on a variety of chemi 
cal and biochemical systems. The devices include a series of 
channels fabricated on or Within the devices. The devices 
also can include reservoirs, ?uidly connected to the chan 
nels, Which can be used to introduce a number of test 
compounds into the sample channels and thus perform the 
assays. Interfacing mechanisms, such as electropipettors, 
can be incorporated into these high-throughput systems for 
transporting samples into Wells or micro?uidic channels. 

[0050] Micro?uidic systems for fast, accurate and loW cost 
electrophoretic analysis of materials in the ?elds of chem 
istry, biochemistry, biotechnology, molecular biology and 
numerous other ?elds are described in US. Pat. No. 5,699, 
157. Techniques for transporting materials through microf 
luidic channels using electrokinetic forces are described in 
US. Pat. No. 5,799,868. Movement of material through 
micro?uidic channels is further described in US. Pat. No. 
5,800,690. 

[0051] Regardless of the particular environment in Which 
the chamber is found, the bene?ts of the present invention 
are realiZed by providing, in ?uid communication With the 
chamber, a source of ?uid, a barrier region and an eXit 
region. The barrier region has energy potential as regards 
movement of the gaseous bubble that is higher than the 
energy potential of the eXit region and higher than the energy 
potential of the chamber. The source of liquid has a higher 
energy potential than the barrier region. The chamber has a 
higher energy potential than the eXit region. Typically, a 
gaseous bubble is present in the chamber that is preventing 
the chamber from ?lling With a predetermined volume of 
liquid, usually, a microvolume of liquid that corresponds to 
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the capacity volume of the chamber. The gaseous bubble 
may present an undesirable mechanical compliance to the 
ejection of liquid from the chamber by pulsejet means. 
Alternatively, the gaseous bubble may prevent an ionic 
electrical conduction path from being established through a 
nanopore in ?uid communication With the chamber. On the 
other hand, the bubble may be interfering With the passage 
of a material such as, for eXample, particles such as charged 
particles, e.g., positive and negative ions, solid particles 
present as a slurry in the liquid, molecules dissolved in the 
liquid and the like, through an aperture that provides an eXit 
from the chamber other than the aforementioned eXit region, 
for eXample, through the ?ring ori?ce of an inkjet device. 
The bubble is usually con?ned in the microvolume of liquid. 
It is important to note that not all gaseous bubbles Within one 
or more chambers of a micro?uidic device con?ict With the 
ability to move materials through an aperture. In the latter 
circumstance, it is not necessary to remove such a bubble 
from a chamber. 

[0052] The source, chamber, barrier, and eXit regions each 
have distinct energy potential properties With respect to one 
another arising from differences in geometry, differences in 
construction materials, differences surface layers, differ 
ences in applied voltages that produce electroWetting effects, 
or a combination of one or more of the above. 

[0053] The barrier region is normally situated betWeen the 
eXit region and the microvolume of ?uid in Which the 
gaseous bubble resides such that the gaseous bubble enters 
the barrier region before the eXit region in a spatial sense. To 
achieve a difference in energy potential as a result of a 
difference in material of composition of the barrier region 
and the eXit region, the hydrophobicity or hydrophilicity of 
the materials or coatings on the interior surfaces of the 
materials may be considered. 

[0054] The source of liquid may be positioned in any area 
of the chamber such that liquid is introduced into the 
chamber coincident With the removal of a gaseous bubble 
therefrom. In one embodiment the source of liquid is adja 
cent the barrier region and the eXit region. In another 
embodiment, the source of liquid is through the barrier 
region and the eXit region. 

[0055] As mentioned above, the source of liquid has an 
energy potential as regards movement of the gaseous bubble 
that is higher than the energy potential of the barrier region, 
the barrier region has a higher energy potential than the 
chamber, and the chamber has a higher energy potential than 
the eXit region. 

[0056] A chamber may have one of many cross-sectional 
shapes such as a square, rectangular, trapeZoidal, circular, 
oval, etc., cross section. Furthermore, the cross-section of 
the interior of a chamber may have several different cross 
sectional shapes. For eXample, the cross-sectional shape of 
an area of the chamber adjacent a pore or opening or ori?ce 
may be different than that of the remainder of the chamber. 
A “candidate bubble” in a chamber is a bubble that must be 
removed because the bubble is blocking transport of mate 
rials through an opening in the chamber or is preventing the 
?lling of the chamber With liquid for expulsion through an 
opening. Usually, at least a portion of the periphery of the 
bubble is in contact With the Walls of the chamber. Where the 
bubble is preventing the transport of materials through an 
opening, a portion of the periphery of the bubble is in contact 
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With the interior Walls of the chamber immediately adjacent 
the opening. Where the bubble is preventing ?lling of the 
chamber, the bubble may be at any location Within the 
chamber. 

[0057] BetWeen a ?uid bubble such as a gas bubble and its 
?uid surroundings such as a liquid, there exists an interfacial 
surface Which can be characteriZed by a radius of curvature 
r and a surface tension 0 (T), Where T is temperature and so 
(I is a function of temperature T. Across this surface there 
exists a pressure difference given by P=2 o(T)/r (see, for 
example, Physical Chemistry, Walter J. Moore, fourth edi 
tion, Prentice-Hall, EngleWood Cliffs, N.J., page 478). 
[0058] The bubble surface can be manipulated by varying 
one or more of the pressure difference, the surface tension, 
the surface radius of curvature, and the Wetting properties of 
the capillary Walls. 
[0059] Good Wetting and poor Wetting can be quanti?ed in 
terms of equilibrium contact angles of ?uid against a sur 
face. For example, a drop of Water in air contacting a clean 
plate of silicon dioxide glass has a very loW equilibrium 
contact angle taken Within the Water, and the glass surface is 
said to be Well Wetted. HoWever, the contact angle taken 
Within the air is large, and so the air is considered to “Wet” 
poorly in comparison to Water. On the other hand, a drop of 
mercury in air resting on a clean glass plate has a very high 
equilibrium contact angle taken Within the mercury droplet. 
The glass surface is said to be poorly Wetted by the mercury, 
and the air is considered to Wet Well in comparison to the 
mercury. For aqueous liquids good Wetting is called hydro 
philicity and is characteriZed by an equilibrium contact 
angle less than ninety degrees; the Wetted material is 
described as hydrophilic. Similarly, poor Wetting is called 
hydrophobicity and is characteriZed by an equilibrium con 
tact angle greater than ninety degrees; the Wetted material is 
described as hydrophobic. The terms hydrophilic and hydro 
phobic can be generaliZed to “?uiphilic” and “?uiphobic” to 
describe the equilibrium contact angle taken Within any ?uid 
Where it meets a second immiscible ?uid at a solid Wall. 

[0060] The energy potential of a region for a gaseous 
bubble in a liquid in a chamber can be in?uenced both by 
geometry and by temperature. For example, for a bubble of 
gas Within a liquid that is ?uiphilic to the capillary Walls of 
a liquid source, narroW capillaries have a higher energy 
potential than Wider capillaries, and cooler regions have a 
higher energy potential than Warmer regions. The above are 
some of the factors that may be controlled to achieve the 
differences in energy potential betWeen the source of liquid 
and the barrier region, the barrier region and the chamber 
and the chamber and the exit region. 

[0061] In the next step in accordance With the method of 
the present invention, the energy potential is reduced Within 
the chamber, the source of liquid, the barrier region, and the 
exit region by an amount sufficient that the energy Within the 
gaseous bubble is suf?cient to displace the gaseous bubble 
from the chamber through the barrier region and out the exit 
region and to ?ll the chamber With the liquid from the 
source. 

[0062] The energy contained Within a bubble due to pres 
sure is just the internal pressure of the bubble With respect 
to its surroundings multiplied by the volume of the bubble. 
Thus, the pressure is one measure of the energy. Other 
factors such as gravity and temperature can contribute their 
oWn energy. 
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[0063] Accordingly, one approach to reducing the energy 
potential Within the chamber, the source of liquid, the barrier 
region and the exit region is to reduce hydrostatic pressure 
in these regions. To this end, ambient pressure may be 
reduced by placing the micro?uidic system in a vacuum 
housing and applying a vacuum in a continuous manner so 
as to reduce ambient pressure to a level beloW that of the 
internal pressure of the bubble. Once the gaseous bubble has 
been removed from the chamber through the exit region the 
pressure surrounding the micro?uidic system is returned to 
its original level, usually, ambient level. 

[0064] As mentioned above, in one embodiment of the 
present invention, the energy potentials each vary directly 
With the magnitude of ambient gas pressure surrounding the 
micro?uidic system. In this embodiment, ambient pressure 
is reduced to a level beloW atmospheric pressure by means 
of placing the micro?uidic system in a vacuum chamber and 
pumping out some of the ambient gas from the vacuum 
chamber. The number of moles of gas Within the gas bubble 
may be substantially constant, Which may be explained more 
fully as folloWs. As is Well knoWn, When the ambient 
pressure surrounding a liquid is reduced, any gas dissolved 
in that liquid tends to leave the liquid in accordance With 
Henry’s LaW as the partial pressure of the gas in the ambient 
is reduced beloW the partial pressure of the gas in the liquid. 
This process of gas leaving the liquid can result in the 
generation of gaseous bubbles, or in the enlargement of 
existing gaseous bubbles, either of Which events increases 
the number of moles of gas in a bubble and increases the siZe 
of a gaseous bubble at constant ambient pressure. HoWever, 
such an increase in the number of moles of gas in a bubble 
may be regarded as inadvertent and unavoidable as regards 
the action of the present invention Wherein the siZe of a 
gaseous bubble increases due to a reduction in pressure 
While the number of moles of gas in the bubble is substan 
tially constant. In any event the present invention Works 
regardless of Whether or not additional gas enters a bubble. 

[0065] As is also Well knoWn, the boiling temperature of 
a liquid commonly decreases as the ambient pressure of gas 
surrounding the liquid decreases. Thus, a liquid at room 
temperature can begin to boil as the ambient pressure of the 
gas surrounding the liquid decreases. This process of boiling 
due to reduction in ambient pressure can result in the 
generation of gaseous bubbles, or in the enlargement of 
existing gaseous bubbles, either of Which events increases 
the number of moles of vapor in a gaseous bubble and 
increases the siZe of a gaseous bubble at constant ambient 
pressure. HoWever, such an increase in the number of moles 
of vapor in a bubble may be regarded as inadvertent and 
unavoidable as regards the action of the present invention 
Wherein the siZe of a gaseous bubble increases due to a 
reduction in pressure While the number of moles of vapor in 
the bubble is substantially constant. It is Well knoWn that 
When a liquid boils due to a reduction in ambient pressure, 
the temperature of the liquid falls, and that such a liquid 
eventually stops boiling in the absence of a further input of 
thermal energy from its surroundings. In any event the 
present invention Works regardless of Whether or not addi 
tional vapor enters a bubble. 

[0066] As ambient pressure is reduced in accordance With 
the present invention, the bubble expands, eventually dis 
placing the bubble from the chamber, past the barrier, to the 
exit. Simultaneously With the movement of the bubble, 
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liquid ?oWs from the source into the chamber to leave the 
entire micro?uidic system ?lled With degassed (deaerated) 
liquid. Then, the vacuum chamber is re?lled With gas to 
return the ambient pressure to atmospheric pressure. The 
bubble may be exhausted from the exit to the vacuum 
chamber or vacuum manifold. Subsequently, one or more of 

the barrier and exit regions may be plugged to prevent liquid 
from leaving the device in an undesired manner. Accord 
ingly, in the present invention the energy potentials of the 
source, the chamber, the barrier and the exit are decreased 
With respect to the energy of the bubble, the energy of the 
bubble being nearly constant, so that the bubble is removed. 

[0067] FIGS. 1A-1H illustrate, by Way of example and 
not limitation, an embodiment 100 of the invention as it is 
applied to priming an arti?cial nanopore. As mentioned 
above, FIG. 1A is a Wireframe vieW of embodiment 100, 
and section line 101 denotes the cross section of embodi 
ment 100 shoWn at sequential time steps in FIG. 1B-1H. 
FIG. 1B corresponds in time to FIG. 1A, While FIG. 1C-1H 
correspond to subsequent times. 

[0068] Nanopore 102 extends through freestanding Win 
doW 104, Which forms part of layer 106. Layer 106 is 
surrounded by sloping sideWalls 108 situated in silicon chip 
110. Silicon chip 110 is supported betWeen housing mem 
bers 112 and 114, Which contain passages 116 and 118, 
respectively, to form tWo chambers 115 and 117. Tapered 
tubes 120 and 122 are secured into place in passages 116 and 
118 to aid in liquid ?lling and degassing. Tube 124, Which 
corresponds to a source of liquid, is used as part of the 
invention to aid in ?lling passage 116 With liquid volume 
126. Passage 118 is ?lled With liquid volume 128. Bubble 
130 is a gaseous bubble Within liquid volume 126, and 
bubble 132 is a gaseous bubble Within liquid volume 128. 
Gaseous bubble 130 blocks the free How of particles through 
nanopore 102 and is held in place by adhesion forces to 
WindoW 104 and sideWalls 108. For the nanopore to function 
as desired, bubble 130 must be removed. The structure and 
method of the present invention are utiliZed to remove 
bubble 130. 

[0069] Gaseous bubble 132 is so situated that it does not 
block the free How of particles through nanopore 102, and 
it is not necessary to remove bubble 132; thus it is not 
necessary to implement the structure and method of the 
present invention in conjunction With features 114, 118, 122, 
128, and 132 on the right-hand side of FIG. 1B. 

[0070] FIG. 1C illustrates embodiment 100 at a time 
subsequent to the time of FIG. 1B. Embodiment 100 has 
been placed in a vacuum housing, not shoWn, and ambient 
atmosphere 133 has been reduced in pressure to a value 
beloW atmospheric pressure by pumping on the vacuum 
housing using a vacuum pump, not shoWn. As ambient 
atmosphere 133 is reduced in pressure, bubbles 130 and 132 
expand in volume. 
[0071] FIG. 1D shoWs embodiment 100 at a time subse 
quent to the time of FIG. 1C. Ambient atmosphere 133 has 
been further reduced in pressure, and bubbles 130 and 132 
have further expanded in volume. Bubble 130 ?lls a volume 
134. Channel 136 comprises a source channel for liquid, 
narroW region 138 comprises a barrier region, and channel 
140 and ambient gaseous volume 142 comprise an exit 
region. 
[0072] FIG. 1E shoWs embodiment 100 at a time subse 
quent to the time of FIG. 1D. Ambient atmosphere 133 has 
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been further reduced in pressure, and bubbles 130 and 132 
have further expanded in volume. Bubble 130 has expanded 
past the narroW barrier region 138, and the radii of curvature 
of bubble boundary 144 are increasing as this boundary 
moves up in channel 140. 

[0073] FIG. 1F shoWs embodiment 100 at a time subse 
quent to the time of FIG. 1E. Ambient atmosphere 133 has 
been further reduced in pressure, and bubble 132 has 
expanded further in volume. But bubble 130 has burst at 
boundary 144, and the gaseous volume of bubble 130 exiting 
past barrier region 138 through the exit region comprising 
channel 140 and ambient gaseous volume 142 as the gate 
volume 134 is re?lled With liquid supplied by source chan 
nel 136. 

[0074] FIG. 1G shoWs embodiment 100 at a time subse 
quent to the time of FIG. 1F. Ambient atmosphere 133 has 
been increased to the original atmospheric pressure. Bubble 
130 has completely exited embodiment 100, chamber 115 
has ?lled With liquid, and bubble 132 has shrunk to its 
original siZe and returned to a position near its original 
position. Because bubble 130 has been removed, nanopore 
102 is no longer blocked. 

[0075] FIG. 1H shoWs embodiment 100 at a time subse 
quent to the time of FIG. 1G. Embodiment 100 has been 
removed from the vacuum chamber, and tubes 120, 122, and 
124 have been removed. Bubble 132 does not block nan 
opore 102, and access to the nanopore is obtainable through 
channels 116 and 118. 

[0076] FIGS. 2A-2G illustrate, by Way of example and 
not limitation, an embodiment 200 of the invention as it 
applies to priming a pieZoelectric inkjet ?ring chamber. As 
mentioned above, FIG. 2A is a Wireframe vieW of embodi 
ment 200, and section line 201 denotes the cross section of 
embodiment 200 shoWn at sequential time steps in FIGS. 
2B-2G. FIG. 2B corresponds in time to FIG. 2A, While 
FIGS. 2C-2G correspond to subsequent times. 

[0077] In embodiment 200 as illustrated in FIGS. 2A and 
2B, ?ring chamber 202 comprises ?ring chamber volume 
202a, Which is surrounded by ?ring chamber Walls 203. 
Piezoelectric actuator 204 is adjacent to Wall area 205 and, 
during normal operation of the inkjet, causes ink to be 
ejected from ?ring ori?ce 206 to a substrate, not shoWn, such 
as paper or glass. Liquid 207, for example, ink, is supplied 
to ?ring chamber 202 through ori?ce 208 from source 
channel 210. For purposes of the present invention, barrier 
ori?ce 212 and an exit region comprising aperture 214 and 
ambient volume 215 are included With the inkjet ?ring 
chamber. Region 216 may be occupied in part by gaseous 
bubble 218, Which is present in spite of careful ?lling 
procedures, or Which originates Within the liquid 207 
because of outgassing of dissolved gas. Gaseous bubble 218 
can prevent the inkjet from ?ring because it introduces a gas 
elasticity to the system; the situation is similar to the 
problem of air in a brake line of an automobile Which can 
cause the brakes to Work poorly. 

[0078] In conventional inkjet structures, Which do not 
have features 212, 214, and 215, removal of such a bubble 
is problematic and Would be attempted by ?ushing large 
quantities of ink from source channel 210, through the ?ring 
chamber volume 202a, and out the ?ring ori?ce 206, in the 
hope of carrying bubble 218 out of the ?ring chamber 






