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PORE-BASED B‘{;BBLE CHAMBER
CROSS-REFERENCE TO RELATED APPLICATIONS
[0001} This application claims the benefit of U.8. Provisional Application
No. 62/017.332, filed June 26, 2014, the entivety of which 18 hereby
incorporated by reference. This application also claims the benefit of U5,
Provisional Application No. 62/017.327, filed June 26, 2014, the entivety of

which 1s heveby incorporated by reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
{0001} This mvention was made with Government support under
Contract No, HG0O03703, awarded by the National Institutes of Health. The

Government has certain mights in the invention.

BACKGROUND
{0002} This invention relates generally to the use of an aperture, such as
a pore or nanopore, for sensing and detection of objects and species, such as
molecules, and more particularly relates to the use of controlled vapor bubble
formation at a pore for species sensing and detection, as well as for controlled

experimental chamber conditions, at a pore.

[0003] There has been developed a wide array of device structures and
techniques for detection and sensing of species as such molecules translocating
through an aperture, and particularly though a nanoscale-sized pore, termed a
nanopore. In general, such technigues are based on sensing the species itself
directly as the species translocates through a pore, e.g., by electrical sensing.
Varous challenges in such divect-species electrical-sensing approaches remam,
and have limited the ability to successfully achieve pore-based sensing. Pore-
based experimentation has hkewise been himited by the restrictions of
conventional pore-based configurations.

SUMMARY
{0004] There is herein provided a method for detecting an object, in

which an object is translocated through a pore in a support structure from a
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first fluidie chamber containing an electrolytic solution inchuding objects to he
translocated through the pore to a second fluidic chamber containing the
electrolvtic solution for receiving an object that has translocated through the
pore. The electrolytic sohution in the pore is heated to a temperature that is at
least a superheating temperature of the electrolyiic solution and that is less
than a temperature for homogeneous bubble nueleation in the electrolytic
solution in the pore. A bubble in the pore i3 detected to indicate the presence

of an object in the pore.

[0005] With this methodology, there is enabled the controlisble
initiation of homogeneous bubbles at the pore and detection of bubbles at a
pore that operates as a bubble chamber to achieve highly reproducible
haomogeneous bubble nucleation and bubble detection. A wide range of
electrical, chemical, optical, fluidic, and acoustic phenomena can be excited
and ohserved in the high electric field and extreme environment of a pore with
this platform. The appavatus and methodology hevein enable a wide range of
applications for indirectly detecting and identifving objects at or in a pove by
detecting bubbles formed at the pore by such objects. The methodology further
provides the ability to study reactions and optical and chemical phenomena in
the fluidic environment of the pore. The objects can be biological molecules,
polymer molecules, DNA, RNA, DNA and RNA fragments, single DNA bases,
and other molecules and species.
{0006] Other features and advantages of the methodology will be
apparent from the following description and sccompanyving drawings, and from
the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007] Figure 1 18 a schematic view of a pore-based object detection
system;
{0008] Figure 24 is a cross-sectional view of the pore in Figure 1 with a

focused path of 1onic current through the pore shown for heating the porve;
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[0009] Figure 2B is a cross-sectional view of the pore in Figure 1 with a

bubble homogeneously nuecleating at the pore center;

[0010} Figure 3 is a schematic cross sectional view of a pore geometry

and boundary conditions for modeling Joule heating of the pore;

[0011] Figure 4 is a plot of temperature internal to a pore as a funection
of applied voltage across a pore for a 3 M KCl electrolvte and for five different
pore geometries;

[0012] Figure 5 is a plot of temperature computed internal to a pore for a
valtage pulse of 8.22 V applied for 10.4 microseconds across a 53.5 nm-radius,

71 nm-long pore with 3 M KCl electrolyte;

[0D13] Figure 8 1s a plot of vaper bubble nucleation rate as a function of
distance from pore center, based on the thermal data from Figure 3

[0014] Figure 7 is a plot of tonic curvent {low through the pore in Figure
1 as a funetion of time, indicating the current blockage due to presence of a
hubble at the pore;

[0015] Figure 8 15 a schematic representation of the pore-based system of
Figure 1 further including a laser beam source for energetically exciting an

ohject located at the pore;

[00186] Figure 9 iz a schematic cross-sectional view of a pore including an
ohject which caused homogeneous nucleation of a bubble in the pove;
{0017} Figure 10 1s a schematic representation of the pore in Figure 1

with an optical source directed to the pore for detecting reflection of light off of
a vapor bubble at the pore;

{0018} Figure 11 1s a schematic representation of the pore in Figure 1
with an acoustic wave detector positioned for defecting sound waves formed by

rapor bubble production:
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[0019] Figure 12 iz a schematic view of an experimental pore-based

object detection system including vapor bubble formation and detection

capability;

{0020} Figures 13A and 138 are plots of measured ionie conductance of
the pore in Figure 12 as a function of time as voltages of 822V, 70V, 6.08 V,
5.0V, and 4.0 V are applied across the pore, and again as a voltage of 8.22 Vg

apphed across the pore, respectively;

f0021} Figure 144 is a schematic view of an experimental pore-based
ohject detection system built to enable laser beam direction and sensing

through the pore;

j0032] Figures 148 and 14C are plots of measured pore conductance and
photodinde current as a funchion of time for the expevimental pore of Figure 84,
taken at the center of the pore and at the periphery of the pore, respectively;

and

f00231 Figure 14D 1s a plot of £-4, from Figures 14B-14C, as a function

of laser position.

DETAILED DESCRIPTION
F0024] Referring to Figure 1, there is provided a pore-based bubble
chamber vstem 10 including a support structwre 12, such as a solid state
membrane, that separates two fluidie chambers 14, 16 in a closed fuidic
syvstem. At least one of the chaunbers, or both of the chambers, can include
objects 15, such as a selected species, like molecules, to be sensed, detected,
and/or analyzed. One chamber can be conventionally termed the cis chamber.
The second chambey 16 can be termed the frans chamber. The membrane 12
includes an aperture 18, such as a pore, nanopore, hole, or other aperture, that
is the sole path of fluidic communication and electrical conduction between the

two fluidic chambers 14, 18,

[0025] The two chambers arve provided with an jonically-condueting fluid,

such as an electrolytic lquid. The presence and flow of the ionically-
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conducting hiquid through the pore 18 between the chambers can thevefore be

detected by sensing ionic current flow through the pore. Such ionic current
flow is enabled by the connection of the two fluidic chambers in a closed-loop
electrical circuit. Accordingly, each chambey 14, 16, 1s in electrical connection
with an electrically condueting electrode 20, 22, whereby the liguid in each
chamber is in electrical connection with an electrode. The electrodes are in
furn connected in a cirewit 34 that can include a controllable voltage souree 36
or alternatively a curvent source. Application of a voltage between the
electrodes 20, 22, produces an electric field across the pore in the support
structure and a corvesponding electrical potential between the two fluidic
chambers, across the pore. The electric field drives ionic currvent through the
pore, from one of the chambers to the other of the chambers, depending on the
polarity of the applied voltage. The applied voltage also produces an
electrophoretic force that drives through the pore any electvically charged
species that are present in the hguid, such as electrically-charged molecules,
The level of ionic current flow through the pore can be determined by the
measuring the electrical current in the circuit 24 emploving, e.g., electronie
amplifiers and computer control, and other circuit elements for detecting

conductance and current flow.

[0026] In one embodiment provided herein, the flow of lonie current
through the pore 18 controlled to cause heating of the hauid at the site of the

pore, through the cross section of the pore and along the pore length. Inone
method, this heating is preduced by Joule heating. Joule heating is a process
in which the lonic current flowing through the resistive constriction of the pore
heats the lguid in the pore by release of energy, or dissipation of power, at the
pore. The ionic solution gains this energy by moving through the electric field
produced by the applied voltage across the pore. Referving to Figure 24, the
pore 18 1s a fluidic constriction through which the ionic eurrent 28 is focused.
As the focused ionic current fows through the pore 18, a very localized heating

by release of energy occurs at the pore region between the two chambers, in
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the pore of the support structure. The pove theveby operates as a highly

confined heating region between the two fluidic chambers,

f0027] The tons in the electrolytic solution gain energy by moving
through the electrie field produced by the applied voltage across the pore.
Thus, by control of the voltage that 1s appled across the pore, the lonie current
flow and corvesponding Joule heating of the pore 1z controlled. This Joule
heating can be controlled particularly to cause the hiquid in the pore to be
heated to a selected high temperature. In one embodiment, Joule heating s
controlled to cause superheating in the pore. The term ‘supevheating herein
refers to a condition in which the electrelviic liquid in the poreis at a
temperature that is above the equilibrivum boiling point temperature of the
higuid but is not boiling. This condition 18 achieved herein at atmospheric
pressure. A superheating condition in the pore is a highly localized, excited

metastable thermal state.

[OD28] In considering the temperature of the pore that iz produced by an
applied voltage, and the voltage reguired to obtain superheating in the pore, it
is fivst noted that as the voltage apphied across the pore is increased, Joule
heating of the electrolvtic solution within the pore is correspondingly inereased.
The total power that is mput to the system by Joule heating is propoertional to
the square of the applied voltage, 1o, V¥, and can be velated to the thermal
energy increase in the system over time, proportional to the change in
temperature, 7. Thus, as a very general rule, the temperature of the
electrolviic solution in the pore is approximately proportional to the squave of
the applied voltage, 1.e., V2. But the exact dependence of electrolytic solution
temperature on applied voltage is complicated due to the nonlinearity of the

material properties of the system.

[0029] To determine the dependence of electrolytic solution temperature
on applied voltage for a given pore system, for achieving superheating in the
pore, it can be preferred to model the system with the nonlinear,

inhomogeneous heat equation, using Joule heating as the heat source term,
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and then solving the heat equation for the given pore geometry. This can be
conducted, e.g., using an appropriate modeling tool, such as COMSOL
MultiPhysics program from COMSOL, Inc., Burlington, MA. Insuch a
modeling exercigse, the heat equation is coupled with conditions of charge
continuity and with Ohm's law to determine the source term. This can be
accomplished, e.g., using the Joule Heating {ih} and Electric Currents (e)

modules in COMSBOL. The equations take the form:
Ve J=V-(E) =0
J=ckE (1
E= -V
p{D%:; = Vo (k) + ] E,

where T is the temperature, V is the elecirical potential, E is the elecivic field,
and f is the current density. The support structure in which the pove is
disposed 1s assumed to be non-conducting and the applied voltage is specified
on the boundary far from the pore. The temperature condition can imposed on
the boundary as T = Ty, where Ty 1s the ambient temperature measured at the
start of the Joule heating. This initial condition can besetas T =Ty
evervwhere m the system. The density, p, heat capacity at constant pressure,
. thermal conductivity, &, and electrical conductivity, ¢, are all temperature-
dependent properties of the electrolytic solution. Where material data for a
selected aqueous electrolyvtic selution to be superheated in the pove svstem,
which is at atmospheric pressure, 1s not available, there can be emploved
suttable values for the density, heat capacity and thermal conductivity, e.g.,
the values provided by IAPWS-95 (International Association for the Properties
of Water and Steam formulation 1985 for the thermodynamic Properties of
ordinary Water Substance for General and Scientific Use). Expervimental data
for conductivity at such superheating temperatures under atmospherie
pressure may aiso not be available for a selectad electrolytic solution. It can

here be preferred to fit electrical conduetivity to experimentally measured
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conductance curve. The higher concentration of salt in the electrolytic solution,
the higher the conductivity, and accordingly, the lower the apphed voltage that

is vrequired to reach a selected pore temperature.

{0030} With this framework in place, the geometrie conditions of the
physical pore system can be imposed to determine the heating control of a
given pore geometry. An example of pore geometry boundary specification is
shown in Figure 3. The support structure 12 is here given as a membrane
having a thickness, £, at the site of the pore that 1s the length of the pore. The
pore is specified with a radius, ». The system is specified as having an external
boundary, S, that ig set as some reasonable value, such as 200 microns, with
an axisvmmetric boundary, an opposing boundary at which the normal current
density is set as zeve, by specifving rpoJ=0. There is defined a boundary at
which a voltage source is applied, and an opposing boundary at which the

voltage iz zevo, V=0,

{06031} With the pore geometry conditions and electrolytie solution
condifions in place, the heating of electrolytic solution in the pore as a function
of applied voltage aeross the pore can be determined for enabling precise
control of the heating in the pore. Referring to the plot of Figure 4, there are
shown results for one example in which the system is specified as a pore in a
SiaNs membrane with an electrolvtic salution of 3 M NaCl provided in the eis
and fransg fluidic chambers. Fig. 4 15 a plot of internal pore temperature that is
determined by the modeling metheod as a funefion of apphied voltage for five
different pore geometries. This plot demonstrates that when the pore radius, »,
is on the order of the pore length, which is the membrane thickness, £, there i
a fixed velationship between pore temperature and applied voltage. In other
words, for any pore in which the pore length is about the same as the pore
radiug, then the same temperature will be produced in the pore for a given
applied voltage, no matter the pore radius, over a range of tens of nanometers.
Thus if the value of the pore radiug and the value of the pore length are within

about ten nanometers of each other, then the same temperature will be
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achieved for a given voltage, for any pore vadins. As the thickness of the

membrane is increased bevond the pore radius value by more than about ten
nanometers, the dependence hetween temperature and applied voltage

changes, and is different for different aspect ratio porves.

{0032} The plot of Fig. 4 includes a horvizontal dashed line that
represents the threshold temperature for superheating a 3 M NaCl solution in
the model just described. For any temperature above this threshold
temperature, superheating of the solution in the pore is ohtained. As
explained above, any temperature above the equilibrivum hoiling point of a
given hiquid 1s a condition of superheating the liquid. Thus for any selected
pore system geometry, and knowing the threshold superheating temperature
for a given electrolytic solution, the voltage to be applied across the pore can be
determined for obtaining superheating within the pore. For example, for the
pore svstem conditions corresponding to the plot of Fig. 4, for a pore having a
50 nm radivs and a 100 nm-long pore in a membrane, an apphed voltage of
about 6 V is requirved to obtain superheating of a 3 M Na(ll electrolytic solution

in the pore.

{0033} With superheating conditions produced within the pore, there can
be conducted experiments and analysis on species that arve provided in the
fhaidic chambers, and on species held 1n the pore itself. For example, there can
be conducted reactions between liquids and species in the two chambers at the
pore. In one embodiment, the electrolyvtic solution in the pore is confrolled to
be in a state of superheating and species in the pore react in the high-
temperature environment there. Thus the pore and fluidic chambers provide
an apparatus for inducing and studyving chenvical phenomena in the vicinity of
the pore. Indeed the manufacture of chemicals requiring superheated
solvents can be facilitated or affected by the use of such solid state pores,
either individually, in small arrays, or in massive arrays. The apparatus
thareby provides a bubble-reaction chamber in which high-temperature

reactions can be conducted.
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j0001] Figure 5 is a thermal plot of the tempevature across a 53.5 nm-

radius, 71 nm-long pore when a voliage pulse of 8 22 V is applied for 10.4 ps
across the pore. Note that the temperature exhibits a thermal profile across
the pore in which the highest temperature is at the center of the pore, with a
temperature of 600K, while the temperature at the wall of the pore is 470K.
Thus, in the metastable superheating state, the nanopore exhibits a thermal
profile in which the temperature at the center of the nanopore may be much
higher than the threshold temperature for superheating, When the
electrolytic solution in the nanopore reaches an extreme level of superheat, the
solution can approach the temperature hmit of superheating. This
temperature limit is defined as the temperature beyvond which the Hguid is

thermodynamically unstable and must vaporize.

[0034] In one embodiment provided herein, as the temperature of the
electrelviic solution in the nanopore approaches the temperature himit of
superheating, theve can be controlled the nucleation of homogeneous vapor-
phase bubbles in the nanoporve. Referring again fo Figure 2A and also to
Figure 2B, as the focused electrolytic solution causes Joule heating in and near
the pore, with a thermal profile like that of Figure 5, in which the highest
temperature is reached at the center of the pore, then as shown in Figure 2B, a
vapor bubble can homogeneously nueleate. Here ‘homogeneous bubble
nucleation” refers to bubble nueleation at a location in the pore cross section
that is not at the wall or swrface of the pore or support structure and instead is
away from the wall of the pore, and can be toward the center of the pore cross
section, in the hguid. This is in contrast to heterogeneous bubble nucleation in
which a bubble forms at a surface. Rapid Joule heating of the electrolytic
solution as provided herein can be controlled to cause the homogeneous

nucleation of a bubble within the pore.
[0035] From a thermodynamic standpoeint, a vapor bubble could form in
the pore af any time when the temperature of the electrolyte in the pore has

been elevated above the equilibrium betling point of the electrolyte. But in
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actuality, one would need to wait for a very, very long time, bevond reasonable

experimental timescales, for a bubble to form if the temperature of the
electrolvte is superheated but significantly less than the temperature Limit of
superheating of the electrolyte. In contrast, if the temperature of the
electrolyte is superheated and controlled to approach the lmit of superheating,
then a vapor hubble can be caused to form almost instantaneously in the pore.
This is governed by the kinetic rate of the process, as explained in, e.g., in
Blander, M. and Katz, 4. L. {19753}, Bubble nucleation in Hguids, AIChE J., 21:
833848,

{0036} Thus, there can be produced controlled homogeneous bubble
nucleation, and a sequence of bubbles, in a pore, away from the pore wall, by
applving across the pore a voltage bias that causes the electrolyte in the pore
to be superheated to a temperature approaching the hmit of superheat of the
solution. For example, for a 3 M KCl solution, the temperatuve of the
electrolyte must be above about 550 K 1n order for a bubble to homogeneously
nucleate within a reasonable amount of time. Thus, for a 100 nm-diameter,
100 nm-long pore, as represented in the plot of Fig. 4, an applied voltage of at
least about 8 V is reguired to contvollably initiate homogeneous bubble

nucleation.

[0037] The temperature profile across a pore indicates that the localized
temperature maximum at the pore center dramatically increases the likelthood
that a bubble will nucleate homogeneously there. This is demonstrated with
the plotted data of Figure 8, which is a plot of the caleulated nucleation rate of
ag a function of distance from the center of the pore. This data corvesponds to
the pore conditions of 53.5 nm in radius and 71 nm in length, with application
of 8.22 V across the pore, with surface tension of the liquid-vapor interface
taken to be that along the saturation curve. The rate is sharply peaked at the
cross-sectional center of the pore, supporting homogeneous single bubble

nucleation at the pore center.
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[0038] As a homogeneously nucleated vapor bubble expands outward
from the center of the pore, across the cross section of the pore, the bubble cuts
off the Joule heating of the electrolytic fluid when the bubble reaches the pore
periphery at the edge of the pore support strueture. The hubble then continues
to grow due to fluid inertia and thermal energy that is stored in the
superheated electrolytic fluid, The bubble ultimately reaches a maximuom size
and then collapses when the vapor pressure in the bubble decvreases below the
ambient pressure in the Hguid. Thus, after nucleation, the bubble grows at
the pore, with a bubble surface that can extend completely across the cross-
section of the pore, therehy effectively completely blocking ionie carrent flow
through the pore between the two fluidic chambers. To further inecrease the
likelihood of bubble formation at the center of the pore ¢ross section, it is
preforred that the membrane or other pore support structure be provided as a
matevial that has a velatively high thermal conductivity and wettability. This
condition aids in maintaining the temperature of both the pore walls and the
fluid in the pore at the periphery of the pore, near the walls, lower than that of
the fluid at the center of the pore. As a vesult, a temperature profile with a
higher central temperature can be achieved at the center of the pore and
homogeneous bubble nucleation can be controllably initiated at the center of
the pore, This in turn enables bubble growth across the pore, to completely fill

the cross-sectional diameter of the pore.

{0039] This vapor bubble formation thereby results in a drop or even
complete blockage in ionic current flow through the pore, with a covresponding
drop in elecirical current through the circuit to which the pore system is
electrically connected. As a result, the presence of a bubble filling the cross
section of a pore can be detected by discontinuous cwrrent flow. Figure 71s an
gxample plot of 1onic current flow through a pore as a function of time. As a
hubble homogeneously nucleates in the pore and expands acvoss the pore to
block current flow through the pore, the presence and absence of a bubble in
the pore can be determined by the level of measured currvent through the

cireuit.
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{0040} In one embodiment, to rehiably contrel homogeneous bubble

i

nucleation in the pore, the applied voltage 1s set to that voltage which causes
superheating of the electrolvtic fluid in the pore to a temperature that is e.g.,
about 10°, about 5°, or about 17 less than the temperature limit of
5 superheating at which bubbles would form. Then there can be injected into
the electrolytic fluid additional energy that initiates the nucleation of a bubble.
This additional energy can be applied by, e.g., raising the voltage applied
across the pore, e.g., as in a pulsed fashion, by directing a beam of energy, such
as a laser beam, at the pore, or by chemical reaction at or near the pore. In
10 one methodology, the temperature of the electrolvie in the pore is raised from
superheating to about the temperature limit of superheating, where bubbles
will form, to controllably initiate the homogeneous nueleation of vapar bubbles
iz the pore by introducing additional energy to the pore. Once this condition is

set, vapor bubbles will sequentially nucleate, expand, and collapse in the pove

M
“Fy

with a fixed regularity.

(0041} Bubble nucleation can also be tutiated at the pore by the transfer
of anergy from an object that ix at or in the pore to the fluid in the porve to
approach the temperature limit of superheating conditions for initiation
homogeneous nucleation of a hubble in the pore. This energy to be transferved

20 from the object can be imparted to the object by any suitable means, e.g., by an
energy source that ig external fo the pore system. For example, optical energy
from a laser source, chemical energy resulting from, e.g., a chemical reaction
of an abject or objects 1n the pore, or other scenario can be emploved to

deliver enervgy to an object for transfer of a highly-localized heat pulse to

25 the hquid at the pore.
[0042] In one example methodology, the temperature of the electrolvtic
Hguid in the vicinity of the pore is controlled to be above the known

superheating temperature of the liquid and less than the temperature limit of
superheating, e.g., by ten degrees, less than the temperature lmit of

30 superheating by five degrees, or less than the temperature himit of
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superheating by one degree. The fluid electrolytic liguid in the pove and

vicinity i heated by Joule heating of the electrolvtic solution as the solution
and ionic current is focused through the pore. For a selected electrolytic
solution, pore support sirueture material composition, pore radius, and pove
length, there is determined the voltage to be applied across the pore, between
the two fluidic chambers, o obiain this thermal condition in the pore. The
gquantitative analvtical modeling detailed above, e.g., using the COMSOL
MultiPhysics program, from COMSOL, Ine., Burlington, MA, o other suitable
technigue, can be emploved to determine the reguisite voltage to be applied
across the pore. The electrical voltage in the circuit 24 in Figure 1 is therveby
controlled so that with the voltage applied by the electrodes at each fhudie
chamber, the Baguid at the pore is at or just below, by less than one degree, less
than five degrees, or less than ten degrees, the temperature at which bubbles

would homogenecusly nucleate at the pore in a reasonable time period.

{00431 Now referring to the schematic system view of Figure 8, external
energy 15 directed to an object at the pore for absorption of the enevgy by the
object. Onee absorbed, the object releases the absorbed energy, transferrving
the energy from the object to the suwrrounding liguid. This energy transfer
causes homogeneous bubble nucleation at the pore under the conditions that
the liquid is thermally biased at a condition of superheating as given above,
As shown in Figure 8, in one embodiment, there 1s configured a laser 45 or
other source for divecting an energetic beam, such as a laser beam 47, toward
the pore so that when an object 15 is at the pore, the object is trvadiated with
the energy beam. In one embodiment, the energy beam characteristics are
controlled fo be comphimentary with that of an object of interest, so that the
selected object is capable of absorbing the energy of the beam. The exeitation
gnevgy absorbed by the object is then transferred 50 from the object to the
fluid at the site of the ohject, e.g., by thermal heat transfer. Thig energy
fransfer triggers homogeneous bubble nucleation 25 at the pore by vaising the
temperature of the Hguid in vesponse to the energy transfer. As just

explained, in this methodology, the temperature of the fluid is quiescently
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controlled, e, thermally biased, by selection of voltage conditions, to be

superheated and just below the superheating hmit temperature, so that the

radiative {luid heating by the object initiates bubble {formation at the pare.

{0044} In one embodiment, the absorption line of an object of interest is
determined and a beam of light having an energy corresponding to that
absorption line iz dirvected to the pore. When the object of interest is at the
pore, the object will absorb the energy from the beam. Objects not having
that absorption line will not absorb the energy from the beam. Once the beam
energy is absorbed by the object, the object vadiatively releases the absorbed
energy, and transfers this energy to the fluid in the vicinity of the object at
the pore by heating the {luid. The temperature of the fluid is thermally
biased just below the critical tempervature for bubble formafion, so that the
raciative fluid heating by the object can initiate bubble formation at the pore.
Thereby, the formation of a bubble by a selected object, such as a selected
molecude or class of molecules, can be controllably imposed by an external

excitation that 1z specific to a moelecule of interest.

f0045] Similarly, a highly localized heat pulse can be transferred from
an object to the liguid by a chemical reaction that is specific fo a particudar
ohject or class of objects. A reactive species or chemical can be disposed at the
membrane surface, on the pove walls, or otherwise disposed in the vicinity of
the pore, or provided in the second fluidic chamber opposite that including an
object to be detected. When the object intevacts with the reactive species, the
energy of the chemical reaction can heat the fluid in the vicinity of the pore to

form a bubble at the pore.

[0046] As shown in Figure 9, when an object 15 1s in the pore 18, and
homogeneous bubble nucleation has been initiated, the bubble expands and
can extend completely across the cross section of the pore. When the hubble
completely fills the pore in this manner, then the level of electrical current, 7,
in the cireuit 24 in Figure 1 reflects the presence of the bubble and presence of

the companion object in the pore, with the current effectively completely



10

b2
S

WO 2015/200756 PCT/US2015/037894

i6
blocked by the bubble extenzion completely across the pore. Thusg, because a

bubble can completely fill the eross-section of the pore, the presence of the
companion oljject at the pore can be very effectively detected even if the object
is nonuniform andfor smaller in diameter than the pore. In other words, for
any object diameter, the bubble provides the ability to completely block onic
current flow, and corvesponding electrical current flow. The measured signal
in the current is therefore a robust and veproducible mechanism for deteciing a

wide range of objects in the pore.

[0047] Thus, as objects translocate through the pore. entering the pore
and exiting the pore, the level of electrical current flow through the closed-loop
civcuit reflects the formation of vapor bubbles due to this sequence of object
translocation. The measured circuit current flow reflects the presence of a
bubble at the pove, and indivectly reflects the corvesponding
presence of an object in the porve that caused the formation of the
bubble. The measurement of the current through the civeuit
thereby enables electronic detection of the presence of an object at and/or in
the pore, indivectly, via the reduction or cut off of ionic current due to bubble

formation.

[0048] The mdirect detection of the presence of an object in the pore can
be accomplished by means other than electronic, and electvonic measurement
is not an absolute requirement for the pore-based sensing system. All that s
required is a detection of a bubble at the pore when a companion object o
ohiects are at the pore, Other detection mechanisms can be emploved. For
example detection can be optical, by interaction of a bubble and/or companion
object with an external light beam. In this scenario, as shown in Figure 10, a
Light souvce 30 can be positioned to direct an external optical beam 32 toward
the pore so that when a bubble 25 is present at the pore, a reflection 34 of the
beam off of the bubble surface can be detected at an optical detector 36.
Similarly, optical transmission through the pore can be monitored with an

optical heam divected through the pore, with a drop in optical transmission
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through the pore indicating the presence of a bubble. Alternatively, referring
to Figure 11, the sound waves 38 that are formed in the solutions in the
{luidic chambers by bubble nueleation and formation can be detected by
acoustic detectors, such as ultrasound detectors, or microphones, Similarly, a

5 MEMs-based flow sensor near the pore can make such a detection. These
examples demonstrate that bubble detection can be accomplished by anvin a
wide range of techniques. Other detection technigue can be employed

gseparately or in conjunction with an electronic detection technique.

{0049} Turning to considerations for the pore structure, the pore

10 support structure, and electrical biasing are all selected to obtain controlled
superheating conditions. The support structure can he implemented as a
substrate, chip, suspended layver, membrane, or other structure in which a
generally microscale-to-nanoscale length of a pore can be achieved between
two surfaces of the structure separating the cis and frans chambers. The

15 structure can be electrically insulating, condueting, or semiconducting, but if
electrically conducting, it can be preferved to coat the structuve with an
electeically Insulating laver or lavers. For many applications, it can be
preferred that the pore be formed in a solid state support structure such as a
solid state membrane; a biological membrane or combination of solid state

20 and biological structures can also be emploved. A sohid state membrane can
be formed of any suitable material, such as silicon nitride or silicon dioxide,
or other electrically insulating, wettable, and thermally conducting material
or composite of a plurality of materials. A microelectronic membrane is

particidarly well-suited as a pore support structure. Herein the term

2
LA

“membrane” refers to a generally thin layer of material that s self-supported
across its extent and is supported at its edges by, e.g., a structural frame such
as a substrate. The support structure thickness can be a suitable
thickness for supporting the pore, e.g., about 1000 nanometers in
thickness or less, and can include or be formed of atomically thin materials

30 such as graphene and other such materials. The cis and frans chambers can

be provided in concert with the support structure as flow channels, fluidic
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inlets and outlets or ports, oy othey fluidic structures, for enabling delivery of

a fhaid in a chamber to or from a pore for translocation of species in the Auid

through the pore.

{00504 The pore can be any switable diameter, e.g.. 1 micron or less, e.g.,
5 150 nanometers or less, 100 nanometers oy less, 50 nanometers or less, or 10

nanometers or less. Biological pores can be emploved as-suitable for a given

application. For example, the foxin produced by the bacterium S cureus is a

protein called w-hemolysin, Monomers of this profein in an agueous selution

self-aszemble into lipid bilavers, or into cell membranes, as a heptamer that
10 creates an agueous channel or pore of diameter ~1.5 nm through the lipid

bilaver. Qther biological pore arrangements can be employed.

{0051} A pore can be formed in a selected solid state support structure by
any convenient process, ©.g., by ion heam milling, electvon beam milling, ion
beam sculpting, wet or dry etching, or other selected process. The support

15 structure for the pore, as well as electrodes, contact pads, and connections, can
be fabmicated in any switable manner as-desived for a given meolecular detection
apphication. Fabrication processes for producing microelectronic membranes
and for producing pores in such membranes with associated electronic
connections can be implemented in a manner best-suited for a given

20 application, as, e.g., in U8, No. 6,783,643, issued August 31, 2004; 1.5, No.
6,627,067, issued Septembey 30, 2003; U5, No. 7,258,858, issued Aungust 21,
2007 TLS. No. 8,464,842, 1ssued Qctober 15, 2002; U5, No. 7,582,490, issued
September 1, 2009; 1.8, No. 7,468,271, 1ssued December 23, 2008; U1.S. No.

7.118.857, issued October 10, 2006; U.S. No. 8,206,588, issued June 26, 2012;

e
LA

and .8, No. 8,273,532, issued September 25, 2012: the entivety of each of

which is hereby incorporated by reference.

{0052} The fluidic chambers are provided with a suitable electrolytic
solution for producing an ionie flow through the pore and for transporiing
species through the pore. An example of suitable electrolytic fluid is a

30 solution of water and a salt, with a salt composition and
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concentration such as 3 M KClL The electrodes can be provided m contact
with the solution as, e.g., silver-silver chloride electrodes in the fluidie
chambers in the conventional manner. With this configuration, an applied
voltage across the membrane of any suitable magnitude, e.g., between
about 1 V and about 20V, or between about § V and about 10V, can be
imposed, with an electrical current flow of ~ 30 pA.  Alternatively, a
current source can be included in g civeudt that connects that pore in series
with the current source, between the two fluidic chambers, to control the

current through the pore for Joule heating of the electrolytic fluid in the pore.

f0053] Methodology is further provided herein for distinetly identifving
objects transiocating through the pore. If is recognized that homogeneous
bubble nucleation is initiated for different species of objects at different
levels of fhud superheating. Therefore, for a given flud temperature,
superheating and hubble formation seccur for a corresporndding object having
atiributes that corvespond to the temperature at which the fluid 18 controlled.
A drop in civcuit currvent thereby corresponds to a given fluid temperature for
a particular object and object geometey. The civcuit bias can therefore be set
for a given selected object, such as a molecule, a class of molecules, or a
particular species or group of species, for detection of that particular selected
molecule, class of molecule, or species, by detection of bubbles that form in the

pore for the given circuit hias.

[0054] In addition, an array of pores can he employed, one pore for each
distinet object or class of objects. Each pore in the avray can be bigsed at
selected conditions for bubble formation and circuit detection of one
corresponding distinet object or class of objects. In this scenario, the array of
pores provides complete detectinn of any number of selected distinct objects,

such as the four distincet DNA bases.
j0055] These examples demonstrate that the bubble nucleation
methodology herein can be tatlored to impose object-specific control on bubble

nucleation. Thereby, the formation of a hubble and its detection can be
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directly correlated to a specific object for which the bubble nucleation control

18 tatlored. Any suitable objects, species, particles, and organisms can be
provided in a fluidic chamber of the bubble formation syvstem for detection by
the system, including both naturally oceurring and synthetic molecules,
Biomolecules, e.g., polymers including nucleie acids such as single-stranded ov
double-stranded DNA and RNA, proteins, polvsaccharides, lipids, and
syathetic polymers all are particularly well-addressed by the detection system.
The object can alse consist of one or move portions of a full molecule, ¢.g., a
component of a molecule such as an oligonucleotide or sequence of DNA hases.
The objects to be included in a fluidic chamber Hguid are thus not limited to a
specific molecule, species, or component of 2 molecule. Correspondingly, the
eross-sectional geometyy of the pore 1s not lmited to a particular extent or

shape, and can be tailored to accommodate abjects or species of interest.

{3056] It 13 recognized that the index of refraction of the liguid in the
chambers, in the vicinity of the pore, can be modulated by adjusting the 1onic
current flowing through the pore. One effect contributing to this
phenomenon is the temperature dependence of the index of refraction of
the liguid near the pore. This has the effect of deflecting or scattering light
beams that pass in the vicinity of the solid state pore. Therefore, by
controlling the Joule heating of the liguid at the pore, and by bubble
formation at the pore, the change in liquid temperature can be
controlled to change the index of refraction of the liguid at the pore.
Then, with an arrangement like shown than in Figure 10, with
external optics, the control of voltage applied to the chamber electrodes
enables the electronic adjustment of the index of refraction. The pove thereby

can he operated as a tunable focusing element or lens with no moving parts.

Example 1
[0057] Referving to Figure 12, there was constructed an experimental
bubble formation chamber 60. A single pore 62 was fabricated with a focused

ion beam machine in a free-standing silicon nitride membrane 84 affixed to &
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sihicon dioxidefsilicon frame 66. Silicon nitride was chosen because it is highly
wettable and has a higher thermal conductivity than electrolytes of interest,
both of which conditions are important for extreme superheating, minimizing
heterogeneous nucleation. This silicon nitride membrane was 71 nm thick,
The pore was 53.5 nm in radius. The membrane was mounted in a fluidic cell
in which the membrane separated two fluid chambers 88, 70 connected
{luidically and electvically only through the pore 2. A 8 M NaCl solution
prepared in delonized, degassed water was added to each chamber and
contacted with AgfAgCl electrodes 72, T4, A pulse generator 78, HP 81104,
from Hewlett Packard, a current sensing resistor 78, and a 500 MHz, high
bandwidth oscilloscope 80 were connected in a eircuit with the fluidic cell with
a compensation cirewit fo minimize the effect of capacitance between the two

fluidic chambeys.

{300 2] Voltage pulses of 11 ps in duration, and ranging in amplitude
from 4 V to 822V, with a 30 ns vige time, were applied to the electrodes with
the fluidic chambers filled with solution. Figure 13A is a plot of the measured
electrical conductance of the pore as a function of time during the voltage pulse
apphication. The data were filtered at 13 MHz from 0 to 1 s and 20 MHz from
1 to 10 pus by an eight-pole Bessel filter. The mitial pore conductance was 1.15
us, aside from an initial capacitance spike due to imperfect compensation, and
inereased with time and applied voltage to a value of 3.5 u5 and a current
density of 3.3x10" A/m?. This rise in conduetivity was due to the time-
dependent Joule heating of the elecirolyte In and near the pore and the
positive temperature dependence of electrolvte conductivities, which are
strongly influenced by the temperature dependence of the water viscosity., The
noise in the data belongs to the oscilloscope amplifievs,

{0003} Figure 138 shows the conductance data of Fig. 134, with the time
scale magnified and for the 8.22 V voltage amplhitude application. The data
were filtered at 200 MHz. The faded background line is the unfiltered

measured conductance data, At 10.4 ps there is shown a significant drop in
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pore conductance. This drop in pore conductance corresponds to the nucleation
of a vapor bubble, and is represented by a rapid drop in conductance when the
bubble bloeks the ionic conduction through the pore. After the collapse of this
bubble, it is shown in the plot that subseqguent bubble events occurred with
gquasi-regular periodicity., The duration of each bubble event was
approximately 16 ng, with 120 ns between events. The bubble formation
behavior was that of a relaxation oscillator whose time constant is determined

by thermal dynamies.

{0004} The behavior of this relaxation oscillator can he understood with
a simple model of the heating and cooling dynamics at the pore. The initial 16
ns bubble event is given as cutting off ionic current. During this event
Lifetime, the maximum temperature in the pore is found to drop by about 200
K due to thermal diffusion. The time needed to reheat the pore center to 600 K
onece onic current resumaes is calculated to be approximately 120 ns. This
corrvesponds well fo the experimentally measured time to the second bubble of
117 ns. The dynamics of bubble growth in an unbounded, uniform
temperature, superheated Hquid have been well studied and such analysis can
be applied here. Inertial effects govern early bubble growth, driven by the
high vapor pressure inside the bubble. An initial radial growth velocity of 1268
m/s at 600 K is here caleulated, using the Ravieigh-Plesset theovy, which
applies to spherically symumetrie, free expansion in an unconfined liguid. The
presence of the pore walls deereases the caleulated growth speed,
Nevertheless, the result corresponds reasonably well to the measured veloecity
of B30m/see obtamed from the optical probing data. Thiy inertial growth
modaling does not include mass transfer at the boundary or heat transport
effects. At high temperature, the surface tension 1s greatly diminished,
decreasing its effect on early growth. The effects of heat transport are only

mantfest in Iater stages of bubble growth.
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Example I1
[0005] Figure 144 schematically depicts a second pore-hased

experimental setup, here employing a 1.9 um-radius, 2.5 pm-thick pore in a
silicon nitride membrane, designed for optically probing the onset and location
of bubble nucleation in the pore. It was determined that larger-radius pores
exhibit similar quasi-periodic bubble nucleation to that observed in the smaller
53.8 nm-radius pore of Example I, albeit with lower frequencies at comparable
voltage bias. Optical transmission of a focused 314 nm, 0.5 mW, CW laser
beam 84 through the pore was measured. A 60x water immersion objective
lens was employed to bring the laser to a beam waist diameter of 350 nm. The
fransmiited optical beam was captured and brought to a focus with {=0.62
optics onto a 1 ns response time silicon photodiode, Thorlabs DETI0A. The
photodiode caarent was monitored simultaneously with the time-dependent
electrical signal from the ionic curvent passing through the pore. For this
experiment, the response time for the lonie current measurement was
determined by the capacitance of the pore membrane. The lateral x-y position
of the beam waist could be aceurately moved to different positions acvoss the
pore with beam steering optics. The laser beam waist was positioned near to

the pore center.

{0006] Figure 148 is a plot of both the electrical conductance and the
photodiode curvent as a function of time as an 18 V, 22 us pulse was applied

across the pore. The conductance and currvent fell rapidly at the onset of a
bubble nucleation event, stimulated by the voltage pulse application. At this
voltage, bubble nucleation events consistently cccurred 14 us after the pulse
was applied. With this data, there can be defined an event onset time for both
the optical and ionic curvent signal to be the intercept of the pre-bubble
current level with the extrapolated hnear region of the curvent drop. These
are labeled in the figure as ¢; and ¢, for the ionic and photodiode current,

respectively,
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[0007] The laser beam waist was then moved from the centey of the pore

to the periphery of the pore. Figure 14C is a plot of measured pore
conductance and photodiode current with the new beam waist position. As
shown in the plot, as a result of this move, there was a clear increase in the
delay in ¢, with respect to ;. This suggests that the bubble was formed at the
center of the pore, and as a result of its finite growth velocity there was a delay
until the surface of the bubble scattered the incident laser beam at the porve

periphery.

[0008] Figure 14D is a plot of the offset At = ¢, — t; as a function of the
laser position across the pove in two perpendicular divections. The points
corvespending to the data in Figs. 14B and 14C are indicated in Fig. 14D,
Each point contains ten measurements. The error bars show the standard
deviations from the mean. The symmetry of the data arcund the pore center
confirms that the bubble nucleation events were homogeneous and oecurred at
the center of the pore. The bubble radius growth velocity obtainad from the
slope of the data in the figure 15 52.141.6 m/s for the y-axis scan and 49.2+1.7

m{s for the x-axis scan.

[0009] A straightforward interpretation of this data involves rapid Joule
heating of the electrolyte in and near the pore that uliimately resulted in
nucleation of a vapor bubble at the pore center. As a vapor bubble expanded, it
cul off the Joule heating when the surface of the bubble reached the pore
periphery. The bubble then continued fo grow due to fluild inertia and thermal
energy stored in the superheated liguid. The bubble ultimately reached a
maximum size and then collapsed after the vapor pressure in the bubble
decreased helow ambient pressure in the liquid sufficiently to overcome the

inertial forces of Hauid expansion.

{0010} The coupled space- and time-dependent 1onic current density and
temperature fields in and near the pore prior to bubble formation can
accordingly be determined. The time-dependent conductance of the pore was

modeled for comparison with the experimental results. The nonlinear,
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inhomogeneous heat equation with a Joule heating source term was solved for

the pore geometry using the COMSOL MultiPhysics program, COMSOL, Inc.,
Burlington, MA. The temperature dependence of the heat capacity, thermal
conductivity and density were taken to be those of superheated water at
atmospheric pressure, given by the IAPWS-95 formulation. The temperature
dependence of the electrical conductivity of 3M NaCl seluiion at atmospheric
pressure was chosen to it the experimental results by extrapolating measured

high temperature data taken at pressures above atmospherie.

[0011} The resulting computed pore conductance curves are shown as
the solid smooth curves in Fig. 13A. Excellent agreement was achieved with
the experimental data with reasonable temperature dependent properties of
the solutzon. The predicted temperature atfained at the pore center after 10 ps

for each voltage pulse 18 indicated in Figure 18A for each conductance curve,

[0058] With this deseription, there is herein provided apparatus and
methodolegy that enable the controllable production and detection of vaper

bubbles at a pore to achieve homogeneous, highly reproducible bubble
formation and detection. A wide range of electrical, chemical, optical, fluidie,
and acoustic phenomena ean be excited and ohserved in the high field and
extreme environment of a solid-state pore with this platform. The apparatus
and methodology herein enable a wide range of applications for indivectly
detecting and identifving objects at or in a pore by detecting vapor bubbles
formed at the pore by such ohjects. The methodology further provides the
ability to study reactions and optical and chemical phenomena in the fluidie
environment of the pore. The objects can be biological molecules, palvmer
molecules, DNA, RNA, DNA and RNA fragments, single DNA bases, and other

molecules and species.

[0059] It 1s recognized that those skilled in the art may make various
modifications and additions to the embodiments deseribed above without
departing from the spirit and scope of the present contribution to the art.

Accordingly, it is to be understood that the protection sought to be afforded
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hereby should be deemed to extend fo the subject matier claims and all

equivalents thereof fairly within the scope of the invention.

[0060] We claim:
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1. A method for detecting an ebject comprising:

translocating an obiject through a pore in a support structure from
a frst fluidic chamber containing an electrolytic sohution including
objects fo be translocated through the pore to a second {luidic chamber
containing the electrolytic solution for veceiving an object that has
translocated through the pore;

heating the electrolytic solution in the pore to a tempevature that
is at least a superheating temperature of the electvalytic solution in the
pore and that is less than a temperature for homogeneous bubble
nucleation in the electrolytic solution in the pore;

increasing energy in the electrolytic solution inn the pore to at
least a temperature for homogeneous bubble nucleation in the
electrolytic solution in the pore when an object is in the pore fo initiate
homogeneous bubble nucleation in the pore; and

detecting a bubble in the pore to indicate presence of an object in

the pore.

2. The method of claim 1 wherein increasing energy in the
electrolytic solution in the pore comprises directing at the pore a heam
of energy that energetically excites an object at the pore, causing

hompgeneous bubble formation at the pove.

3. The method of claim 2 wherein the beam of energy comprises a

laser beam.

4. The method of claim 2 wherein the beam of energy comprises a
laser beam having a wavelength that corresponds to an energy
absorption characteristico of an object at the pore so that energy of the

laser beam is absorbed by the object.
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5. The method of claim 2 wherein the first fluidic chamber contains
an electrolytic solution mcluding first ohjects and second objects to be

translocated through the pore, and wherein the beam of energy
comprises a laser beam having a wavelength that corresponds to an
energy absorption characteristic of the first objects and not the second
obiects, so that energy of the laser is absorbed by the first objects and

not the second objects.

8. The method of claim 2 wherein the laser beam 1s divected to a
cross-sectional center location of the pore.
7. The method of claim 1 wherein heating the electrolytic solution

comprises applyving an electrical voltage across the pore, between the
first fluidic chamber and the second fluidic chamber, wherein the
electrical voltage has a voltage magnitude that causes Joule heating of
the electrolytic solution to at least the superheating temperature of the

electrolytic solution.

8, The methed of claim 7 wherein applying an electrical voltage
across the porve, between the {irst {luidic chamber and the second fluidic
chamber, comprises electrically contacting the electrolytic solutivnin a

circutt that generates the electrical voltage applied across the pore.

9. The method of claim 1 wherein heating the electrolytic solution
comprises connecting a current source in series with the pore in a circuit

that controls current directed through the porve.

10.  The method of claim 1 wherein detecting a vapor bubble 1
whervein heating the electrelvtie solution comprises reacting an object in

one of the first and second fluidic chambers with a reactive species at
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4 the pore in a reaction that heats electrolviic fluid at the pore by encergy
5 from the reaction.
i 11, The method of claim 1 wherein detecting a bubble at the pore
2 comprises detecting a reduction in ionie current flow through the pore

3 between the Rrst fluidic chamber and the second fluidie chamber,

| 12, The method of claim 1 wherein detecting a bubble at the pore

2 comprises directing an opiical beam to the pore and detecting reflection
3 of the optical beam off of a surface of a bubble at the pore.

1 13, The method of ¢laim 1 wherein detecting a vapor bubble at the

2 pore comprises detecting in the electrolytic solution sound waves

3 produced by homogeneous bubble formation at the pore.

| 14.  The method claim 1 wherein the first fluidic chamber containing
2 an electrolytic solution includes objects that arve electrically charged

3 objects, and wherein translocating an ohject through a pore comprises

4 electrophoretically driving an electrically charged object through the

5 pore from the {irst fluidic chamber to the second fluidic chamber by

6 applving a voltage across the pore, between the two fuidie chambers,

7 that is of sufficient amplitude to cause the electrically charged object o
8 translocate through the pore.

1 18, The method of elaim 1 wherein heating the electrolytic solution

2 comprises applving a voltage between the two fluidic chambers that is of
3 sufficient magnitude for superheating of the electrolytic solution in the
4 pore to a temperature that is at least a superheating temperature of the
5 electrolyvtic solution and that is less than about ten degrees below a

6 temperature for homogeneous bubble nucleation in the electrolytic

7 solution in the pore.
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16. The method of claim 1 wherein heating the electrolytic solution
comprises applving a voltage between the two fluidic chambers that is of
sufficient magnitude for superheating of the electrolyvtic solution in the
pore to a temperature that is at least a superheating temperature of the
glectrolyiic solution and that is less than about five degrees below a
temperature for homogeneous bubble nucleation in the electrolytic

sohution in the pore.

17. The method of claim 1 wherein heating the electrolytic solution
comprizes applving a voltage between the two fluidic chambers that is of
sufficient magmitude for superheating of the electrolyvtic solution in the
pare to & temperature that is at least a superheating temperature of the
electrolyiic solution and that is less than about one degree below a
temperature for homogeneous bubble nucdleation in the electrolytic

solution in the pore.

18. A method for controllably forming homogeneous bubbles in a pore
comprising:
providing a pore in g support structure with the pore connected
between a first fluddic chamber containing an electrolviic solution and a
second fluidic chamber containing the electrolytic solution, the pore
providing a sole path of fluidic communication between the first and
second fluidic chambers;
heating the electrolytic solution in the pore to a temperature that
is at least a superheating temperature of the electrolvtic solution in the
pore and that is legs than a temperature for homogeneous bubble
nueleation mn the electrolyiic solution in the pore; and
increasing energy in the electralytic solution in the pove to at
least a temperature for homogeneous bubble nucleation in the

electrolytic solution in the pore.
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19, The method of claim 1 wherein increasing energy in the
electrolyvtic solution m the porve comprises divecting at the pore a beam

of energy, causing homogeneous bubble formation at the pore.

20,  The method of claim 18 further comprising detecting a bubble at

the pore.
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