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USE OF PASSAGEWAYS THROUGH POROUS MEMBRANES

BACKGROUND OF THE INVENTION

[0001] A large number of plastics and other materials have been used to make membranes.
Among other schemes, membranes might be characterized by general structure (regardless of
membrane stock), uniformity of transmembrane passageways, localization of surface properties,
and use. |

[0002] Based on general structure resulting from manufacture, there are: (a) fibril membranes
with a “haystack™ structure, where limits to a separation are accomplished by tortuous
passageways of varying size through a criss-crossed bed of filter materials; (b) microporous
membranes with a “sponge-like” structure, where tortuous pores of varying size are created, with
proprietary procedures possibly involving gas extrusion and other mechanisms, during formation
of the base membrane material (Fig. 1); and (c) capillary-pore or track-etched membranes with
a “tunnel” structure, created in a solid sheet of base membrane material by inducing highly
controlled physical damage in the membrane and then etching the damaged areas to create pores
or transmembrane passageways of uniform diameter through the membrane (Fig. 2).

[0003] Capillary-pore membranes have far greater uniformity than microporous or fibril
membranes. For example, literature from one vendor (Millipore Inc) provides illustrations and
notes that their “10 micrometer pore” microporous membrane product has approximately 68%
passageways of nominal 10 micrometer diameter (range not known), but approximately 32%
passageways substantially smaller than the nominal 10 micrometers. In contrast, one vendor
(Oxyphen AQG) provides illustrations and states that the tunnel-like pores in their capillary-pore
membranes are of uniform diameter and all are within +10% of the stated diameter.

[0004] Considering surface properties, it is common to increase value of any membrane filter,
after formation of the pores, by one of several chemical modifications of the entire surface. One
example is plasma treatment in the presence of ammonia gas to create amine functions on
exposed surfaces (Ito et al., 1997) or by activation followed by a plunge into acrylic acid (Ito et
al., 1990). Such treatments change transport properties across/through the membrane. Other
examples of providing membranes responsive to environmental changes include preparation of:
(a) co-polypeptide membranes (Maeda et al., 1984; Kinishita et al., 1994), leading to a responsive
base membrane with microdomains of polyamino acids; and (b) asymmetric polypeptide
membranes (Kinoshita, et al., 1983), with a two-layered membrane providing a responsive

network.
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[0005] Use of membrane filters to separate molecules and particles by size is commonplace;
passage of materials larger than the nominal pore size is limited. For many membranes, such
filtration is the only application, and control of the process typically is achieved by limiting
access of the solution/suspension to be separated to the membrane surface or by changing
transmembrane pressure differential (e.g., via a hand-operated or solenoid valve). An alternative
approach to control passage of particles smaller than most pores in a membrane is occlusion of
the pores with an erodible material to provide a separation barrier with plugged pores (U.S.
Patents 5,026,342 and 5,261,870). With such a separation membrane, transmembrane passage
is allowed only after appropriate environmental conditions have caused or allowed erosion of the
material plugging the pores. Mechanical control devices are unnecessary. Such membranes are
useful to initiate controlled passage of materials of appropriate size through the pores of a
membrane, but their pores can not be re-closed to slow or stop transmembrane passage of
materials in response to further change in environment on either or both faces of the membrane.
[0006] Inherent to manufacture of capillary-pore membranes is extensive introduction of
charges on the membrane. This is because capillary-pore membranes are produced (Luck, 1983)
by physically damaging polymer film in a controlled manner with a beam of heavy ions (e.g.,
krypton) in a cyclotron. The ions follow a linear path where interaction with polymer chains
forming the membrane releases energy to damage molecules in the polymer matrix. Damage
represents latent pores, which subsequently are opened by chemical etching (e.g., cycles of
alkaline and acid treatment). The application describes the nature and location of these negative
charges and assigns previously unrecognized useful and novel value and applications to what
were shown to be carboxyl groups formed during membrane manufacture.

[0007] Literature on production and use of capillary-pore membranes reveals the following six
important points: (a) the general concept of etching thin sheets of solids (Price and Walker,
1962; Fleischer and Price, 1963a, 1963b; Fleischer et al., 1964); (b) the concept of changing
properties of the pores by coating them with fatty acid monolayers or non-specific adsorption of
protein (Petzny and Quinn, 1969; Quinn et al., 1972; Anderson, 1971); (c) the observations that
certain polymers can be very sepsitive to environmental conditions, and that quality of images
in cellulose acetate butyrate, cellulose acetate and nitrocellulose films depends on how the
material was prepared (Kesting, 1971); (d) the observation that track registration at etching
requires the presence of oxygen (Kesting, 1971), unstated in previous materials is that this
requirement for oxygen presumably allows formation of carboxyl groups; (€) the concept that the

tunnels in capillary-pore membranes can serve as sites for attachment of chemically active or
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ionic groups, and that such membranes have the advantage of a providing a very large inner
surface for such attachments (Riedel and Spohr, 1980); (f) a number of reports describe multi-
step processes for providing points of attachment to the pore interior (Hicke et al., 1999), that
involve chemical or physical modification of all the membrane surfaces to generate a functional
group as point of attachment, followed by covalent attachment of the molecule of interest. While
useful, the requirement for a multi-step process, often requiring use of solvents etc. that could
alter pore features, detracts from the utility of that approach. Although we capitalize on point
“e”, we differ from “b” and “f” in that surface modifications are not required before attachment
of ligands etc. Rather, the novel approach disclosed herein relies on attachment of active
molecules using endogenous carboxyl groups residual from initial manufacture.

[0008] Comparison of a spherical support or other membrane approach vs. a capillary-pore
membrane support for access to molecules passing through a flow-through device is informative.
Effectiveness of any flow-through system for processing or analysis depends on its providing a
high potential for interaction of the solute of interest with the surface of the support. Suspensions
of spherical beads are common and useful because each individual bead has a high surface area
(4nr”) to volume (4/37r”) ratio (S/V ratio) relative to other geometric constructs. Also, hundreds-
to-thousands of such beads can be packed in a column format to allow fluids to percolate through
the system to allow any individual solute particle (often < 0.005 micrometer) to interact with a
surface during transit. Each large radius bead (ca 1000 micrometer) has a S/V ratio of ~3000,
and the assembled system has an advantage that only low hydrostatic pressure (5-50 psi) is
needed to force fluid flow past the beads, but the disadvantage that void spaces between beads
can allow the small solute molecule to pass through the system without interaction with a bead
surface. A smaller radius bead (ca 1 micrometer) has a S/V ratio of ~3,000,000, and the
assembled system has the disadvantage that high hydrostatic pressure (>1000 psi) is needed to
force fluid flow past the beads, but the advantage that void spaces between beads are much
smaller and a small solute molecule is more likely to interact with a bead during passage through
the system. Variants have been described (large microporous beads) to maximize desirable and
minimize undesirable features, but all share the requirement for careful mechanical assembly into
a device that minimizes potential for channeling (inadvertent formation of a passageway through
the assembled bead system to allow a solute molecule to pass without interaction with a bead
surface).

[0009] Other popular device formats involve tangential flow past parallel coated surfaces, or

simple immersion of a coated surface in the solution of interest. Efficiency for the former
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depends on design of the flow path (i.e., its “twists and turns™) to assure interaction with a wall.
Efficiency of the latter depends on mixing after immersion and effective removal of the solid
material from the solution.

[0010] A capillary-pore membrane system has considerable geometric advantage over the
above systems. Calculations made from data of Hicke et al. (1999) and product literature of
Oxyphen AG establish that flat sheet membrane (~ 25 micrometer thick) of moderate pore
diameter (0.4 micrometer) has a S/V ratio of ~800,000 within the transmembrane passageways,
and the S/A ratio increases many fold when the smallest, commercially-available, pore diameter
membranes (0.08 micrometer) are used. Hence, the S/V ratio for the transmembrane
passageways in a capillary-pore membrane overlaps or exceeds that of spherical supports.
Further, the flat sheet, capillary-pore membrane can be mechanically attached to supporting
structures by gluing, ultrasonic welding, etc., to provide a system that does not allow solution to
pass without going through a pore. Most importantly, a capillary-pore membrane device requires
low hydrostatic pressure (5 - 50 psi) for flow. To illustrate, a macromolecule of diameter of
0.005 micrometer passing through a capillary-pore of 0.08 micrometer is contained within a pore
construct with a diameter of only 13X its size, and passes through a passageway with length of
5000X that of the macromolecule being treated. A properly coated surface within such pore will
have a high probability of interacting with that molecule as solute(s) moves though the pore by
slow flow or diffusion.

[0011] A capillary-pore membrane is optically clear, as manufactured, although they can be
bonded to an opaque or colored support. For certain applications, optical clarity and low
distortion of a separation device has utility.

[0012] Analysis of changes within a solution within a the transmembrane passageways of a
capillary-pore membrane is possible, given optical clarity and our discovery that the interior of
a transmembrane passageway could be modified. We considered attaching colored or fluorescent
materials to interior surface of the transmembrane passageway. If such materials change during
interaction with the environment, their optical properties could be examined through use of
absorption, fluorescence or other spectroscopic means. It is possible to assemble a series of such
membranes, allowing light to pass through (and interact with) the first and then proceed to the
next membrane. If each membrane bore a different responsive element, a device could
concurrently measure many different molecules or ions. Alternatively, a change in physical

property other than optical features could be used.
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[0013] This application was facilitated by importance of tethered ligands as a general analytical
approach. Current goals in design of devices for clinical chemistry (and by extension, biomedical
and biotechnological) are to simplify (for the end user), multiplex (to gain information about
more than one variable at a time), lower cost (by using disposables and off-the-shelf simple
components), and speed return of results to user (allowing more rapid decisions). Transition to
“point of care” analyses eliminates need for transfer of a sample to a specialized laboratory, and
integrated read out of reaction progress is being integrated into many R&D operations.
Fluorescence sensing of analytes is an active area, driven by desire to eliminate radioisotopes
while retaining sensitivity (with proper controls, fluorescence can be 100,000 times more
sensitive than use of absorbance). The text by Lakowitz (1999) summarized the many assays that
have been developed for use in such analyses. Most of these assays depend on use of relatively
simple organic compounds possessing a functional group suitable for immobilization to a surface.
[0014] An example of a more complex system involved construction of a fusion of the Ca
sensitive protein, calmodulin, with two different “green fluorescent proteins” (GFP) to provide
a complex where binding of Ca results in adjustment of structure and appearance of a
fluorescence resonance energy transfer (FRET) signal (Miyawaki et al...; 1997). The GFP system
has the potential to provide unique probes for covalent attachment to the solid substrate. General
publications (Baird et al., 1999; Ito et al., 1999; Margolin, 2000; Billinton and Knight, 2001;
Chiesa et al., 2001; Griesbeck et al., 2001; Nagai et al., 2002) establish the breadth of approach
to custom design of proteins to adjust sensitivity to competing ligands and unique spectral
features. Highly sensitive systems to sense calcium were developed (Miyawaki et al., 1997;
Nagai et al., 2001). pH sensors exhibiting distinct sensitivities and spectral features have been
described (Roby et al., 1998; Elsliger et al., 1999; Kneen et al., 1998; Llopes et al., 1998;
Takahaski et al., 2001; Awaji et al., 2001; Nifosi and Tozzini, 2003). Of particular interest are
the descriptions of Yi and Schultz (2003) of a genetically engineered, allosteric-based indicator
for continuous glucose monitoring by FRET technologies; and of Badugu et al. (2003) for
boronate complexes capable of continuous measurement of several carbohydrates.

[0015] Transformation of solutes during transmembrane passage through a capillary-pore
membrane is possible, as the pores can be configured to provide a “microreactor”. Batch
synthetic processes can be inefficient due to product inhibition, and difficulties in separation of
substrate, products, and catalysts when they have similar physical features. An alternative
approach is to immobilize catalyst within a membrane pore, through which both substrate and

product can flow under convective forces. Examples are provided by Hicke et al. (1999), who
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reported use of a capillary-pore membrane, with follow on studies by (Becker et al., 2002 and
Borcherding et al., 2003) with a microporous membrane. In each case, a preliminary treatment
of the pores was obligatory to allow attachment of the catalyst.

[0016] The studies by Ito et al. (1990, 1992, 1997) revealed several features. (a) In each
example and all data provided, flow rate of water through the membrane was changed by no more
than ~ 30% from the basal rate. Neither control of flow over a substantial range at a pre-
determined reduced or increased rate (e.g., between 15 and 90% or 115 and 200% of basal rate)
nor complete cessation of flow (i.e., 0% of basal rate) was reported. (b) Reported affects could
result from occlusion of only that fraction of pores substantially less than 10 micrometers in
diameter (likely >30% of all pores; see above) without altering rate of water flow through the
majority of pores (i.e., those actually approximately 10 micrometers in diameter). In this case,
pH-driven control of water through most pores would not have been achieved. (c) The
mechanism proposed in Fig. 6 of Ito et al. (1997) might be intuitively satisfying, but is unlikely
to be a correct and complete description of the phenomenon observed. This is because the
polyglutamic acid polymer described, and used, when fully extended would have a length only
~5% of the approximately 10 micrometer diameter of the passageways that constitute the
majority of the pores in the membrane. (d) Measurements and text address only movement of
water, and by extension other solvents. There is no consideration of solute movement or, more
germane, selective control of transfer of solute or particles through the membrane at diffusion
rates ranging between zero and free passage or free and zero passage. Hence, Ito did not teach
subject matter disclosed herein. Further, given his data, it is illogical to assume that one skilled
in the art would conclude that the teachings of Ito could be used to control fluid flow to the extent
disclosed herein.

[0017] There are other polymers that might be used to control flow of fluid flow through a
capillary-pore membrane. Many examples document the potential for polymers to change
conformation in response to alteration of their surrounding environment. For example, certain
proteins change shape as a result of irradiation, as evidenced by emission from dye molecules
bound from solution to the protein (Lovrien and Linn, 1967; Lovrien et al., 1974). Choice of
amino acid composition allows preparation of polyamino acids that respond to changes in solvent
conditions (Hughes-Despointes et al., 1993; Holtzer, 1994; Speck et al., 1995).

[0018] There is at least one earlier application of protein-based polymers to produce
mechanical devices. Urry (1997 ) coated substrates with one or more polypeptides capable of

conformation change induced by alterations of the local environment, such as temperature,
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chemical potential, electrochemical potential, pressure, or electromagnetic radiation. As an
example of a driving force for mechanical work, such peptides were used to connect two solid
forms. One solid form was held stationary and the other moved back and forth as a consequence
folding and assembly of the peptide, or unfolding and dis-assembly. It might be argued that this
useful application of a mechanical force is an example of a pump. However, extension of
applications described or implied by Urry for such protein polymers to include formation of an
automatic “gate” or “door”, and specifically to provide both the structure for the gate and also
the motivational mechanism to open or close the gate are neither taught by Urry nor obvious to
one skilled in the art. However, as disclosed herein, molecules such as described by Urry can be
positioned within the transmembrane passageways of a capillary-pore membrane and used to
control movement of a solute or particle, within a liquid or gaseous phase, through said
membrane.

[0019] Addition of a molecule to a solution passing through transmembrane passageways of
a capillary-pore membrane can be accomplished by release from a tethered (immobilized) affinity
ligand or release from a “host-guest” complex. Use of affinity ligands to perform functions is
increasing. Extraction can be achieved via tethered affinity ligand with high affinity for specific
solutes, often accomplished through use of antibodies, receptor proteins, or highly evolved
systems such as biotin-avidin. Borcherding et al.. (2003) describe a photografting process with
a microporous membrane to allow immobilization of streptavidin for use in removing biotin
materials from solutions passing through the pores. They stressed that care must be taken in the
photografting process to minimize alteration of the initial pore characteristics. General methods
for attaching ligands are provided in Hermanson (1996).

[0020] Release of materials from a “host-guest” complex or “preloaded” site into a solution
of low concentration of that material passing through a pore or over a sphere is common. One
example, chosen to illustrate both the general principle and how selective release of hydrophobic
molecules can be achieved in a hydrophilic system, involves cyclodextrins (CDX). Details on
CDX molecules and their uses are provided in the compendium of Szejtli and Osa (1996),
general review of Uekama and Otagiri (1987) and a thematic issue of Chemical Reviews
(D’Souza and Lipkowitz, 1998). The CDX family of molecules have been known for 100 years,
and are created by enzymatic conversion of starch by micro-organisms to form toroidally shaped,
rigid cyclic oligosaccharides of o (1,4) D-glucopyranosyl bonds. In overview, CDX molecules
can be viewed as having an apolar, electron rich hydrophobic interior, a hydrophilic exterior, and

entrances to the cavity with a blend of each property. Common natural variants contain either
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five (termed 0-CDX)), six (B-CDX) or seven (y-CDX) glucosyl groups. B-CDX predominates,
is least expensive, and has been most highly studied in commercial context. Hundreds of
chemical derivatives have been prepared to alter the hydrophobic and hydrophilic balance of both
the interior and exterior of the molecule. Cyclodextrins with surface amino groups suitable for
use in attaching to a solid support are available (examples in Rekharsky and Inoue, 2002) and an
emerging subfield involves use of tethered cyclodextrins as a “host” (Liu et al.., 2001a; 2001b),
including development of a system where the “guest” molecule can be released from a
photoswitchable host (Mulder et al.., 2002). There are many other host-guest systems that can
be adapted to the capillary-pore system.
BRIEF DESCRIPTION OF INVENTION

[0021] This invention established that the negative charges on a capillary-pore membrane are
primarily, if not entirely, within the transmembrane passageways, and also demonstrated that
these negative charges indeed are associated with carboxyl groups useful for further covalent
linkage. The focus of this invention, however, is a family of flow-through tasks that can be
accomplished using an appropriately configured separation membrane created by covalently
reacting the carboxyl groups with at least one added compound . Depending on unique properties
of the active molecule(s) used to form a configured separation membrane, the membrane can be
used to perform tasks such as: (a) to assess and to describe quantitatively changes in a solution,
via an integral optical bench and detection of changes in physical and/or chemical properties of
the environmentally sensitive ligands; (b) to transform solutes, via catalysts; (c) reversibly to
control transmembrane passage of solutions, via environmentally sensitive polymers termed
“reversible gates” that expand and contract as solution conditions within the pore change; (d)
selectively to add a solute(s) to a solution, via release from an affinity ligand or host-guest
complex; and (e) selectively to remove solutes from a solution, via binding to affinity-ligands.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] Fig. 1 is a micrograph of a typical microporous membrane, showing the large range in
pore sizes typical of such membranes. From Millipore Inc promotional materials.

[0023] Fig. 2 is two micrographs of a typical capillary-pore membrane, showing the uniform
nature of the pores or transmembrane passageways typical of such membranes in surface and
cross-sectional views. From Oxyphen AG promotional materials.

[0024] Fig. 3 documents association of Neutral Red dye with different capillary-pore
membrane materials, showing increased binding as pore size decreases from 10 to 0.6

micrometers and total interior surface area for all pores in the field of view increases. Because
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Neutral Red dye has a positive charge, this Fig. demonstrates introduction of a negative charge
to the membrane.

[0025] Fig. 4 documents diminished association of Neutral Red dye with capillary-pore
membrane material (0.6 micrometer pores) after prior coupling of ammonia with the endogenous
carboxyl groups for different intervals (14 hr) to form amides. This elimination of binding of
the positively charged dye demonstrates that modification of the membrane removes the negative
charge.

[0026] Fig. 5 schematically depicts presents the process used to produce Fig. 4, with
endogenous carboxyl groups before and after linkage of ammonia to form amides. Endogenous
carboxyl groups could be converted to other derivatives (e.g., alcohols, anhydrides, thiol esters,
carboxylic esters, etc.) useful for covalent attachment of active molecules.

[0027] Fig. 6 documents one of a series of tests using fluoroscein-dextran-lysine, immobilized
via linkage to endogenous carboxyl groups within transmembrane passageways of a capillary-
pore membrane, to measure pH of the solution filling the pores. This is one example of a
configured separation membrane. .
[0028] Fig. 7 illustrates the relationship between relative concentrations of free and bound
forms of a binding protein, which is a function of molecular concentration and dissociation
constant. From Lakowicz (1999).

[0029] Fig. 8 presents a schematic, cross-sectional, representation of an active molecule
covalently attached within a transmembrane passageways of a capillary-pore membrane, when
in the compact (left) and expanded (right) forms. This is an example of one use of another
configured separation membrane.

DETAILED DESCRIPTION OF THE INVENTION

[0030] Active molecule — In this disclosure, we use the term “active molecule” in a broad
sense to include any molecule, combination of molecules, compound, particle, combination of
molecules and particles, or material that can be joined to one or more transmembrane
passageways, or pores, of a capillary-pore membrane via endogenous carboxyl groups to form
a configured separation membrane. Preferred active molecules are environmentally sensitive,
but this property is not obligatory. The term active molecule is not restricted to those presented
herein, in cited literature, or known today, but rather in the broadest sense to include any
appropriate molecule, compound, particle or material later discovered or made. Although
generally the active molecule will be covalently bonded to the endogenous carboxyl, attachment

by non-covalent means is also contemplated, including but not limited to electrostatic effects.
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[0031] Affinity-ligand — In this disclosure, we use the term “affinity-ligand” primarily in
respect to a molecule that has sufficiently high affinity and specificity for one or more second
molecules to give it utility in binding said second molecule for extraction from a solution or for
positioning said second molecule for measurement. However, an affinity-ligand also could be
used to release a second molecule, by reducing or eliminating the binding forces.

[0032] Capillary — In this disclosure, we use the term “capillary” in a broad sense, to include
a passageway or tube having a small and more-or-less regular internal diameter.

[0033] Capillary-pore membrane — In this disclosure, we use the term “capillary-pore
membrane” in a broad sense to include any separation barrier with one or more “tunnel-like”
passageways extending completely through the barrier, with said tunnel-like passageways created
in a solid sheet of base membrane material by inducing highly controlled physical damage in the
membrane and then processing the damaged areas of the membrane material to create
passageways or pores of uniform, and predictable, diameter through the membrane to form said
separation barrier. Fig. 2 shows a typical capillary-pore membrane (without optional backing).
Capillary-pore membranes also have been termed, by others, as track-etched or nuclear-track
membranes. Although we used RoTrak® capillary-pore membranes for studies as presented, the
term and disclosures apply to all capillary-pore membranes.

[0034] Carboxyl — In this disclosure, we use the term “carboxyl” to designate the univalent
radical, COOH, characteristic of all organic acids. It also is used in the terms carboxyl group
(definition obvious) or endogenous carboxyl group (defined below).

[0035] Configured separation membrane — In this disclosure, we use the term “configured
separation membrane” specifically in respect to a capillary-pore membrane altered by attaching
one or more active molecules to one or more transmembrane passageways, through said
capillary-pore membrane, by linking said active molecule via endogenous carboxyl groups.
[0036] Covalent bond — In this disclosure, we use the term “covalent bond” to designate a
chemical bond formed by the sharing of one or more electrons, especially pairs of electrons,
between atoms.

[0037] Endogenous carboxyl group — In this disclosure, we use the term “endogenous
carboxyl group” specifically in respect to one or more COOH groups residual on the face of one
or more transmembrane passageways through a capillary-pore membrane as a consequence of
manufacture. This specific use of the term endogenous carboxyl group does not preclude
location of carboxyl groups on one or both major faces of the membrane, but emphasizes

consideration herein on those carboxyl groups actually located within the transmembrane
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passageways of such a membrane. Hence, claimed properties resulting from active molecules
bound to one or more endogenous carboxyl groups occur within the transmembrane passageway
or pore and not generally on the major face of the separation barrier. Presence of endogenous
carboxyl groups allow formation of a configured separation membrane.

[0038] Gate — In this disclosure, we use the term “gate” in respect to an active molecule or
polymer which has the capability to change three-dimensional shape, preferably from a compact
form to an elongated form or from an elongated form to a compact form, either temporarily or
permanently, in response to one or more specific changes in the environment within a
transmem‘brane passageway.

[0039] Guest molecule — In this disclosure, we use the term “guest molecule” in respect to
a molecule that temporary is attached to or resident within another molecule, termed a “host
molecule”.

[0040] Host molecule — In this disclosure, we use the term “host molecule” in respect to a
molecule that provides a place of temporary attachment or residence for another molecule, termed
a “guest molecule”.

[0041] Host-guest — In this disclosure, we use the term “host-guest” in respect to a paired
set of molecules, where the host molecule provides a place of residence for its partner guest
molecule. Displacement of the guest molecule from the host molecule is dependent on features
impinging on the equilibrium between “guest paired with host” vs. “guest in surrounding
solution”.

[0042] Miecro — In this disclosure, we use the term “micro” in a general sense, referring to
small. Typically, this would refer to a size, diameter, or distance measured in micrometers or
fractions of a micrometer, although the context might otherwise define micro.

. [0043] Microporous membrane — In this disclosure, we use the term “microporous
membrane” in a general sense in respect to a separation barrier with a “sponge-like” structure,
where tortuous pores of varying size are created, with proprietary procedures possibly involving
gas extrusion and other mechanisms, during formation of the base membrane material. Fig. 1
shows a typical microporous membrane. The tortuous pores provide one or more passageways
through said separation barrier.

[0044] Optical-bench — In this disclosure, we use the term “optical-bench” in a general sense
in respect uses of a configured separation membrane where an active molecule or a reporter

molecule changes in some physical sense, in response to a change of environment within the
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transmembrane passageways, and this change is detectable by positioning an appropriate
detection device in juxtaposition to the surface of the configured separation membrane.
[0045] Pore — In this disclosure, we use the term “pore™ in a general sense in respect to a
micro opening on one surface of a separation barrier and continuous through the thickness of the
separation barrier to a micro opening on the opposite face. Hence, a pore serves to provide a
passageway through the separation barrier. Many types of separation barriers include pores.
Although excluded by our definition of pore, certain separation membranes have “blind pores”
that do not provide a transmembrane passageway.

[0046] Porous — In this disclosure, we use the term “porous” in a general sense in respect to
a separation barrier having a number of pores therein and, hence, allowing transmembrane
movement of solvent plus any solutes or ions therein.

[0047] Reporter molecule — In this disclosure, we use the term “reporter molecule” in
respect to any active molecule pre-positioned during configuration of capillary-pore membrane,
when said molecule has properties that allow a change in physical characteristics which can be
measured with a detector in juxtaposition to the membrane face. The term also is used in respect
to any ion or molecule in a solution later entering a transmembrane passageway after
configuration, when said molecule has properties that allow a change in physical characteristics
which can be measured with a detector in juxtaposition to the membrane face. Reporter
molecules can be used in a cascade reaction where a second reporter molecule enhances the
signal from the first reporter.

[0048] Reversible gate — In this disclosure, we use the term “reversible gate” in respect to
an active molecule or polymer which has the capability to change three-dimensional shape back-
and-forth, preferably changing back-and-forth from a compact form to an elongated form, either
temporarily or permanently, in response to one or more specific changes in the environment
within a transmembrane passageway.

[0049] Target molecule — In this disclosure, we use the term “target molecule™ in respect
to any molecule or ion in a solution entering a transmembrane passageway, during use of a
configured separation membrane, where it is bound by an affinity-ligand or host and, hence,
removed from the solution.

[0050] Task(s) — In this disclosure we use the term “task™ or “tasks” in a general sense to
refer to any practical use relying on interaction of a solution, ion, or solute with an active

molecule contributing to a configured separation membrane.
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[0051] Transmembrane passageway — In this disclosure, we use the term “transmembrane
passageway” in a specific sense in respect to a non-branched pore, of more-or-less uniform
diameter, characteristic of a capillary-pore membrane, and a direct result of the manufacturing
process of such membranes. Transmembrane passageways, as defined herein, are found only in
capillary-pore membranes. The term pore is used interchangeably witﬁ fransmembrane passage.
[0052] The present invention consists of methods which transform a capillary-pore membrane,
as supplied by a manufacturer, from a simple separation membrane to a configured separation
membrane. Said configured separation membrane is created by covalently linking at least one
compound to an endogenous carboxyl group in the capillary-pore membrane. Ordinarily, the
configured separation membrane contains one or more active molecules positioned, by covalent
linkage with endogenous carboxyl groups, within one or more transmembrane passageways
and/or in certain instances on the major face(s) of the membrane. Given the diversity of available,
or yet unknown, active molecules, a configured separation membrane could have many uses,
some yet unknown or unanticipated. The inventive uses of a configured separation membrane
are not restricted to examples provided herein, but rather apply to any similar use of an active
molecule positioned within the transmembrane passageway of a capﬂlary—pore membrane.
[0053] The present invention is unique because there is no prior art anticipating that any
carboxyl group that might be located within the transmembrane passageways of a capillary-pore
membrane could be used for a rewarding purpose, e.g., attaching an active molecule to form a
configured separation membrane. Further, there is no prior art concerning use of a configured
separation membrane, as defined herein, for performance of a “task” by passing a solution of
interest through a configured separation membrane at low pressure (e.g., <100 psi). Finally, there
apparently is no prior art exploiting the combined benefits of optical clarity of a capillary-pore
membrane and positioning of colored or fluorescent active molecules within the transmembrane
paséageways, via attachment to endogenous carboxyl groups during configuration of a separation
membrane, to perform tasks of measurement. This use would be difficult if not impossible with
a fibril or microporous membrane, because they typically are opaque and have a highly variable
optical path from interior surfaces.

[0054] As detailed in examples presented below, a configured separation membrane can be
used to: (a) assess and quantitatively describe changes in a solution, via changes in physical
and/or chemical properties of the environmentally sensitive ligands; (b) transform solutes, via
catalysts; (c) reversibly control transmembrane passage of solutions, via environmentally

sensitive polymers (“reversible gates™) that expand and contract as solution conditions within the
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pore change; (d) selectively add a solute(s) to a solution, via release from ligand traps; and (e)
selectively remove solutes from a solution, via affinity ligands.
[0055] A configured separation membrane can be used to perform a task either as a flat
membrane or after incorporation into a three dimensional construct. The physical geometry of
any device can enhance utility of use of a configured separation membrane, but does not affect
function of the configured separation membrane except via possibly affecting transmembrane
pressure differential, and hence residence time of solute within a given transmembrane
passageway and time for interaction with active molecules therein. Claims are not presented for
different configurations of devices incorporating a configured separation membrane, or “stack”
of configured separation membranes, since logical configurations for constructs are well known
or could be deduced by one skilled in the art. For the same reasons, claims in respect to altering
or maintaining transmembrane pressure differential are not presented. However, this paragraph
is intended to preclude others from filing such device claims.
[0056] This invention is restricted to application with capillary-pore membranes, because of
unique (compared to fibrillar or microporous membranes) inherent properties including: (a)
endogenous (created during manufacture) carboxyl groups on the surface of the membrane; (b)
highly uniform pore diameter which, although designed for precise sieving, facilitates
reproducible presentation of molecules or ions to active molecules positioned (as disclosed
herein) within these pores or transmembrane passageways; (c) reasonably devoid of structural
| irregularities within a given transmembrane passageway; (d) low resistance to fluid flow allows
use with modest transmembrane pressure; and (e) optically clear, yet can be provided with a large
variety of laminate backings to provide mechanical stability.
[0057] To date all uses of capillary-pore membranes have focused on the “sieving properties”
of the membrane (separation by size or hydrophobicity) or have employed cumbersome methods
to introduce functional groups on their surfaces after manufacture and prior to attaching
molecules to the membrane. Also, in some applications cells or matter trapped on the surface
of a transparent capillary-pore membrane, by sieving action, are viewed via transmission of light
or electron beams (e.g., phase-contrast microscopy).
[0058] Most germane in respect to novelty of this invention, is the fact that although it was
recognized that capillary pore membranes have residual negative charges, created during
manufacture, their possible differential localization outside (on major faces) or inside the
transmembrane passageways apparently had not been reported. Further, acknowledgement that

these negative charges were associated with carboxyl groups had never before been made. Our
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research led us to suspect that the transmembrane passageways must contain a substantial number
of carboxyl groups. Subsequent studies, as documented below, demonstrated that this
supposition was correct.

[0059] We took our determination that many carboxyl groups were within transmembrane
passageways of a capillary-pore membrane, and combined it with puf;lic knowledge (see
background) of the large number of transmembrane passageways and their very favorable S/V
ratio, to conclude that capillary-pore membranes provided a porous structure with a vast number
of preformed carboxyl groups on which to attach active molecules via covalent linkage. Such
modification would add novel value to capillary-pore membranes.

[0060] To validate our deductions, we first studied localization of the negative charges. We
then activated the putative carboxyl groups and reacted them with amines to form amides, to
provide evidence that the negative charges indeed were on carboxyl groups.

[0061] The present invention encompasses any conversion of the endogenous carboxyl groups
to allow covalent attachment of any active molecule. Such conversions embrace, without
limitation, direct reaction to form amides, esters, thiol esters and anhydrides. Additional
reactions can be accomplished by conversion of the endogenous carboxyl to an aldehyde or
alcohol prior to further reaction with an additional cémpound such as an active molecule.
[0062] We performed studies to estimate the number of endogenous carboxyl groups, and
concluded that millions of active molecules could be attached within a given transmembrane
passageway. This potential to provide a very high concentration of active molecules per square
centimeter of membrane would facilitate accomplishment of a diverse variety of tasks, and add
value to a generic capillary-pore membrane. For many applications, the interaction of an active
molecule and a target molecule or ion could be described by traditional binding kinetics. This
invention is not limited by examples presented. The many diverse uses of active molecules,
affinity-ligands, host molecules, reporter molecules, and target molecules, plus the optical bench
concept, integral to the concept of configuration of a capillary-pore membrane will be within the
skill of the art and each one is included in this patent.

[0063] We performed a number of studies to demonstrate the diversity of uses for a configured
separation membrane. Use of an environmentally-sensitive chromophore as the active molecule
provided an “optical bench” for measurement of pH via changes in intensity of fluorescence. The
chromophore-optical bench configuration could be performed with hundreds of other molecules,
in an analogous manner, to accomplish diverse tasks involving an analytical measurement of a

solution. Further, with appropriate active molecules, the optical bench use of a configured
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separation membrane could include absorption spectroscopy and other modes of physical
analysis. This invention includes any “optical-bench” use of a configured separation membrane.
[0064] We evaluated the concept of using a “ligand-trap” as the active molecule, to selectively
remove a molecule from a solution on the basis of high and specific affinity of active molecule
for the molecules to be removed. Although any antibody-antigen pair or combination well
known to those skilled in affinity chemistry could be used, we used avidin as the active molecule
to be used as a ligand-trap. We validated the approach by removal of biotin—ﬂuordscein—dextran—
lysine from the solution contacting the thus configured separation membrane. This invention
includes any “ligand-trap” use of a configured separation membrane.

EXAMPLE 1
[0065] In Example 1, we determined the primary location of residual carboxyl groups on
capillary-pore membrane stock, and also estimated the numbers of residual carboxyl groups on
the primary face of a membrane and in transmembrane passageways. We concluded that millions
of carboxyl groups were present within each transmembrane passageway.
[0066] RoTrac® Capillary-pore membranes (Oxyphen AG), with pore diameters of 0.6, 1.0,
3.0, 5.0 or 10.0 micrometers, were used. They were considered to be representative of other
capillary-pore membranes. In their most common format, RoTrac® Capillary-pore membranes
are a laminate of: (a) a 25 micrometer thick “polyester” film-membrane (containing the pores,
and constituting the separation barrier; see Fig. 2); and (b) an open mesh-like polyester backing
(to provide mechanical stability but without separation properties). Materials without laminate,
and alternative backing materials, also are available, and their presence or absence does not affect
this invention except that a laminate facilitates handling of the capillary-pore membrane.
[0067] According to the manufacturer, the fractional area of the film-membrane face occupied
by pores, or total “hole area” is constant; i.e., as pore diameter decreases number of pores per unit
surface area increases. Since the surface area within a pore (2nth; where r is pore radius and h
is membrane thickness) is highly dependent on pore radius, the total surface area of a membrane
within the pores plus the remainder of the two major faces must increase substantially as pore
diameter decreases.
[0068] We used discs with a 1.2 cm diameter (1.13 cm? surface) for this study, cut from stock
sheet membrane materials stated to have pores 0.6, 1.0, 3.0, 5.0 or10.0 micrometers in diameter.
For use as a control materials, we also obtained capillary-pore membrane without the backing
material, and base membrane material that had not been converted to a capillary-pore membrane

by irradiation and etching.
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[0069] Because carboxyl groups have a negative charge, we sought a conspicuous dye with a
positive charge to study localization. Neutral Red (CI 50040; formula weight = 288) has a
positive charge below pH 6 and exhibits a red/pink color at pH values below its pKa of 6.7. The
amount of Neutral Red in solution at pH 6.0 can be quantified by absorbance at 478 nm (linear
between 0 and 0.33 OD; r* = 0.99). For these tests, solutions of Neutral Red were prepared at
concentrations between 0 and 37 pM (37 pM = ca 10 mg/L).

[0070] For qualitative observations, we placed discs into a series of vials (1 per vial), covered
each disc with 10 mL of 37 pM dye at pH 6, and lightly sonicated each vial for 30-60 sec in a
simple laboratory, bath-type sonifier (Branson Inc.) to remove air bubbles from within the pores.
After 10 min, the discs were removed, transferred to dye-free buffer at pH 6, treated with light
sonication to dislodge loosely bound dye, and air dried. Examination of the filters from one
representative study revealed features shown in Fig. 3, in which the two columns show similar
membrane discs positioned to show the smooth (active) face (left) or the laminate backing face
(right). Fig. 3 shows: (a) Row 1. Left side, no dye was retained b3-f uncharged base membrane
material (not been converted to capillary-pore membrane). Right side, dye was associated with
discs of capillary-pore membrane (10 micrometer pores) without laminate backing. (b) Rows 2
to 6, discs of membrane ordered by decreasing pore diameter and, hence, increasing surface area
within the pores (see above). It was obvious intensity of color increased as size of pore decreased
(rows 2 to 6). Further, color was most intense when the smooth (active) face of the laminated
membrane was mounted facing the viewer. We concluded that binding of dye was not uniform
over the face of a capillary-pore membrane, but rather was associated near and especially within
the pores or transmembrane passageways. The data are consistent with our interpretation that
this increase in negative charge (from carboxyl groups) on the total surface area of a membrane
was a result of the increase in surface area available within transmembrane passageways and that
the non-pore portions of the membrane had very few negative charges per unit area.

[0071] To study the pKa of the negative charges within the transmembrane passageways,
membrane discs with pores 0.6 micrometer in diameter were treated with Neutral Red as above.
They then were washed sequentially with buffers at pH 6.0, 5.0, 4.0, 3.0, 2.0 and 1.0. Color was
retained after the discs were treated in the first three buffers (between pH 6.0 and 4.0). Partial
removal of dye was noted at pH 3. All dye was removed at pH 2. This observation linked with
information on how the membranes are manufactured (see background) and observations in
Fig. 3 provides strong support for a conclusion that the negative charge in the transmembrane

passageways almost certainly is from carboxyl groups.
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[0072] We also made semi-quantitative measurements of dye binding, by the following
sequence of steps. (a) Groups of five membrane discs (pore sizes from no pore; 0.08 to 10
micrometer diameter) were immersed in 50 mL distilled water (pH 6.0) and lightly sonicated to
move water into all pores, removed, and then surface water was removed by light “pat” on a
paper towel. (b) Discs were transferred into 37 uM Neutral Red, subjected to vortex mixing and
lightly sonicated to assure that dye solution entered the pores. Samples then were removed and
surface water removed as in (2) above. (c) Discs then were immersed in pH 6.0 water, lightly
sonicated, and blotted as in (a) above to remove all non-bound dye. Repeat treatment did not
remove additional dye. (d) One group of five discs was immersed in 0.5 N HCI and treated by
sonication to displace dye from the discs. Discs were removed. Absorbance of the displaced dye
within the solution was measured, along with standards, and used to estimate nanomoles COOH
per cm? of disc. Recovered discs appeared colorless and repeat treatment with HCI did not
remove additional dye. Data are summarized in Table 1. The same trend was evident for each
replicate, and it was evident that the greatest amount of Neutral Red had been bound to and
released from membranes with the smallest pore diameter. Only a negligible amount of dye was
bound to base membrane (no pore; no irradiation and etching). Data in Table 1 probably provide
a minimum estimate of the number of endogenous carboxyl groups per cm? of disc, because loss
of dye from a membrane during washing was not accounted for.

[0073] Further evidence that the negative charges within the pores of a capillary-pore
membrane indeed were provided by carboxyl group was provided by a specific chemical reaction.
A carboxyl group can be activated with carbodiimide to form a short-lived ester which, in turn,
can react with any of a number of compounds to form a substituted acid function (Hermanson,
1996). We elected to use an amine to form an amide. This requires pH ~ 5 and a high
concentration of amine (protonated form) because the reaction path (to amide vs. hydrolysis by
water to reform acid) depends on relative concentrations of the reacting molecules. We could
have used an alternative reactants to make different derivatives (e.g., thiol to make thiol ester),
as is well known to those skilled in the art.

[0074] In our studies, discs with 0.6 micrometer pores were treated in the following manner.
(a) Discs were suspended in 5.5 M ammonium chloride (pH 4.5) and lightly sonicated to fill the
pores. Then 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was added to ~0.3M,
followed by light sonication. The solution Was adjusted to pH ~5 with 0.1 N HCI and held at
room temperature. After 1, 2 and 3 hr, representative discs were removed from the HCI and

washed with water, as described above, and allowed to soak in water (without amine or EDC)
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overnight, after which they were sonicated lightly, and dried. (b) All discs then were exposed
to Neutral Red and examined for retained dye, as described for preparation of Fig. 3.
Representative data (Fig. 4) established that few if any negative charges remained after 1 hr, and
the contrast with Fig. 3 is obvious. This confirmed our conclusion that negative charges Within
the transmembrane passageways were from carboxyl groups.

EXAMPLE 2
[0075] In Example 2, we demonstrated that endogenous carboxyl groups could be used for
simple and direct attachment of active molecules. Since many molecules of biological interest
have an available amine residue, we used histidine, bradykinin, and lysozyme as prototype active
molecules to demonstrate attachment to endogenous carboxyl groups, forming a configured
separation membrane.
[0076] General procedures for a two-step activation of carboxyl groups with subsequent
reaction with amines to form stable amides were adapted from among many approaches known
to those skilled in the art (Pierce Chemical company; product brochure #24500; Staros et al.,
1986).
[0077] To activate the carboxyl groups, we added discs of capillary-pore membrane to a
mixture of aqueous N-hydroxysuccinimide (10 mM) and N-hydroxysulfosuccinimide (5 mM)
in (2-N-Morpholino)ethanesulfonic acid buffer (MES; 0.1 mM; pH 5.0). Vials were sonicated
5-8X for 30 sec each to remove bubbles and assure mixing within pores, and then placed in a 37C
incubator for 20 min. To quench activation reagents, samples then were made 20 mM in 2-
mercaptoethanol, held at 37C for 2 min, and washed 4X with fresh MES buffer (pH 5.0), using
sonication to remove excess reagents.
[0078] Immediatelﬁf after activation, each of 510 activated membrane discs was added to 20
mL amine (in solution as below), subjected to sonic irradiation for 30 sec, and placed in a 37C
incubator. Each amine of interest (histidine, MW = 155; bradykinin, MW = 1,060; lysozyme,
MW = 14,200) was dissolved 10% (v/v) MES buffer (pH 6.0; first using 90% DMSO to
solubilize the amine if necessary), to concentrations shown in Table 2. After immersion of a disc
in the amine solution, vials were sonicated 6X at 30 min intervals, and then the samples were
held overnight 37C. The next morning, samples were washed 4X in distilled water to assure
removal of all unbound amines (verified by control experiments).
[0079] Total nitrogen bound to each disc was determined (Janicke, 1974) after perchlorate
digestion using ammonium chloride as the standard. Data were expressed as nanomoles amine

per cm” of membrane. This is a direct measure of capability of amines of different molecular
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weight to enter the transmembrane pores and become covalently bound to endogenous carboxyl
groups therein. We anticipated a lower degree of incorporation for high molecular weight amines
(e.g., lysozyme), than small amines (e.g., histidine) because the size of any previously bound
amine could restrict access of additional amines to nearby carboxyl groups.

[0080] As shown in Table 2, our assumption that the nanomoles of amine bound was a
function of molecular weight proved to be correct. As expected from Example 1, there was a
strong tendency for the nanomoles of amine bound to increase as diameter of pores decreased
(compare within a row the values for 0.1 vs. 1.0 and especially 0.1 vs. 10 micrometer pores).
Note that concentrations of amine tested were not saturating, so that values represent minimal
estimates for amounts of tested amines that might be bound.

[0081] For histidine, the lowest molecular weight amine tested, and using capillary-pore
membranes with pores with 0.1 micrometers diameter, a maximum of 39 nanomoles of amine
were attached per cm” of membrane surface (flat face) area. Descriptive material from Oxyphen
AG suggests a maximum of 1 x 10° pores per cm? surface (flat face) area. Hence, we estimated
covalent attachment of 4 x 10" moles of amine per pore (or 2.4 x 10" molecules per pore). We
estimated that the internal surface area of a transmembrane passageway (pore) 0.1 micrometer
in diameter and 25 micrometers long is 7.9 x 10™% m?, so that each pore has an amine density of
3 x 10 "® molecules per m*.

[0082] A schematic interpretation of the observations in this example is provided in Fig. 5.
Sketch A illustrates the transmembrane passageways of a capillary-pore membrane (as in Fig. 2).
Sketch B illustrates the presence of carboxyl groups within a transmembrane passageway, as
suggested by data of Fig. 3 and Table 1. Sketch C illustrates a transmembrane passageway after
use of the endogenous carboxyl groups to bind an amine, as suggested by data of Fig. 4, to form
a configured separation membrane. Carboxyl groups can be converted to many other derivatives
(alcohols, anhydrides, thiols, etc.) that could be used to covalently attach other active molecules
by methods known to those skilled-in-the-art. This invention includes any conversion of the
endogenous carboxyl groups to an active derivative, and linkage of any active molecule thereto.
[0083] From data in Examples 1 and 2, we concluded that this large number of carboxyl
groups per cm? of capillary-pore membrane, previously unrecognized, are located within the
transmembrane passageways and provide a simple mode of attachment of a great variety of active
molecules. Such configuration of a capillary-pore membrane, using molecules of known utility
via well established chemistries and benign conditions unlikely to modify basic features of the

pores, provide many hitherto unknown uses for configured separation membranes. Such uses
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encompass the spectrum from research, manufacturing, storage, and regulatory situations. A few
examples for uses of configured separation membranes are provided below. However, many
others will be-obvious to those skilled in the arts of biochemistry, biology or medicine; affinity
separations or enzymology; treatment and analysis of solutions; covalent attachment of molecules
to solid surfaces; and/or fabrication of devices useful for biomedical, agricultural and chemical
applications. This invention includes all such approaches for preparation and use of a configured
separation membrane.
EXAMPLE 3

[0084] Use of a configured separation membrane as an “optical-bench” for quantitation of
changes in a solution, by measurements dependent on light transmission or emission from/by an
active molecule, are illustrated in Example 3. Based on Example 2, we estimated that up to 40
nanoméles amines can be covalently bound per cm? to a capillary-pore membrane with pores 0.1
micrometer in diameter. Since the membrane is optically clear, we evaluated use of
transmembrane passageways as more-or-less parallel optical benches for spectroscopic analysis.
We calculated the amount of flourochrome that might be presented to an fiber-optic probe if the
light beam was 0.06 cm in diameter and the probe concurrently interrogated, and received emitted
fluorescence from, 3 x 102 cm? of membrane. We estimated that up to 0.12 nanomoles of
reporter reagent could be monitored, if extent of binding was similar to that obtained with
histidine or bradykinin. Note that the active molecule (in this case a “reporter”) is contained
within a membrane of only 25 micrometers thick (i.e., light path), and a disc <0.1 cm on diameter
might be sufficient. This use of a configured capillary pore-membrane could facilitate design of
very small detector compartments (e.g., for intravascular use), with a very high signal for such
a small device.

[0085] To evaluate fluorescence changes in an appropriately configured separation membrane,
we used an Ocean Optics Inc (Dunedin FL) Model LS 450 light source and S2000 spectrometer
coupled with a ZR600-UV-F-SF probe. As a prototype example, we monitored changes in
fluorescence associated with changes of pH. For this application we used fluorescein as the
active molecule and wavelengths of 488 nanometers for excitation and measured emission at 520
nanometers. Independent pH measurements used an Orion 290A microprobe.

[0086] The general procedure outlined in Example 2 for covalent coupling of amines to
endogenous carboxyl groups was used to attach fluorescein-dextran-lysine (FDL; Molecular
Probes Inc, Corvallis OR; product D-1820) to discs of RoTrac® Capillary-pore membrane with

pores 0.1 micrometer in diameter. The FDL material, with fluorescein spaced on the dextran
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“backbone” at distances to minimize fluorescence quenching, allowed direct labeling of the
membrane without generation of spectroscopic artifacts. Such configured capillary pore
(fluorescent) membrane was immobilized in front of the light beam from the fiber optic probe
to allow facile interrogation of the system. In preliminary studies (data not presented), changing
concentration of FDL in the solution used to configure the capillary-pore membrane from 0.01
to 1 milligrams per milliliter resulted in proportional changes in membrane associated
fluorescence.
[0087] One use of FDL as the active molecule is measurement of pH. Discs of configured
capillary pore membrane were immersed in buffers, agitated slightly, and allowed to sit for 20-60
min to allow diffusion into the pores. The intensity of emitted light was measured, and compared
with the independently measured pH of each buffer. The pH of the bathing solution was
adjusted, and the sample treated as above. As shown in Fig. 6, the response over the range of pH
5.0 to 6.8 illustrates use of this optical bench. In this example the signal-to-noise ratio, relative
to a membrane without FDL, was found to be >100 to 1 (data not presented).

EXAMPLE 4
[0088] In Example 4, we estimated the theoretical limits of systems described in Example 3,
and these estimates also apply to systems used in other examples. The core assumption was that
the molecule “A” exists in free, A¢, and bound, Ay, states, with total number of binding sites “P”
on the active molecules of the configured separation membrane (or any other competing
molecule) present at a much lower concentration than that of the molecule. At a binding
stoichiometry of 1:1, Equation 1 defines the dissociation reaction as APy, _ A + Py, and the
resultant dissociation constant (Kd) is defined in Equation 2 as Kd = (Pg)(A) / (A Py). Since the
total concentration of binding protein is described by Equation 3, (P) = (Pr) + (Py), the relative
concentrations of the free and bound forms of the binding protein. Fig. 7 presents a graphic
illustration of the relationship between these variables. It shows molecule A could be bound
accurately (providing a useful and reproducible plot of the change in fluorescence, etc) over an
approximately 100-fold range using an appropriately configured separation membrane, assuming
that Kd is between 0.1 and 10. And analogous approach can be used for features for €xtraction
of molecules from a solution (Example 8) and optical analysis (Example 3).
[0089] The diversity of active molecules that could serve as an optical bench will allow use
of appropriately configured separation membranes for many different analytes, as introduced in
the Background section. Although outside the scope of this invention, it is obvious to one skilled

in the art that a device incorporating a configured separation membrane designed as an optical
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bench could be a construct facilitating: (a) use as a static monitor, where the configured
separation membrane is positioned to receive analyte moved therein by diffusion, possibly aided
by mixing to insure equilibrium; (b) use in a flow-through monitor, where fluid to be analyzed
flows through the configured separation membrane; (c) use in an assembly of multiple
configured separation membranes, in a “stack™ arrangement, allowing pulsed or intermittent
analysis of several different analytes in one system (possibly <0.1 mm thick) through use of
spectroscopic properties specific for analytes of interest; (d) use of one or more appropriately
configured separation membrane(s) in a fluorescence (source and detector signals gathered in
one physical device), absorbance (source and detector separated), or combination mode; and (e)
analytical use of a configured separation membrane in which the active molecule emits a signal
detectable by methods other than fluorescence or absorbance approaches.

EXAMPLE 5
[0090] Given the number of active molecules that might be positioned within 1 cm? of a
properly configured separation membrane, use in a process stream to expose molecules to
catalyst to transform molecules during transmembrane passage of a solution is logical. Hicke et
al. (1999) provided a convincing demonstration of use of an Oxyphen AG capillary-pore network
as a bioreactor for synthesis of polysaccharide from fructose substrate via immobilized
frutosyltransferase. In their process, Hicke et al. (1999) prepared the capillary pore membrane
so that the desired functional residue was available, using a photoinitiated copolymerization of
2-aminoethyl methacrylate with the membrane, followed by extensive washing of the material,
and immobilization of the enzyme with glutaraldehyde. All of their preliminary steps can be
avoided through simple use of the endogenous carboxyl groups, first disclosed herein, and
common carbodiimide chemistry as used in Example 1. This allows use of an enzyme as an
active molecule and simple configuration of the capillary-pore membrane therewith. Other forms
of catalyst could be used as active molecules, and any process where a vectorial movement of
input materials through a catalytic center and exit products have value would be a potential use
for an appropriately configured separation membrane.

EXAMPLE 6
[0091] A configured separation membrane positioning many environmentally sensitive
“gates” that could open or close, and especially “reversible gates”, within the transmembrane
passageways would have many uses. Active molecules forming such gates could be designed
to open or close in response to a variety of stimuli impacting the active molecules via solutions

entering the pores, acting on the membrane per se, or both. Such membranes could automatically
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maintain a predefined differential or gradient across the configured separation membrane for a
preselected stimulus molecule.

[0092] Polymers that change physical features in response to enviroﬁmental changes are useful
to selective and reversible occlusion of the pores to limit passage of molecules/particles through
the capillary-pore membrane. Polymers that respond to alterations of local environment, such
as temperature, chemical potential, electrochemical potential, pressure, or electromagnetic
radiation are suitable for this use. As one of many possible examples, an o-helix of a peptide
occupies a linear distance of ~0.54 nanometers for every 3.6 amino acid residues, but when
allowed (or driven) to its alternative form of a random coil the linear distance increases 2-4 fold.
Thus, a peptide containing ~200 amino acids (MW ca 24,000 daltons) would occupy a linear
distance of 30 nanometers (0.03 micrometers) in its compact form and 60-120 nanometers
(0.06 - 0.12 micrometers) in its expanded form. For a capillary-pore membrane with pores of 0.1
micrometer diameter, such a peptide could extend a considerable distance across the pore.
Assuming that such active molecules were attached at a concentration of ~4 nanomoles per cm?
(Table 2), millions of peptides (~10% that achieved for histidine in Example 2, and used in
calculations above) could be placed within the pore (assuming entry and covalent linkage with
endogenous carboxyl groups while in the compact form).

[0093] Alternative approaches to provide a “gate” polymer, responsive to changes in its
chemical environment, are envisioned. Examples are provided for protein polymers, but other
chemical compositions are possible and this invention includes any polymer that changes
configuration and the “occupied space” as an active molecule.

[0094] First, consider examples where the gate polymer is temporarily “locked open” in its
folded conformation. That locking can be accomplished by intrachain bonding between repeating
units of the polymer. As examples, critically spaced cysteines can be converted to disulfide,
intrachain, cystines. When in this state, the polymer will be hindered from assuming its
extended, unfolded form. However, when a reducing agent accumulates in the medium,
surrounding the gate, disulfide bonds will be reduced and broken, and the polymer can assume
its extended or “closed gate” form. In a second example, critically spaced hydroxyl groups (e.g.,
serine or threonine) can connected by intrachain boronate esters (by reaction of boric acid with
hydroxyl functions) to form a temporarily “locked open” polymer. When exposed to polyols
(e.g., glucose, glycerol) an exchange reaction will take place, passing the boronate to the

exogenous polyol, and allowing the polymer to assume its extended or “closed gate” form.
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[0095] The converse also is possible. Consider examples where the polymer is temporarily
“locked closed” in its extended form, bridging the pore. This could be accomplished in a
multistage reaction. Using a protein as an example, consider an N terminal function with a free
amine, a chemically responsive group (e.g., adjacent hydroxyl groups) within the chain, and a C
terminal possessing a protected sulthydryl function. In Step 1, endogenous carboxyl groups of
the capillary-pore membrane are activated (as in Example 2). Then, the active molecule is
positioned within transmembrane passageways, and the free amine of the active molecule is
allowed to bond activated endogenous carboxyl groups via its N terminal. Reaction conditions
are chosen so that only a portion of the carboxyl groups are consumed. The C terminal is free,
and can extend across the pore to close contact with the opposite wall. In Step 2, the protecting
function is removed to expose the C terminal sulfhydryl. In Step 3, the remaining carboxyl
groups on the pore surface are activated, and allowed to react with the C terminal to form a thiol
ester. This completes configuration of the gated-pore membrane, and in such format the
contractile protein is “locked closed” across the pore by covalent bonds to its C and N terminals.
The spacing and density of such “locked closed” active molecules along the wall of each
transmembrane passageway make the configured separation membrane effectively impermeable.
‘When conditions suitable for cleaving the chain are encountered, the polymer is cleaved and the
contractile protein assumes a compact form and flow through the transmembrane passageways
can occur.
EXAMPLE 7

[0096] We considered that selectively addition of either hydrophilic or hydrophobic molecules
to a surrounding solution could be an important use of an appropriately configured separation
membrane. One approach for accomplishment of this use was to use a “host-guest” combination
as the active molecule. By explanation, the “host” would be a molecule that could be covalently
bound to endogenous carboxyl residues while it was pre-loaded with a “guest” molecule, not
covalently bound to the host or the membrane, that would be released from the host when it was
exposed to appropriate conditions. Many examples could be envisioned by one skilled in the art.
To illustrate this approach, we discuss cyclodextrins (see Background section) because they offer
a unique structure with a polar outer surface and a hydrophobic inner core. Chemistry of the
outer wall of a cyclodextrin should allow covalently linked to endogenous carboxyl groups while
the inner core contains lipid-like molecules. Indeed, cyclodextrins have been used widely to
hold hydrophobic molecules in a pseudo water-soluble form. This allows a properly configured

separation membrane to bring individual molecules (not films or aggregates) of hydrophobic
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molecules in direct contact with an aqueous solution passing through the transmembrane
passageways. When solution conditions change, such as temperature, presence of other solutes,
physical features (e.g., light action on a photoswitchable cyclodextrin) the equilibrium constraints
holding the guest within the host alter the host-guest relationship and release guest to the
environment. Preferred uses of capillary-pore membranes configured in this manner would
include release of pharmaceuticals, biological regulators, analytical signaling agents, etc. The
features of Fig. 7 also describe the release of guest molecules from a host-guest complex.
EXAMPLE 8 |
[0097] We evaluated the concept of using an “affinity-ligand” as the active molecule, to
selectively remove a molecule from a solution on the basis of high and specific affinity of active
molecule for the molecule(s) to be removed. An affinity-ligand ideally is positioned to provide
selective interaction with solutes or ions in a solution passing through an appropriately
configured separation membrane. Such uses can be achieved through use of any active molecule
with high affinity for a specific solute(s), but frequently would be accomplished by use of
antibodies, receptor proteins, or one member of a highly evolved system (e.g., biotin-avidin) as
the active molecule. Hence, we used avidin as the affinity-ligand.
[0098] For the study of Example 8, we used the method described in Example 2 to configure
(covalently bind) a capillary-pore membrane with avidin (0.01, 0.05 or 0.1 milligram/mL
solution) to prepare membrane discs with three different amounts of avidin bound within the
transmembrane passageways. We assumed that, within this range, increasing numbers of avidin
molecules would be bound, and would be able to extract increasing amounts of a biotin-
containing compound from solution.
[0099] These configured separation membrane discs then were exposed to biotin-fluorescein-
dextran-lysine (BFDL; Molecular Probes Inc, Corvallis OR; product D-7178) at a concentration
0f 0.167 milligrams/mL. Fluorescence from BFDL extracted by the affinity-ligand was measured
as in Example 3 with results (concentration of avidin used to treat membrane; mgm/mL :
fluorescence units observed after treatment with constant amount of BFDL and instrument
settings) of: 0.01 : 145,000; 0.05 : 350,000; 0.1 : 500,000. Such results are consistent with
increased capacity to extract material from solution by increased amounts of affinity-ligand on
the membrane.
[00100] The alternative experiment, use of identical discs of capillary-pore configured with
the same concentration of avidin and testing extraction from a range of concentrations of BFDL

in solution, was not conducted. The high affinity of d-biotin for avidin (Ka ~ 2x10" M™)
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precludes this experiment. Because BFDL is quantitatively extracted from the solution at the
lowest concentrations detectable, measurement of a dose response would be impossible.
DESCRIPTION OF THE DRAWINGS
[00101] Fig. 1 presents a micrograph of the Mitex membrane system, as sold by Millipore Inc
and used by Ito et al. Taken from Millipore promotional materials. Note large range in pore sizes.
[00102] Fig. 2 presents micrographs of capillary-pore membrane, as sold by Oxyphen AG.
Taken from Oxyphen AG promotional materials. Note the isoporous (homogeneous) nature of
the capillary network.
[00103] Fig. 3 presents photographic evidence of association of Neutral Red dye with various
capillary-pore membrane materials. In the top row, “polyester solid’ represents the base
membrane materials used in capillary-pore manufacture before treatment to make the pores (this
optically clear material did not take up dye, and is no visible in photograph), while the same
material after treatment to form 10 micrometer pores is lightly stained by the dye. Increasing
amounts of dye are associated with those membranes with the smallest pore materials, with a
‘higher intensity when the membranes are mounted with the “smooth side” (bearing the capillary-
pore network) up, rows 2-6.
[00104] Fig. 4 presents photographic evidence for the loss of Neutral Red dye binding capacity
after treatment (for 1-4 hr) with a carboxyl activating reagent and high concentrations of
ammonium chloride.
[00105] Fig. 5 presents a schematic representation of the process described in Fig. 4. Panel
A illustrates the base feature of the capillary-pore membrane (as in Fig. 2). Panel B illustrates
the presence of carboxyl groups within the pore, as suggested by data of Fig. 3 and Table 1.
Panel B illustrates the conversion of the carboxyl groups to amides, as suggested by data of
Fig. 4. Carboxyl groups can be converted to many other derivatives (alcohols, anhydrides, etc.)
that are useful for covalent attachments by methods known to those skilled—in—fhe—art.
[00106] Fig. 6 presents results of a test of immobilized fluoroscein-dextran-lysine to assess
changes in pH of the solution bathing the capillary-pore membrane.
[00107] Fig. 7 illustrates the relationship between relative concentration of free and bound
forms of binding protein, molecule concentration and dissociation constant. Taken from
Lakowicz (1999).
[00108] Fig. 8 presents a schematic representation of a covalently attached polymer capable

of existing in a compact form and expanded (right) forms.
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~ Table 1: Neutral Red dye blndlng to Oxyphen AG
> RoTrac® membranes '

Pore diameter [umeter]
Repllcate : - : :
0--nopore- | 0.08 0.10 0.6 0.7 0.8 1 3 5 10
1 ' 2.9 2.8 18 |15 |09
2 <0.08 2.6 24 |16 |14 |os
3 66 - 60 |43 4.0 43 |28

-Data expressed as nmoles dye per cm? of membrane -

_Table 2: Attachment of amines to Oxyphen AG RoTrac®

membranes usmg carbodumlde chemlstry

Pore diameter [umeter]
. amine, > .
Amine mM, used | 0.1 0.4 0.6 1.0 10
. in .
réaction Amine content as estimated after digestion and nitrogen determination
Histidine [MW = 155] 13 39 34 34 20
Bradykinin [MW = 1060] | 1 20 12 12 12
1.5 14
1 7 14
Lysozyme [MW = 0.35 127 0.82 0.54
14,200] .
’ 0.06 3.4 42 3.2 27
1.4 3.3 1.8 1.5 0.7

Data expressed as nmoles amine per cm? of membrane.
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CLAIMS
1. A method for altering the properties of a capillary-pore membrane by linking at least

one compound to said membrane via an endogenous carboxyl group inherent in said membrane.

2. The method according to claim 1, wherein said alteration of said capillary-pore
membrane is by attachment of one or more molecules, particles, units of matter, or combination
thereof within one or more of said transmembrane passageways via covalent linkage with said
endogenous carboxyl groups using any chemical procedure, thereby forming a configured

separation membrane.

3. The method according to claim 1, wherein said endogenous carboxyl groups are
modified using any chemical procedure prior to covalent attachment of one or more of molecules,
particles, units of matter, or combination thereof within one or more of said transmembrane

passageways using any chemical procedure, thereby forming a configured separation membrane.

4. The method according to claim 2 wherein carbodiimide reaction is used to accomplish
said alteration of said membrane by linkage of a molecule, particle, or unit of matter containing

an amine group with said endogenous carboxyl groups.

5. The method according to claim 2 wherein carbodiimide reaction is used to accomplish
said alteration of said membrane by linkage of a molecule, particle, or unit of matter containing

a thiol group with said endogenous carboxyl groups.

6. The method according to claim 2 whereinthe endogenous carboxyl groups are reacted

to form anhydrides.

7. A method of use of a capillary-pore membrane configured as in claim 2, to assess
and/or quantitatively describe changes in a solution by detection of changes in one or more
physical or chemical properties of one or more of said molecules, particles, units of matter, or

combination thereof positioned within one or more transmembrane passageways.

8. A method of use of a capillary-pore membrane configured as in claim 3, to assess
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and/or quantitatively describe changes in a solution by detection of changes in one or more
physical or chemical properties of one or more of said molecules, particles, units of matter, or

combination thereof positioned within one or more transmembrane passageways.

9. A method of use of a capillary-pore membrane configured as in claim 2, to assess
and/or quantitatively describe changes in a solution by detection of changes in one or more
physical or chemical properties of one or more fluorescent molecules positioned within one or

more transmembrane passageways.

10. A method of use of a capillary-pore membrane configured as in claim 3, to assess
and/or quantitatively describe changes in a solution by detection of changes in one or more
physical or chemical properties of one or more fluorescent molecules positioned within one or

more transmembrane passageways.

11. A method of use of a capillary-pore membrane configured as in claim 2, to assess
and/or quantitatively describe changes in a solution on the basis of changes in absorbance or
physical spectrum of one or more molecules positioned within one or more transmembrane

passageways.

12." A method of use of a capillary-pore membrane configured as in claim 3, to assess
and/or quantitatively describe changes in a solution on the basis of changes in absorbance or
physical spectrum of one or more molecules positioned within one or more transmembrane

passageways.

13. A method of use of a capillary-pore membrane configured as in claim 2, to modify
a solution via catylatic, enzymatic, or other actions performed by one or more molecules,
particles, units of matter, or combination thereof positioned within one or more transmembrane

passageways.
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14. A method of use of a capillary-pore membrane configured as in claim 3, to modify
a solution via catylatic, enzymatic, or other actions performed by one or more molecules,
particles, units of matter, or combination thereof positioned within one or more transmembrane

passageways.

15. A method of use of a capillary-pore membrane configured as in claim 2, to control
flow rate of fluid through one or more transmembrane passageways, or to initiate, terminate, or
in a reversible manner initiate and terminate flow of fluid through one or more transmembrane

passageways.

16. A method of use of a capillary-pore membrane configured as in claim 3, to control
flow rate of fluid through one or more transmembrane passageways, or to initiate, terminate, or
in a reversible manner initiate and terminate flow of fluid through one or more transmembrane
passageways.

17. A method of use of a capillary-pore membrane configured as in claim 2, to add a
solute, ion, or other matter to a solution via release from one or more molecules, particles, units

of matter, or combination thereof positioned within one or more transmembrane passageways.

18. A method of use of a capillary-pore membrane configured as in claim 3, to add a
solute, ion, or other matter to a solution via release from one or more molecules, particles, units

of matter, or combination thereof positioned within one or more transmembrane passageways.

19. A method of use of a capillary-pore membrane configured as in claim 2, to
selectively remove a solute, ion, or other matter from a solution via binding or containment by
one or more molecules, particles, units of matter, or combination thereof positioned within one

or more transmembrane passageways.

20. A method of use of a capillary-pore membrane configured as in claim 3, to
selectively remove a solute, ion, or other matter from a solution via binding or containment by
one or more molecules, particles, units of matter, or combination thereof positioned within one

or more transmembrane passageways.
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21. A method of use of a capillary-pore membrane configured as in claim 2, to
selectively monitor changes in the environment near or within said transmembrane passageways
including chemical potential, electrochemical potential, electromagnetic radiation, light, osmotic

force, pH, or temperature.

22. A method of use of a capillary-pore membrane configured as in claim 3, to
selectively monitor changes in the environment near or within said transmembrane passageways
including chemical potential, electrochemical potential, electromagnetic radiation, light, osmotic
force, pH, or temperature.

23. A method of use of a capillary-pore membrane configured as in claim 2, to provide
remedial action, to counter environmental changes detected by one or more molecules, particles,
units of matter, or combination thereof positioned within said transmembrane passageways, via
release of one or more appropriate materials from within or through the same or other

transmembrane passageways.

24. A method of use of a capillary-pore membrane configured as in claim 3, to provide
remedial action, to counter environmental changes detected by one or more molecules, particles,
units of matter, or combination thereof positioned within said transmembrane passageways, via
release of one or more appropriate materials from within or through the same or other

transmembrane passageways.
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Cross section of a RoTrac® membrane whose
pores are filled with copper. ’
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