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provided. A kit for conducting biochemical, diagnostic, cellular, and/or non-cellular analysis comprises alginate hydrogel paper
index-matched to culture medium.
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ALGINATE HYDROGEL FIBERS AND RELATED MATERIALS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application No. 61/363,457,

filed July 12, 2010, the entire contents of which are hereby incorporated by reference herein.

INCORPORATION BY REFERENCE

[0002] All patents, patent applications and publications cited herein are hereby incorporated
by reference in their entirety in order to more fully describe the state of the art as known to those

skilled therein as of the date of the invention described herein.
BACKGROUND

[0003] The technology described herein relates to polymeric fibers and related materials and
methods for preparing and using such materials.

[0004] Polymeric fibers can be used for a broad spectrum of biological and medical
applications. They can be used as support for three-dimensional cell culture and tissue-based
bioassays. Cells in vivo reside in an organized three-dimensional environment as part of tissue
and organ structures. Conventional two-dimensional cell culture approaches cannot recreate the
structure of living tissues.

[0005] The development of three-dimensional cell culture can more accurately mimic tissues
and organ structures. However, the need to control multiple chemical and physical properties of
the cell matrix makes current three-dimensional cell culture strategies labor-intensive and

difficult to reproduce.
SUMMARY

[0006] This disclosure describes alginate hydrogel fibers, papers, diagnostics and cell
culturing devices and methods for preparing and using such materials.
[0007] In one aspect, an alginate hydrogel fiber comprises:
water in an amount of more than about 92% by weight of the fiber; and
a cross-linked alginate in an amount of about 0.1% to about 8% by weight of the
fiber, wherein the cross-link comprises a divalent or multivalent cation.
[0008] In one or more embodiments, the alginate hydrogel fiber comprises alginate in an

amount of from about 0.5% to about 2% by weight of the fiber.
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[0009] In one or more embodiments, alginate hydrogel fiber also includes additives. The
additives can be selected from the group consisting of salts, peptides, organic molecules, drugs,
signaling molecules, antibiotics, vitamins and small molecules and mixtures thereof.

[0010] In one or more embodiments, the diameter of the alginate hydrogel fiber ranges from
about 0.1 mm to about 1 mm.

[0011] In one or more embodiments, the length of the alginate hydrogel fiber ranges from
the order of centimeters to kilometers. In another embodiment, the fiber ranges from about 5 m
to about 15 m.

[0012] In one or more embodiments, the cation cross-linker is selected from the group
consisting of calcium, barium, strontium, copper, zinc, magnesium, manganese, cobalt, lead,
iron, nickel, chromium, thorium, uranium, aluminum, and combinations thereof.

[0013] In one or more embodiments, the cation cross-linker comprises barium.

[0014] In one or more embodiments, the alginate hydrogel fiber is index-matched with a
medium of interest. In one or more embodiments, the predetermined aqueous medium is cell
culture medium or an aqueous medium.

[0015] In another aspect, an alginate hydrogel paper comprises one or more of the alginate
hydrogel fiber(s) as discussed herein, where the alginate hydrogel fibers are combined to form a
WOoven or non-woven matrix.

[0016] In one or more embodiments, the alginate hydrogel paper has a plurality of fibers that
comprise inter-fiber cross-links and/or a plurality of fibers that comprise intra-fiber cross-links.
[0017] In one or more embodiments, the thickness of the alginate hydrogel paper ranges
from about 75 um to about 400 um. Papers can be prepared with thicknesses that are as thick as
5 mm. These thicker papers work just as well.

[0018] In one or more embodiments, the porosity of the alginate hydrogel paper ranges from
about 10% to about 60%, and preferably about 20% to about 40% by volume.

[0019] In one or more embodiments, the fibers of the alginate hydrogel paper further
comprise at least one coating of one or more stabilizing polymers.

[0020] In one or more embodiments, the coating comprises alternating layers of positively-
charged and negatively-charged polymers.

[0021] In one or more embodiments, the coating comprises fibroin.

[0022] In one or more embodiments, the paper is used to conduct a chemical, biochemical,
diagnostic, cellular, and/or non-cellular analysis.

[0023] In another aspect, a three-dimensional cellular array, comprising:

2
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a substrate comprising an alginate hydrogel paper as described herein; and

a medium comprising cells, wherein the cells are positioned within a selected
region of the cellular array.
[0024] The cells can be localized in a selected region of the array, although the medium may
be infused throughout a larger portion of the cellular array and can be infused throughout the
entire cellular array. In one or more embodiments, the cellular array has a substrate that
comprises a plurality of regions for receiving the carrier fluid and cells.
[0001] In one or more embodiments, the selected region comprises hydrogel and cells, and
the hydrogel serves to support and contain the cells.
[0002] In one or more embodiments, the alginate hydrogel making up the alginate hydrogel
paper is substantially index-matched with the medium
[0025] In another aspect, a three-dimensional cellular array comprises:
a substrate comprising alginate hydrogel paper as described herein, wherein the
substrate comprises a plurality of porous regions, each porous region bounded at
least in part by a liquid impervious boundary.
[0026] In one or more embodiments, the cellular array comprises a plurality of alginate
hydrogel papers, and the plurality of the papers are arranged in a stack, or as a cascade or as a
loose web or loose net of fibers.
[0027] In one or more embodiments, the cellular array further include conventional paper,
and for example, the conventional paper is interposed between two alginate hydrogel papers.
[0028] In one or more embodiments, the alginate hydrogel paper stack is disposed between a
support framework.
[0029] In one or more embodiments, the cellular array further comprises cell culture
medium comprising cells disposed in the porous region.
[0030] In one or more embodiments, the liquid impervious boundary comprises siloxanes,
e.g., PDMS, poly(lactic-co-glycolic acid), epoxy, polystyrene, a polyether, a polyamide,
acrylates, e.g., PMMA, polycarbonate, polyethylene, polypropylene, a photoresist precursor, a
wax, or a fat.
[0031] In one or more embodiments, within the cellular array, the alginate hydrogel making
up the alginate hydrogel paper is substantially index-matched with a predetermined aqueous

medium.



WO 2012/009363 PCT/US2011/043718

[0032] In one or more embodiments, within the cellular array, the difference in refractive
indices between the alginate hydrogel paper and the aqueous medium ranges from about 0.01 to
about 0.
[0033] In one or more embodiments, within the cellular array, the alginate hydrogel has an
alginate content in the range of about 0.1% to about 8% by weight of the fiber.
[0034] In one or more embodiments, within the cellular array, the cation cross-linker
includes barium.
[0035] In one or more embodiments, within the cellular array, the medium comprises a
biologically derived medium, nutrient medium, and/or simulated bodily fluid.
[0036] In one or more embodiments, the alginate hydrogel fiber within the cellular array is
used to conduct a chemical, biochemical, diagnostic, cellular, and/or non-cellular analysis.
[0037] In another aspect, a method for making alginate hydrogel fiber comprises:

introducing an aqueous alginate solution into a solution of a water-soluble salt of

a cation cross-linker to form an entangled alginate hydrogel fiber; and

incubating the entangled fiber in the alginate solution to cross-link the alginate.
[0038] In one or more embodiments, the alginate fiber is stirred or is quiescent (e.g., is not
stirred) during incubation.
[0039] In one or more embodiments, the entangled fiber is incubated in the alginate solution
at a predetermined temperature. In another embodiment, the one or more predetermined
temperatures ranges from about 20°C to about 40°C , e.g., from about room temperature to about
37°C.
[0040] In one or more embodiments, the alginate comprises barium alginate and the cation
cross-linker comprises barium.
[0041] In one or more embodiments, the alginate is in an amount of about 0.1% to about 8%
by weight of the solution.
[0042] In another aspect, a method for index-matching alginate hydrogel paper with aqueous
medium comprises:

determining a refractive index of an aqueous medium of interest;

preparing alginate solutions with different concentrations of a cation cross-linker
and alginate;

measuring the refractive indices of the alginate solutions; and

identifying the alginate solution with a refractive index that matches that of the

aqueous medium.
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[0043] In one or more embodiments, the cation cross-linker comprises barium.

[0044] In one or more embodiments, the aqueous medium comprises cell culture medium.
[0045] In another aspect, a kit for conducting biochemical, diagnostic, cellular, and/or non-
cellular analysis comprises alginate hydrogel paper index-matched to aqueous medium. In
another aspect, a kit for conducting cellular analysis comprises alginate hydrogel paper index-
matched to cell culture medium.

[0046] In another aspect, the index-matched alginate hydrogel paper allows visualization of
the cellular array using a device that transmits light at different wavelengths. In one or more
embodiments, the device is a fluorescent microscope or a light microscope.

[0047] Alginate hydrogel fibers can be used in a broad spectrum of biological and medical
applications. Alginate hydrogel fibers can be used as a substrate for a variety of biochemical,
diagnostic, non-cellular, and cellular assays and analyses, including but not limited to paper-
based fluidics, paper-based biochemical or chemical reactions, cell-based assay analysis, and
cell culturing. Alginate hydrogel fibers can be used in real-time imaging in three-dimensional
cellular bioassays, as well as in the optimization of other techniques such as paper-based
transmittance colorimetric assays. Alginate hydrogel fibers are useful in the manufacture of
paper and textiles, such as non-woven, porous papers, which also find use in biological and
medical applications. The fibers can be used in different types of medical products, including
sutures and wound dressing materials. The fibers can be useful for tissue engineering. Alginate
hydrogel fibers can be used for waterproofing fabrics and as an impression-making material in
dentistry, prosthetics, and life-casting, which is the process of creating a three-dimensional copy
of a body.

[0048] These and other aspects and embodiments of the disclosure are illustrated and
described below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0049] The foregoing and other objects of the present invention, the various features thereof,
as well as the invention itself, may be more fully understood from the following description,
when read together with the accompanying drawings. The drawings are presented for the
purpose of illustration only and are not intended to limit the invention.

[0050] FIG. 1A is an image of a support framework for paper before assembly, with the base
110 of the support framework on the left, stacks of paper in the middle, and the top of the
support framework on the right of the image.

[0051] FIG. 1B is an image of paper stacks added to the base of the support framework.
5
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[0052] FIG. 1C is an image of paper stacks sandwiched between the assembled support
framework.

[0053] FIGS. 2A-2B are fluorescence microscopy images of a single layer of Whatman 414
Filter Paper after culturing with green fluorescent protein-expressing human breast
adenocarcinoma (GFP-MDA-MB-231) cells for 18 hours (A) magnified 10x by fluorescence
(1000 ms exposure) and (B) under brightfield (1 ms exposure), respectively.

[0054] FIGS. 2C and 2D are images of 0.5% (w/v) barium alginate paper after culturing
with green fluorescent protein-expressing human breast adenocarcinoma (GFP-MDA-MB-231)
cells for 18 hours (C) magnified 10x by fluorescence (1000 ms exposure) and (D) under
brightfield (1 ms exposure), respectively.

[0055] FIGS. 2E and 2F are images of 2% (w/v) barium alginate paper after culturing with
green fluorescent protein-expressing human breast adenocarcinoma (GFP-MDA-MB-231) cells
for 18 hours (E) magnified 10x by fluorescence (1000 ms exposure) and (F) under brightfield (1
ms exposure), respectively.

[0056] FIGS. 3A and 3B are fluorescence microscopy images of cultured GFP-MDA-MB-
231 cells embedded in a single layer of 0.5% (w/v) barium alginate paper acquired at different
focal planes corresponding to paper depths of (A) 0 um and (B) 250 um, respectively.

[0057] FIGS. 4A and 4B are schematic illustrations of a cellular array (A) prepared from
alginate paper and (B) prepared from alginate paper having hydrophobic liquid impermeable and

hydrophilic porous regions.
DETAILED DESCRIPTION

[0058] The subject matter discloses alginate hydrogel fibers, papers, and arrays and methods
for preparing and using such materials.

Alginate Hydrogel Fiber

[0059] In one aspect, the disclosed subject matter provides an alginate hydrogel fiber. The
alginate hydrogel fiber is composed of water and a cross-linked alginate, with a low solids
content. The low solids content and relatively high water content makes the alginate hydrogel
fiber transparent and therefore useful as a medium for objects that can be visualized using light.
[0060] Alginate is a biodegradable polymer derived from seaweed. Alginate can be
obtained from, for example, green algae (Chlorophyta), brown algae (Phacophyta), and red algae
(Rhodophyta). Alginate is a linear polysaccharide copolymer with two sterically different

repeating units, (1—4)-a-L-guluronate (G unit) and (1—4)-B-D-mannuronate (M unit) in
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varying proportions. Alginate useful in the disclosed fibers has a mannuronic acid to guluronic
acid (MQ) ratio of about 10% to about 90%, although other variations in composition are
contemplated. In some embodiments, alginate useful in making the disclosed fibers has a MG
ratio of about 50% to about 70%. Alginate useful in the disclosed fibers has a molecular weight
of from about 10 kDa to about 1000 kDa, although other molecular weights are contemplated.
In some embodiments, alginate useful in the disclosed fibers has a molecular weight of from
about 50 kDa to about 500 kDa. In some embodiments, alginate useful in the disclosed fibers
has a molecular weight of from about 100 kDa to about 300 kDa. In some embodiments,
alginate useful in the disclosed fibers has a molecular weight of about 240 kDa. Alginate useful
in making the disclosed fibers has a viscosity of from about 50 cP to about 600 cP (2% aqueous
solution at 25°C). In some embodiments, alginate useful in making the disclosed fibers has a
viscosity of from about 200 cP to about 400 cP (2% aqueous solution at 25°C).

[0061] A “hydrogel,” as used herein, is a polymer cross-linked via covalent, ionic, or
hydrogen bonds to provide a three-dimensional open-lattice structure that entraps water
molecules to form a gel. Alginate polymers can be readily cross-linked by reacting the
polymer’s carboxylic acid groups with divalent or multivalent cations.

[0062] In one or more embodiments, an alginate hydrogel fiber is composed of water in an
amount of more than about 92% by weight of the fiber, e.g., about 92-99.9 % by weight, or
about 94%, 95%, 96%, 97%, 98%, 99% or 99.5% by weight, and a cross-linked alginate in an
amount of about 0.1% to about 8% by weight of the fiber, ¢.g., about 6%, 5%, 4%, 3%, 2%, 1%
or 0.5% by weight. In another embodiment, an alginate hydrogel fiber is composed of a cross-
linked alginate in an amount of about 2% by weight of the fiber. In another embodiment, an
alginate hydrogel fiber is composed of a cross-linked alginate in an amount of about 0.5% by
weight of the fiber. In another embodiment, the alginate hydrogel fiber includes additional
additives. Various additives are contemplated, including but are not limited to one or more salts,
amino acids, peptides, polypeptides, organic molecules, drugs, signaling molecules, antibiotics,
vitamins, etc

[0063] Alginate fibers can be prepared by introducing an aqueous alginate solution into a
solution of a water-soluble salt of a cation cross-linker. The cation salt solution can be stirred or
can remain quiescent (e.g., not stirred). In an alternative arrangement, the stirred or quiescent
cation salt solution can be added to the alginate solution. The alginate is introduced from a
reservoir through a nozzle, syringe, or other applicator. The applicator diameter and fluid flow

rates can be varied to vary the fiber thickness. Suitable modifications to this technique will be
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readily apparent to those of skill in the art; these modifications are all contemplated for use with
this invention.

[0064] In one or more embodiments, the alginate hydrogel fiber has a diameter of about 0.1
mm to about 1 mm. In one embodiment, the fiber has a diameter of about 0.1 mm to about 0.5
mm. In another embodiment, the fiber has a diameter of about 0.1 mm.

[0065] The alginate in the alginate hydrogel fiber is cross-linked to enhance its structural
integrity. In one or more embodiments, the alginate is cross-linked with a divalent or
multivalent cation. Suitable cation cross-linkers include, but are not limited to multivalent
cations such as calcium, barium, strontium, copper, zinc, magnesium, manganese, cobalt, lead,
iron, nickel, chromium, thorium, uranium, and aluminum, either alone or in combination with
any of the above named cations. In one or more embodiments, the cation cross-linker is barium,
either alone or in combination with any of the above named cations. The cation crosslinker can
be calcium or barium or strontium or copper or zinc or magnesium or manganese or cobalt or
lead or iron or nickel or chromium or thorium or uranium or aluminum.

[0066] The alginate fiber can be of any length. For example, the length of the alginate
hydrogel fiber can range from the order of centimeters to kilometers. In one embodiment, the
fiber is a continuous strand with a length of about 5 m to about 15 m. In one or more
embodiments, the fiber is a continuous strand with a length of about 10 m. Other fiber lengths
can be obtained. For example, shorter fiber lengths could be obtained by more vigorous (or
shear) stirring of the fiber-forming solution. In other embodiments, to provide different fiber
lengths, the introduction of alginate solution into the cross-link solution can be continuous or
intermittent. Many variations of the fiber length are contemplated, as the fibers can be cut or
synthesized into any pre-determined fiber length.

[0067] In one or more embodiments, the fiber is used to conduct a chemical, biochemical,
diagnostic, cellular, and/or non-cellular analysis

Alginate Hydrogel Paper

[0068] The alginate fibers (coated or uncoated) can be used to prepare paper, ¢.g., non-
woven mats. An alginate hydrogel paper includes one or more alginate hydrogel fibers, which
form a non-woven matrix. The alginate hydrogel paper includes intra-fiber cross-links and also
inter-fiber cross-links when multiple fibers are used. Cross-links increase the strength and
structural integrity of the resultant paper.

[0069] Hydrogel alginate paper is prepared by introducing an aqueous solution of a soluble

alginate, such as sodium alginate, into a stirred or quiescent solution of a water-soluble salt of a
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cation cross-linker and allowing the fibers to become entangled into a non-woven mesh. The
alginate is introduced from a reservoir through a nozzle, syringe, or other applicator. The
concentration of alginate and cross-linker in the respective solutions can be selected to obtain a
hydrogel fiber of desired alginate content. In one embodiment, the method for making alginate
hydrogel fiber includes:

introducing the aqueous alginate solution into the stirred solution of the water-soluble

salt of a cation, such that an alginate hydrogel fiber(s) is formed; and

incubating the fibers in the alginate solution without stirring to entangle the fibers and

ensure stable cross-linking of the alginate.
[0070] In some embodiments, the solution of the water-soluble salt is stirred. Stirring can
further entangle the alginate hydrogel fibers. In other embodiments, the solution of the water-
soluble salt is quiescent. In some embodiments, the entangled fibers in the alginate solution are
incubated at one or more pre-determined temperatures. In some embodiments, the incubation
temperature ranges from about room temperature (e.g., ca. 20°C) to about 37°C. The degree of
entanglement or weave can be varied from a tight dense mesh or matrix to a loose net or web.
[0071] In other embodiments, the fibers are collected and woven to form a woven matrix.
[0072] In one or more embodiments, the method includes using alginate solution, wherein
the alginate is in an amount of about 0.1% to about 8% by weight of the solution. In one or
more embodiments, the method for making alginate hydrogel fiber includes using sodium
alginate solution as the precursor alginate solution and barium cation cross-linker. The aqueous
medium is typically water, but can also be a buffer or culture medium, such as a cell culture
medium. Using these solutions instead of just water may change the final refractive index of the
fiber, which provides greater flexibility in fiber matching. The aqueous medium can also
include organic solvents.
[0073] There could be advantages here (for example, if one wanted to impregnate the fibers
with cells or proteins). Suitable concentrations of the water-soluble cation salt, ¢.g. divalent or
multivalent cation salt solution, ranges from about 0.001 M to about 2 M. Incubation time is a
function, among other factors, of alginate and crosslinker concentrations. For example, lower
cation crosslinker concentrations require longer incubation times for cross-linking. In one or
more embodiments, suitable concentrations of the water-soluble cation salt solution ranges from
about 0.05 to about 0.5 M. Incubation can be performed for a time sufficient to allow the cation

cross-linker to diffuse through the entire thickness of the hydrogel fiber, thus ensuring fiber
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stability. In certain embodiments, incubation times ranging from about 1 minute to about 5
minutes at temperatures ranging from 20-40° have been found sufficient.

[0074] The concentration of alginate and cross-linker in the respective solutions can be
varied to provide an alginate fiber of predetermined properties, such as water content, cross-link
density, mechanical wet strength, or refractive index. For example, the alginate concentration
can be selected to provide a solution that best matches the refractive index of a culture medium
intended for use with the alginate fiber, as described in more detail herein. The concentration of
the cation cross-linker, which is a factor in the kinetics of gelation, also affects fiber thickness
and porosity. In one or more embodiments, different cations can be added to the hydrogel,
which affects fiber thickness and porosity. In this way, it is possible to obtain fibers of different
thickness and porosity using the same solids content of precursor alginate

[0075] The fiber can be removed from bath solutions by using instruments such as tweezers,
screens or automatic dipping instruments known in the art. Paper is formed into desired final
form using techniques common to the papermaking art, such as, for example, screens and fabrics
for laying up fibers, presses to remove excess water, and calendars to obtain a final thickness
and smoothness. Care can be taken to reduce undesired water loss due to evaporation, by, for
example, being expeditious during any process that requires handling the paper outside of an
aqueous medium and/or storing or protecting the paper in protective water-impermeable sheets.
In one or more embodiments, the paper is compressed to further stabilize the fibers.
Compression also serves to remove excess water.

[0076] The cross-links result in paper with a three dimensional structure that can be used as
a support in diagnostic devices and cellular assays. For example, the paper can have a porosity
dimension ranging from about 5 pm to about 100 um. In one or more embodiments, the porosity
dimension ranges from about 10 um to about 50 um. Porosity can be controlled by, for
example, fiber content of the paper, the initial fiber diameter and by compressing the fibers
during the paper making step. In one or more embodiments, the porosity is 3-dimensional and is
defined by pore volume; pore volume and pore size can be selected to provide interstitial spaces
suitable for cell attachment and proliferation.

[0077] The inter-fiber distance, and thus, porosity, of the paper helps define its thickness.
Increasing the inter-fiber distance increases paper thickness. Other factors that define paper
thickness include the initial fiber diameter, the volume of cross-linked alginate used (which
affects fiber length), and the settings of the compression or calendaring machine that compresses

fibers into paper. For example, increasing the gap distance of the compression or calendaring
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machine results in thicker fibers. In one or more embodiments, the paper ranges in thickness
from about 75 um to about 400 um. In one or more embodiments, the paper ranges in thickness
from about 150 um to about 300 pm. In one or more embodiments, the paper has a thickness of
about 250 um. In one or more embodiments, the paper has a porosity, i.c., pore volume that
ranges from about 10% to about 60%, or to about 20% to about 40% by volume of the alginate
hydrogel paper. In one or more embodiments, the paper has a porosity of about 30% by volume.
Papers as thick as thick as 5 mm can be prepared. These thicker papers work just as well.
[0078] The alginate hydrogel paper can include other additives and coatings, such as a
protective coating over the fibers, which can be applied before, during or after the paper forming
step. Alginate hydrogel fibers where the liquid content can be susceptible to swelling, in
particular when the alginate hydrogel fibers are water-based when placed in cell culture medium.
Because cell culture medium can contain many ions, small molecule metabolites, and fetal
bovine serum (for example, 10%), placement of the fibers (which may be free of such
electrolytes and small molecules) in the cell culture medium can induce swelling. This swelling
destabilizes the paper; fiber-fiber contacts are lost, and the paper disassociates into a collection
of loose fibers. To improve the stability of the alginate hydrogel fibers (for example, by
protecting them from the surrounding cell culture medium), the alginate hydrogel paper can be
coated with a stabilizing polymer. Additives and coatings to the alginate hydrogel paper
include, but are not limited to: proteins such as fibroin, natural polysaccharides such as alginate
and chitosan, cationic and anionic polymers and branched and linear polymers such as
polyethyleneimines and poly(dimethyldiallylammonium chloride), respectively In one or more
embodiments, alginate is used both for the fiber and the coating. As alginate is a negatively
charged polymer, it can be applied as a component of a by-layer coatings to the crosslinked
fiber.
[0079] In certain embodiments, the stability of the final paper is improved by coating the
paper after pressing, and the raw fiber goes unprocessed. Thus, there are at least two ways to
stabilize the paper using coatings: (i) hydrogel fiber is treated, then pressed into paper or (ii) the
hydrogel fiber is pressed into paper, then the paper is treated. In one or more embodiments, both
methods of making and stabilizing alginate paper; e.g.,

fiber -> coated fiber -> paper

fiber -> paper -> coated paper

results in the fibers themselves being coated, whether or not they are in “paper” form.
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[0080] Coating before or after paper formation, and/or before or after fiber compression will
increase cross-link stability. These coatings are selected as not to significantly affect the index
of refraction such that the paper remains transparent when visualized, such as through the use of
light or fluorescent microscopy. The stability of the fiber is related to the number of coatings.
For example, uncoated fibers are stable for a set time period, such as several hours, allowing the
paper to be used to culture and release cells. Single coatings may increase the length of time
that the paper is stable, allowing for, e.g., days of stability. Multiple coatings allow use of the
paper in the range of days to weeks. Stability of the fiber is also affected by the polymer
concentration or molecular weight of the alginate.

[0081] In one or more embodiments, the fibers are coated with alternating layers of
positively-charged and negatively-charged polymers. The coatings are obtained by dipping the
entangled alginate hydrogel fiber into a polymer solution for a defined period of time, removing
the entangled fibers, lightly blotting away excess liquid, and placing the fibers into the next
solution. In other embodiments, one can also coat single fibers as they are extruded in a
continuous fashion, i.e. passing fibers from bath to bath on spools, as used in industrial
applications. This process is repeated multiple times, e.g., 2 — 12 times to create 1 — 6 layers,
where each layer contains both a positively-charged and negatively-charged polymer. Other
methods of coating fibers using known coating methods can be readily adapted for the coating of
the alginate hydrogel fibers described herein.

[0082] In one or more embodiments, the fibers are coated with a stabilizing polymer
comprised of fibroin. Fibroin is a protein created for example by silkworms (Bombyx mori) or
spiders in producing silk. Fibroin is an essential component of raw silk and spider-web
filaments. Fibroin consists of layers of anti-parallel beta sheets, which give fibroin its tensile
strength. The paper is coated with a dilute solution of fibroin, ranging from 0.05% to 5% (w/v).
The coating is prepared by submerging the paper into the fibroin solution for a defined period of
time and then submerging the paper with ethanol for a defined period of time. Dipping in
cthanol sterilizes the paper and cross-links the fibroin, increasing paper strength. This step can
be repeated depending on the number of coatings desired.

[0083] In another aspect of the disclosure, alginate hydrogel fiber or paper can be index-
matched to a culture medium or other aqueous medium that is used in testing or assaying.
Culture medium is a liquid or gel designed to support the growth of microorganisms or cells.
Cell culture medium includes buffered aqueous solution, including nutrient rich solutions and

other additives useful to support cell or microorganism growth. Culture media can vary in pH,
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glucose concentration, growth factors, and the presence of other nutrients. The growth factors
used to supplement media can be derived from animal fluids, such as calf serum. Any medium
typically used in cell culturing, cell assay and other biological and biochemical diagnostics can
be used and index-matched, if desired. For example, nutrient broths, nutrient broth derivatives
(including serum and/or antibiotics), and simulated bodily fluids can be used as the culture
media. The alginate paper may also be indexed matched to other fluids, e.g., biologically-
derived fluids that may be used in a bioassay, screening or diagnostic assays. By way of
example, the fluid can be blood, plasma, urine, sputum, interstitial fluids, or other bodily fluid.
Culture medium can be used as the liquid medium in a hydrogel. Alternatively, water itself
without any additives can be used as the liquid medium in a hydrogel.

[0084] Alginate hydrogel paper that is index-matched, e.g., to culture medium, allows the
paper to appear transparent, which facilitates the use of microscopy to image cells and biological
materials within a single layer or multiple stacks of alginate hydrogel paper. Visualization of
the alginate hydrogel paper through microscopy can be performed using any device capable of
transmitting light at different wavelengths. For example, the device is a fluorescent or light
microscope.

[0085] In certain embodiments, the cationic cross-linker of the index-matched alginate paper
is barium. In certain embodiments, the alginate hydrogel fiber has an alginate content of about
0.1% to about 8% by weight. In other embodiments, the alginate hydrogel fiber has an alginate
content of about 0.5% to about 2% by weight. As is discussed in more detail below, it has been
surprisingly found that barium alginate provide particularly good index matching with culture
medium. Such alginate fibers can be index-matched with a range of media. .

Three-Dimensional Cellular Array

[0086] In certain instances, the present disclosure provides three-dimensional cellular arrays
prepared using alginate hydrogel paper that are capable of growing and maintaining cells. A
three-dimensional cellular array includes alginate hydrogel paper sheets that are used as a single
layer or that can be arranged in a stack. The multi-layer array forms a tissue-like construct. The
three-dimensional cellular array not only more accurately mimics tissues but also facilitates an
environment to assay the effects of metabolite and nutrient gradients on cell growth and
mobility.

[0087] As described with reference to FIG. 4A, the cellular array 1300 can be made by
contacting, ¢.g., spotting, the alginate paper substrate 1300 with a suspension of cells in a

hydrogel or hydrogel precursor, culture medium or the like using an applicator 1360. As the
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substrate is porous and hydrophilic, the dimensions of the wells 1310 are dictated by the
thickness of the alginate paper as well as the distance the suspension of cells wicks or spreads
laterally through the substrate 1330 (see FIG. 4A). Because liquids and gels yield spots of
defined lateral dimensions when spotted onto paper or other porous hydrophilic substrates,
three-dimensional cell cultures of desired lateral dimensions can be obtained by spotting defined
volumes of a suspension of cells in an appropriate carrier onto the porous alginate hydrogel
paper substrate. The lateral dimensions of the spot (i.c., the lateral size of the three-dimensional
culture) can be controlled by controlling the volume of the spotted liquid. Vertical dimensions
(thickness) of the three-dimensional culture are defined by the thickness of the alginate hydrogel
paper. Repetition of the spotting process yields patterned three-dimensional cultures on a single
piece of paper (i.e., arrays of cells). The spotting can be performed such that the resulting
patterns can be readily recognized by an existing cell culture and screening interface (e.g., 384-
well layout can be generated by spotting a 16x24 array of spots with 4.5 mm vertical and
horizontal pitch).

[0088] In some instances, the three-dimensional cellular arrays are made using patterned
substrates, ¢.g., patterned alginate hydrogel paper. Because liquids and gels can readily wick
into alginate substrates, patterning the paper with liquid impermeable (hydrophobic) borders can
be used to dictate not only the physical dimensions but also the shape of the cell growth
substrate. Accordingly, in some embodiments, the substrate is patterned into hydrophobic and
hydrophilic regions. When the substrate is patterned, e.g., contains hydrophilic and hydrophobic
arcas, as is illustrated by substrate 1340 in FIG. 4B, the dimensions of the wells 1320 are
dictated by the thickness of the substrate and the size of the hydrophilic areas of the alginate
hydrogel paper substrate. In such embodiments, the hydrophilic regions are bounded by
hydrophobic barriers or walls 1370, which limit the lateral flow of the suspension of cells.
[0089] In one or more embodiments, the three-dimensional cellular array includes areas, or
“wells,” which contain cells within a three-dimensional alginate hydrogel paper that are bounded
by a fluid impervious boundary. In one or more embodiments, the liquid impervious boundary
is, for example, PDMS, poly(lactic-co-glycolic acid), epoxy, polystyrene, a polyether, a
polyamide, PMMA, polycarbonate, polyethylene, polypropylene, a photoresist precursor, a wax
or a fat.

[0090] Any method of patterning the hydrophilic substrate can be used. By way of example,
the hydrophobic layer can be applied directly to the porous substrate to produce patterned

regions having hydrophilic or hydrophobic properties using printing, such as from an ink jet
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printer, liquid transfer, such as in stamping or other printing methods, or silk screening. The
hydrophobic pattern can also be made using photolithography, in which the paper is infused with
photoresist and then exposed to light to produce regions of hydrophobic photoresist and regions
of hydrophilic resist-free paper. Exemplary methods are known in the art and described in, ¢.g.,
International Publication No. WO 2008/049083, entitled “Lateral Flow and Flow-Through
Bioassay Based on Patterned Porous Media, Methods of Making Same, and Methods of Using
Same,” filed on October 18, 2007, which is incorporated in its entirety by reference. Further
details on the patterned cellular array are found in International Publication No. WO
2009/1200963, entitled “Paper-Based Cellular Arrays,” filed on March 27, 2009, the contents of
which are hereby incorporated in its entirety herein.

[0091] The cells can be spotted using any cell-compatible carrier. In certain embodiments,
the carrier is a culture medium as discussed herein.

[0092] In certain embodiments, the carrier is a hydrogel that can be applied in a low
viscosity state to the alginate paper cell plate and thereafter converted into a high viscosity gel
once applied. Any known hydrogel or hydrogel precursor can be used for the cell-containing
hydrogel. For example, methods of forming hydrogels using paper are described in International
Publication No. WO 2009/121038, entitled “Shaped Films of Hydrogels Fabricated Using
Templates of Patterned Paper,” filed March 27, 2009, incorporated in its entirety by reference.
In one exemplary method, an ionotropic hydrogel is formed by contacting the substrate with a
solution of one or more gelling agents, including but not limited to metallic ions, such as Pb*",
Ba2+, FeS+, A13+, Cu2+, Cd2+, H03+, Ca2+, Zn2+, C02+, Ni2+, Mn2+, and Mg2+, and contacting the
substrate with a hydrogel precursor, including but not limited to alginic acid (AA),
carboxymethylcellulose (CMC), 1-carrageenan, poly(galacturonic acid) (PG), poly(bis(4-
carboxyphenoxy)-phosphazene, PuraMatrix, and thermal responsive hydrogels such as Matrigel.
The interaction of the gelling agent, ¢.g., ion, with the hydrogel precursor results in the gelation
of the hydrogel. As discussed herein, a protective coating or liquid impermeable barrier can
prevent the paper fibers from destabilizing.

[0093] After contacting the substrate of the cellular array with a suspension of cells in a
hydrogel or hydrogel precursor, the substrate is maintained under suitable conditions that allow
gelation of the hydrogel within the alginate hydrogel paper substrate. As described herein,
suitable conditions include maintaining the substrate at a particular temperature or contacting the

substrate with a gelling agent.
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[0094] The resulting three-dimensional cellular array is stable and can be maintained in
conditions suitable for cell growth. Such culture conditions are known in the art (see, e.g.,
Culture of Animal Cells: A Manual of Basic Techniques, Freshney, R. I. ed., (Alan R. Liss &
Co., New York 1987); Animal Cell Culture: A Practical Approach, Freshney, R. I. ed., (IRL
Press, Oxford, England 1986)). For example, the cellular array can be immersed in cell culture
medium suitable for a particular cell type and maintained in an incubator.
[0095] The array can have different shapes, sizes, and paper sheets. The number of paper
sheets ranges from about 1 sheet to about 50 sheets. In one or more embodiments, the number
of paper sheets ranges from about 5 sheets to about 10 sheets. The number of paper sheets helps
dictate the thickness of the array. In one or more embodiments, the array has a thickness of
about 75 pum to about 3.5 mm. In one or more embodiments, the array has a thickness of about
200 um to about 2 mm. In one or more embodiments, the array has a thickness of about 400 pm
to about 1 mm.
[0096] The array can include one or more materials other than alginate hydrogel papers. For
example, it can have one or more non-alginate layers, such as conventional paper, ¢.g., cellulosic
paper, is interposed between the alginate hydrogel layers. By way of example, the alginate
hydrogel paper layers in the three-dimensional cellular array are disposed between and
supported by a support framework. In one or more embodiments, the support framework is
made of plastic. In one or more embodiments, the plastic support framework is in the shape of a
disc with holes for securing the papers, as illustrated in FIGS. 1A-1C. FIG. 1A is an image of a
support framework before assembly, with the base 110 of the support framework on the left,
paper stacks 120 in the middle, and the top 130 of the support framework on the right of the
image. FIG. 1B is an image of paper stacks added to the base of the support framework. FIG.
1C is an image of paper stacks sandwiched between the assembled support framework. The
support framework provides rigidity and support to the three-dimensional cellular array. The
papers can also be stacked in other arrangements, such as in a cascade of papers, with one paper
offset from another.
[0097] In one or more embodiments, a three-dimensional cellular array comprises:

a substrate comprising alginate hydrogel paper as described herein; and

a medium comprising cells, wherein the cells are positioned within a selected
region of the cellular array.
[0098] In one or more embodiments, the selected region comprises hydrogel and cells, and

the hydrogel serves to support and contain the cells.
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[0099] In another aspect, a three-dimensional cellular array comprises:
a substrate comprising alginate hydrogel paper as described herein, wherein the
substrate comprises a plurality of porous regions, each porous region bounded at
least in part by a liquid impervious boundary.
[0100] In one or more embodiments, the cellular array comprises a plurality of alginate
hydrogel papers, and the plurality of the papers are arranged in a stack.
[0101] In one or more embodiments, one or more sheets of alginate paper containing cell-
free hydrogels can be overlaid with one or more alginate hydrogel paper sheets with cell-
containing hydrogels to arrive at a multi-layer array. In one or more embodiments, one or more
of the layers can contain an agent, for example, a chemical agent or a chemoattractant. For
example, a number of hydrogel-containing sheets can be stacked on top of a chemoattractant-
containing layer, and a cell-containing layer can be placed on top of the stack.
[0102] A three-dimensional cellular array described herein can be loaded with cells
simultaneously with a cation solution and/or hydrogel polymer. In some embodiments, the array
is loaded with cells after the cation solution and/or hydrogel polymer is contacted with the
alginate hydrogel paper.
[0103] Cells that can be grown in the arrays can be any prokaryotic or eukaryotic cell. Such
cells include, for example, bacterial cells (such as E. coli), insect cells, yeast cells, or
mammalian cells (such as Chinese hamster ovary cells (CHO) cells, COS cells, VERO cells,
BHK cells, HeLa cells, Cv1 cells, MDCK cells, 293 cells, 3T3 cells, or PC12 cells). Other
exemplary cells include cells from the members of the genus Escherichia, Bacillus,
Lactobacillus, Rhodococcus, Pseudomonas, Aspergillus, Trichoderma, Neurospora, Fusarium,
Humicola, Rhizomucor, Kluyveromyces, Pichia, Mucor, Myceliophtora, Penicillium,
Phanerochaete, Pleurotus, Trametes, Chrysosporium, Saccharomyces, Schizosaccharomyces,
Yarrowia, or Streptomyces. Other cells include CD90+/CD45- hepatic tumor stem cells. In
certain instances, the cells can be transformed or transfected with one or more expression
vectors or viral vectors.
[0104] After cell culture, the layers of the array can be de-stacked for analysis using
biochemical techniques known in the art. For instance, the array can enable real-time imaging in
three-dimensional cellular bioassays and assist in optimizing paper-based transmittance
colorimetric assays. Any cell-based assay known in the art can be performed using the three-
dimensional cellular arrays described herein. For example, the three-dimensional cellular arrays

described herein can be used in screening for agents that influence cell function, such as cell
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viability, apoptosis, proliferation, migration, and gene expression. Test agents can be added to
the cellular arrays, can be adsorbed or covalently attached to the hydrogel or substrate (e.g.,
alginate paper), or can be also included in a biodegradable matrix coated on the substrate (e.g.,
alginate paper). The cell assay can be designed to investigate whether cells can migrate from
cell-rich layers to cell-poorer layers. The stacking of multiple layers of paper permeated with
suspension of cells can be used to investigate proliferation of cells in nutrient- and oxygen-
limited conditions. Paper arrays that contain cells can be stacked with arrays that contain other
cell types to produce a co-culture. Responses of both cell types in this sheet co-culture can be
readily investigated after the sheets are disassembled.

[0105] In other embodiments, the alginate paper and three-dimensional array can be used in
a broad spectrum of biological and medical applications. Alginate hydrogel fibers can be used
as a substrate for a variety of biochemical, diagnostic, non-cellular and cellular assays and
analyses, including but not limited to paper-based fluidics, paper-based biochemical or chemical
reactions, cell-based assay analysis, and cell culturing. Alginate hydrogel fibers can be used in
real-time imaging in three-dimensional cellular bioassays, as well as in the optimization of other
techniques such as paper-based transmittance colorimetric assays. In one aspect of paper-based
diagnostic analysis, the paper is treated with a hydrophobic polymer to create small channels
that route fluids through capillary action. Thus, the paper can be used to direct a drop of fluid
(e.g., blood, plasma, urine, sputum, interstitial fluids, etc.) through various paths, after which a
diagnostic test can be performed on the fluid through interaction with a diagnostic reagent. A
diagnostic reagent is a substance that is used in a chemical reaction to detect, analyze or produce
another substance which indicates the presence of a special condition. Diagnostic tests may
include tests that are, for example, antibody-based, enzymatic, or based on the detection of pH,
small molecules, peptides, etc. Such diagnostic reagents have reporter elements that conjugate
to the reagents, and thus, the reagents can be used to perform diagnostic assays on the alginate
hydrogel paper disclosed herein.

[0106] Thus, the alginate fiber, paper, and arrays can be used in paper-based microfluidic
systems. In one aspect of paper-based diagnostic analysis, the paper is treated with a
hydrophobic polymer to create small channels that route fluids through capillary action. Thus,
the paper can be used to direct a drop of fluid (e.g., blood) through various paths, after which a
diagnostic test can be performed on the fluid through interaction with a diagnostic reagent. In
most embodiments of paper-based microfluidic systems for diagnostics, the readout method is

based on color: i.e., the production of an insoluble dye that stays within the pores of the paper
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and is later visualized. Transparent alginate paper could provide advantages over traditional
paper for visualizing the production of these dyes. Further details on paper-based microfluidic
systems are found in U.S. Publication No. WO 2011/0111517, entitled “Paper-Based
Microfluidic Systems,” filed on March 27, 2009, the contents of which are hereby incorporated
in its entirety herein.

Index-Matching Alginate Hydrogel Paper with Cell Culture Medium

[0107] Paper made from cellulose fibers has been used as a support for three-dimensional
cell culture and tissue-based bioassays. However, the optical properties of cellulose fibers
impede the use of microscopy as a tool to image live cells within a single layer and multiple
stacks of paper because of scatter and the large refractive index contrast between the cellulose
fibers and the cell culture medium.

[0108] It has been surprisingly discovered that the optical properties of alginate hydrogel
paper, unlike those of cellulose paper, allow the alginate hydrogel paper to be index-matched to
the aqueous medium and, thus, to reduce scatter of cells and other materials, such as biological
materials. In particular, it has been discovered that hydrogel fiber sheets prepared using low
solids content alginate, ¢.g., about 0.1% to about 8% by weight alginate, are well suited for
index-matching with aqueous medium, including cell culture mediulm, simulated bodily fluids,
and bodily fluids.

[0109] After cell culture, the layers of the three-dimensional cellular array can be de-stacked
for analysis using biochemical techniques known in the art. Index-matching can allow the
alginate hydrogel paper sheets of the three-dimensional cellular array to appear transparent,
which facilitates the imaging of cells, including live cells, within a single layer and multiple
stacks of alginate hydrogel paper. More specifically, index-matching allows more light to be
collected during visual imaging, resulting in a higher numerical aperture of the optical system
and an increased depth of field, which are both important for increasing image resolution
through thick materials. Visualization of the alginate hydrogel paper, including cells within the
paper, can be performed using any device capable of transmitting light at different wavelengths.
For example, the device is a fluorescent or light microscope. Index-matching facilitates live cell
imaging within the three-dimensional cellular array, such that the cells can be viewed in a
microfluidic device without removing the cells from the array.

[0110] In one or more embodiments, the alginate hydrogel paper and aqueous medium have
substantially the same index of refraction. In one or more embodiments, the difference in

refractive indices between the paper and the aqueous medium ranges from about 0.01 to about 0.
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The difference in refractive indices can also be manipulated by changing the amount of alginate
present in the alginate hydrogel fibers. For example, decreasing the amount of alginate in the
alginate hydrogel fiber decreases its refractive index.
[0111] In another aspect, the disclosure provides a method for index-matching alginate
hydrogel paper with aqueous medium. In one embodiment, the method includes:

identifying the refractive index of the cell culture medium or other aqueous medium of
interest;

preparing alginate solutions with different concentrations of a cation cross-linker and

alginate; and

measuring the refractive indices of the alginate solutions;

identifying the alginate solution with a refractive index that matches that of the aqueous
medium.
[0112] While the refractive index of alginate hydrogel paper is not directly measured, the
liquid alginate solutions serve as an accurate indicator of the hydrogel paper optical
performance. A Bausch and Lomb Abbe Refractometer can be used to measure the refractive
indices of the liquid solutions. The refractive index of cell culture medium is about 1.3335. The
refractive index of 0.5% (w/v) sodium alginate is about 1.3335. The refractive index of 2.0%
(w/v) sodium alginate is about 1.3345. While not bound by any mechanism of action, the
refractive index of the alginate solution likely increases slightly as it changes state from liquid
solution to cross-linked alginate gel. Alternatively, the refractive index of alginate hydrogel
paper can be qualitatively determined by submerging the paper into solutions of known
refractive indices and comparing the resolution of patterns on the paper that are imaged using
light, including but not limited to the use of microscopy, such as fluorescent or light microscopy.
Thus, paper with patterns of high resolution has a refractive index that is substantially the same
as the solution with a known refractive index.
[0113] Alginate hydrogel fibers can have different cation cross-linkers that result in alginate
hydrogel papers with different optical properties. This will allow a range of culture medium to
be used having a range of indices, while still maintaining an index of refraction match. The
cation cross-linker comprises calcium, barium, strontium, copper, zinc, magnesium, manganese,
cobalt, lead, iron, nickel, chromium, and aluminum ions. In selecting an appropriate alginate
paper for use in cell culture, factors such as the optical properties of the paper and cell
compatibility are considered. Use of barium as the cationic cross-linker has been found to be

especially useful in index-matching with culture medium, including but not limited to RPMI,
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DMEM, HBSS, LB, and other variants. Culture media can vary in pH, glucose concentration,
growth factors, and the presence of other nutrients. Any medium typically used in cell culturing,
cell assay and other biological diagnostics can be used and index-matched, if desired. For
example, nutrient broths, nutrient broth derivatives (including serum and/or antibiotics), and
simulated bodily fluids can be used as the culture media. The alginate paper may also be
indexed matched to other fluids, e.g., biologically-derived fluids that may be used in a bioassay,
screening or diagnostic assays. By way of example, the fluid can be blood, plasma, urine,
sputum, interstitial fluids, or any other bodily fluids. Simulated bodily fluids can also be used as
the culture media.

[0114] In one aspect, barium cation cross-links alginate such that the resulting barium
alginate does not scatter light. The low light scattering effect of barium cation cross-linker
provides exceptional imaging capability of a cell culture entrained within the hydrogel paper. In
addition, barium exhibits low cell toxicity for a range of cells. Barium alginates have been
implanted in animal models with no demonstrable toxicity. This low cell toxicity is due to the
barium cation’s high affinity for alginic acid and to numerous washing steps to remove excess
barium cation. In contrast to barium, while many divalent transition metals, ¢.g., Co, Ni, Cu, Pb,
Cr, can be successfully used to prepare hydrogels with a range of refractive indices or light
scattering, these cations can be cytotoxic under some conditions.

[0115] In another aspect, the disclosure provides a kit for conducting a biochemical,
diagnostic, cellular, and/or non-cellular analysis, comprising alginate hydrogel paper index-
matched to aqueous medium. In another embodiment, the kit is for conducting cellular analysis,
comprising alginate hydrogel paper index-matched to cell culture medium.

[0003] The following examples are provided to illustrate, not limit, the invention.

EXAMPLES
Example 1 — The preparation of alginate hydrogel fiber and paper

[0116] In this example, the preparation of a representative alginate hydrogel fiber, barium
alginate hydrogel fiber, and barium alginate paper is described.

[0117] Barium alginate hydrogel fiber was fabricated by preparing a 0.5% (w/v) solution of
sodium alginate (Ca. 240 kDa) in MilliQ water. Next, 3 mL aliquots of sodium alginate were
manually introduced into a rapidly stirred solution of 0.5 M barium chloride using a syringe and

21-gauge needle. Alginate hydrogel fiber formed instantancously, and the stirring created an
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entanglement of the fiber. The entangled fiber was incubated for an additional 3 minutes in the
barium solution at room temperature without stirring to ensure stable cross-linking of the
alginate.

[0118] Barium alginate paper was prepared by compressing the fiber to further interweave
the fiber and create a single sheet of barium alginate paper. The distance between the rollers of
the pasta machine helped control paper thickness. The paper was cut into 2 cm x 2 cm squares
and autoclaved for cell culture experiments. FIGS. 2C-2F and 3A-B depict barium alginate
paper, and FIGS. 2A-B depict Whatman 414 Filter Paper used as a control.

[0119] Barium alginate hydrogel fibers have optical properties that allow it to be index-
matched to, for example, cell culture medium. Barium alginate paper that was index-matched to
cell culture medium facilitated live cell imaging using microscopy.

[0120] FIGS. 2A-2F are fluorescence microscopy images of a single layer of paper after
culturing green fluorescent protein-expressing human breast adenocarcinoma (GFP-MDA-MB-
231) cells. The GFP-MDA-MB-231cells were cultured for 18 hours in Whatman 414 Filter
Paper. FIGS. 2A and 2B are images of the Whatman 414 Filter Paper magnified 10x by
fluorescence (1000 ms exposure) and under brightfield (1 ms exposure), respectively. The GFP-
MDA-MB-231 cells were also cultured in barium alginate paper. FIGS. 2C and 2D are images
of 0.5% (w/v) barium alginate paper magnified 10x by fluorescence (1000 ms exposure) and
under brightfield (1 ms exposure), respectively. (FIGS. 2E and 2F are images of 2% (w/v)
barium alginate paper prepared according to the method described in Example 1 (except a 2%
(w/v) solution of Na alginate was used) magnified 10x by fluorescence (1000 ms exposure) and
under brightfield (1 ms exposure), respectively.

[0121] FIGS. 3A and 3B demonstrate the transparency of alginate paper, which can facilitate
live cell imaging within a three-dimensional array. FIGS. 3A and 3B are fluorescence
microscopy images of cultured GFP-MDA-MB-231cells embedded in a single layer of 0.5%
(w/v) barium alginate paper acquired at different focal planes corresponding to paper depths of 0
um and 250 pm, respectively.

[0122] Barium alginate paper was prepared rapidly and cost-effectively on a multi-gram
scale without using specialized laboratory equipment. Alginate hydrogel paper costs less than

$0.01/cm’, was prepared in minutes, and was amenable to manufacturing-scale preparation.
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Example 2 — The preparation of alginate hydrogel fiber with protective coating(s) of
positively-charged and negatively-charged polymer

[0123] In this example, the preparation of representative alginate hydrogel fiber, barium
alginate hydrogel fiber, with one or more protective coating(s) of positively-charged and
negatively-charged polymer, is described.

[0124] Barium alginate fiber was fabricated by extruding 0.5% (w/v) sodium alginate
through a needle into a bath of 0.5 M barium chloride. Next, the entangled fiber was rinsed with
0.05 M calcium chloride. The entangled fiber was added to a solution containing 0.05% (w/v)
poly(diallyldimethylammonium chloride) and 0.05 M barium chloride.
Poly(diallyldimethylammonium chloride) is a positively charged polymer with a molecular
weight of 400 kDa. The entangled fiber was rinsed with 0.05 M calcium chloride. The
entangled fiber was added to a solution containing 0.05% (w/v) sodium alginate. The sodium
alginate is a negatively charged polymer with a molecular weight of 240 kDa. Next, the
entangled fiber was rinsed with 0.05 M calcium chloride. One layer comprising one positively-
charged polymer and one negatively-charged polymer was thus formed. These steps were
repeated 2 — 12 times to create 1 — 6 layers, where each layer contained both a positively-
charged and negatively-charged polymer. Increasing the number of layers can result in
increased stability of the paper. For example, increasing from zero to three layers results in
proportional stability of the paper.

Example 3 — The preparation of alginate hydrogel fiber with protective coating(s) of
fibroin

[0125] In this example, the preparation of barium alginate fibers with one or more protective
coating(s) of fibroin is described.

[0126] Fibroin was used as a coating for the barium alginate paper fiber. Fibroin was
prepared from the chemical degradation of silk cocoons, which was then followed by a dialysis
step for purification that is well known in the art. Sheets of barium alginate paper were
prepared, as described above, and the paper was coated with a dilute solution of fibroin, ranging
from 0.05% to 5% (w/v). The coating was performed by submerging the paper into the fibroin
solution for a defined period time, ranging from about 5 seconds to about 5 minutes. This step
can be repeated depending on the number of coatings desired. The paper was then submerged
into ethanol for 30 seconds. Submerging into ethanol sterilized the paper and cross-linked the

fibroin, increasing the paper strength.
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Example 4 — Index-matching alginate hydrogel paper with cell culture medium

[0127] In this example, the method of index-matching alginate hydrogel paper with cell
culture medium is described.

[0128] Using a Bausch and Lomb Abbe Refractometer, the refractive index of cell culture
medium was measured to be 1.3335. Alginate solutions with different alginate concentrations
and different cation cross-linkers were prepared. The refractive indices of the different alginate
solutions were measured. The refractive index of 0.5% (w/v) sodium alginate was measured to
be 1.3335. The refractive index of 2.0% (w/v) sodium alginate was measured to be 1.3345. The
refractive index of un-crosslinked sodium alginate approximates the refractive index of cross-
linked barium alginate.

[0129] It was determined that 0.5% (w/v) sodium alginate and 2.0% (w/v) sodium alginate
matched the index of refraction for cell culture medium. The 0.5% (w/v) sodium alginate
solution and barium cation cross-linker solution were used to prepare alginate hydrogel paper
that index-matched cell culture medium. The 2.0% (w/v) sodium alginate solution and barium
cation cross-linker solution were also used to prepare alginate hydrogel paper that index-
matched cell culture medium.

[0130] Other aspects, modifications, and embodiments are within the scope of the following
claims.

[0131] What is claimed is:

24



10.

11.

12.

13.

14.

WO 2012/009363 PCT/US2011/043718

CLAIMS

An alginate hydrogel fiber, comprising:

water in an amount of more than about 92% by weight of the fiber; and

a cross-linked alginate in an amount of about 0.1% to about 8% by weight of the

fiber, wherein the cross-link is a multivalent cation.
The alginate hydrogel fiber of claim 1, wherein the alginate is present in an amount of
from about 0.5% to about 2% by weight of the fiber.
The alginate hydrogel fiber of claim 1 or 2, further comprising additives.
The alginate hydrogel fiber of claim 3, wherein the additives are selected from the group
consisting of salts, peptides, organic molecules, drugs, signaling molecules, antibiotics,
vitamins and small molecules and mixtures thereof.
The alginate hydrogel fiber of claim 4, wherein the length ranges from about 1 cm to 5
kilometers.
The alginate hydrogel fiber of any one of claims 1-5, wherein the cation cross-linker is
selected from the group consisting of calcium, barium, strontium, copper, zinc,
magnesium, manganese, cobalt, lead, iron, nickel, chromium, thorium, uranium, and
aluminum and combinations thereof.
The alginate hydrogel fiber of claim 6, wherein the cation cross-linker comprises barium.
The alginate hydrogel fiber of any one of claims 1-7, wherein the fiber is index-matched
with medium of interest.
The alginate hydrogel fiber of claim 8, wherein the aqueous medium of interest
comprises cell culture medium.
An alginate hydrogel paper, comprising one or more alginate hydrogel fibers of any one
of claims 1-9, wherein the alginate hydrogel fibers form a woven or non-woven matrix.
The alginate hydrogel paper of claim 10, wherein the plurality of fibers comprise intra-
fiber and/or inter-fiber cross-links.
The alginate hydrogel paper of claim 10 or 11, wherein the paper thickness ranges from
about 75 pum to about 400 um, and optionally can have a thickness up to 5 mm.
The alginate hydrogel paper of claim 10, 11 or 12, wherein the porosity ranges from
about 10% to about 60%, and preferably is about 20% to about 40% by volume.
The alginate hydrogel paper of claims 10-13, wherein the fibers further comprise at least

one coating of one or more stabilizing polymers.
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The alginate hydrogel paper of claim 14, wherein the coating comprises alternating
layers of positively-charged and negatively-charged polymers.
The alginate hydrogel paper of claim 14, wherein the coating comprises fibroin.
The alginate hydrogel paper of any one of claims 1-16, wherein the paper is used to
conduct a chemical, biochemical, diagnostic, cellular, and/or non-cellular analysis.
A three-dimensional cellular array, comprising;:
a substrate comprising alginate hydrogel paper according to any one of claims 8-
16; and
a medium comprising cells, wherein the medium and cells are located in the
hydrogel paper.
The cellular array of claim 18, wherein the selected region comprises hydrogel and cells,
and the hydrogel serves to support and contain the cells.
The cellular array of any one of claims 18 and 19, wherein the alginate hydrogel making
up the alginate hydrogel paper is substantially index-matched with the medium.
A three-dimensional cellular array, comprising;:
a substrate comprising alginate hydrogel paper according to any one of claims 8-
16, wherein the substrate comprises a plurality of porous regions, each porous
region bounded at least in part by a liquid impervious boundary.
The cellular array of claims 18-21, wherein the array comprises a plurality of alginate
hydrogel papers, and the plurality of the papers are arranged in a stack, or as a cascade
or as a loose web or loose net of fibers.
The cellular array of claim 22, wherein the array further comprises conventional paper.
The cellular array of claim 22, wherein the alginate hydrogel paper stack is disposed
between a support framework.
The cellular array of claim 21-24, further comprising medium comprising cells disposed
in the porous region.
The cellular array of claim 20-25, wherein the liquid impervious boundary comprises
siloxanes, poly(lactic-co-glycolic acid), epoxy, polystyrene, a polyether, a polyamide,
acrylates, polycarbonate, polyethylene, polypropylene, a photoresist precursor, a wax, or
a fat.
The cellular array of any one of claims 21-26, wherein the alginate hydrogel making up
the alginate hydrogel paper is substantially index-matched with a predetermined aqueous

medium.

26



28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

WO 2012/009363 PCT/US2011/043718

The cellular array of claim 20 and 27, wherein the difference in refractive indices
between the alginate hydrogel paper and the aqueous medium ranges from about 0.01 to
about 0.
The cellular array of claim 28, wherein the alginate hydrogel has an alginate content in
the range of about 0.1% to about 8% by weight of the fiber.
The cellular array of claim 29, wherein the cation cross-linker comprises barium.
The cellular array of claim 20 or 27, wherein the medium comprises a biologically
derived medium, nutrient medium, and/or simulated bodily fluid.
The cellular array of any one of claims 18 to 31, wherein the alginate hydrogel paper is
used to conduct a biochemical, diagnostic, cellular, and/or non-cellular analysis.
A method for making alginate hydrogel fiber, comprising:
introducing an aqueous alginate solution into a solution of a water-soluble salt of
a cation cross-linker to form an entangled alginate hydrogel fiber; and
incubating the entangled fiber in the alginate solution to cross-linking the
alginate.
The method of claim 33, wherein the alginate comprises barium alginate and the cation
cross-linker comprises barium.
The method of claim 33, wherein the alginate is in an amount of about 0.1% to about 8%
by weight of the solution.
The method of claim 33, wherein the water-soluble salt solution is stirred.
The method of claim 33, wherein the water-soluble salt solution is quiescent.
The method of claim 33, wherein the entangled fiber is incubated at one or more
predetermined temperatures.
The method of claim 38, wherein the one or more predetermined temperatures ranges
from about 20°C to about 40°C.
A method for index-matching alginate hydrogel paper with aqueous medium,
comprising:
determining the refractive index of an aqueous medium of interest;
preparing alginate solutions with different concentrations of a cation cross-linker
and alginate;
measuring the refractive indices of the alginate solutions;

identifying the alginate solution with a refractive index that matches that of

aqueous medium.
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The method of claim 40, wherein the cation cross-linker comprises barium.

The method of claim 40, wherein the aqueous medium comprises cell culture medium.

A kit for conducting biochemical, diagnostic, cellular, and/or non-cellular analysis,
comprising one or more sheets of alginate hydrogel paper index-matched to an aqueous
medium of interest.

A kit for conducting cellular analysis, comprising alginate hydrogel paper index-matched
to an aqueous medium of interest.

The kit of claims 43 and 44, wherein the sheets are provided within a water impermeable
barrier.

A method of conducting a cellular analysis, comprising,

providing a three-dimensional cellular array according to any of claims 21 -30; and a

medium comprising cells, wherein the alginate paper is index matched with the medium, and

wherein cells are located within a selected region of the cellular array; and

visualizing the cells using light, wherein the alginate paper is translucent under the

conditions used to visualize the cells.

47.

The method of claim 46, wherein the visualization is carried out using a device selected
from a fluorescent microscope, a light microscope, a fluorescent scanner, a light scanner,

a transmission spectrometer, or the like.
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AMENDED CLAIMS
received by the International Bureau on 16 December 2011 (16.12.2011).

1. An alginate hydrogel paper, comprising:
one or more alginate hydrogel fibers, comprising;:

water in an amount of more than about 92% by weight of the fiber; and
a cross-linked alginate in an amount of about 0.1% to about 8% by weight of the
fiber,
wherein the cross-link is a multivalent cation, and wherein the alginate hydrogel fibers
form a woven or non-woven matrix.

2. The alginate hydrogel paper of claim 1, wherein the alginate is present in an amount of
from about 0.5% to about 2% by weight of the fiber.

3. The alginate hydrogel paper of claim 1 or 2, further comprising additives.

4, The alginate hydrogel paper of claim 3, wherein the additives are selected from the group
consisting of salts, peptides, organic molecules, drugs, signaling molecules, antibiotics, vitamins
and small molecules and mixtures thereof.

5. The alginate hydrogel paper of claim 4, wherein the length ranges from about 1 cm to 5
kilometers.
6. The alginate hydrogel paper of any one of claims 1-5, wherein the cation cross-linker is

selected from the group consisting of calcium, barium, strontium, copper, zinc, magnesium,
manganese, cobalt, lead, iron, nickel, chromium, thorium, uranium, and aluminum and
combinations thereof.

7. The alginate hydrogel paper of claim 6, wherein the cation cross-linker comprises barium.

8. The alginate hydrogel paper of any one of claims 1-7, wherein the paper is index-
matched with medium of interest.

9. The alginate hydrogel paper of claim 8, wherein the aqueous medium of interest
comprises cell culture medium.

10. The alginate hydrogel paper of claim 9, wherein the plurality of fibers comprise intra-
fiber and/or inter-fiber cross-links.

11.  The alginate hydrogel paper of claim 9 or 10, wherein the paper thickness ranges from
about 75 pm to about 400 pm, and optionally can have a thickness up to 5 mm.

12. The alginate hydrogel paper of claim 9, 10 or 11, wherein the porosity ranges from about
10% to about 60%, and preferably is about 20% to about 40% by volume.
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13. The alginate hydrogel paper of claims 9-12, wherein the fibers further comprise at least
one coating of one or more stabilizing polymers.

14.  The alginate hydrogel paper of claim 13, wherein the coating comprises alternating layers
of positively-charged and negatively-charged polymers.

15.  The alginate hydrogel paper of claim 13, wherein the coating comprises fibroin.

16.  The alginate hydrogel paper of any one of claims 1-15, wherein the paper is used to
conduct a chemical, biochemical, diagnostic, cellular, and/or non-cellular analysis.

17. A three-dimensional cellular array, comprising:

a substrate comprising alginate hydrogel paper according to any one of claims 1-
16; and

a medium comprising cells, wherein the medium and cells are located in the
hydrogel paper.

18.  The cellular array of claim 17, wherein the selected region comprises hydrogel and cells,
and the hydrogel serves to support and contain the cells.

19.  The cellular array of any one of claims 17 and 18, wherein the alginate hydrogel making
up the alginate hydrogel paper is substantially index-matched with the medium.

20. A three-dimensional cellular array, comprising;:

a substrate comprising alginate hydrogel paper according to any one of claims 1-
16, wherein the substrate comprises a plurality of porous regions, each porous
region bounded at least in part by a liquid impervious boundary.

21.  The cellular array of claims 17-20, wherein the array comprises a plurality of alginate
hydrogel papers, and the plurality of the papers are arranged in a stack, or as a cascade or as a
loose web or loose net of fibers.

22. The cellular array of claim 21, wherein the array further comprises conventional paper.

23.  The cellular array of claim 22, wherein the alginate hydrogel paper stack is disposed
between a support framework.

24.  The cellular array of claim 20-23, further comprising medium comprising cells disposed
in the porous region.

25.  The cellular array of claim 20-24, wherein the liquid impervious boundary comprises
siloxanes, poly(lactic-co-glycolic acid), epoxy, polystyrene, a polyether, a polyamide, acrylates,
polycarbonate, polyethylene, polypropylene, a photoresist precursor, a wax, or a fat.
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26.  The cellular array of any one of claims 20-25, wherein the alginate hydrogel making up
the alginate hydrogel paper is substantially index-matched with a predetermined aqueous
medium.

27.  The cellular array of claim 19 and 26, wherein the difference in refractive indices
between the alginate hydrogel paper and the aqueous medium ranges from about 0.01 to about 0.

28.  The cellular array of claim 27, wherein the alginate hydrogel has an alginate content in
the range of about 0.1% to about 8% by weight of the fiber.

29.  The cellular array of claim 28, wherein the cation cross-linker comprises barium.

30.  The cellular array of claim 19 or 26, wherein the medium comprises a biologically
derived medium, nutrient medium, and/or simulated bodily fluid.

31 The cellular array of any one of claims 17 to 30, wherein the alginate hydrogel paper is
used to conduct a biochemical, diagnostic, cellular, and/or non-cellular analysis.

32. A method for making alginate hydrogel fiber, comprising:

introducing an aqueous alginate solution into a solution of a water-soluble salt of
a cation cross-linker to form an entangled alginate hydrogel fiber; and
incubating the entangled fiber in the alginate solution to cross-linking the alginate.

33. The method of claim 32, wherein the alginate comprises barium alginate and the cation
cross-linker comprises barium.

34, The method of claim 32, wherein the alginate is in an amount of about 0.1% to about 8%
by weight of the solution.

35. The method of claim 32, wherein the water-soluble salt solution is stirred.
36.  The method of claim 32, wherein the water-soluble salt solution is quiescent.
37. The method of claim 32, wherein the entangled fiber is incubated at one or more

predetermined temperatures.

38. The method of claim 37, wherein the one or more predetermined temperatures ranges
from about 20°C to about 40°C.

39. A method for index-matching alginate hydrogel paper with aqueous medium, comprising:

determining the refractive index of an aqueous medium of interest;

preparing alginate solutions with different concentrations of a cation cross-linker
and alginate;

measuring the refractive indices of the alginate solutions;
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identifying the alginate solution with a refractive index that matches that of
aqueous medium.

40. The method of claim 39, wherein the cation cross-linker comprises barium.
41. The method of claim 39, wherein the aqueous medium comprises cell culture medium.
42, A kit for conducting biochemical, diagnostic, cellular, and/or non-cellular analysis,

comprising one or more sheets of alginate hydrogel paper index-matched to an aqueous medium
of interest.

43. A kit for conducting cellular analysis, comprising alginate hydrogel paper index-matched
to an aqueous medium of interest.

44.  The kit of claims 42 and 43, wherein the sheets are provided within a water impermeable
barrier.
45. A method of conducting a cellular analysis, comprising,

providing a three-dimensional cellular array according to any of claims 21 -30; and a
medium comprising cells, wherein the alginate paper is index matched with the medium, and
wherein cells are located within a selected region of the cellular array; and

visualizing the cells using light, wherein the alginate paper is translucent under the
conditions used to visualize the cells.

46.  The method of claim 45, wherein the visualization is carried out using a device selected
from a fluorescent microscope, a light microscope, a fluorescent scanner, a light scanner, a
transmission spectrometer, or the like.
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Statement Under Article 19(1) (PCT Rule 46.4)

Applicant respectfully requests that the claims as-filed be replaced with the appended
amended claims on the replacement sheets (pages 25-28). Applicant respectfully submits that
the claims have been amended without prejudice to applicant’s right to prosecute any subject
matter no longer being claimed.

Independent claim 1 has been amended to incorporate the limitations of original claim 10
and is directed to an alginate hydrogel paper, comprising:

one or more alginate hydrogel fibers, comprising:

water in an amount of more than about 92% by weight of
the fiber; and

a cross-linked alginate in an amount of about 0.1% to about
8% by weight of the fiber,

wherein the cross-link is a multivalent cation, and wherein the
alginate hydrogel fibers form a woven or non-woven matrix.

Claim 10 has been cancelled, and claims 2-9 were amended as directed to “the alginate
hydrogel paper” of the claims from which they depend. Original claims 11-47 have been re-
numbered as claims 10-46, and their claim dependencies have been amended.

Applicant respectfully submits that all claim amendments submitted herewith are
supported by the description. Specifically, amended claims 1-9 are at least supported by the
description in, for example, paragraphs 7-15, 62, 65, 67-68, 71-72, 78, and 83-85. Applicant
submits that the presently claimed subject matter meets the requirements of novelty, inventive

step, and industrial applicability.
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