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MICROFLUIDIC DEVICES AND .
METHODS FOR FABRICATING THE SAME

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims the benefit of and priority to U.S. Provisional Patent
Application No. 60/860,629, filed November 21, 2006, the disclosure of which is incorporated

herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT
[0002] The U.S. Government may have certain rights in this invention as i)rovided for by
the terms of U.S. Army Corﬁract No. DAMD17-02-2-0006, awarded by the Center for
Integration of Medicine and Innovative Technology, and Grant No. NIH R01-DE-013023-06,
awarded by the National Institute of Health.

TECHNICAL FIELD

[0003] The invention generally relates to silk-based systems and devices, such as
biodegradable micro-electro-mechanical biomedical devices, and methods for fabricating the
same. More particularly, the invention relates to microdevices, such as microfluidic devices,

comprising silk materials, such as silk fibroin, and to methods for fabricating the same.

BACKGROUND

[0004] Biomedical research has increasingly moved towards the design and implementation
of microfabricated systems to efficiently improve technologies such as drug delivery,
diagnostics, and tissue engineering. It is known that biological interactions vary significantly at
different length-scales. Technologies featuring micron length-scales tailored specifically for
biomedical applications, termed biomicroelectromechanical systems (“BioMEMS?), are able to
interact with biological systems such as cells or even single biomolecules. Previous strategies
for developing BioMEMS have typically focused on using traditional non-degradable
materials. For example, the strategies have typically involved adapting traditional

microfabrication materials and processes, thereby resulting in systems fabricated from non-
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degradable materials such as silicon and polydimethylsiloxane (“PDMS”). However, non-
degradable materials are often not suitable for implantable/biomedical applications and may

present health and safety concerns.

[0005] There have also been previous studies using biomaterials, such as biodegradable
polymers, as there is a growing demand for implantable BioMEMS in in vivo applications,
such as drug-delivery systems and tissue engineering. For example, BloMEMS devices have
been fabricated using biopolymers, both natural and synthetic, including gelatin, alginate,
poly(L-lactic acid) (“PLA™), poly(L-lactic-co-glycolic) acid (“PLGA”), and p.oly(glycerol-co-
sebacate) (“PGS™). However, the above-mentioned biodegradable materials are often found to
have poor mechanical, electrical, and biological properties, undesirable biodegradation kinetics,

and limited chemical functionality for implantable biomedical device applications.

SUMMARY OF THE INVENTION

[0006] In various embodiments, the present invention relates to the microfabrication of silk
structures in systems and devices. The unique mechanical properties of reprocessed silk, such
as fibroin, its biocompatibility, and its biodegradability make silk fibers attractive for use in
biotechnological materials and medical applications. Embodiments of the present invention
differ from the prior art in that they utilize silk materials, such as silk fibroin and modified silk
fibroin, a fully biodegradable protein-based biomaterial, to fabricate a biodegradable
microfluidic device. For example, microfluidic devices may be fabricated from silk using an
aqueous molding process adapted from soft lithography. In some embodiments, the resulting
devices are mechanically robust and possess microchannels for passing fluid through the
device. Hepatocytes may also be seeded in the device to deliver liver-specific functions
equivalent to those observed for standard tissue culture substrates. Other microstructures may
also be fabricated in the silk films and layers of the device. For example, embodiments of the
present invention allow for the fabrication of silk-based films and layers into nanometer-scale
posts defining microchannels therebetween, micrometer-scale microwalls defining
microchannels therebetween, and micrometer-scale raised platforms separated by depressions

or microchannels therebetween.
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[0007] Embodiments of the present invention feature several advantages over former
approaches, including the fact that devices may be constructed using silk, for example fibroin,
and therefore be fully biodegradable. In contrast, many existing devices are not fully
degradable and therefore may have adverse health, environmental, safety, and security
considerations, depending upon the application. In addition, silk offers a wide range of
advantages in terms of a microfabricated material for BloMEMS applications. Silk, such as
silk fibroin from the Bombyx mori silkworm, is FDA-approved, exhibits in vitro and in vivo
biocompatibility, as well as robust mechanical properties including a high meéhanical modulus
and toughness, and relatively slow, protease-mediated, proteolytic biodegradation.
Accordingly, embodiments of the present invention, fabricated with the advantageous physical
properties of resorbable silk, may involve various systems and devices, for example BioMEMS

systems, useful for in vivo sensor and drug-delivery applications.

[0008] Accordingly, in one aspect, the invention relates to a microfluidic device having
first and second silk films coupled to define at least one microchannel therebetween. One or
both of the silk films may include silkworm silk (such as silk fibroin), spider silk, and/or
genetically engineered variants of silks. In certain embodiments, the microchannel is molded
into the first silk film. Alternatively, the microchannel may be formed from features molded
into both the first and second silk films, so that the microchannel is completed when the two
films are coupled together. At least a portion of the first silk film may be bonded to a portion
of the second silk film, for example, by laminating a portion of the two films together with a
silk solution, optionally in combination with heat and/or pressure. In certain embodiments, an
interface between the first and second silk films is water-insoluble. The microchannel may be

enclosed about its axis, optionally with open inlet and outlet.

[0009] The devices may be fabricated to support the growth of cells, for example
eukaryotic cells, such as hepatocyte. In certain embodiments, a portion of a surface of the

microchannel supports cell growth, optionally in their native morphology.

[0010] More than one microchannel may be present in a microfluidic device. Accordingly,
in certain embodiments, the first and second silk fibroin films define a plurality of

microchannels therebetween. Each microchannel may be, for example, less than 500

micrometers in diameter. At least some of the microchannels may be in fluidic communication.

In addition, at least a portion of the plurality of microchannels may appear as a repeated a
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geometric pattern. The repeated geometric pattern may provide for a constant maximum shear

stress at a steady volumetric flow rate within all the microchannels.

[0011] In another aspect, the invention relates to a microdevice for use in growing cells and
includes a silk layer having a plurality of molded microfeatures formed therein or thereon.
Each of the molded microfeatures may be less than 500 micrometers in diameter, and the
plurality of molded microfeatures may delineate regions on the silk layer that support cell
growth. In various embodiments, the microfeatures are microchannels, posts, microwalls,

and/or raised platforms. The microdevice may be biodegradable.

[0012] In still another aspect, the invention relates to a method for fabricating a
microfluidic device including applying a silk solution to a negative mold, evaporating solvent
from the solution to form a micromolded silk film, removing (e.g., delaminating) the
micromolded silk film from the negative mold, and laminating the micromolded silk film to at
least one additional layer to form a microfluidic device having at least one enclosed
microchannel. The additional layer(s) may include silk. The silk solution, silk film, and/or
additional layer(s) may include silkworm silk (such as silk fibroin), spider silk, and/or
genetically engineered variants of silks. Moreover, the silk solution may be an aqueous
solution, and organic solvent, or a combination thereof. The negative mold may impart a
plurality of microchannels into the micromolded silk fibroin film. Each molded microchannel

may be, for example, less than 500 micrometers in diameter.

[0013] In another aspect, the invention relates to a method for transporting fluid including
providing a microfluidic device having a microchannel formed in a silk film. The
microchannel has an inlet and an outlet and the fluid is transported along the microchannel
from the inlet to the outlet. The silk film may include silkworm silk (such as silk fibroin),
spider silk, and/or genetically engineered variants of silks. The microchannel may be, for

example, less than 500 micrometers in diameter.

[0014] In yet another aspect, the invention relates to a method for growing cells including

providing a microfluidic device having a microchannel formed in a silk film, flowing cell |
culture medium through the microchannel, and seeding cells into the microchannel to allow the
cells to adhere to a surface of the microchannel. The silk film may include silkworm silk (such

as silk fibroin), spider silk, and/or genetically engineered variants of silks.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The foregoing and other objects, aspects, features, and advantages of the invention
will become more apparent and may be better understood by referring to the following

description taken in conjunction with the accompanying drawings.

[0016] FIGS. 1A and 1B are flow diagrams of an illustrative embodiment of a method for

fabricating a silk fibroin based microfluidic device in accordance with the invention.

[0017] FIGS. 2A-2C are micrographs illustrating various exemplary features of silk

fibroin-based microfluidic devices in accordance with the present invention.

[0018] FIGS. 3A-3C are micrographs illustrating microchannels in an exemplary
microfluidic device. FIGS. 3D and 3E are fluorescent micrographs of patent microfluidic
devices perfused with rhodamine solution to indicate retention of the perfusate within the

microchannels.

[0019] FIGS. 4A—4C are graphs illustrating various physical properties of methanol-treated

silk-fibroin films in accordance with the invention.

[0020] FIGS. 5A-5D are micrographs of various illustrative embodiments of cell-seeded

silk-fibroin microfluidic devices in accordance with the invention.

[0021] FIGS. 6A—6D are phase and scanning electron micrographs comparing morphology
of HepG?2 cells cultured on silk fibroin to those cultured on PLGA.

[0022] FIGS. 7A and 7B are graphs illustrating albumin secretion rates of seeded HepG2

cells in accordance with the invention.

[0023] FIGS. 8A and 8B illustrate a surface roughness analysis of silk-fibroin films

prepared in accordance with the invention.

[0024] FIG. 9 illustrates an optical transmission spectrum of microfabricated silk fibroin

films in accordance with the invention.
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DETAILED DESCRIPTION

[0025] In general, embodiments of the present invention pertain to silk-based systems and
devices, such as biodegradable MEMS biomedical devices, and methods for fabricating the
same. For example, embodiments of the invention relate to microdevices, such as microfluidic

devices, comprising silk materials, such as silk fibroin, and to methods relating thereto.

[0026] From a material properties standpoint, an ideal biomaterial for BioMEMS
fabrication is one that: 1) may be processed using mild conditions to facilitate protein or growth
factor incorporation; 2) naturally promotes adhesion and normal function of seeded cells; 3)
contains moieties for potential chemical modification of the surface; 4) exhibits slow and
predictable degradation rates to maximize duration of functional implanted devices; 5) has
robust, yet flexible mechanical properties; and 6) is relatively inexpensive. One class of natural
biomaterial that addresses these requirements for implantable BloMEMS device fabrication is
silk material. For example, silk fibroin protein from the Bombyx mori silkworm is FDA-
approved and exhibits in vitro and in vivo biocompatibility, robust mechanical properties
including high mechanical modulus and toughness, and relatively slow, protease-mediated,

proteolytic biodegradation.

[0027] Described below are techniques and materials-processing strategies utilized in the
fabrication of silk microdevices, such as microfluidic devices that have microfeatures (e.g.,
microchannels, posts, a microwalls, or raised platforms). For example, a microfluidic device
may be fabricated from first and second silk films that are coupled together to define at least
one microchannel therebetween. As another example, a multilayer device that includes a silk
layer and a second layer may be fabricated and used to grow cells. The silk layer may include a
pattern of microchannels formed therein and a portion of the second layer may be coupled to a

portion of the silk layer.

[0028] The fabrication techniques and strategies include material-specific processes for silk
micromolding and device assembly that are analogous to soft-lithographic techniques. By
implementing aqueous casting of regenerated aqueous silk solutions to produce microfabricated
silk films and/or layers, the use of toxic solvents and harsh processing conditions may be
avoided. In certain embodiments, microdevices are fabricated by laminating water-stable

micromolded silk films having high precision microfeatures, such as microchannels, posts,
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microwalls, and/or raised platforms separated by fluidic channels. In another embodiment,
microfluidic devices with seeded cells are perfused with a model human hepatocarcinoma cell
line for up to five days. Such hepatocytes cultured in silk based microfluidic devices may
exhibit similar morphology and cell functions to those grown on other widely used

biomaterials.
1. Silk

[0029] Silk is a well-characterized natural fiber produced from various sources, for
example, silkworms, spiders, and genetic engineering. Silk has been used for threads in textiles
for thousands of years. Many silks contain a fibrous protein termed “fibroin” (both heavy and
light chains) that form the thread core, and glue-like proteins termed “servicing” that surround
the fibroin fibers to cement them together. The ﬁbroiﬁ is a highly insoluble protein containing
up to 90% of the amino acids glycine, alanine and serine, leading to beta-pleated sheet

formation in the fibers.

[0030] Silk fibroin includes silkworm fibroin. Silk may be obtained from various natural
sources, for example from the silkworm Bombyx mori or from the spider Nephila clavipes.
Silk solutions used in accordance with embodiments of the present invention may be obtained,
for example, from a solution containing a dissolved silkworm silk (e.g. from Bombyx mori), a
dissolved spider silk (e.g. from Nephila clavipes), or from a solution containing a genetically
engineered silk, such as from bacteria, yeast, mammalian cells, transgenic animals, or

transgenic plants.

2. Microfabrication of a silk-based microfluidic device

[0031] In various embodiments, the microfluidic devices described herein include silk films
and/or silk layers comprising one or more microchannels. The silk films and/or silk layers may
be fabricated by applying a silk solution to a mold or a negative mold comprising a feature that
is transferred as a microchannel to the silk film or layer. The molded silk film or layer also
may be coupled to a second layer, for example, to further define and/or enclose the

microchannel.
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2.1. Mold

[0032] Molds may be produced by any suitable technique known in the art. For example,
molds may be formed by micromachining silicon, glass, ceramics, or other wafer materials, or
by using electroforming, photolithography (e.g., thick photoresist processing), or other mold
production techniques, for example, forms of lithography such as nanoimprint lithography,
interference lithography, X-ray lithography, extreme ultraviolet lithogfaphy, and scanning
probe lithography. Subsequent molds may be produced by repeating the micromachining
process. In certain embodiments, silk films and/or silk layers comprising one or more
microchannels may be fabricated directly from such a mold by applying a silk solution to the
mold and allowing the solution to solidify. It is understood that, in such a fabrication
technique, a feature of the mold will impart a negative of the feature to a silk ﬁlm and/or layer.
For example, a wall appearing on the mold will appear as a channel in the silk film and/or
layer. Accordingly, silk films and layers may be generated with any feature that can be

imparted from a mold, for example posts, microwalls, raised platforms, and/or microchannels.

[0033] In certain embodiments, soft lithography techniques may be used to generate a
polymeric negative mold from a positive mold prepared, for example, as described in the
previous paragraph. For example, once a positive mold is formed, suitable polymer material
may be delivered onto the positive mold. A polymeric negative mold is allowed to solidify and
is delaminated from the positive mold. The form of the positive mold may be prepared with
any number of patterns, which will impart the negative pattern to the negative mold. The
negative mold then will impart the same or a similar feature as on the positivé mold to the silk
film or silk layer that is fabricated from the negative mold. For example, a positive mold may
be produced with features such as nanometer-scale posts defining microchannels therebetween,
micrometer-scale microwalls defining microchannels therebetween, and/or raised platforms
separated by a network of depressions or microchannels therebetween. The negative of these
features then will transfer to a negative mold and the same or similar features as on the positive
mold will transfer from the negative mold to the a silk film or layer. Such features are shown
in FIGS. 2A-2C. Accordingly, it is understood that any feature that can be applied to a positive
mold and transferred to a negative mold (as a negative feature) may be produced in a silk film
or layer fabricated from the negative mold. Subsequent negative molds may be produced by

repeating the soft lithography technique with the same or a new positive mold.
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[0034] Any polymer known in the art may be used to generate a negative mold. By way of
example, a PDMS negative mold may be generated using Du Pont SYLGARD and a SU-8
high-aspect-ratio negative photoresist. The materials and devices that may be used to generate
such a negative mold are SU-8 hegative epoxy-based photoresist (supplied by Microchem Co.),
a micromachined silicon wafer, a spinner, a hot-plate, a UV exposure tool, a photomask, and a
propylene glycol monomethyl ether acetate (PGMEA) organic solvent developer (also called
XPS). To create a spin resist, two-thirds of the wafer radius may be covered with the SU-8
resist, and the resist may be allowed to flow for 3-5 seconds. Then, the spinner speed may be
ramped from 100 rpm/second to 500 rpm/second, and then instantaneously ramped to a desired
spin speed. The initial ramp allows spreading and wetting of the substrate surface. As a guide,
the number after SU-8 (i.e. SU-850) indicates the resulting film thickness when spun at 2500
rpm. To softbake, the micromachined wafer may be placed on a hotplate at room temperature
with a slow ramp to 95°C, which is above the glass transition temperature. The hotplate should
be planarized, because the resist will flow and correct some of the film imperfections (i.e.,
bubbles and topology). Because the resist is soft at 95°C, the film may pick up particles from
the air, so it is preferred to make a small covering for each wafer out of tin foil. The
temperature may be ramped down after 3 hours and then the resist may be exposed to the

micromachined wafer for 5-20 minutes.

[0035] The next step is a post exposure bake. Starting at room temperature, the
temperature may be ramped to 95°C with the wafer on hot plate, as was done in the softbake
step, described above. This may be baked for 1 hour. Finally, the polymeric material may be
developed in PGMEA organic solvent, with gentle and frequent mixing, with a final rinse in
isopropyl alcohol. A white scum may appear, because dissolved SU-8 tends to stay at the
surface of the wafer. Then, the mold may be returned to the bath for a minute, with this step
repeated several times until the white scum is gone. Organic residues may remain, so to clean
fully, the wafer may be rinsed quickly in acetone, then quenched in isopropyl alcohol. The
organic monomers may be removed with a quick distilled water rinse and quenched once more
with isopropyl alcohol. The mold may be dried with nitrogen gas and the PDMS negative mold
may be delaminated from the positive mold. Further details on the fabrication of the negative
molds are set forth in, for example, United States Patent Application Publication Nos.
2002/0182241 and 2003/0003575, the disclosures of which are incorporated herein by

reference in their entirety.
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2.2. Preparation of silk solution

[0036] The silk fibroin solution that is applied to the mold or negative mold may be
prepared by any conventional method known to one skilled in the art. For example, Bombyx
mori cocoons may bé boiled for about 30 minutes in an aqueous solution, such as an aqueous
solution having about 0.02M Na,CO;. The cocoons may be rinsed, for example with water, to
extract the sericin proteins, and the extracted silk may be dissolved in an aqueous salt solution.
Salts useful for this purpose include lithium bromide, lithium thiocyanate, calcium nitrate, or
other chemicals capable of solubilizing silk. The extracted silk may be dissolved in about 9-12

M LiBr solution and the salt consequently removed using, for example, dialyéis.

[0037] If necessary, the solution may then be concentrated using, for example, dialysis
against a hygroscopic polymer, for example PEG, a polyethylene oxide, amylose or sericin.
This tends to generate thicker films. The PEG may be of a molecular weight of 8,000-10,000
g/mol and may have a concentration of 25 - 50%. A slide-a-lyzer dialysis cassette (Pierce, MW
CO 3500) may be used for the dialysis; however, any dialysis system may be Iused. The
dialysis may be performed for a time period sﬁfﬁcient to result in a final concentration of
aqueous silk solution between about 15-30%, 10-20%, 5-15%, 5-10%, less than 10%, about
8%, or from about 5% to about 8%. Further details on the preparation of aqueous silk solutions
are set forth in, for example, United States Patent Application Publication No. 2007/0187862
and PCT Application Publication No. WO 2007/016524, the disclosures of which are

incorporated herein by reference in their entirety.

[0038] Alternatively, the silk solution may be produced using organic solvents. Such
methods have been described in, for example, Li, M., et al., J. Appl. Poly Sd. 2001, 79, 2192-
2199; Min, S., et al. Sen 'I Gakkaishi 1997, 54, 85-92; and Nazarov, R. et al.,
Biomacromolecules 2004 May- Jun;5(3):718-26, the disclosures of which are. incorporated
herein by reference in their entireties. However, the use of organic solvents in the preparation
of silk materials can alter the biocompatibility of silk materials exposed to cells in vitro or in
vivo. Organic solvents may also change physical properties of silk material. For example, the
immersion of silk films in organic solvents such as methanol may cause dehydration of the
hydrated or swollen structure, leading to crystallization and thus, loss of solubility in water.

Further, the use of organic solvents can render the silk material to be less degradable.
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[0039] In accordance with this methodology, micromolded silk fibroin films cast on PDMS
negative molds may be produced in rapid succession while maintaining a high degree of feature

fidelity. For example, features as small as 100 nanometers may be produced using this method.

2.3. Silk film and/or layer fabrication

[0040] After the mold has been formed and the silk solution has been prepared, the silk
solution is applied to the mold (e.g., a negative mold). The silk solution is allowed to solidify
and then is delaminated from the mold. The resulting silk film and/or layer will have a
preselected pattern of microfeatures, for example, microchannels, depending on the features of
the mold. FIGS. 1A and 1B depict flow diagrams of a method for fabricating silk fibroin
microfluidic devices comprising microchannels, according to an illustrative embodiment of the

invention.

[0041] In FIG. 1A, the process flow is diagrammed in both an isometric view 100 and a
cross-sectional view 200 through the midline for the successive steps of the process. PDMS
negative molds 110 may be fabricated (step i) using traditional soft lithography techniques, for
example as described above. The PDMS molds 110 optionally may be modified with tubing,
for example, silicon tubing 120 (step ii) or silk tubing, prior to solvent casting of the silk
solution (step iii). Upon evaporation of the solvent (e.g., water), ionic liquids, organic solvents,
or other liquids that enable the processing and construction of silk-based microfluidic devices,
micromolded films 130 may be delaminated with integrated fluidic connections (step iv). Both

micromolded and flat silk films may then be treated with aqueous methanol solutions.

[0042] The silk fibroin micromolded films 130 may be bonded together. Bonding may be
achieved by any suitable method known in the art, for example, lamination by adhesive, heat,
mechanical pressure, and/or chemical alteration. For example, as depicted in FIG. 1B,
appropriate water-stable silk films and/or layers 310 may be bonded using additional
regenerated aqueous silk solution 320. In one embodiment, silk layers are bound between rigid
plates 330 under mechanical pressure at 70 °C for 18 hours to produce a water-insoluble silk
interface with increased S-sheet content. Photomicrographs of bonded silk films are shown in
FIGS. 3A-3C. Photomicrographs of fluid perfused through the microchannels enclosed by the

bonding are shown in FIGS. 3D-3E. In some embodiments, the second film or layer may
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include the same composition of silk as the first layer, a different composition of silk as the first

layer, or no silk at all.

3. Microfluidic device properties and features

[0043] Embodiments of the methods of the present invention allow for fabrication of silk

films and layers with various properties and features.
3.1. Controlling the properties of the silk-based microdevice

[0044] As noted above, dialyzing the silk solution against a hygroscopic polymer tends to
generate a thicker film or layer. Moreover, the presence of organic solvents, as compared to
aqueous solvents, in the silk solution, may generate silk films and/or layers with more
crystalline structure, as compared to amorphous structure. This phenomenon may be used to
control, for example, the rate of biodegradation of the silk-based microdevice and/or
mechanical properties. Accordingly, depending on the desired features for the silk film and/or .
layer, the silk solution may be prepared using any suitable ratio of aqueous/methanol solution,
for example, 100% aqueous, about 80% aqueous, about 60% aqueous, about 50% aqueous,

about 40% aqueous, about 20% aqueous, or about 10% aqueous.

[0045] In one embodiment, with reference to the graph 400 depicted in FIG. 4A, FT-IR on
silk films cast from regenerated aqueous silk fibroin solution exhibited peaks for amide II (at
1656.6 cm™) and amide 1I of random or silk I structure (at 1541.5 cm™), in addition to other
peaks at 1456.4 cm’, and 1243.0 cm”'. However, silk films treated with aqueous methanol
solutions exhibited a shift to a crystalline silk II structure as observed in peak shifts in amide I
(1616.3 cm’) and amide II (1515.6 cm™) functionalities. Additional peaks were observed at
1445.3 cm™ and 1231.6 cm™'. With reference to the representative tensile stress versus
engineering strain curve 410 depicted in FIG. 4B, hydrated, water-stable silk fibroin films
exhibited relatively high stiffness and toughness with a significant region of piastic
deformation. FIG. 4C indicates the representative tensile stress versus engineering strain
curves of one embodiment of a silk film, a silk fibroin film, (curve 420) compared to PGS films

(curve 430). Table 1 below includes related numerical data.
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[0046] Additional techniques known in the art, for example crosslinking, may be used to
control the degradation rate and mechanical properties of the silk film and/or layer.
Alternatively, the silk film and/or layer may be drawn or stretched mono-axially or biaxially.
The stretching of a silk blend film may induce molecular alignment of the film and thereby

improve the mechanical properties of the film.
3.2. Physical features of the microdevice

[0047] Embodiments of the present invention allow for fabrication of microdevices
comprising highly precise and reproducible features of micron and sub-micron resolution. For
example, replica molded silk films may be fabricated to have the features depicted in FIGS.
2A-2C. In particular, FIG. 2A shows nanometer-scale posts 510 with minimum widths of
approximately 400 nm. The posts 510 define microchannels 520 therebetween. The scale bar
in FIG. 2A is 5 microns. FIG. 2B depicts micrometer-scale microwalls 530 defining fluidic
channels 520 therebetween. The scale bar in FIG. 2B is 5 microns. FIG. 2C depicts
micrometer-scale raised platforms 540 separated by fluidic channels 520 that are in fluidic
communication therebetween. The scale bar in FIG. 2C is 500 microns. As indicated above, a
variety of nanometer-scale and micrometer-scale features may be imparted to'the silk film from
a mold or negative mold. The only limitation on the particular features that may be imparted is
that the features must be able to be presented on a mold, and optionally on a negative mold, and
transferred to the silk film or layer generated therefrom. It is understood that features may be
completed, and/or further features may be imparted, by coupling a second film or layer to the
first silk film or layer. The second film or layer may be any material, including silk, such as

silk fibroin.

[0048] FIGS. 3A-3C are SEM images of the cross-sections of devices fabricated in
accordance with the method illustrated in FIG. 1 and exemplified in FIG. 2C. In particular,
FIGS. 3A-3C show exemplary microchannels 520 that are enclosed by two silk films bonded
together. The width of the microchannel 520 in FIG. 3A is approximately 90 microns. The
scale bar is 10 microns. The width of the microchannel 520 in FIG. 3B is approximately 240

microns. The scale bar is 200 microns.

[0049] Accordingly, features of silk-based microdevices (e.g., microchannels) may be

fabricated to have various diameters, for example, less than about one millimeter; less than
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about 500 micrometers; less than about 250 micrometers; less than 100 micrometers; less than
about 50 micrometers; less than about 10 micrometers; less than about 5 micrometers; less than
about 1 micrometer; and/or less than about 500 nanometers. These dimensions may be

obtained from the molding and bonding steps in fabrication, as described above.

[0050] FIG. 3C is a close-up SEM micrograph of the microchannel 520 outlined by box
550 in FIG. 3B, and illustrates a physically bonded interface (arrowheads 560) between two
silk layers of the fabricated device. The front edge of the channel 520 is shown by broken line
570. The arrowheads 560 highlight the morphology of the silk fibroin at the interface. The
scale bar in FIG. 3C is 5 microns. These micrographs demonstrate retention of microchannel

geometries in thin films and a sealed interface between the two layers.

[0051] FIGS. 3D and 3E are fluorescent micrographs of patent microfluidic devices
perfused with rhodamine solution (the scale bars are 500 microns and 50 microns in FIGS. 3D
and 3E, respectively). Retention of the perfusate within the microchannels 520 indicates robust
bonding at the interface. Accordingly, the lamination strategies described herein of bonding
and/or laminating micromolded silk films using aqueous silk solution (see, e.g., FIG. 1B)
represent an advantageous route for the microfabrication of patent microfluidic devices (FIGS.

2A-2C and 3A-3E).
3.3. Feature geometry

[0052] The pattern of features in a silk-based microdevice may also be controlled in the
molding and bonding steps of fabrication, as described above. The desired geometric patterns
of features will vary depending on the use of the microdevice. As shown in FIGS. 2A-2C,
features such as raised posts 510, microwalls 530, and/or raised platforms 540 may be
fabricated in various patterns with high fidelity. Such features may also define a plurality of
microchannels 520 fabricated in a repeated geometric pattern. The fabrication may yield a
network of microchannels 520, some or all of which are in fluidic communicétion, as shown,
for example, in FIGS. 2A and 2C. Alternatively, the fabrication may yield individual
microchannels 520 with no fluidic communication therebetween, as shown in FIG. 2B. Itis
understood that the individual silk films shown in FIGS. 2A-2C may be coupled to a second

and subsequent films)and/or layers comprised of silk or some other material.
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[0053] Coupling the second layer (e.g., by the bonding methods described herein) to the
first layer may produce enclosed microchannels. Enclosed microchannels as described herein
generally refer to microchannels enclosed about the axial surface. Accordingly, in certain
embodiments, a feature, such as a microchannel, is molded into the first silk film or layer, and a
second film or layer is used to complete the feature, for example, to enclose the microchannel.
However, in other embodiments, béth the first silk film or layer and the second film or layer
have features molded therein, such that when the films and/or layers are coupled, the features

are complementary.

[0054] In one embodiment, the microchannel configuration depicted in FIG. 2C produces a
constant maximum wall shear stress within all microchannels 520 in the device, given a steady
volumetric flow rate. This device geometry may also be used in a microdevice comprising
living cells, to assist in initial cell seeding by allowing cells to be evenly distributed throughout
the device during attachment. Furthermore, the constant maximum wall shear stress design
may facilitate rapid perfusion, while minimizing the potential detachment of seeded cells from

shear forces.
3.4. Supporting cell growth

[0055] In certain embodiments, the methods and devices of the present invention support
cell growth. A number of different cell types or combinations thereof may be supported in the
silk films and/or layers, or on the surfaces of microfeatures, such as microchannels. Depending
upon the intended function of the silk-based microdevice being produced, the cell types may
include, but are not limited to, smooth muscle cells, skeletal muscle cells, cardiac muscle cells,
epithelial cells, endothelial cells, urothelial cells, fibroblasts, myoblasts, chondrocytes,
chondroblasts, osteoblasts, osteoclasts, keratinocytes, hepatocytes, bile duct cells, pancreatic
islet cells, thyroid, parathyroid, adrenal, hypothalamic, pituitary, ovarian, testicular, salivary

gland cells, adipocytes, and precursor cells.

[0056] For example, smooth muscle cells and endothelial cells may be employed for
generating muscular, tubular constructs within a microchannel, e.g., constructs intended as
vascular, esophageal, intestinal, rectal, or ureteral constructs. Chondrocytes may be employed
in cartilaginous constructs within a microchannel; cardiac muscle cells may be employed in

heart constructs within a microchannel; hepatocytes and bile duct cells may be employed in
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liver constructs within a microdevice; and epithelial, endothelial, fibroblast, and nerve cells
may be employed in constructs within a microdevice intended to function as replacements or
enhancements for any of the wide variety of tissue types that contain these cells. In general,
any cells may be employed that are found in the natural tissue. In addition, progenitor cells,
such as myoblasts or stem cells, may be employed to produce their corresponding differentiated

cell types within the microchannels.

[0057] Cells may be obtained from donors (allogenic) or from recipients (autologous).
Cells may also be of established cell culture lines, or even cells that have undergone genetic
engineering. Pieces of tissue may also be used, which may provide a number of different cell
types in the same structure. Cells may be seeded within the silk film or layer either pre- or post
formation, depending on the method of formation. Uniform seeding is preferable. In theory,
the number of cells seeded does not limit the final tissue produced, however optimal seeding
may increase the rate of generation. The number of seeded cells may be optimized using

dynamic seeding.

[0058] Appropriate growth conditions for mammalian cells are well known in the art. Cell
culture media generally include essential nutrients and, optionally, additional elements such as
growth factors, salts, minerals, vitamins, etc., that may be selected according to the cell type(s)
being cultured. Particular ingredients may be selected to enhance cell growth, differentiation,
secretion of specific proteins, etc. In general, standard growth medium includes Dulbecco’s
Modified Eagle Medium, low glucose (DMEM), with 110 mg/L pyruvate and glutamine,
supplemented with 10-20% fetal bovine serum (FBS) or calf serum and 100 U/mlI penicillin are
appropriate as are various other standard media well known to those in the art. Growth

conditions will vary dependent on the type of mammalian cells in use and the tissue desired.

[0059] In general, the length of the cell growth period will depend on the baxticular cells
and purpose for the microdevice. The growth period may be continued until the microdevice
has attained desired properties, e.g., until the microdevice has reached a particular thickness,
size, strength, composition of proteinaceous components, and/or a particular cell density.

Methods for assessing these parameters are known to those skilled in the art.

[0060] FIGS. 5A—5D are micrographs of various illustrative embodiments of cell-seeded

silk microfluidic devices in accordance with the invention. As illustrated in FIG. 5A, silk
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microfluidic devices prior to cell seeding may be optically clear to permit observation via light
microscopy (the scale bar is 100 microns in FIG. 5A). Cells (e.g., eukaryotic cells such as
hepatocytes) may then be statically seeded (e.g., for four hours) at which time perfusion may
commence. FIG. 5B shows a device seeded with human hepatocellular liver carcinoma cell
(HepG2) that is partially confluent with cells exhibiting native morphology after 24 hours (the
scale bar is 100 microns in FIG. 5B). FIGS. 5C and 5D are SEM micrographs of sectioned
devices illustrating that viable cells remain attached and retain function within devices for up to

5 days of perfusion (the scale bars are 50 microns in FIGS. 5C and 5D).

[0061] In various embodiments, the methods and devices of the present invention support
the growth of cells in their native morphology. For example, as shown in FIGS. 6A-6D,
HepG?2 is cultured on biomaterials including a silk film. HepG2 cells cultured on silk fibroin
substrates appeared healthy and spread. HepG2 cells cultured on PLGA exhibited spheroid
morphologies as observed through both phase contrast and SEM imaging. These morphologies
are similar to that of hepatocytes cultured on PLGA substrates as observed by others. Scale
bars in the phase images of FIGS. 6A and 6B are 100 microns, while the scale bars in the SEM
images of FIGS. 6C and 6D are 10 microns.

[0062] FIGS. 7A and 7B are graphs 600, 700 illustrating albumin secretion rates of seeded
HepG?2 cells in accordance with an embodiment of the invention. As illustrated in FIG. 7A,
albumin secretion of HepG2 cultured on silk fibroin films was comparable to that of other
biomaterial standards, including tissue culture polystyrene and PLGA. Furthermore, as
illustrated in FIG. 7B, the albumin secretion rate of HepG2 cells cultured in silk fibroin
microfluidic devices was similar to those cultured on silk fibroin films in static culture. The
increase in albumin secretion across day 3 through day 5 likely is attributed to an incréase in

the growth rate of cells within the devices.

[0063] Oxygen diffusion limitations are typically of concern in the design and
implementation of tissue engineered systems. Suitable perfusion rates have been characterized
for the perfusion culture of HepG2 cells cultured in PGS microfluidic devices with similar
length scales. Since silk films are found to have increased oxygen permeability over PGS
membranes, the issue of sufficient oxygen supply and carbon dioxide removal is improved.
These results shows that the morphology of HepG2 cells seeded and perfused in silk
microdevices (FIGS. SA-5D) is similar to that of HepG2 cells cultured on other biomaterials,
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including PGS. The liver-specific function of HepG2 cells cultured on silk fibroin was also
determined to be similar across static and dynamic cultures. HepG2 cells cultured on silk
fibroin films exhibited similar albumin secretion rates as those cultured on other typical
biomaterials. Additionally, HepG2 cells cultured statically on films had similar albumin

secretion levels to those cultured in dynamically perfused silk microfluidic devices (FIGS. 7A—

7B).

4. Applications

[0064] In various embodiments, the devices (e.g,. microfluidic devices) described herein
allow for the flow of liquids through the microchannels for diagnostic, therapeutic, or research
purposes, and the ability to seed the microchannels with cells in order to create, for example,
cell-based devices, assays, discovery tools, tissue constructs, and organ assist devices. Three-
dimensional structures containing one or a plurality of layers of silk microchannel networks
may also be fabricated, and the mechanical, chemical, and degradation-related properties of the

microfluidic devices described herein may be tuned for various applications.

[0065] While reference is made herein to silk films and layers comprising features such as
microchannels, these may be shaped into various articles, for example, for tissue engineering
and/or tissue guided regeneration applications, such as reconstructive surgery. The
microchannel surface may allow generous cellular ingrowth. However, the films and/or layers
themselves may be fabricated to support cell growth. The films and/or layers may also be
molded to form external scaffolding for the support of in vitro culturing of cells for the creation

of external support organs.

[0066] In various embodiments, a silk-based film and/or layer of the present invention
functions to mimic the extracellular matrices (ECM) of the body. For example, the silk-based
film and/or layer may serve as a physical support and/or an adhesive substrate for isolated cells
during in vitro culture and subsequent implantation. As the transplanted cell populations grow
and the cells function normally, they begin to secrete their own ECM support and the silk-based
microdevice may biodegrade. The biodegradation of the silk film and/or layer may be

controlled by various manufacturing techniques known in the art.

[0067] All biomaterials used in connection with the devices described herein may be

sterilized using conventional sterilization processes, such as radiation based sterilization (i.e.,
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gamma-ray), chemical based sterilization (ethylene oxide), autoclaving, or other appropriate
procedures. Preferably, the sterilization process will be with ethylene oxide at a temperature
between 5255 °C for a time of 8 hours or less. After sterilization, the biomaterials may be
packaged in an appropriate sterilized, moisture resistant pﬁckage for shipment and use in

hospitals and other health care facilities.

5. Additional Materials

[0068] The silk films and layers described herein may comprise various components in

addition to silk, for example polymers or therapeutic agents.

5.1. Polymers added to silk solution

[0069] Biocompatible polymers may be added to the silk solution to generate composite
silk films and/or layers. Biocompatible polymers that may be useful in embodiments of the
present invention include, for example, polyethylene oxide (PEO), polyethylene glycol (PEG),
collagen, fibronectin, keratin, polyaspartic acid, polylysine, alginate, chitosan, chitin,
hyaluronic acid, pectin, polycaprolactone, polylactic acid, polyglycolic acid, .
polyhydroxyalkanoates, dextrans, and polyanhydrides. Two or more biocompatible polymers

may be used.

[0070] In one embodiment, the film comprises from about 50 to about 99.99 parts by
volume (vol%) aqueous silk protein solution and from about 0.01 to about 50 vol%

biocompatible polymer, e.g., polyethylene oxide (PEO).

5.2. Therapeutic agents

[0071] The devices described herein may also contain therapeutic agents, e.g., for
adminstration thereof to a patient. To form these materials, the silk solution may be mixed with
a therapeutic agent prior to forming the film and/or layer, or loaded into the silk firm and/or
layer after it is formed. The variety of different therapeutic agents that may be used in
conjunction with the devices described herein is vast and includes small molecules, proteins,
peptides, and nucleic acids. In general, therapeutic agents which may be administered include,
without limitation, antiinfectives, such as antibiotics and antiviral agents; chemotherapeutic

agents (i.e., anticancer agents); anti-rejection agents; analgesics and analgesic combinations;
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anti-inflammatory agents; hormones such as steroids; growth factors (bone morphogenic
proteins (i.e., BMP’s), bone morphogenic-like proteins (i.e., GFD-5, GFD-7 and GFD-8),
epidermal growth factor (EGF), fibroblast growth factor (i.e., FGF 1-9), platelet derived growth
factor (PDGF), insulin like growth factor (IGF-I and IGF-II), transforming growth factors (i.e.,
TGF-.beta.-III), and vascular endothelial growth factor (VEGF)); anti-angiogenic proteins such
as endostatin, and other naturally derived or genetically engineered proteins, polysaccharides,
glycoproteins, or lipoproteins. Additionally, the devices described herein may be used to
deliver any type of molecular compound, such as, pharmacological materials, vitamins,
sedatives, steroids, hypnotics, antibiotics, chemotherapeutic agents, prostaglandins, and
radiopharmaceuticals, proteins, peptides, nucleotides, carbohydrates, simple sugars, cells,
genes, anti-thrombotics, anti-metabolics, growth factor inhibitor, growth promoters,
anticoagulants, antimitotics, fibrinolytics, anti-inflammatory steroids, and monoclonal

antibodies.

[0072] Silk films and/or layers comprising bioactive materials may be formulated by
mixing one or more therapeutic agents with the silk solution used to make the film and/or layer.
Alternatively, a therapeutic agent may be coated on the surfaces of the silk film and/or layer,
for example the surfaces of microfeatures such as microchannels. The therapeutic agent may
be applied with a pharmaceutically acceptable carrier. Any pharmaceutical carrier may be used
that does not dissolve the silk material. The therapeutic agents may be present as a liquid, a

finely divided solid, or any other appropriate physical form.

[0073] A therapeutic agent may be associated with the silk film and/or layer through any
suitable means. For example, a therapeutic agent may be physically entrapped in or within the
silk film and/or layer. Alternatively, a therapeutic agent may be chemically aésociated with the
silk film and/or layer, for example, by hydrophobic, ionic, or covalent interaction and/or
binding. Accordingly, delivery of the therapeutic agent may be a function of desorption of the
therapeutic agent from the silk film and/or layer into a biological fluid. The rate of desorption
may be altered by competitive adsorption of a biological chemical moiety to the silk film
and/or layer, or by competitive interaction and/or binding between the therapeutic agent and a
biological chemical moiety in the fluid phase (e.g. biological fluid). Delivery of the therapeutic
agent may be a function of absorption of biological fluids into the silk film and/or layer,

thereby expanding the silk film and/or layer and allowing release of the therapeutic agent
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entrapped in or within the film and/or layer. Moreover, delivery of the therapeutic agent may
be a function of biodegradation of the silk film and/or layer to release the therapeutic agent,

alone or in association with some portion of the degraded silk film and/or layer.

5.3. Agents added to enhance cell growth

[0074] The microchannel surfaces of the silk films and layers described herein may also be
modified. For example, they may be coated with additives, such as bioactive substances that
function as receptors or chemoattractors for a desired population of cells. The coating may be
applied through adsorption, absorption or chemical bonding. In the latter case, the additives are

immobilized on the microchannel surfaces.

[0075] Additives suitable for use with the devices described herein include biologically or
pharmaceutically active compounds. Examples of biologically active compounds include, but
are not limited to, cell attachment mediators, such as collagen, elastin, fibronectin, vitronectin,
laminin, proteoglycans, or peptides containing known integrin binding domains, e.g., “RGD”
integrin binding sequence, or variations thereof, that are known to affect cellﬁlar attachment;
biologically active ligands; and substances that enhance or exclude particular varieties of
cellular or tissue ingrowth. Agents that promote proliferation will be dependent on the cell type
employed. For example, when fibroblast cells are employed, a growth factor for use herein
may be fibroblast growth factor (FGF), most preferably basic fibroblast growth factor (bFGF)
(Human Recombinant bFGF, UPSTATE Biotechnology, Inc.). Other examplés of additive
agents that enhance proliferation or differentiation include, but are not limited to,
osteoinductive substances, such as bone morphogenic proteins (BMP); cytokines; growth
factors such as epidermal growth factor (EGF), platelet-derived growth factor (PDGF), insulin-
like growth factor (IGF-I and II) TGF-.beta., and the like. As used herein, the term additive
also encompasses antibodies, DNA, RNA, modified RNA/protein composites, glycogens or

other sugars, and alcohols.

[0076] One skilled in the art will understand that the methods and devices described above
are general in nature and could be used for the advancement of the field of implantable and
resorbable microfabricated systems, further expanding the impact of related technologies in
biomedical applications. For example, the processing methodologies described herein may be

used for the development of medical devices for a variety of in vitro and in vivo applications.
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In particular, various microfabricated silk devices that could be used for diagnostic systems and
implantable devices that provide specific biological or medical function may be realized from
this invention. In addition, while a silk based microfluidic device and methods for manufacture
thereof have been described herein, the invention is not so limited. For example, other
commercial applications of silk based micro-electro-mechanical devices could include
vanishing tags or markers for tracking products, goods, animals, and humans for security and

safety related reasons.
EXAMPLE

[0077] The following example describes a representative method for fabricating a
microfluidic device from silk. Following fabrication of the device, fluid was flowed through
the microchannels to confirm patent integrity. Cells were then seeded within the microchannels

of the device and their function and morphology was assessed.
A. Materials and Methods
A.1 Preparation of micromolded silk fibroin films

[0078] Microfluidic networks with a constant shear design were chosen for device
fabrication. The finalized mask layouts were converted to DXF files using AutoCAD 2000 and
printed onto 1/20-mil transparencies (International Phototool, Colorado Springs, CO).

Standard photolithographic and soft-lithography techniques were used in a mold-transfer
process. Briefly, 100 mm diameter silicon wafers were patterned with SU-82 000 photoresist
(Microchem, Newton, MA) according to the manufacturer’s recommendations to produce a
“positive mold.” PDMS (Sylgard Elastomer Kit, Essex Group, Edison, NJ) was cast on
patterned SU-8 masters using a 10:1 (w/w) ratio of polymer to curing agent and cured for at
least 3 hours at 65°C. Masters were passivated with a fluorocarbon treatment, and PDMS
“negative molds” were delaminated and used for subsequent replica molding of silk fibroin

films.

[0079] Aqueous silk fibroin solutions derived from Bombyx mori cocoons were prepared
using a slight modification to previously published procedures. Briefly, cocoons were boiled
for 30 minutes in an aqueous solution of 0.2M Na,COj to extract sericin proteins. The purified
silk fibroin was dissolved in aqueous 9.3M LiBr at 60°C for 3 hours to produce a 20% (w/w)

solution. The concentrated silk fibroin solution was dialyzed against water in a Slide-a-lyzer
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cassette with a 3,500 MWCO (Pierce Biotechnology, Rockford, IL) for 48 hours. Final

aqueous silk fibroin solutions were estimated to be 8% (w/w).

[0080] Silk solutions were cast on both microfabricated PDMS negative molds and flat
PDMS substrates through water evaporation at room temperature and ambient humidity for 72
Hours. Silk fibroin films were delaminated and treated with a methanol-water solution (50%
v/v) for 4 hours to produce water-stable films, which then were washed in ddH,0 for 24 hours.
Samples for attenuated total reflectance FT-IR (ATR FT-IR) were prepared by first drying the
film and mounting it on a crystal for film analysis. Spectra were recorded using a Nicolet
Magna 550 Series IT IR Spectrometer equipped with OMNIC Software using 32 scans across
the wavenumbers 4000-400 cm’' at a resolution of 2 cm™. Surface roughness measurements

were performed with a Wyko optical profiler (obtained from Veeco, Fremont, CA).
A.2 Mechanical testing

[0081] PGS films for use in mechanical testing were prepared according to a known
procedure. Briefly, a high molecular pre-polymer was thermally crosslinked onto sucrose-
coated silicon wafers at 150°C for 15 hours at a pressure of less than 50 mTorr. Sol-free films
were cut into dog bone geometries with dimensions of 1 mm x 6.5 mm x 25 mm (T x W x L).
Silk fibroin films dedicated for mechanical testing were cut into dog-bone geometries with
target dimensions of 0.15 mm x 6.5 mm x 25 mm (T x W x L). Tensile testing was performed
using an Instron 5542 with a 50N load cell equipped with Merlin software. Samples were
extended at a constant rate of 50 mm/min and were elongated until failure. Young’s modulus,
toughness modulus, ultimate tensile strength and elongation at break were calculated from

tensile stress versus engineering strain curves.
A.3 Silk fibroin device fabrication

[0082] The strategy employed for microfluidic device fabrication was similar to that
implemented in PDMS microfluidics. Briefly, silk fibroin sheets were trimmed and punched to
achieve appropriate macroscopic fluidic connections between layers (FIGS. 1A-1B). Devices
were fabricated by laminating micromolded and flat silk fibroin layers. Microfluidic layers
were stacked, aligned, and bonded together at 70°C for 18 hours under mechanical pressure
using additional 8% aqueous silk fibroin solution at the interface. Silicone tubing (1/16” ID,

1/8” OD, Cole-Parmer, Vernon Hills, IL) was inserted into the devices in a sterile environment.
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Luer-Lok connections were inserted into the tubing and the base of the connections was sealed

with epoxy (McMaster-Carr, New Brunswick, NJ).

[0083] In some cases, additional PDMS structures were added to the inlet and outlet to
prevent dissociation of the tubing from the device. Samples used from SEM were sputter-
coated with Gold/Palladium using a Cressington 108 Auto sputter coater (Cressington
Scientific Instruments, Inc., Cranberry Twp, PA). Scanning electron micrographs were taken
using a Hitachi S-3500N at SkV. Fluorescent micrographs to demonstrate pat'ency were
obtained by flowing 100 pg/mL rhodamine in PBS solutions (Sigma, St. Louis, MO) through

single layer devices.
A.4 Cell culture

[0084] All cell culture products were obtained from Invitrogen, Inc., Carlsbad, CA unless
otherwise noted. Hepatocyte carcinoma cells (HepG2, ATCC, Manassas, VA) were cultured
with Eagle’s Modified Essential Medium supplemented with 10% fetal bovine serum, 25 mM
HEPES, 100 pg/mL streptomycin, 100 U/mL penicillin, at 37 °C and 5% CO,. Cells were
harvested using Trypsin 0.025%/EDTA 0.01% and quenched with an equal volume of medium
to resuspend the cells. Silk fibroin devices were prepared for seeding by incubating with
medium for 4 hours at 37 °C immediately prior to cell seeding. The devices were statically
seeded for 4 hours to allow for cell attachment using cellular concentrations of approximately 5
x 10® cells/mL. After this period, the devices were set up in a linear perfusion circuit consisting
of a syringe pump (New Era Pump System NE-1600, Farmingdale, NY), media reservoir,
microfluidic scaffold, and media waste container. Fresh medium was perfused through single
layer devices in a non-pulsatile manner with a volumetric flow rate of 150 pL/hr. Albumin
samples were taken every 24 hours by sampling the waste container and aspirating the

remaining medium to ensure the accuracy of future sampling.

[0085] Cells were fixed by injecting the device with Accustain fixative (Sigma, St. Louis,
MO) manually with a syringe under high hydrostatic pressure. The sheets were sectioned and
serially immersed in solutions of 25%, 50%, 75%, and 90% (v/v) ethanol in PBS for 5 minutes
each. The samples were then immersed in 100% ethanol followed by HMDS (Sigma, St.
Louis, MO) each for 15 minutes. The samples were then allowed to air dry for 24 hours prior

to further SEM preparation, as previously described. Optical imaging was performed using a
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Carl Zeiss inverted microscope with AxioCam software. Polymer substrates for HepG2
albumin production were produced as follows. Briefly, thermal crosslinking of PGS
prepolymer on to glass slides and solvent casting of 5% (w/w) solution of PLGA (65-35 High
IV, Lakeshore Biomaterials, Birmingham, AL) in hexafluoroisopropanol (Sigma, St. Louis,
MO) was used to produce PGS and PLGA films respectively. HepG2 cells were seeded at a
density of 25,000 cells/cm?. Albumin quantification was performed using a human ELISA
quantification kit (Bethyl Laboratories, Montgomery, TX) with absorption measurements made
at 450 nm wavelength using a SpectraMax Plus 384 (Moleculare Devices, Sunnyvale, CA)
equipped with SOFTmax Pro 4.0 software. Albumin secretion rates were normalized by

surface area of cell culture and volumetric flow rate, in the case of perfusion culture.

B. Results

[0086] Silk films derived from regenerated aqueous silk solutions exhibit FT-IR absorbance
peaks that are characteristic of amorphous silk I structure, such as the amide I peak at 1656.6
cm’ and the amide Il peak at 1541.5 cm™ (see, FIG. 4A). As illustrated in FIG. 4A, however,
treatment of the silk films with aqueous-methanol solution may shift the peaks from the silk I
configuration to a crystalline silk II configuration, as shown by the amide I and amide II peaks
being shifted to 1616.3 cm™ and 1515.6 cm™. These peak shifts suggest an increase in the
percentage of crystalline structure within the bulk. Fully hydrated water-stable silk fibroin
films processed in this manner have been shown to increase f-sheet formation, which results in
increased stiffness, as determined by tensile Young’s modulus, and an increased toughness
modulus (see FIG. 4B), as well as an increased ultimate tensile strength over thermally
crosslinked PGS films (see FIG. 4C). The following table compares the mechanical properties
of regenerated silk fibroin and PGS films.

Table 1. Mechanical Properties of Silk Film

Elongation Toughness Modulus
Young's Modulus (MPa) UTS (MPa) at Break (%) (MJIm®)

PGS  (n=8) 1.72 (0.79) 0.281(0.13) _ 19.8 (1.11) 0.0294 (0.0146)

Silk
Fibroin  (n=5) 107.63 (18.29) 7.60(0.51)  20.9(0.16) 1.21 (0.0118)
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[0087] Devices were fabricated from regenerated silk fibroin films that measured
approximately 200 microns in thickness, which was controlled by the volume to surface area
ratio during casting. The lamination strategy utilized aqueous silk fibroin solution to bond

replica-molded water-stable silk films (see FIG. 1B).

[0088] The average and root-mean-squared surface roughness of silk films after the
lamination process was 216.6 nm and 267.4 nm, respectively, as shown in FIGS. 8A and §B.
FIG. 8A depicts an exemplary image of surface topography that was taken using a Wyko
operated in VSI mode. FIG. 8B shows a statistical analysis including mean surface roughness
(Ra), root-mean-squared (RMS) surface roughness (Rq), averaged peak-to-valley distance (Rz),
and maximum peak-to-valley distance (Rt) that was taken in PSI mode across four different

regions at 10X magnification.

[0089] Replica-molded silk fibroin films cast on PDMS negative molds could be produced
in rapid succession while maintaining a high degree of feature fidelity. Features as small as
400 nm could be produced using this method (see, e.g., FIG. 2A). Micromolded films (see
FIG. 2C) were bonded to flat films to produce microfluidic devices (see FIGS. 3A-3C) that
could support flow (see FIGS. 3D-3E). Occlusion of microchannels from excess aqueous silk
fibroin solution during the bonding process at the inlet/outlet may contribute to reduced device

yield.

[0090] The microfluidic layout used in this study was designed to produce a constant
maximum wall shear stress within all microchannels in the device, given a steady volumetric
flow rate. This device geometry assisted in initial cell seeding by allowing cells to be evenly
distributed throughout the device during attachment. Furthermore, the constant maximum wall
shear stress design facilitates rapid perfusion, while minimizing the potential detachment of
seeded cells from shear forces. The high cell seeding density resulted in the formation of
HepG2 aggregates, which increased the opportunity for adhesion of cells to the microchannels.
Suitable perfusion rates were characterized for the perfusion culture of HepG2 cells cultured in
PGS microfluidic devices with similar length scales. The morphology of HepG?2 cells seeded
and perfused in silk fibroin microdevices (see FIGS. 5A-5D) was similar to that of HepG2 cells
cultured on other biomaterials including PGS. Viability and liver-specific function of HepG2
cells cultured on silk fibroin were also determined to be similar across static and dynamic

cultures. HepG2 cells cultured on silk fibroin films exhibited similar albumin'secretion rates as
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those cultured on other typical biomaterials. Additionally, HepG2 cells cultured statically on
films had similar albumin secretion levels to those cultured in dynamically perfused silk fibroin
microfluidic devices (FIGS. 7A-7B). An increase in albumin secretion levels was observed
from day 3 through day 5, which was likely due to increasing cell densities within the

microchannels.
C. Discussion

[0091] As described above, the device fabrication methodology allows for the rapid and
scaleable production of silk based microfluidic devices without the need for harsh processing
conditions or cytotoxic compounds. The techniques employed in this methodology may be
scalable by designing systems with increased surface area and lamination of multiple layers.
Moreover, the device yield for the patent devices described herein may be increased by
designing flow layouts with redundant microchannel connectivity and by employing additional
covalent bonding agents such as 1-ethyl-3-[3-dimehtylaminopropyljcarbodiimide
hydrochloride (“EDC”) and N-hydroxysuccinimide (“NHS”), an established chemical route for
bioconjugation of amines to carboxylates. Similar techniques may also be used to covalently
link peptides or other bioactive molecules both on fhe surface and throughout the bulk of the

material of the device as has been shown for cell binding peptides and morphégens.

[0092] The aspects of device scalability and incorporation of biomolecules may be
important in the design and fabrication of tissue engineering scaffolds for highly vascularized
tissue. These biodegradable microfluidic systems may also be integrated with existing
biomaterial systems and technologies for tissue-specific applications and increased
functionality. For example, drug delivery systems, cell patterning techniques, contact guidance
cues, and co-culture systems for hepatocytes may be integrated within the microchannels to
promote the organization of seeded cells into complex tissues. The robust properties including
a high toughness modulus and ultimate tensile strength could permit the use of silk based
devices in dynamic mechanical environments associated with in vivo applications. In addition
to the fabrication of microfluidic systems, the methodologies for micromoldiﬁg silk could be
potentially useful in other BloMEMS devices including biodegradable drug delivery devices,

scaffolds, or biosensors.
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[0093] Having described certain embodiments of the invention, it will be apparent to those
of ordinary skill in the art that other embodiments incorporating the concepts disclosed herein
may be used without departing from the spirit and scope of the invention. Accordingly, the
described embodiments are to be considered in all respects as only illustrative and not

restrictive.

EQUIVALENTS

[0094] The invention may be embodied in other specific forms without departing from the
spirit or essential characteristics thereof. The foregoing embodiments are therefore to be
considered in all respects illustrative rather than limiting on the invention described herein.
Scope of the invention is thus indicated by the appended claims rather than by the foregoing
description, and all changes which come within the meaning and range of equivalency of the

claims are intended to be embraced therein.

INCORPORATION BY REFERENCE

[0095] The entire disclosure of each of the patent documents and publications disclosed

hereinabove is expressly incorporated herein by reference for all purposes.

[0096] What is claimed is:
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Claims
1. A microfluidic device, comprising first and second silk film coupled to define at least
one microchannel therebetween.
2. The microfluidic device of claim 1, wherein at least one of the first and second silk
films comprises silk fibroin.
3. The microfluidic device of claim 1, wherein the microchannel is molded into the first
fibroin film.
4. The microfluidic device of claim 1, wherein at least a portion of the first silk film and at

least a portion of the second silk film are bonded together.

5. The microfluidic device of claim 3, wherein an interface between the first and second

silk films is water insoluble.
6. The microfluidic device of claim 1, wherein the microchannel is enclosed.

7. The microfluidic device of claim 1, wherein a portion of a surface of the microchannel

supports cell growth.

8. The microfluidic device of claim 7, wherein the portion of the surface of the

microchannel supports the growth of cells in their native morphology.
9. The microfluidic device of claim 7, wherein eukaryotic cell growth is supported.
10.  The microfluidic device of claim 7, wherein hepatocyte cell growth is supported.

1. The microfluidic device of claim 1, wherein the first and second silk fibroin films

define a plurality of microchannels therebetween.

12. The microfluidic device of claim 11, wherein each microchannel has a diameter less

than 500 micrometers.

13.  The microfluidic device of claim 11, wherein at least a portion of the plurality of

microchannels are in fluidic communication.

14. The microfluidic device of claim 11, wherein at least a portion of the plurality of

microchannels repeat a geometric pattern.
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15.  The microfluidic device of claim 14, wherein the repeated geometric pattern provides
for a constant maximum shear stress at a steady volumetric flow rate within all the

microchannels.

16. A microdevice for use in growing cells, comprising:

a silk layer having a plurality of molded microfeatures formed therein or thereon, each
of the molded microfeatures being less than 500 micrometers in diameter,

wherein the plurality of molded microfeatures delineate regions on the silk layer

supporting cell growth.

17.  The microdevice of claim 16, wherein the microfeatures comprise at least one of a

microchannel, a post, a microwall, or a raised platform.
18.  The microdevice of claim 16, wherein the microdevice is biodegradable.

19. A method for fabricating a microfluidic device, the method comprising:
applying a silk solution to a negative mold; |
evaporating solvent from the solution to form a micromolded silk film;
removing the micromolded silk film from the negative mold; and
laminating the micromolded silk film to at least one additional layer té form a

microfluidic device having at least one enclosed microchannel.
20.  The method of claim 19, wherein the silk solution is an aqueous solution.

21. T he method of claim 19, wherein the negative mold imparts a plurality of microchannels

into the micromolded silk fibroin film.

22. The method of claim 21, wherein each microchannel is less than 500 micrometers in

diameter.

23.  The method of claim 18, wherein the additional layer comprises silk fibroin.

24. A method for transporting fluid, comprising:
providing a microfluidic device having a microchannel formed in a silk film, the
microchannel comprising an inlet and an outlet; and

transporting fluid along the microchannel from the inlet to the outlet.
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25. A method for growing cells, comprising:
providing a microfluidic device having a microchannel formed in a silk film;
flowing cell culture medium through the microchannel; and .
seeding cells into the microchannel to allow the cells to adhere to a surface of the

microchannel.



WO 2008/108838 PCT/US2007/024314
1/10

FIG. 1A

i 110
o ¥

330

FIG. 1B

320
70°C

. 72277777
B Water-stable Silk

1 Aqueous Silk Solution
A Rigid Plate

18.h

. T 310
310



WO 2008/108838 PCT/US2007/024314
2/10




WO 2008/108838 PCT/US2007/024314
3/10

G it

P PRI 1 ¢ & e .

s a e b, P O . P ¥
z e .

ey

IR,




WO 2008/108838 PCT/US2007/024314
4/10

FI1G. 3D

520

520



WO 2008/108838 PCT/US2007/024314
5/10

FIG. 4A

n° 2,60

* = Pre-MeOH

Treatment: |

e PO SE-MEOH
Treatment. |

1 2.00-

1 1.50

1 1.00.

Absorbance (Arbitrary Units)

1 0'50

| —— ) 6100
2000 1800: 1600 1400 1200 10600
Wavenumber-{cm-1)

FIG. 4B 410

Stress (MPa)
N WA e N XD

o R
T

0 Z. 1 L
0 5, 10 16’ 20 25
Strain (%)~

FIG. 4C

0.50 [
0.45 l — PGS
0.40 I =Sl ibroin

e ' 430
$o030 H
go%n 420
=0.25 -,A/
8
oz ]
045
0.10, |y
0.05 §
0.00 ¥~ x
0 5 10 15 200 25
Strain (%)




WO 2008/108838 PCT/US2007/024314
6/10




WO 2008/108838 PCT/US2007/024314
7/10




PCT/US2007/024314

WO 2008/108838

8/10

600

FIG. 7A

X
L] So—
73]
<
& K.o
o
e
o
N ~
e
<.
o
L .
H .W,
>
o
P”
1 i 1 1
0 N 0 - 0 o
o™ - o
{p-zwo/bn) sjey uonaloag uIWNgN)Y

FIG. 7B

DT WO NG~ o
<t ™ (V) — )
(p-gwio/Bn)-ajey Uodheideg UWNgN]Y

Day



WO 2008/108838 PCT/US2007/024314
9/10

S i
459 170
400
350 - 1.00
300

- 0.50
250
200 - 0.00
150
100 - .0.50
50

- .0.99

P

550 803

Pt

Ra (nm) Rqg(nm) Rz (um) Rt (um)
216.6 267.4 1.4321 1.5822

FIG. 8B




WO 2008/108838

10/10

PCT/US2007/024314

Transmission (%)
(93 H (6]
(=] o [

4

n
(=)
T

-
(o]
Y

A I

350 400

450

500 550
Wavelength (nm)

600

650 700



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings

