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DESCRIPTION

POLYPEPTIDE ELECTROSPUN NANOFIBRILS OF DEFINED COMPOSITION

CROSS-REFERENCE TO RELATED APPLICATION
This application claims the benefit of U.S. provisional application Serial No.

61/356,955, filed June 21, 2010, which is herein incorporated by reference in its entirety.

This invention was made with government support under U.S. Army Medical
Research and Materiel Command grant number W81 XWH-07-1-0708. The government has

certain rights in the invention.

BACKGROUND OF THE INVENTION

Polymer fibers have been used in numerous medical applications. For example,
sutures can be made of polymer fibers, such as non-biodegradable polymers. Fibers can also
be woven or meshed to form wound dressings, tissue engineering matrices, gauzes and
bandages, and drug delivery devices. In a drug delivery device, a drug can be encapsulated
with the polymer and released by diffusion and/or degradation. These polymeric fibers often
have diameters of 50 micros or greater, many in the range of hundreds of microns. They can
be limited by the inflexibility of the materials they are formed of.

Nanofibers with diameters in the nanometer to low micron range can also be obtained
from polymers. For example, U.S. Patent No. 7,235,295 discloses such polymeric nanofibers
for tissue engineering and drug delivery.

Nanofibrils made of organic polymers are of considerable interest in the scientific
community and in industry for a range of technological applications (for example, Huang et
al., 2003, Sill and von Recum, 2008), however, each of the existing polymer nanofibrils or
nanofibers has limitations. Thus, it is an object of the present invention to provide an

improved polymer nanofibril and method of making the same.

BRIEF SUMMARY OF THE INVENTION
The subject invention is drawn to polypeptide electrospun nanofibrils and methods of

manufacturing the same.
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In one embodiment, the subject invention can include an electrospun nanofibril
comprising at least one polypeptide.

In another embodiment, the subject invention can include a method of preparing an
electrospun nanofibril, comprising: dissolving a polypeptide in a solvent to form a solution;

and electrospinning the solution to form the electrospun nanofibril.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows a schematic of an electrospinning apparatus that can be used in a
method of manufacturing an electrospun polypeptide nanofibril according to an embodiment
of the present invention. A syringe pump is used for continuous feed of polymer solution
over extended time periods. The collector is electrically conductive and can be an indium tin
oxide-coated sheet of plastic. The voltage (V) can be on the order of 10 kV.

Figure 2 shows a fibril mat.

Figure 3 shows electrospun fibrils according to an embodiment of the present
invention.

Figure 4 shows an electrospun fibril according to an embodiment of the present
invention.

Figure 5 shows an electrospun fibril according to an embodiment of the present
invention.

Figure 6 shows electrospun fibrils according to an embodiment of the present
invention.

Figure 7 shows an electrospun fibril according to an embodiment of the present
invention.

Figure 8 shows SEM images of electrospun mats of fibrous polypeptides according to
an embodiment of the present invention. (A) 400x magnification; scale bar is 50 pym. (B)
1800x; scale bar is 10 um. The feedstock was 40% w/v poly(L-ornithine) (PLO) in water.

Figure 9 shows a graph of polypeptide fiber diameter (in um) vs. PLO concentration.

Figure 10 shows fibrous polypeptide mats according to an embodiment of the present
invention. The scale bars are: (A) 100 um, (B) 10 um, (C) 200 wum, and (D) 100 um. The
feedstock was 40% w/v PTO in water.

Figure 11 shows an electrospinning apparatus that can be used in a method of

manufacturing an electrospun polypeptide nanofibril according to an embodiment of the
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present invention. A syringe can be used to feed polymer solution and can lead to the
formation of a Taylor Cone. The collector is electrically conductive. The voltage (V) can be,
for example, 5-20 kV.

Figure 12 shows SEM images of electrospun mats of fibrous polypeptides according
to an embodiment of the present invention. (A) 140x magnification; the scale bar is 100 um.
(B) 900x magnification; the scale bar is 20 pm. (C)1600x magnification; the scale bar is 10
um. The feedstock was 50% w/v poly(L-glutamate, tyrosine) (PLEY) 4:1 in water.

Figure 13 shows images of electrospun mats of fibrous polypeptides, according to an
embodiment of the present invention, (A) with no further treatment, (B) following addition of
a few drops of deionized water (DI) for about one minute and drying for about one hour (the
fiber web has dissolved), and (C) following cross-linking in EDC-ethanol solution for about
four hours, immersion in DI for about two days, and drying for about three hours (note that
EDC is 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride).

Figure 14 shows an SEM image of an electrospun mats of fibrous polypeptides
according to an embodiment of the present invention. The magnification is 850x, the scale
bar is 20 pum, and the feed stock was PLEY 4:1.

Figure 15 shows an SEM image of an electrospun mat of fibrous polypeptides
according to an embodiment of the present invention. The magnification is 1700x, the scale
bar is 10 um, and the feed stock was PLEY 4:1.

Figure 16 shows protease digestion for an electrospun mat of fibrous polypeptides
according to an embodiment of the present invention. (A)-(D) The protease is Glu-c protease
(cat # 90054 Thermo Scientific USA), incubation of about five hours at about 37 °C, pH of
about 8, with a 50 Mm ammonium bicarbonate buffer; the electrospun mat was made from a
feed stock of PLEY 4:1. (E)-(H) The protease is protease XIV (cat # p5147, Sigma, MO,
USA), incubation of about five hours at about 37 °C, pH of about 7.4, with a 10 Mm
phosphate buffer saline (PBS) buffer; the electrospun mat was made from a feed stock of
PLEY 4:1. Magnification, scale bar, and percentage (w/v) of protease: (A) 330x, 50 pum scale
bar, 0% protease; (B) 160x, 100 nm scale bar, 0.002% protease; (C) 180x, 100 um scale bar,
0.02% protease; (D) 180x, 100 um scale bar, 0.2% protease; (E) 200x, 100 um scale bar, 0%
protease; (F) 180x, 100 um scale bar, 0.002% protease; (G) 160x, 100 wm scale bar, 0.02%
protease; (H) 180x, 100 pm scale bar, 0.2% protease.

Figure 17 shows a cross-linking scheme for a PLEY 4:1 fiber.
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Figure 18 shows absorbance vs. wavenumber (cm™) for a cast from solution, a fiber,
and an EDC-fiber according to an embodiment of the present invention. The fiber is made
from PLEY 4:1.

Figure 19 shows cell cultures of an electrospun mat of fibrous polypeptides according

to an embodiment of the present invention. (A) is on tissue culture polystyrene (TCPS), (B) is
on ITO, and (C) shows EDC-cross-linked electrospun PLEY on ITO-PET. The electrospun
mat was made from a feed stock of PLEY 4:1.
Figure 20 shows a light microscopy image of nanofibers according to an embodiment of the
present invention. The nanofibers are V*4,0C*;. V* is VPGVG (SEQ ID NO: 1), and C* is
VPGVGVPGVGVPGCGVPGVGVPGVG (SEQ ID NO: 2), where V = valine, P = proline, G
= glycine, and C = cysteine. A Zeiss Axiovert 200M microscope was used, equipped with a
40x objective.

Figure 21 shows reproducibility and layer dependence of NIH 3T3 cell proliferation
on a non-functionalized synthetic biomatrix. The synthetic biomatrix was prepared from
polypeptides by layer-by-layer assembly.Figure 22 shows an SEM image of an electrospun
mat of aligned fibrous polypeptides according to an embodiment of the present invention.
The magnification is 900x, the scale bar is 20 um, the voltage was 19 kV, and the feed stock
was 55% (w/v) PLEY 4:1.

Figure 23 shows fiber diameter as a function of polymer feedstock concentration for
PLO and PLEY (diamonds — PLEY, squares - PLO).

Figure 24 shows fluorescence micrographs of cross-linked PLEY fibers on ITO-PET
(indium tin oxide — polyethylene teryphthalate) electrospun at 50% (w/v). Fluorescein
isothiocyanate-poly(L-lysine) (FITC-PLL) was deposited as in layer-by-layer assembly. (A)
Sample incubated with 2 mg/mL FITC-PLL for about one hour and rinsed with DI. (B)
Sample incubated with 5 mg/mL FITC for about one hour and rinsed with DI. (C) Sample
incubated with 5 mg/mL FITC for about one hour and rinsed with DI. (D) Sample rinsed with
DI. All micrographs were obtained with a 10x objective lens. The scale bar is 20 pm in each
case.

Figure 25 shows in situ FTIR spectra of an as-cast film and electrospun fibers of
PLEY on ITO-PET before and after cross-linking. The spectra were obtained in ATR mode.

Figure 26 shows light micrographs of normal human dermal fibroblasts (NHDFs)
culture in vitro. The substrate was (A) tissue culture polystyrene, (B) ITO-PET, or (C) EDC-
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cross-linked electrospun 55% PLEY on ITO-PET. A 10x objective was used. White arrows
highlight specific fibers, shaded arrows specific cells. The scale bar is 100 um in each case.

Figure 27 shows side chain structure of (A) ornithine and (B) lysine.

Figure 28 shows a scheme of synthesis for a-amino acid N-carboxyanhydrides
(NCAs). Tyrosine, glutamic acid and lysine are shown as examples.

Figure 29 shows a scheme of synthesis for random copolymerization of NCAs. A
tyrosine-lysine-glutamic acid tripeptide is shown as an example.

Figure 30 shows a fluorescence micrograph of fibroblasts in vitro. F-actin was
stained with rhodamine-phalloidin, nuclear DNA with DAPI, and poly(Glu, Tyr) fibers with
FITC-poly(L-lysine) after EDC cross-linking.

Figure 31 shows SEM micrographs of cross-linked electrospun 55% PLEY fibers
following proteolytic digestion for about five hours at 37 °C. A) 0%, B) 0.002%, C) 0.02%,
D) 0.2% (w/v) Glu-C protease in 50 mM ammonium bicarbonate buffer, pH 8. A) 200x, all
others, 180x. The accelerating potential was 25 kV or 30 kV. The scale bar is 100 pum in

each case.

BRIEF DESCRIPTION OF THE SEQUENCES
SEQ ID NO: 1 represents the amino acid sequence of V*.
SEQ ID NO: 2 represents the amino acid sequence of C*.
SEQ ID NO: 3 represents the partial amino acid sequence of chimeric protein Lo-V#,C*,
SEQ ID NO: 4 represents the partial amino acid sequence of chimeric protein LB-V*,,C*,
SEQ ID NO: 5 represents the partial amino acid sequence of chimeric protein FN-V*,,C*,
SEQ ID NO: 6 represents the partial amino acid sequence of chimeric protein CI-2-V*,C*,
SEQ ID NO: 7 represents the partial amino acid sequence of chimeric protein CIV-V*,C*,
SEQ ID NO: 8 represents the partial amino acid sequence of chimeric protein MSH-V*,,C*,

DETAILED DISCLOSURE OF THE INVENTION
The subject invention is drawn to polypeptide electrospun nanofibrils and methods of
manufacturing the same. As used herein, the abbreviations Lys, Tyr, Phe, Glu, Ala, kDa, and
nm refer lysine, tyrosine, phenylalanine, glutamic acid (acidic form) or glutamate (basic

form), alanine, kiloDalton, and nanometer, respectively.
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In one embodiment, the subject invention can include an electrospun nanofibril
comprising at least one polypeptide.

In another embodiment, the subject invention can include a method of preparing an
electrospun nanofibril, comprising: dissolving a polypeptide in a solvent to form a solution;
and electrospinning the solution to form the electrospun nanofibril.

In yet another embodiment, the subject invention can include a method of preparing
an electrospun nanofibril, comprising: dissolving at least one polypeptide in a first solvent to
form a first solution; dissolving at least one organic non-polypeptide polymer in a second
solvent to form a second solution; combining the first solution and the second solution to
form a solution blend; and electrospinning the solution blend to form the electrospun
nanofibril.

Peptides account for about half of the dry mass of a living organism. Polypeptides are
polymers of amino acids. Polypeptides constitute one of just four classes of natural
biopolymers, the others being nucleic acids, polysaccharides, and phospholipids. All proteins
are made of peptides (they have specific amino acid sequences and are “folded”
polypeptides), and peptides are biodegradable and absorbable by the human body.
Additionally, polypeptides are generally environmentally benign and they can have highly
specific biofunctionality.

Modern methods of peptide preparation, such as solid-phase synthesis, solution-phase
synthesis, and genetic engineering of microorganisms, have enabled mass production of a
very large proportion of chemical structures in the space of all possible amino acid
sequences, considering the “usual amino acids” alone (that is, the 20 most common amino
acids found in genetic material), for which there are 20 different side chains. For a peptide of
relatively modest degree of polymerization, for example, 32 residues, there are 20°% possible
sequences or over 10% different chemical structures. That is, a practically endless variety of
peptide structures can be made from just the “usual” amino acids alone.

However, the related art includes very little guidance as to the conditions under
which nanofibrils could be made from polypeptides of defined composition or of the
properties of peptide-based nanofibrils. The related art includes no teaching of which, if any,
polypeptide structures could be advantageous for electrospinning, nor is it obvious which
conditions could be advantageous for a specific polypeptide structure that may be spinnable.

The subject invention includes methods for manufacturing electrospun nanofibrils

made from polypeptides or polymer blends involving polypeptides. Electrospinning is a
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materials processing method that can be used to fabricate continuous, ultra-fine fibers of
nanometer diameter from polymers in solution. Electrospun fibers can be produced from a
solution containing polymers. Polymer solubility, electrostatic repulsion between polymer
molecules, and solution conductivity may influence spinnability. A high voltage can be
applied to a droplet of solution. As the droplet stretches, a critical point is reached, and a
stream of liquid bursts forth from the surface, forming the Taylor Cone, an eponym of the
Cambridge physicist Sir Geoffrey Ingram Taylor. Under favorable conditions, the stream of
polymer solution will be continuous, and the solvent will evaporate. The polymer fiber
becomes deposited on a collector (which may be electrically grounded) that is usually planar
or cylindrical, but may have some other shape. The process can lead to the formation of
uniform fibers of nanometer-scale diameter. The fibers are typically disorganized, as in a
non-oven mat, but they can be oriented, depending on details of the spinning process.
Nanofiber mats have an especially large surface area and a high porosity. Mat thickness can
depend on spinning time. In general, synthetic polymers are simpler to process and yield a
more controlled nanofibrous morphology than natural polymers.

Many of the advantageous properties of nanofibers according to embodiments of the
subject invention, including surface area, porosity, and controllable thickness, resemble
features of the extracellular matrix (ECM). This structure provides support and anchorage for
cells, segregates tissues from one another, and can influence cell behavior in a variety of
ways. Properties of the ECM may be especially relevant to the functional properties of a
biomaterial. ~Nanofiber mats can therefore be useful for controlling cell migration,
proliferation, and other aspects of cell or tissue behavior.

In an embodiment, electrospun nanofibrils are made from a solution of polypeptides
of defined composition, alone or in combination with other kinds of (non-polypeptide)
organic polymers of defined composition. The electrospun fibrils of the subject invention can
be useful for many applications, such as product creation in the biosciences, bioengineering,
and medicine.

In an embodiment, referring to Figures 1 and 11, a syringe pump can be used to
continuously feed a polymer solution (at a constant flow rate) over long time periods. The
solution exiting the syringe or syringe pump can form a Taylor Cone, though embodiments
are not limited thereto. The collector is a conductor, for example, an indium tin oxide-coated
sheet of plastic. The collector can be grounded. The applied voltage can vary depending on

the process conditions. For example, the voltage can be on the order of 10 kV. In one
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embodiment, the voltage can be in a range of from 5 kV to 30 kV. In another embodiment,
the voltage can be 10 kV or about 10 kV. In a further embodiment, the voltage can be 12 kV
or about 12 kV. The syringe needle inner diameter can be, for example, from 0.1 mm to 1.5
mm. The distance from the nozzle to the collector can be in a range of, for example, from 1
cm to 100 cm. In an embodiment, the nozzle-collector distance can be in a range of from 5
cm to 15 cm. In a further embodiment, the nozzle-collector distance can be 10 cm or about
10 cm.

Figure 2 shows a scanning electron microscopy (SEM) image of accumulated
nonwoven and non-oriented fibrils of poly(styrene-co-dimethylsiloxane). The image, from
the Rutledge lab at the Massachusetts Institute of Technology, has been recolored.

In several embodiments, a solution of one or more polypeptides can be prepared and
then used for electrospinning into a fibril. The solution can be prepared in any reasonable
solvent known in the art, for example, water, ethanol, dimethylsulfoxide, glycerol, toluene,
cyclohexane dimethylformamide, acetic acid, dichloromethane, ethylacetate, formic acid,
hydrochloride acid, 1,1,1,3,3,3 Hexafluoro-2-propanol, hexafluoroisopropanol, methanol,
trifluoroacetic acid, 2,2,2-trifluoroethanol, tetrahydrofuran, and mixtures thereof. The
concentration of each polymer in solution can be from about 5 pg/mL to about 3.75 mg/mL.
In certain embodiments, the concentration of each polymer in solution can be from about 10
pg/mL to about 750 pg/mL. The peptide solution can be a 13% (by weight) solution in water.
In a further embodiment, the concentration of polymer(s) in solution can be from 1% (w/v) to
65% (w/v). In a further embodiment, the concentration of polymer(s) in solution can be from
10% (w/v) to 55% (w/v). In a further embodiment, the concentration of polymer(s) in
solution can be from 10% (w/v) to 50% (w/v). In a further embodiment, the concentration of
polymer(s) in solution can be from 35% (w/v) to 50% (w/v). For example, an aqueous
solution of 35% (w/v) of poly(L-ornithine) or an aqueous solution of 50% (w/v) poly(L-
glutamate, tyrosine) can be used.

In an embodiment, a solution of one or more polypeptides and one or more non-
polypeptide organic polymers can be prepared and then used for electrospinning into a fibril.
The solution can be prepared in any reasonable solvent known in the art, for example, water.
In an embodiment, the peptide solution can be a 13% (by weight) solution in water. In a
further embodiment, the concentration of polymer(s) in solution can be from 1% (w/v) to
65% (w/v). In a further embodiment, the concentration of polymer(s) in solution can be from

10% (w/v) to 55% (w/v). In a further embodiment, the concentration of polymer(s) in
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solution can be from 10% (w/v) to 50% (w/v). In a further embodiment, the concentration of
polymer(s) in solution can be from 35% (w/v) to 50% (w/v). For example, an aqueous
solution of 35% (w/v) of poly(L-ornithine) or an aqueous solution of 50% (w/v) poly(L-
glutamate, tyrosine) can be used.

Any peptide or polypeptide that can be dissolved to form a solution (in one or more
solvents) can be used in embodiments of the subject invention. Such a peptide or polypeptide
can used to form a solution which can be used for electrospinning to produce an electrospun
nanofibril according to embodiments of the subject invention. Polypeptides that can be used
according to embodiments of the subject invention include, but are not limited to, poly-L-
arginine, poly-L-lysine, poly-L-aspartic acid, poly-L-glutamic acid, poly-L-glutamic acid,
poly-L-proline, and poly-L-isoleucine, poly(lysine, phenylalanine), poly(L-omithine),
poly(L-glutamate, tyrosine), poly(Glu, Tyr, Lys), or any blend or combination thereof.

Polypeptides and combinations that can be used according to embodiments of the
subject invention include, but are not limited to, poly-L-arginine poly-L-lysine, poly(Lys,
Tyr), poly(Lys, Phe), poly-L-aspartic acid, poly-L-glutamic acid, poly(Glu, Tyr), poly (Glu,
Ala), poly (Glu, Ala, Tyr), poly-L-proline, poly-L-isoleucine, poly(lysine, phenylalanine),
poly(acrylic acid), poly(lysine, phenylalanine), poly(L-ornithine), or any combination or
blend thereof (e.g., a blend of poly(acrylic acid) poly(lysine, phenylalanine), and poly(L-
ornithine)).

In certain embodiments, the polypeptide(s) used according to embodiments of the
subject invention can include any one or more of the following: poly-L-arginine
hydrochloride (15 kDa-70 kDa), poly-L-lysine hydrobromide (15 kDa-30 kDa), poly-L-lysine
hydrobromide (40 kDa-60 kDa), poly(Lys, Tyr) Lys:Tyr (4:1) hydrobromide (20 kDa-50
kDa), poly(Lys, Phe) Lys:Phe (1:1) hydrobromide (20 kDa-50 kDa), poly(Lys, Tyr) Lys:Tyr
(1:1) hydrobromide (50 kDa-100 kDa), poly-L-aspartic acid sodium salt (15 kDa-50 kDa),
poly-L-glutamic acid sodium salt (15 kDa-50 kDa), poly-L-glutamic acid sodium salt (50
kDa-100 kDa), poly(Glu, Tyr) Glu:Tyr (4:1) sodium salt (20 kDa-50 kDa), poly(Glu, Tyr)
Glu:Tyr (1:1) sodium salt (20 kDa-50 kDa), poly (Glu, Ala) Glu:Ala (6:4) sodium salt (20
kDa-50 kDa), poly (Glu, Ala, Tyr) Glu:Ala:Tyr (6:3:1) sodium salt (20 kDa-50 kDa), poly-L-
proline (>30 kDa), poly-L-isoleucine (5 kDa-15 kDa), poly(lysine, phenylalanine), a blend of
poly(acrylic acid) and poly(lysine, phenylalanine) in a ratio of 1:1 by volume, and a blend of

poly(acrylic acid) and poly(lysine, phenylalanine) in a ratio of 3:1 by volume.
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In preferred embodiments of the subject invention, peptides and polypeptides used for
electrospinning are soluble in at least one solvent. That is, the peptide or polypeptide is
capable of being solubilized in a solvent.

In an embodiment, peptides and polypeptides that can be used according to
embodiments of the subject invention include those that are soluble in water at a temperature
within a range of 20 °C to 30 °C. In a further embodiment, peptides and polypeptides that can
be used according to embodiments of the subject invention include those that are soluble in
water at a concentration in a range of 1% (w/v) to 65% (w/v). In a further embodiment,
peptides and polypeptides that can be used according to embodiments of the subject invention
include those that are soluble in water at a temperature within a range of 20 °C to 30 °C at a
concentration in a range of 1% (w/v) to 65% (w/v).

In an embodiment, peptides and polypeptides that can be used according to
embodiments of the subject invention include those that satisfy the opposite charges criterion.

The opposite charges criterion is defined as follows: if both basic and acidic side
chains are present in a polypeptide, and it is assumed that each basic side chain will have a
charge of +1 and each acidic side chain a charge of -1, and if the cumulative number of such
side chains represent more than 10% of the side chains of the entire polymer, then the
absolute value of the balance of charge (minus charges - plus charges)/DP > (0.3 (where DP =
degree of polymerization = chain length). For example, the polymer poly(Glu, Lys, Tyr)
6:3:1 has 90% ionizable side chains and a balance of charge per residue of (6 — 3)/10 = 0.3.
This polymer, then, is at the edge of the criterion. The polymer poly(Glu, Lys, Tyr) 7:2:2 has
82% ionizable side chains a balance of charge per residue of (7 —2)/11 = 0.455, which meets
the criterion. The polymer poly(Asp, Arg, Ala) 5:4:5 has 64% ionizable side chains and a
balance of charge of (5 —4)/14 = 0.07, which does not meet the criterion.

In an embodiment, peptides and polypeptides that can be used according to
embodiments of the subject invention include those that are continuously spinnable at a flow
rate in a range of from 1 pL/min to 100 pL/min. In a further embodiment, peptides and
polypeptides that can be used according to embodiments of the subject invention include
those that are soluble in water at a temperature within a range of 20 °C to 30 °C and are
continuously spinnable at a flow rate in a range of from 1 pL/min to 100 pL/min. 1In a
further embodiment, peptides and polypeptides that can be used according to embodiments of
the subject invention include those that are soluble in water at a concentration in a range of

1% (w/v) to 65% (w/v) and are continuously spinnable at a flow rate in a range of from 1
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uL/min to 100 pL/min. In a further embodiment, peptides and polypeptides that can be used
according to embodiments of the subject invention include those that satisfy the opposite
charges criterion and are continuously spinnable at a flow rate in a range of from 1 ul/min to
100 pl/min. In a further embodiment, peptides and polypeptides that can be used according
to embodiments of the subject invention include those that are soluble in water at a
temperature within a range of 20 °C to 30 °C at a concentration in a range of 1% (w/v) to 65%
(w/v) and satisfy the opposite charges criterion. In a further embodiment, peptides and
polypeptides that can be used according to embodiments of the subject invention include
those that are soluble in water at a temperature within a range of 20 °C to 30 °C at a
concentration in a range of 1% (w/v) to 65% (w/v) and are continuously spinnable at a flow
rate in a range of from 1 pl/min to 100 pl/min. In yet a further embodiment, peptides and
polypeptides that can be used according to embodiments of the subject invention include
those that are soluble in water at a temperature within a range of 20 °C to 30 °C at a
concentration in a range of 1% (w/v) to 65% (w/v) and satisfy the opposite charges criterion,
and are continuously spinnable at a flow rate in a range of from 1 pl/min to 100 uL/min. In
a further embodiment, polypeptides that can be used according to embodiments of the subject
invention include those with a degree of polymerization (DP, = chain length) of at least 25,
preferably 25 — 1500.

In an embodiment, peptides and polypeptides that can be used according to
embodiments of the subject invention include those that satisfy the following: (non-polar
surface area - polar surface area)/DP < 100 square angstroms/residue, where ‘non-polar
surface’ and ‘polar surface’ refer to side chains only and the terms are defined as in Wimley
et al. (1996). The calculated value may be negative. For example, if the polymer poly(L-
lysine) has an average DP of 1310, its polar surface area will be about 88.3 x 10° square
angstroms, its non-polar surface about 129.2 x 10° square angstroms, and the net non-polar
surface will be 31.2 square angstroms per residue. For poly(L-ornithine) with an average DP
of 604, the polar surface of side chains is 40.7 x 10° square angstroms and the non-polar is
43.9 x 10° square angstroms, giving a net non-polar surface of 5.3 square angstroms per
residue. For poly(Glu, Tyr) 4:1 with a DP of 186, the polar surface is 13.6 x 10° square
angstroms and the non-polar surface is 12.6 x 10° square angstroms, giving a net non-polar
surface of -5.28 square angstroms per residue.

In an embodiment, a blend of polymers can be electrospun into fibrils. The blend can

comprise two polymers in a ratio by volume of, for example, 1:3 or 1:1. The blend can be
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formed by combining a solution of one polymer (for example, a 25% solution in water) with
a solution of another polymer (for example, a 13% solution in water). In a further
embodiment, the concentration of polymer(s) in each solution can be from 1% (w/v) to 65%
(w/v). In a further embodiment, the concentration of polymer(s) in each solution can be from
10% (w/v) to 55% (w/v). In a further embodiment, the concentration of polymer(s) in each
solution can be from 10% (w/v) to 50% (w/v). In a further embodiment, the concentration of
polymer(s) in each solution can be from 35% (w/v) to 50% (w/v). For example, an aqueous
solution of 35% (w/v) of poly(L-ornithine) and/or an aqueous solution of 50% (w/v) poly(L-
glutamate, tyrosine) can be used.

In many embodiments, electrospun nanofibrils comprise at least one species of
polypeptide. Each nanofibril can have a diameter of less than a micron. In alternative
embodiments, the fibrils can have a width of more than a micron or about a micron. In an
embodiment, the fibrils can have a width of about 2.5 microns. In certain embodiments, the
fibrils can have a width of 750 nm, about 750 nm, 950.9 nm, or about 951 nm. The term
“about,” as used herein before a measured value, refers to within measurement error of the
value following the term “about,” typically +/- 5% of the value (for example, “about 750 nm”
refers to 712.5 nm to 787.5 nm). Preferably, the diameter of the fibrils ranges from about 10
nm up to about 10 pm. The methods of the subject invention can be used to electrospin any
peptide, including, but not limited to, the 20 usual amino acids, other natural amino acids
(aside from the 20 usual; for example, ornithine), synthetic or non-natural amino acids, and/or
amino acid-like molecules that join to form peptide-like polymers (for example, peptoids).
The methods of the subject invention can also be used to electrospin combinations of these
peptides.

In certain embodiments, the polypeptides can be cross-linked, either before or after
electrospinning. The polypeptides can be cross-linked using, for example, aldehydes, EDC,
disulfide cross-linking, and/or oxidation. These examples should not be construed as
limiting.  Aldehydes, for example, glutaraldehyde (GTA), are useful for cross-linking
amines. EDC (1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride) is a zero-
length cross-linking agent used to couple carboxyl groups to primary amines. If the peptides
being electrospun contain cysteine, or they can be modified to contain free sulthydryl groups,

the polymers can be cross-linked by mere oxidation.
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In a specific embodiment, GTA can be used to cross-link the amino acid ornithine.
Ornithine has a free amino group in the side chain, and GTA is symmetrical, so it can react
with one amino group in one chain and another one in another chain, linking the two together.

In an embodiment, poly (L-ornithine) was dissolved in water and continuously
electrospun to produce electrospun naonfibrils. However, poly(L-lysine) is not continuously
spinnable when dissolved in water. Poly(L-lysine) is highly soluble in water, but >300 kDa
poly(lysine) was not spinnable from water, and 15-50 kDa poly(lysine) is spinnable at 40%
though not continuously; at other concentrations the lower DP poly(lysine) was not spinnable
at all (note that DP is degree of polymerization). This is surprising that an aqueous solution
of poly(L-ornithine) can be continuously electrospun to produce electrospun nanofibrils,
because poly(L-lysine) cannot be. Figure 27 shows side chain structure of (A) ornithine and
(B) lysine; the two side chains differ by a single methylene group. Ornithine has one fewer
methylene group. The amino group is positively charged at neutral pH. The carbon atom on
the opposite end of the side chain is the a-carbon in each case.

The fibrils of the subject invention may show good adhesion to human vascular
endothelial cells (HUVECs), which are important in angiogenesis, vasculogenesis, wound
healing, and cancer research.In an embodiment of the subject invention, a method can include
characterizing properties of electrospun polypeptide fibers. For example, fiber mat solubility
and/or biocompatibility can be characterized, in vivo and/or in vitro.

Elastin is a key structural component of the ECM in many tissues. Contributing to the
elasticity and recoil of skin, elastin is also a constituent of the thin walls of arteries and veins,
ligaments, lung parenchyma, and intestines. This chemically inert and highly insoluble
material is composed of several covalently cross-linked molecules of its precursor,
tropoelastin, a 67 kDa soluble, non-glycosylated, hydrophobic protein. Elastin also plays a
role in storing mechanical energy in load-bearing tissues in animals. Elastin is a biological
“elastomer”, or viscoelastic polymer.

In an embodiment of the present invention, elastin-like peptides (ELPs) can be used to
make fibers by electrospinning. ELPs can be useful as biomedical materials, alone or in
combination with other chemical species. Chimeric peptides of ELP and fibroblast growth
factor (FGF-ELPs), which can self-assemble into nanoparticles, have desirable properties for
treating chronic wounds. ELP chimeras can also present advantages for the development of
other kinds of biomaterials. Extracellular matrix (ECM) biochemical cue-ELP chimeras can

be used to prepare electrospun non-woven fiber mats for coatings for in vitro/ex vivo cell and



10

15

WO 2011/163232 PCT/US2011/041253
14

tissue culture. That is, peptide chimeras can be electrospun using feedstock comprising ELPs
and/or biochemical cues derived from ECM proteins. In an embodiment, the polymers used
for electrospinning can have a molecular weight of less than 80 kDa. In an embodiment, the
fiber diameter can be from 500 — 2000 nm.

Any ELP can be used for feedstock to produce an electrospun nanofibril. In an
embodiment of the subject invention an ELP used for feedstock can include any one or more
of the peptides shown in Table 2. Table 2 is for exemplary purposes only and should not be
construed as limiting. Table 1 shows nomenclature for the V and C structural units listed in
Table 2. The peptide V*,0C*,, which has a calculated mass of 20.5 kDa, can be used.
Referring to Figure 20, the gene product is both readily purified and spinnable.

Table 1. ELP nomenclature
Structural unit Corresponding amino acid sequence™* Mass (Da)
V* VPGVG (SEQ IDNO: 1) 409
C* VPGVGVPGVGVPGCGVPGVGVPGVG 2050
(SEQIDNO:2)
V = valine, P = proline, G = glycine, C = cysteine

Table 2. ELP chimeras

Peptide Mass Remarks
name (kDa)
V*,,C*, 20 The base structure of the peptide chimeras

La-V*,C*, 21 Laminin, a1 chain, IKVAV-GGGGGC-V*,,C*, (SEQ ID NO: 3)

LB-V¥,C*, 21 Laminin, B1 chain, YIGSR-GGGGGC-V*,C*, (SEQ ID NO: 4)

FN-V*,,C¥*, 21 Fibronectin, RGD-GGGGGC-V*,,C*, (SEQ ID NQO: 5)

CI-2- 22 Collagen I, GTPGPQGIAGQRGVV-GGGGGC-V*,,C*,
V*40C*, (SEQ ID NO: 6)

CIV- 22 Collagen IV, GEFYFDLRLKGDKY-GGGGGC-V*,,C*,
V*4,0C*, (SEQ ID NO: 7)

MSH- 22 o-melanocortin stimulating hormone,

V#C*y SYSMEHFRWGKPV-GGGGGC-V*4,C*, (SEQ ID NO: 8)

Electrospun elastomer matrices can be characterized both physico-chemically and
biologically. Electron microscopy can be used to characterize fiber diameter and mat

morphology. FTIR in attenuated total reflectance (ATR) mode can be used to compare
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peptide structure in solution and in fibers. Figure 18 shows absorbance vs. wavenumber (cm’
l) for a cast from solution, a fiber, and an EDC-fiber according to an embodiment of the
present invention. The fiber is made from PLEY 4:1.

Wide-angle X-ray scattering can be used to assess fiber crystallinity. A dynamic
mechanical analyzer can be used to determine the stress-strain behavior of mats. Fiber
strength can be, for example, a logarithmic function of molecular weight beyond a certain
threshold value needed for spinnability. The same reasoning may apply to a non-woven fiber
mat. Fiber solubility in water can be characterized, and the rate of dissolution in water at 25
°C can be determined by least-squares regression analysis.

Cells obtained from a commercial source (e.g., Lonza, Walkersville) can be cultured
at 37 °C in 5% CQO; on fiber mats spun onto indium-tin-oxide-coated plastic or on a control
surface. Control substrates for determining cell count on fibers made of biochemical cue-
ELP chimeras can be fibers made of V*,C*, alone, the substrate alone, and bare tissue
culture plastic alone. Note that V* is VPGVG (SEQ ID NO: 1) and C* is
VPGVGVPGVGVPGCGVPGVGVPGVG (SEQ ID NO: 2), where V = valine, P = proline, G
= glycine, and C = cysteine. For proliferative cells ({fMSCs and B16-F10s), the culture
medium can be changed every about 48 hours until cells are confluent. Various cell types,
e.g. 3T3 cells and normal human dermal fibroblasts, attach and proliferate normally on
unmodified indium-tin-oxide-coated plastic. The number of adhered cells can be measured
with, for example, a CyQuant® NF cell proliferation assay kit (Molecular Probes™; C35006)
after 1, 3, and 7 days of culture, referring to Figure 21. Figure 21 does not show electrospun
fibers. Fluorescence intensity can be measured at ambient temperature with, for example, a
Wallac 1420 VICTOR2 fluorescence microplate reader (PerkinElmer Inc., USA) with
excitation at 485 nm and emission detection at 530 nm. Each set of conditions can be
analyzed in at least two independent experiments, seven replicates per experiment. Melanin
production by B16-F10s can be assayed by in-situ measurement of relative absorbance at 450
nm. Absorbance per cell at this wavelength can also be compared between samples. rMSCs
can be cultured in normal growth medium for about 24 hours and then in differentiation
medium (Lonza), which can be changed every about 72 hours. Differentiation to osteoblasts
can be quantified by a calcium deposition assay after 21-28 days, depending on cell
apoptosis, which can be monitored daily by microscopy. Cell data sets can be compared by

Student’s ¢-test. p values < 0.05 can be considered statistically significant.
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In an embodiment, the solvent used with the feedstock can be water. The feedstock
can also include any one or more of the ELPs of Table 2. The physicochemical properties of
these peptides, and therefore of the fibers, can depend more on the ELP part of the chimera
than the biochemical cue part. The biochemical properties of similar fibers can thus be quite
different.

In an embodiment, additional cysteine residues can be added to the ELP by, e.g.,
modifying the corresponding gene near the 5’-end or the 3’-end.

In an embodiment a copolymer with ornithine can be used in solution (e.g., an
aqueous solution) to produce electrospun nanofibrils. Monomers that can be used to make
such a copolymer with ornithine include, but are not limited to, any of the monomers listed in
Table 3. In various embodiments of the subject invention, a copolymer of ornithine and a

monomer from Table 3 can be made according to the polymer compositions listed in Table 3.

Table 3. Ornithine copolymers

Other monomer Reason Polymer composition

N/A Test average At least three values, e.g., 50 kDa, 25 kDa, 15 kDa
molecular
weight (degree
of
polymerization)

Lysine Poly(lysine) is | At least three mole ratios, e.g., Orn:Lys::100:1, Orn:Lys::10:1,
less spinnable | Orn:Lys::1:1

than
poly(ornithine),
despite
similarity (see
Fig. 2)

Alanine Side chain At least three mole ratios, e.g., Orn:Ala::100:1, Orn:Ala::10:1,
consists of a Orm:Ala::1:1

methyl group,
promotes a
helix formation

Glycine No side chain, | At least three mole ratios, e.g., Orn:Gly::100:1, Orn:Gly::10:1,
destabilizes Orn:Gly::1:1

secondary
structure

Proline Side chain is At least three mole ratios, e.g., Ormn:Pro::100:1 and Orn:Pro::10:1
bonded to the
polymer
backbone, can
form an
unusual type of
helix {8]

Valine Hydrophobic, At least three mole ratios, e.g., Orn:Val::100:1, Orn:Val::10:1,
B-branched Orn:val:1:1
side chain

Serine Hydrogen At least three mole ratios, e.g., Orn:Ser::100:1, Orn:Ser::10:1,
bond donor in Orn:Ser::1:1

side chain
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In an embodiment, a polypeptide used to produce electrospun nanofibrils can be any of the
compositions listed in Table 4 (synthetic version of the biomaterial source listed). The motifs
in Table 4 are from structural proteins. The mole ratios of amino acids for polypeptide
synthesis can be set in relation to motif sequence. For example, spider silk is 40% alanine. If
40% alanine and 60% ornithine is soluble, it may be useful for electrospinning. The
synthesis product will be a random co-polymer. In the case that the peptide should prove
spinnable, the resulting fibers can be characterized. For tropoelastin, glycine and
hydroxyproline can be combined with ornithine to the extent that the synthesis product is
spinnable. The amino acid sequence of the resulting polymer will be random. Nevertheless,

some instances of GXOG can occur and influence polymer and fiber properties.

Table 4. Selected amino acid sequence motifs from proteins
Biomaterial Structural Composition or motif*
source feature
Spider silk f sheets 40% Ala
- Amorphous GGX, GA, GPGX
domains
Silkwork silk B sheets GA, GAGS, GGA
Tropoelastin - GXOG
Eggshell - VPXYG
Elastin - VPGXG
Collagen Triple helix GPX, GXO
*X and Y, any amino acid. O, hydroxyproline.

In an embodiment, oligopeptides synthesized by a solid-phase method can be
combined with amino acid monomers in a solution-phase synthesis reaction, leading to
advantageous tissue culture scaffolds.

In an embodiment, the polypeptide solution can include any one or more of the
polypeptides listed in Table 5. The data in Table 5 were obtained by empirical study of the
polypeptides.

In an embodiment, the polypeptide solution can include any one or more of the
polypeptides listed in Table 6. A complex balance of charge and hydrophobic surface area
per unit length, molecular weight, solvent polarity, counterion concentration, polymer
concentration, and solution viscosity, among other properties, can make a polypeptide

suitable for electrospinning.
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Table 5. Summary of synthetic peptide electrospinning results
Polymer MW Behavior in . A.p prox.
(kDa) aq. sofn Flb(jr, wt diameter Continuous? Fibers Cross-linking
% (nm)
15-50 Highi
Poly(Glu ghly N - - - _
y(Glu) 50-100 soluble
Gelates
Poly(Glu,Lys) 4:1 >150 casily Y, 1-5 100-200 N Soluble -
) Y, good Insoluble at pH With diamine (or
Poly(Glu,Tyr) 4:1 20-50 Soluble Y,20-35 | 250-2000 app. 5 carbodiimide)
Poly(Glu Lys,Tyn) 20-50 | Soluble N - - - -
6:3:1
Highl
Poly(Lys) 300 | coubie N - - - -
Highl
Poly(Lys) 15-50 conbis Y, 40 N.D. N Soluble -
Poly(ornithine) >100 | W | v,30 | 1401500 | Y,OKapp. | "MeclbieateH With glutaraldehyde
Table 6. Peptide structures
Sub- General Mole ratio Target degree
project polymer of
structure polymerization
Rationale
A Om:VPGXG* 10:01 >50 kDa Table 5, amino acid sequence of elastin, a structural protein
Glu:GRGDG* 10:01 >50 kDa Table 5, amino acid sequence of fibronectin
Orn:Gly:Pro 2:01:01 >50 kDa Table 5, amino acid sequence of collagen
Glu:Gly:Pro 2:01:01 >50 kDa Same as previous with anion substituted for cation
B Cys:Om 1:25 >50 kDa Table 5, amino acid sequence of many secreted proteins
Cys:Glu 1:25 >50 kDa Same as previous with anion substitute for cation
Cc Orn:Arg 0111111111 >50 kDa Based on data in Table 5 and recognition site of trypsin
Orn:Lys 0.111111111 >50 kDa Same as previous with lysine substituted for arginine

GRGDG = Gly-Arg-Gly-Asp-Gly.

*Orn = ornithine, a natural amino acid involved in the urea cycle and an intermediate on the synthetic pathway of
arginine. Itis selected here because it is known to work. See Khadka and Haynie (2010). VPGXG = Val-Pro-Gly-X-Gly.

In an embodiment, a polypeptide solution used for electrospinning can include at least

one polypeptide and at least one non-polypeptide polymer.

The advantages of the use of synthetic peptides for electrospinning, according to

embodiments of the subject invention (vis-a-vis proteins and non-biological polymers)

include: control over water solubility and water spinnability; reduced need of organic

solvents; avoidance of grafting steps for biofunctionalization (because functional motifs are

directly incorporated in polymers); and avoidance of animal source material.

In an embodiment of the present invention, a polypeptide used for electrospinning can

be cross-linked. For example, the polypeptide can be cross-linked using any of the cross-

linkers listed in Table

electrospinning

7. In several embodiments, the cross-linking can be done after
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Table 7. Cross-linking methods
Cross-linker Positives Negatives
Glutaraidehyde | Requires amino groups Toxic
Carbodiimide Requires carboxylate Requires diamine for carboxylate in the absence of amino
groups
Cysteine Requires thio! groups Requires control over reducing potential of solution

In an embodiment, poly(L-glutamate, tyrosine) (PLEY) can be dissolved in a solvent
and used to produce electrospun nanofibrils. The solvent can be, for example, water. In a
further embodiment, homogenous nanofibers of pure synthetic polypeptide can be
electrospun from an aqueous solution of PLEY in the absence of organic solvent and non-
biological synthetic organic polymer. The PLEY concentration in solution can be in a range
of, for example, 10% (w/v) to 55% (w/v). In an embodiment, the PLEY concentration in
solution can be in a range of 20% (w/v) to 50% (w/v). In a specific embodiment, the PLEY
concentration in solution can be 50% or about 50% (w/v).

In an embodiment, one or more random copolymers can be used in a solution to
electrospin nanofibrils. ~ Random copolymers can be synthesized by ring-opening
polymerization of a-amino acid M-carboxyanhydrides (NCAs), as shown in Figures 28 and
29. The resulting polymers can be polydisperse and have no precise sequence, but they can
have a definite amino acid composition. For example, the first two structures listed in Table
6 can have units of precise sequence as indicated, though these units can be included at
random in the growing polypeptide. Polymer chain length and polydispersity can depend on,
for example, synthesis conditions.

In certain embodiments, polypeptides used for electrospinning can have certain key
characteristics. These can include water solubility before spinning, water insolubility after
spinning and possible further processing, advantageous chemical functionality for various
purposes, e.g. chemical cross-linking, controlled non-immuno-biochemical functionality,
controlled longevity in a biochemical environment, and controlled immunogenicity for in-
vivo applications. ~ The physical, chemical, and biological properties of polypeptide
nanofibers and nanofiber mats electrospun from aqueous solution can be controlled by
controlling the amino acid composition and sequence of synthetic polypeptides. In many
embodiments of the present invention, organic co-solvents and non-biological organic
polymers can be excluded from the polymer feedstock.

Referring again to Table 5, the data suggest that the determinants of spinnability are

non-obvious. For example, several highly-charged and highly-soluble peptides have proved
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surprisingly unsuitable for electrospinning. One such peptide is poly(L-glutamic acid), or
poly(Glu). It is possible that these apparently non-spinnable peptides can be spinnable under
other conditions, for instance, a change of degree of polymerization. Poly(L-lysine), or
poly(Lys), gave very poor fibers at best, and only when the range of degree of polymerization
corresponded to a molecular weight (MW) range of 15-50 kDa. It is surprising that poly(L-
ornithine), which differs from poly(Lys) by a single methylene group in the side chain, was
spinnable (see Figure 27). The counterion was bromide for both basic side chains.

In embodiments of the present invention, the solution used for electrospinning
nanofibers or nanofibrils can include random co-polymers, polymers “naturally” cross-linked
(e.g., by disulfide bond formation), random incorporation of non-random, pre-made peptide-
based motifs (e.g., RGD), or any combination thereof. Embodiments of the subject invention
can also include biochemical or biological characterization of materials (e.g., non-woven
materials). Control over peptide structure, as in embodiments of the subject invention, can
enable crucial biomedical and biotechnological goals to be met, including avoidance of
animal source material, “tunability” of physical, chemical, and biological properties of the
fibers and fibrous materials, and the possibility of incorporating non-natural amino acids to
achieve a specific technical purpose (e.g., rate of materials degradation). In an embodiment
of the present invention, the structure of at least one polypeptide used for electrospinning can
be “tuned” to ensure that it an advantageous structure.

Electrospun nanofibers and nanofibrils according to embodiments of the subject
invention can advantageously allow control over solvent, amino acid composition or
sequence, fiber properties, and properties of the resulting fiber mats. In addition, methods of
the subject invention advantageously allow for advanced synthesis methods for polymer
production, including chemical synthesis and/or microbial synthesis.

Electrospun nanofibers and nanofibrils according to embodiments of the subject
invention can have advantageous applications in several areas. These include, but are not
limited to, tissue engineering, wound healing, drug delivery, small-diameter vascular graft
implants, surgical sutures, porous membranes for skin, liquid filtration, gas filtration,
molecular filtration, electrostatic dissipation, electromagnetic interference shielding,
photovoltaic devices (e.g., nano-solar cell), LCD devices, clothing with lowered air
impedance, higher efficiency in trapping aerosol particles, anti-bio-chemical gases, skin
cleansing, skin healing, skin therapy with or without medicine, thermal sensors, piezoelectric

sensors, biochemical sensors, fluorescence optical sensors, and chemical sensors. Attractive
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features of electrospun nanofibers and mats according to embodiments of the subject
invention can include a high surface-to-volume ratio, very high porosity, and tunable
physico-mechanical properties. These properties of electrospun nanofibers and mats are
unique; they are not characteristics of the corresponding bulk material. Fiber mat
morphology, mechanical strength, pore size, shape, fiber distribution, and structure can be
controlled. It is advantageous for materials development and production that manipulation of
the polymer feed stock solution and process variables is relatively straightforward.

In several embodiments, nanofiber mats are intended for biomedical applications and
are biocompatible and degradable; they have suitable mechanical properties under targeted
conditions, and to the extent possible, they benefit from the ability to control material
properties at the nanometer scale. An artificial matrix can influence cell growth,
proliferation, differentiation, and other properties. Pore size, fiber size, tensile strength,
Young’s modulus, strain at break, and other physical properties of the mats can affect cell
behavior. Physical properties of the mat can be controlled by controlling, e.g., the physical
properties of the polymer(s) and/or conditions of the spinning process.

Electrospun scaffolds of electrospun nanofibers and nanofibrils according to
embodiments of the subject invention are useful for different tissue engineering applications.
There is flexibility in the selection of polymers, and the ability to control scaffold properties.
Other relevant considerations in tissue engineering include fiber orientation, porosity and
functionalization. Polymers may be natural or synthetic, biodegradable or non-degradable,
pure or blended. One can optimize for mechanical and biomimetic properties.

Regarding drug delivery applications, the dissolution rate of a particulate drug will
increase as the surface area of the carrier increases. Drug release at a defined rate over a
definite period of time is possible. Drug loading is easily achieved during electrospinning
according to embodiments of the subject invention, and the high applied voltage required for
fiber production will generally have little influence on drug activity. The large surface area
of fibers and therefore the short diffusion path length of small molecules will yield a higher
overall release rate than for the corresponding bulk material. Other drug loading methods are
possible, for instance, fiber mat coatings and encapsulation (coaxial and emulsion
electrospinning). These techniques can be used to provide control over drug release kinetics.
There is considerable flexibility in the type of drugs that can be incorporated: small
molecules, peptides, proteins, nucleic acids, and others. The drug release profile can be

further controlled by tuning polymer structure, nanofiber morphology and composition, and
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fiber mat porosity. Biodegradable and/or non-degradable materials can be used to control the
character of drug release: diffusion alone or diffusion combined with scaffold degradation.
The large surface area of a electrospun nanofibril fabric according to embodiments of the
subject invention enables fast and efficient solvent evaporation.

Regarding wound healing applications, early-stage healing can be improved using an
electrospun material over normal cotton gauze. Electrospun nanofiber mats can also be used
as a scaffold to mimic native ECM in dermal wound healing.

Biosensors are analytical devices for detection of analytes. A device is typically
composed of a sensitive biological element, a detector and a signal processor. The large
surface area of an electrospun fiber mat according to embodiments of the subject invention
can be useful for enabling sensitive detection of analytes, especially in conductometric

sSensors.

MATERIALS AND METHODS

A solution of one or more polypeptides can be prepared and then used for
electrospinning into one or more fibrils. The solution can be prepared in any reasonable
solvent known in the art, for example, water or water in combination with a co-solvent, for
example, ethanol. In an embodiment, a solution of one or more non-polypeptide organic
polymers can be prepared, blended with the polypeptide solution, and then the blend can be
used for electrospinning into one or more fibrils. In such a blend, the ratio of polypeptide to
organic polymer can be, for example, one or less. In certain embodiments, the ratio of
polypeptide to organic polymer can be greater than one.

The electrospun fibrils can be prepared using the apparatus shown in Figures 1 or 11.
The polymer or polymer solution can be provided in the syringe, and a voltage can be applied
across the metallic needle and the collector, leading to an electrified jet of the polymer. The
collector is a conductive material, for example, indium-tin-oxide-coated plastic, which is a
conductive, transparent, mechanically flexible, and inexpensive material that is readily
available. In an embodiment, during formation of the electrospun fibrils, the electric field
strength can be varied by changing the voltage difference or distance between syringe and
collector. For example, the electric field strength can be varied from about 102 V/m to about 7
x 10° V/m. In an embodiment, the electric field strength can be about 10° V/m.

Polypeptides that can be used according to embodiments of the subject invention

include, but are not limited to, poly-L-arginine, poly-L-lysine, poly-L-aspartic acid, poly-L-
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glutamic acid, poly-L-glutamic acid, poly-L-proline, and poly-L-isoleucine, poly(lysine,
phenylalanine), and poly(L-ornithine).

Polypeptides and combinations that can be used according to embodiments of the
subject invention include, but are not limited to, poly-L-arginine poly-L-lysine, poly(Lys,
Tyr), poly(Lys, Phe), poly-L-aspartic acid, poly-L-glutamic acid, poly(Glu, Tyr), poly (Glu,
Ala), poly (Glu, Ala, Tyr), poly-L-proline, and poly-L-isoleucine, poly(lysine,
phenylalanine), and a blend of poly(acrylic acid) poly(lysine, phenylalanine), and poly(L-
ornithine).

In certain embodiments, the polypeptide(s) used according to embodiments of the
subject invention can include any one or more of the following: poly-L-arginine
hydrochloride (15 kDa-70 kDa), poly-L-lysine hydrobromide (15 kDa-30 kDa), poly-L-lysine
hydrobromide (40 kDa-60 kDa), poly(Lys, Tyr) Lys:Tyr (4:1) hydrobromide (20 kDa-50
kDa), poly(Lys, Phe) Lys:Phe (1:1) hydrobromide (20 kDa-50 kDa), poly(Lys, Tyr) Lys:Tyr
(1:1) hydrobromide (50 kDa-100 kDa), poly-L-aspartic acid sodium salt (15 kDa-50 kDa),
poly-L-glutamic acid sodium salt (15 kDa-50 kDa), poly-L-glutamic acid sodium salt (50
kDa-100 kDa), poly(Glu, Tyr) Glu:Tyr (4:1) sodium salt (20 kDa-50 kDa), poly(Glu, Tyr)
Glu:Tyr (1:1) sodium salt (20 kDa-50 kDa), poly (Glu, Ala) Glu:Ala (6:4) sodium salt (20
kDa-50 kDa), poly (Glu, Ala, Tyr) Glu:Ala:Tyr (6:3:1) sodium salt (20 kDa-50 kDa), poly-L-
proline (>30 kDa), poly-L-isoleucine (5 kDa-15 kDa), poly(lysine, phenylalanine), a blend of
poly(acrylic acid) and poly(lysine, phenylalanine) in a ratio of 1:1 by volume, and a blend of

poly(acrylic acid) and poly(lysine, phenylalanine) in a ratio of 3:1 by volume.

Exemplified Embodiments

The invention includes, but is not limited to, the following embodiments:

Embodiment 1: An electrospun nanofibril, comprising at least one polypeptide.

Embodiment 2: The electrospun nanofibril according to embodiment 1, wherein the at
least one polypeptide comprises poly(L-glutamate, tyrosine) or poly(L-ornithine).

Embodiment 3: The electrospun nanofibril according to any of embodiments 1-2,
further comprising at least one non-polypeptide organic polymer.

Embodiment 4: The electrospun nanofibril according to any of embodiments 1-3,
wherein the at least one non-polypeptide organic polymer is poly(acrylic acid).
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Embodiment 5: The electrospun nanofibril according to any of embodiments 1-4,
wherein the at least one polypeptide is poly(lysine, phenylalanine).

Embodiment 6: The electrospun nanofibril according to any of embodiments 1-5,
wherein a diameter of the nanofibril is less than a micron.

Embodiment 7: The electrospun nanofibril according to any of embodiments 1-6,
wherein a diameter of the nanofibril is about 750 nm.

Embodiment 8: A method of preparing an electrospun nanofibril, comprising:

dissolving a polypeptide in a solvent to form a solution;

electrospinning the solution to form the electrospun nanofibril.

Embodiment 9: The method according to embodiment 8, wherein the polypeptide
comprises poly(Glu, Tyr) or poly(L-ornithine).

Embodiment 10: The method according to any of embodiments 8-9, wherein a
diameter of the nanofibril is less than a micron.

Embodiment 11: The method according to any of embodiments 8-10, wherein
clectrospinning the solution comprises electrospinning the solution in an electric field of from
about 10% V/m to about 7 x 10° V/m.

Embodiment 12: The method according to any of embodiments 8-11, wherein the
solvent is water.

Embodiment 13: A method of preparing an electrospun nanofibril, comprising:

dissolving at least one polypeptide in a first solvent to form a first solution;

dissolving at least one organic non-polypeptide polymer in a second solvent to form a

second solution;

mixing the first solution and the second solution to form a solution blend; and

electrospinning the solution blend to form the electrospun nanofibril.

Embodiment 14: The method according to embodiment 13, wherein the at least one
polypeptide comprises poly(Glu, Tyr) or poly(L-ornithine).

Embodiment 15: The method according to any of embodiments 13-14, wherein a
diameter of the nanofibril is less than a micron.

Embodiment 16: The method according to any of embodiments 13-15, wherein
electrospinning the solution blend comprises electrospinning the solution blend in an electric
field of from about 10° V/m to about 7 x 10° V/m.

Embodiment 17: The method according to any of embodiments 13-16, wherein the at

least one organic non-polypeptide polymer is poly(acrylic acid).



10

15

20

25

30

WO 2011/163232 PCT/US2011/041253
25

Embodiment 18: The method according to any of embodiments 13-17, wherein the at
least one polypeptide is poly(lysine, phenylalanine); wherein the first solvent is water; and
wherein the second solvent is also water.

Embodiment 19: The method according to any of embodiments 13-18, wherein the
first solution is a 13% solution of poly(lysine, phenylalanine); wherein the second solution is
a 25% solution of poly(acrylic acid); and wherein the solution blend comprises a volume ratio
of the first solution to the second solution of 1:1 or 1:3.

Embodiment 20: The method according to any of embodiments 13-19, wherein the
first solvent is water.

Embodiment 21: The method according to any of embodiments 13-20, wherein the
second solvent is water.

Embodiment 22: The method according to any of embodiments 13-17 and 19-20,
wherein the second solvent is not water.

Embodiment 23: The method according to any of embodiments 1-5, 8-9, 11-14, and
16-22, wherein a diameter of the nanofibril is more than a micron.

Embodiment 24: The electrospun nanofibril or method according to any of
embodiments 1-5, 8-9, 11-14, and 16-22, wherein a diameter of the nanofibril is about a
micron.

Embodiment 25: The electrospun nanofibril or method according to any of
embodiments 1-24, wherein a diameter of the nanofibril is from about 10 nm to about 10 pm.

Embodiment 26: The electrospun nanofibril or method according to any of
embodiments 1-4, 6-17, and 20-25, wherein the at least one polypeptide is poly(L-ornithine).

Embodiment 27: The electrospun nanofibril or method according to any according to
any of embodiments 1-4, 6-17, and 20-25, wherein the at least one polypeptide is poly(L-
glutamate, tyrosine).

Embodiment 28: The electrospun nanofibril or method according to any according to
any of embodiments 1-27, wherein the at least one polypeptide is a synthetic polypeptide.

Embodiment 29: The electrospun nanofibril or method according to any according to
any of embodiments 1-28, wherein the at least one polypeptide satisfies the opposite charges
criterion.

Embodiment 30: The electrospun nanofibril or method according to any according to

any of embodiments 1-29, wherein the at least one polypeptide satisfies the following
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equation: (non-polar surface area - Polar surface area)/DP < 100 square angstroms/residue,
wherein DP is the degree of polymerization of the at least one polypeptide.

Embodiment 31: The electrospun nanofibril or method according to any according to
any of embodiments 1-30, wherein the degree of polymerization of the at least one
polypeptide is at least 25.

Embodiment 32: The method according to any according to any of embodiments 8-
31, wherein the at least one polypeptide is present in the solution at a concentration in a range
of from 1% to 65% (W/v).

Embodiment 33: The electrospun nanofibril or method according to any according to
any of embodiments 8-32, wherein the at least one polypeptide is dissolved in the solvent at a
temperature in a range of from 20 °C to 30 °C.

Embodiment 34: The electrospun nanofibril or method according to any according to
any of embodiments 8-33, wherein electrospinning the solution comprises continuously

electrospinning the solution at a flow rate in a range of from 1 pL/min to 100 puL/min.

Following are examples that illustrate procedures for practicing the invention. These
examples should not be construed as limiting. All percentages are by weight and all solvent

mixture proportions are by volume unless otherwise noted.

EXAMPLE 1—electrospun PAA fibril

Poly(acrylic acid) (PAA) was electrospun into a fibril. The fibrils were prepared from
a 25% solution in water (Polysciences, Inc., USA, catalog #03326, molecular weight over
200 kDa). Fibril diameter was about 750 nm. The resulting fibrils are shown in Figure 3, the

scale bar of which is 20 um.

EXAMPLE 2—electrospun PAA/PLF fibril

A blend of PAA and poly(lysine, phenylalanine) (PLF) was electrospun into a fibril.
The blend of PAA solution and PLF solution was in a ratio of 1:1 by volume. The average
molecular weight of the PLF was about 48 kDa (Sigma, USA). PLF was prepared as a 13%
solution in water and mixed with 25% PAA in a 1:1 v/v ratio. The mixture was diluted to 4:5
with HCI, pH 1.8 for electrospinning. The resulting fibrils are shown in Figure 4, the scale

bar of which is 200 um.
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EXAMPLE 3—electrospun PAA/PLF fibril

Forming another set of fibrils from the same blend of PAA and PLF used in Example
2 resulted in the fibril shown in Figure 5. The fibril is hundreds of microns long, and no
beadlike structures can be seen. The electric field strength can be changed during fibril
spinning. This fibril is much thicker than the one of Example 2. The scale bar of Figure 5 is
200 pm.

EXAMPLE 4—electrospun PAA/PLF fibril

Fibrils of a blend of PAA and PLF were electrospun. PLF (13.3%) was mixed with
25% PAA ina 1:3 v/v ratio. The sample was not diluted further. No beadlike structures were
detected. The fibrils are about 2.5 microns thick. The resulting fibrils are shown in Figure 6,

the scale bar of which is 50 um.

EXAMPLE 5—electrospun PAA/PLF fibril

Fibrils of a blend of PAA and PLF were electrospun. The sample was sputter-coated
with gold for visualization by scanning electron microscopy. Electrospinning was done in the
Nanoscience Technology Center at the University of Central Florida and the sample was
analyzed in the Nanomaterials and Nanomanufacturing Research Center at the University of
South Florida. The diameter is 950.9 nm. The resulting fibrils are shown in Figure 7, the

scale bar of which is 10 pum.

EXAMPLE 6—electrospun poly(L-ornithine) fibril

All of this work was done in the Department of Physics, University of South Florida.

Lyophilized poly(L-ornithine) hydrobromide (152 kDa by viscosity), GTA (25% w/v
in water), and indium tin oxide (ITO)-coated poly (ethylencterephthalate) (60 Q/in®) were
obtained from Sigma-Aldrich (USA) and used as received. Syringe needles for
electrospinning were from Jensen Global (USA). A Glassman (USA) PS/FX20P15.0-11 20
kV power supply was used to generate electrical potential.

Poly(L-ornithine) (PLO) was dissolved in deionized (DI) water in the range 10-40%
w/v and introduced into a 1 mL syringe fitted with a blunt-tip metal needle capillary of inner

diameter 0.6 mm. A copper wire connected the needle tip to the positive pole of the power
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supply; the ITO-coated collector was grounded. All samples were tested or modified at
ambient temperature, pressure and humidity. Preliminary visualization of the nanofibers was
done with a Zeiss Axiovert 200 inverted microscope (Germany) equipped with a Roper
Scientific MicroMAX System CCD camera (USA). Detailed images of nanofibers were
obtained with a JEOL JSM-6390LV scanning electron microscope (Japan).

PLO nanofibers were spun from an aqueous solution if the polymer concentration was
at least 20% w/v. Fibers produced at 20%, 25% and 30% PLO contained beads, perhaps due
to limited polymer entanglement. At 35% and 40%, the fibers were long, continuous,
essentially bead-free, and suitable for mat production (see Figure 8; feedstock was 40% w/v
PLO in water). Less promising fibers were obtained at 45%, and none at 50%. PLO
concentration and other electrospinning parameters influenced fiber production. The applied
voltage was 5-20 kV, the nozzle-to-electrically grounded collector distance was 5-15 cm.
The optimal values for fiber production suggested by the present work were 9 kV and 10 cm.
The electric field was ~10° V/m.

Referring to Figure 9, the fiber diameter varied approximately linearly with
concentration when the needle gauge and applied voltage were held constant. The ability to
control fiber diameter can allow for flexibility in the design and fabrication of nanofibers for
different applications.

The solubility of PLO fibers was tested. Fibers dissolved readily in aqueous solution
at any pH and were sensitive to high humidity. The PLO fibers were cross-linked from the
vapor of GTA solution. A GTA molecule cross-links peptides by reacting with two free
amino groups on separate side chains.

PLO nanofibers on an ITO substrate were cross-linked in situ. Samples were inverted
and affixed to the top of a 25% GTA vapor-filled chamber consisting of 3 mL of GTA in a 40
mm-diameter uncapped Petri dish in an 80 mm-diameter Petri dish. The larger dish was
covered, sealed with parafilm, and maintained for a defined time interval.

The cross-linking procedure resulted in slight shrinkage and discoloration of the fiber
membrane. The extent of cross-linking was assayed qualitatively by immersion of a fibrous
mat in aqueous solution at different pH values for different time periods (Figure 10). Figure
10A shows an unmodified control with feedstock of 40% w/v PLO in water. Figure B shows
no cross-linking after one minute of immersion in DI water and one hour of drying. Figure
10C is after 15 minutes of GTA vapor crosslinking, one hour of immersion in DI water, and

one hour of drying. Figure 10D is after six hours of GTA vapor cross-linking, 48 hours of
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immersion in DI water, and one hour of drying. A cross-linking time of about six hours or
more gave mats that were essentially insoluble; about one hour of cross-linking gave limited

solubility.

EXAMPLE 7 — poly(L-lysine)

Poly(L-lysine) was tested and found to not be continuously spinnable when dissolved
in water. Poly(L-lysine) is highly soluble in water, but >300 kDa poly(lysine) was not
spinnable from water, and 15-50 kDa poly(lysine) is spinnable at 40% though not
continuously; at other concentrations the lower DP poly(lysine) was not spinnable at all (DP
is degree of polymerization). T his supports the conclusion that it is surprising that an
aqueous solution of poly(L-ornithine) can be continuously electrospun to produce electrospun

nanofibrils. Referring again to Figure 27, the two side chains differ by a single methylene

group.

EXAMPLE 8 — poly(Glu)
Poly(Glu) 15-50 kDa and poly(Glu) 50-100 kDa were found to soluble in water but

not spinnable at any concentration.

EXAMPLE 9 - poly(Glu, Lys)
Poly(Glu, Lys), 4:1, MW > 150 kDa was tested and found to be soluble but poorly

spinnable at 1-5% and not spinnable at higher concentrations.

EXAMPLE 10 — poly (Glu, Tyr)
Poly(Glu, Tyr), 4:1, 20-50 kDa was tested and found to be soluble and spinnable at
20-50%.

EXAMPLE 11 — poly(Glu, Lys, Tyr)

Poly(Glu, Lys, Tyr), 6:3:1, 20-50 kDa was tested and found to be soluble but not
spinnable at any concentration. It was hypothesized that a smaller proportion of Lys could
make the poly(Glu, Lys, Tyr)spinnable, because the new composition would be more similar
to poly(Glu, Tyr) 4:1. Poly(Glu, Tyr, Lys) 4:1:1 was tested, and it was found that certain
molecular weight species were indeed spinnable, though fibers formed clumps. The

following molecular weight species were tested: 9,450 kDa, 13,650 kDa, 86,700 kDa, and
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176,850 kDa, all average mass values determined by light scattering. The only one that was
spinnable was 176,850 kDa. Note that the poly(Glu, Lys, Tyr) 4:1:1 has 83% ionizable side
chains and a balance of charge per residue of (4-1)/6 = 0.5. Poly(Glu, Tyr, Lys) 5:1:1 is
likely to be more spinnable than poly(Glu, Tyr, Lys) 4:1:1.

EXAMPLE 12 — V*4,C*,

V*,,C*, was tested and found to be continuously spinnable. V* is VPGVG (SEQ ID
NO: 1), and C* is VPGVGVPGVGVPGCGVPGVGVPGVG (SEQ ID NO: 2), where V =
valine, P = proline, G = glycine, and C = cysteine. This was surprising because this 20 kDa
peptide has a charge per unit length is 0. Thus, it would not normally be expected to be
soluble or continuously spinnable.

E. coli cells transformed with a plasmid vector containing a gene encoding V*,,C*;
were cultured under conditions favoring cell proliferation and gene expression. Recombinant
peptide was purified by a three-step process. In the first two, phosphate-buffered saline
(PBS) containing 10 mM dithiothreitol (DTT), a reducing agent, was used to dissolve the
concentrated V*4,C*;-containing pellet obtained by centrifugation. Concentrated V*,C*;
gels at 37 °C but is soluble at 4 °C; ELPs undergo entropically-driven contraction and
aggregation above a transition temperature that depends on the amino acid sequence. In the
third step the peptide was resuspended in deionized water (DI) and dialyzed overnight against
DI to remove residual NaCl, PBS, and DTT. V#*;,,C*; mass was verified by SDS-PAGE,
which showed a single band between 20 and 25 kDa (data not displayed); the recombinant
peptide was apparently monodisperse. The mass discrepancy was likely due to the high
percentage of proline in V*40C*,, which can decrease the flexibility of the polymer backbone
and the electrophoretic mobility in a dense gel matrix. Purified peptide was lyophilized for
long-term storage. Figure 20 demonstrates the spinnability of lyophilized V*4,C*, following
reconstitution in water.

Figure 20 shows a light microscopy image of V*4C*; nanofibers. A Zeiss Axiovert
200M microscope was used, equipped with a 40x objective. Lyophilized peptide was
reconstituted in distilled and deionized water immediately prior to electrospinning. The final
concentration was 50% (w/v). Trace amounts only of buffer ions and counterions will have
been present in the peptide feedstock; there are only two ionizable amino acid residues per

molecule. Some molecules may have become cross-linked by disulfide bond formation prior
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to spinning. The potential was 9.5 kV. The spinneret-collector distance was 10 ¢cm. Fibers
were collected on 60 Q/in? indium-tin oxide-coated plastic (Sigma). The average diameter of
the fibers was less than 1 um. Some fibers appeared brighter than others; some were more in

the focal plane of the objective lens than others.

EXAMPLE 13 — poly(L-glutamate, tyrosine)

Poly(L-glutamate, tyrosine) (PLEY) was dissolved in water at various concentrations
and electrospun. The apparatus shown in Figure 11 was used. Homogenous nanofibers of
pure synthetic polypeptide were electrospun from the aqueous solution in the absence of
organic solvent and non-biological synthetic organic polymer. The PLEY concentration in
solution was varied from 10% (w/v) to 55% (w/v). Table 8 shows the results of
electrospinning using varied compositions of PLEY. The nozzle-collector distance was
varied from 5 cm to 15 cm, and the applied voltage was varied from 5 kV to 30 kV. The
results indicated that apparent optimal values are 50% (w/v) PLEY concentration, 10 cm

nozzle collector distance, and 12 kV applied voltage.

Table 8. Composition of PLEY nanofibers

% PLEY (W/V) Result

10 No fibers

15 No fibers

20 Few beaded fibers
25 Beaded fibers

30 Fiber

35 Fiber

40 Fiber mate

45 Fiber mate

50 Fiber mate

55 Discontinuous fibers
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Figure 12 shows SEM images of electrospun mats of fibrous polypeptides made from
50% w/v PLEY in water. (A) 140x magnification; the scale bar is 100 pum; the voltage
applied was 19 kV. (B) 900x magnification; the scale bar is 20 um; the voltage applied was
15 kV. (C)1600x magnification; the scale bar is 10 pm; the voltage applied was 19 kV.

Figure 13 shows images of electrospun mats of fibrous polypeptides made from a
PLEY aqueous solution (A) with no further treatment, (B) following addition of a few drops
of deionized water (DI) for about one minute and drying for about one hour (the fiber web
has dissolved), and (C) following cross-linking in EDC-ethanol solution for about four hours,
immersion in DI for about two days, and drying for about three hours.

Figure 24 shows physical characterization of electrospun fibers made from a 50%
(w/v) aqueous PLEY solution. Fibers were visualized by fluorescence microscopy at 10x
magnification. Fluorescein isothiocyanate-poly(L-lysine) (FITC-PLL) was deposited by
layer-by-layer assembly. (A) 2 mg/mL FITC-PLL adsorbed for about one hour on fibers
collected on 60 W/ft* indium-tin-oxide (ITO) and rinsed extensively with water, (B) 2 mg/mL
FITC-PLL adsorbed for about one hour on fibers on ITO and rinsed extensively with water,
(C) 5 mg/mL FITC adsorbed for about one hour on ITO and rinsed extensively with water,
(D) fibers on ITO rinsed extensively with water.

Figure 14 shows an SEM image of an electrospun mat of fibrous polypeptides using a
PLEY 4:1 aqueous solution. The magnification is 850x, the scale bar is 20 um, and the
applied voltage was 30 kV. Figure 15 shows an SEM image of an electrospun mat of fibrous
polypeptides using a PLEY 4:1 aqueous solution. The magnification is 1700x, the scale bar
is 10 um, and the applied voltage was 25 kV.

Figure 16 shows protease digestion for electrospun mats of polypeptide fibers
prepared from a feedstock of a PLEY 4:1 aqueous solution. (A)-(D) The protease is Glu-c
protease (cat # 90054 Thermo Scientific USA), incubation of about five hours at about 37 °C,
pH of about 8, with a 50 Mm ammonium bicarbonate buffer; the electrospun mat was made
from a feed stock of PLEY 4:1. (E)-(H) The protease is protease XIV (cat # p5147, Sigma,
MO, USA), incubation of about five hours at about 37 °C, pH of about 7.4, with a 10 Mm
phosphate buffer saline (PBS) buffer; the electrospun mat was made from a feed stock of
PLEY 4:1. Magnification, scale bar, applied voltage, and percentage (w/v) of protease: (A)
330x, 50 um scale bar, 30 kV, 0% protease; (B) 160x, 100 um scale bar, 30 kV, 0.002%
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protease; (C) 180x, 100 pum scale bar, 30 kV, 0.02% protease; (D) 180x, 100 pum scale bar, 30
kV, 0.2% protease; (E) 200x, 100 pm scale bar, 25 kV, 0% protease; (F) 180x, 100 pm scale
bar, 30 kV, 0.002% protease; (G) 160x, 100 pum scale bar, 30 kV, 0.02% protease; (H) 180x,
100 um scale bar, 30 kV, 0.2% protease.

Figure 17 shows a cross-linking scheme for a PLEY 4:1 fiber. Water-soluble PLEY
nanofibers were made insoluble by cross-linking with EDC in ethanol (see also Figure 13C).
EDC reacts with a carboxyl group in a glutamic acid side chain in the second peptide on the
left, forming an amine-reactive O-acylisourea intermediate (not shown). If the intermediate
reacts with the amino-terminal amino group on the first peptide on the left, the two peptides
become joined by an amide bond, as shown on the right. EDC could join a side chain to the
amino-terminus of the same peptide. The results of the cross-linking of PLEY in EDC-
ethanol at various cross-linking and dissolution times are shown in Table 9. Cross-linking
significantly altered the mechanical properties and stability of the nanofibers. Figure 25
shows in situ FTIR spectra of an as-cast film and electrospun fibers of PLEY on ITO-PET

before and after cross-linking. The spectra were obtained in ATR mode.



15

20

WO 2011/163232 PCT/US2011/041253
34

Table 9. Cross-linking and dissolvability of PLEY in EDC-ethanol.

Cross-linking time (h) Dissolution time (h) Result

0.25 0.25 Total dissolution
0.5 0.5 Partial dissolution
1.0 1.0 Partial dissolution
6.0 12, 24, 48 No dissolution

12 12,24, 48 No dissolution

24 12,24, 48 No dissolution

Figure 19 shows cell cultures of an electrospun mat of fibrous polypeptides made
from a PLEY 4:1 aqueous solution. (A) is on TCPS, (B) is on ITO, and (C) is EDC-cross-
linked electrospun 55% PLEY on ITO-PET. Figure 22 shows an SEM image of an
electrospun mat of aligned fibrous polypeptides made from a 55% (w/v) PLEY aqueous

solution. The magnification is 900x, the scale bar is 20 um, and the voltage was 19 kV.

EXAMPLE 14 - PLEY

Lyophilized PLEY 4:1 was dissolved in deionized water (DI) at a concentration of
55% (w/v). The solution was then deposited directly onto indium-tin-oxide-coated plastic
and allowed to air dry (black spectrum in Figure 18) or electrospun onto indium-tin-oxide-
coated plastic (red spectrum in Figure 18). The fibers were subsequently cross-linked with
EDC, a common coupling reagent that is reactive towards carboxylate groups (blue spectrum
in Figure 18). All samples were analyzed in situ with a Jasco FT/IR-4100LE instrument and
a Harrick Horizon ATR accessory outfitted with a ZnSe crystal. 256 data sets were collected
at a bandwidth of 4 cm™ and averaged in each case.

Figure 18 shows absorbance vs. wavenumber (cm™) for the cast from solution (black
spectrum), the fiber (red spectrum), and the EDC-fiber (blue spectrum). PLEY was
apparently mostly disordered in the fibers prior to cross-linking. The cross-linking process
apparently induced the peptides to become more ordered in the fibers. Peaks 1-5, which
represent different chemical groups, are useful for comparison. Peak 1, for instance,

corresponds to the symmetric stretch of COO .
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EXAMPLE 15 —3T3 cells

Figure 21 shows reproducibility and layer dependence of NIH 3T3 cell proliferation
on non-functionalized synthetic biomatrix. The synthetic biomatrix was prepared from
polypeptides by layer-by-layer assembly. Cell count was determined by a fluorescence-based
assay 72 hour post seeding in 96-well plates at 10,000 cells per well. Data are shown for 0-
12 layers of peptide. Blue (red) bars, odd (even) number of layers. PLL = poly(L-lysine),
PLGA = poly(L-glutamate), MW = molecular weight. MMW-MMW = “medium” MW
PLL/“medium” MW PLGA. MMW-LMW = “medium” MW PLL/‘large” MW PLGA.
MMW PLL = 15-30 kDa. MMW PLGA = 15-50 kDa. LMW PLGA = 50-100 kDa.
Averages of 24 independent trials and standard errors are shown. One asterisk indicates
significance at p < 0.05 relative to 0-layer control; two asterisks, p <0.01. This example does

not demonstrate electrospun nanofibers.

EXAMPLE 16 — PLO and PLEY

Figure 23 shows fiber diameter as a function of polymer feedstock concentration for
PLO and PLEY (diamonds — PLEY, squares - PLO). Applied voltage and spinneret-collector
distance were held constant. The values were 10 cm and 12 kV for PLEY and 10 cm and 10
kV for PLO. Each data pbint represents the average of 20 independent measurements. The

error bars represent standard deviations.

EXAMPLE 17 — cross-linked PLEY fibers

Figure 17 shows a cross-linking scheme for a 4:1 PLEY fiber. Figure 24 shows
fluorescence micrographs of cross-linked PLEY fibers on ITO-PET (indium tin oxide —
polyethylene teryphthalate) electrospun at 50% (w/v). The applied voltage was 10 kV, the
spinneret-collector distance 9 cm. FITC-PLL was deposited by layer-by-layer assembly. A)
Sample incubated with 2 mg/mL FITC-PLL for 1 h and rinsed with deionized water. B)
Sample incubated with 5 mg/mL FITC for 1 h and rinsed with deionized water. C) Sample
incubated with 5 mg/mL FITC for 1 h and rinsed with deionized water. D) Sample rinsed
with deionized water. All micrographs were obtained with a 10x objective lens. The scale

bar is 20 um in each case.
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EXAMPLE 18 - NCAs

Figure 28 shows a scheme of synthesis for a-amino acid N-carboxyanhydrides
(NCAs). Tyrosine, glutamic acid and lysine are shown as examples. Figure 29 shows a
scheme of synthesis for random copolymerization of NCAs. A tyrosine-lysine-glutamic acid

tripeptide is shown as an example.

EXAMPLE 19 — Fibroblasts

Fibroblasts were cultured on electrospun polypeptide fibers in vitro. Figure 30 shows
a fluorescence micrograph of fibroblasts in vifro. F-actin was stained with rhodamine-
phalloidin, nuclear DNA with DAPI, and poly(Glu, Tyr) fibers with FITC-poly(L-lysine)
after EDC cross-linking.

EXAMPLE 20 - PLEY

PLEY 4:1 [or poly(L-Glus-co-L-Tyr); E = Glu, Y = Tyr in single-letter code], 20-50
kDa by viscometry, was obtained from Sigma-Aldrich (USA). Indium tin oxide-coated
polyethylene terephthalate, 60 {/in” surface resistivity (ITO-PET), was obtained from Sigma-
Aldrich. This substrate material is particular useful for use as a fiber collector because it is
both conductive and semi-transparent in the visible range. 1 mL plastic syringes were
obtained from Fisher (USA). Blunt-tip metal needles of inner diameter 0.6 mm were
obtained from Jensen Global (USA). A PS/FX20P15-11 Glassman High-Voltage Inc. (USA)
power supply was used to create jets of polymer feedstock.

Lyophilized PLEY was dissolved in deionized water (DI) at 60% (w/v), a
concentration close to the solubility limit, and serially diluted with water. Fibers were spun
from the polymer feedstock in a syringe; a blunt-tip needle served as the spinneret. The
feedstock flow rate was otherwise determined by solution viscosity and gravity. A copper
wire connected the cathode of the voltage source to the needle tip. The collector was
connected to the same ground as the anode of the power supply. The applied voltage and the
spinneret-to-collector distance were varied from 7 to 20 kV and 5 to 15 cm, respectively. All
fiber production was done at ambient temperature, pressure, and humidity. Fibers were
produced when conditions supported the formation of a Taylor cone and a jet of polymer
solution. The solvent in the jet evaporated as it sped towards the collector, leaving mostly
dehydrated fibers. Further dehydration was achieved by the gentle flow of air across the

fibers. Oriented fibers were produced by connecting the power supply ground to a parallel
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plate collector, assembled from two 5 cm-long copper electrodes separated by a distance of 2
cm. All other conditions were the same as for fibers spun onto a planar collector.

Preliminary visualization of fibers on planar collectors was done with a Zeiss
Axiovert 200M inverted microscope (Germany). The instrument was equipped with an
incandescent source, a mercury vapor source, a filter set and a Roper Scientific MicroMAX
System CCD camera (USA). Higher resolution images were obtained with a JEOL JSM-
6390LV scanning electron microscope (SEM, Japan). The accelerating potential was 15-30
kV. Samples were metalized with a 10-nm layer of gold. Fiber diameter was determined by
analysis of SEM data.

PLEY fibers were chemically cross-linked by submersing samples on 4 cm x 4 cm
ITO-PET substrates in 20 mL of 50 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) (Thermo Scientific, USA) in 90% ethanol/10% DI at ambient temperature. This
water-soluble reagent, which is common in biochemistry and indeed in protein
electrospinning, activates carboxyl groups for spontaneous reaction with primary amines.
There are in every PLEY molecule one carboxyl group per glutamic acid side chain, one
carboxylic acid group at the carboxyl terminus of the polymer chain, and one amino group at
the amino terminus. The duration of the cross-linking reaction was in a range of from 0 hours
to 6 hours. Cross-linked samples were rinsed extensively with DI prior to further analysis or
cell culture.

Cross-linked fibers were visualized by SEM as described above or fluorescence
microscopy following adsorption of dye-conjugated peptides. Fiber samples on 2 cm x 2 cm
ITO-PET were fully immersed for about 1 hour in 2 mg/mL fluorescein isothiocyanate
(FITC)-PLL (Sigma) in DI or 5 mg/mL FITC (Sigma) in Dland then rinsed with DI
Samples and controls were then analyzed with a fluorescence microscope equipped with a
fluorescein filter set.

PLEY structure was analyzed by circular dichroism spectroscopy (CD) and Fourier-
transform infrared spectroscopy (FTIR). An Aviv 215 CD instrument (Aviv Biomedical,
Inc., USA) was used to obtain far-UV dichroic spectra of PLEY dissolved in deionized water.
15 scans were averaged for measurement in the 180-260 nm range at a rate of 1 nm s a step
size of 1 nm, a path length of 0.1 cm, and a bandwidth of 1 nm. Minor data averaging was
done to obtain the final spectrum. A Jasco FT/IR 4100 spectrometer (Japan) outfitted with a

Horizon™ multiple-reflection attenuated total reflection (ATR) accessory with a ZnSe crystal
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(Harrick Scientific Products, Inc., USA) was used to analyze PLEY films and fibers. ZnSe
transparency is approximately independent of wavelength in the range 1200-4000 em ™
Samples were analyzed in situ as polymer deposited directly from solution or as fiber mats on
ITO-PET, before and after cross-linking. All spectra were acquired as 256 scan averages at a
resolution of 4 cm ™.

Enzymatic degradation of cross-linked fiber mats was tested with two protease species.
Lyophilized Glu-C endoproteinase (Thermo Scientific) was reconstituted at a concentration
of 0.2% (w/v) in 50 mM ammonium bicarbonate, pH 8.0, and successive 10-fold dilutions
were prepared with the same buffer. Lyophilized protease XIV (Sigma) was reconstituted at
2% (w/v) in phosphate-buffer saline (PBS), and successive 10-fold dilutions were prepared
with the same buffer. ITO-PET substrates covered with cross-linked fiber mats were divided
into 6 equal areas, 2 cm x 2 cm each. 20 pL of enzyme solution or buffer was then deposited
on the corresponding sector of fiber mat and incubated at 37 °C for a time in a range of from
0 hours to 5 hours. The resulting samples were rinsed with DI, dried and analyzed by SEM
as described above. Cytocompatibility of cross-linked PLEY fibers has been tested with
normal human dermal fibroblasts (NHDFs). These cells, which have a normal phenotype,
play an important role in wound healing in vivo. Such considerations are relevant to possible
biomedical applications of electrospun biomaterials. Cells were maintained at a sub-
confluent density in Fibroblast Basal Medium with Fibroblast Growth Medium-2 (Lonza,
USA) and passaged every 72-96 hours. 1TO and electrospun fiber mats on ITO-PET were
rinsed in ethanol and then PBS prior to cell seeding. Cells cultured on tissue-culture
polystyrene were rinsed in Hanks’ balanced salt solution, released from the substrate by
treatment with 0.25% trypsin in 2.21 mM EDTA (Mediatech, USA), centrifuged and re-
suspended in culture medium. Approximately 10,000 cells in 200 pL. were seeded onto ITO-
PET or fiber-coated ITO-PET and then incubated at 37 °C and 5% CO,. The culture medium
was changed every about 48 hours.

PLEY was not spinnable at concentrations below 20% (w/v). Fibers produced in the
20-35% concentration range contained beads; the fibers were not smooth and continuous. At
50-60%, fibers were continuous, long and suitable for mat production. Less attractive fibers
were obtained with 40-45% PLEY. The spinneret-collector distance and the applied voltage

were tested at 3 or more values in the 5-15 cm and 7-20 kV range for each polymer
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concentration; the electric field was ~10° Vm™'. The most attractive fibers were obtained at
50-55% PLEY, 12 kV and 10 cm.

Figures 14, 15, and 22 present typical SEM images of fibers electrospun at 55%
PLEY. Figures 14 and 15 show non-woven fiber mats on a planar ITO collector at different
magnifications. Figure 22 presents aligned fibers obtained with the parallel-plate collector
described above. In both cases, the fibers are smooth and bead-free. The average fiber
diameter, determined by analysis of SEM images, was 670 nm - 9.10 um, depending on
polymer concentration (Figure 23). In general, the variance in fiber diameter increased as the
mean value increased. At 55%, the average diameter was 7 = 1 um.

PLEY fiber solubility has been tested at different pH values, above and below the pK,
of glutamic acid. This amino acid accounts for 4 in 5 of all residues of PLEY. Side chain
ionization was considered relevant because it strongly influences polymer solubility. In the
absence of cross-linking, fibers were sensitive to water throughout the tested range, pH 2
(below the pK, of Glu) to pH 12 (above the pK, of Tyr), and at high humidity (similar to
Figure 13). Cross-linking was achieved by immersing fiber samples in EDC in ethanol/water
at room temperature for defined periods of time. Resistance of fiber mats to dissolution in
water was determined after cross-linking. About six hours of cross-linking was sufficient for
essentjally complete fiber mat insolubility. The results of the cross-linking and solubility

tests are summarized in Table 10.

Table 10. Cross-linking and Solubility Results

Cross-linking time (h)

Dissolution time (h)

Result

0.25

0.25

~100%

0.5 0.5 <75% dissolution
1.0 1.0 <25% dissolution
6.0 12, 24, 48 <5% dissolution

Table 2. Result of fiber mat crosslinking and solubility fests.
exposure to crosslinking reagent and to water are given.

The duration of fiber mat

PLL-FITC has been used to visualize fiber mats by fluorescence microscopy. PLL-
FITC (Figure 24A) but almost no free FITC (Figure 24B) became bound to PLEY molecules
in fiber mats during incubation and remained bound following extensive rinsing with

deionized water. The binding process resulted in essentially no change in fiber diameter.
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Any FITC that became bound to ITO-PET did so at an approximately uniform surface density

(Figure 24C). Fibers on ITO could not be visualized by fluorescence microscopy in the

absence of a dye (Figure 24D).

CD has been used to gain information on PLEY structure in solution. The preferred
backbone conformation in aqueous solution was a random coil. FTIR-ATR has been used to
demonstrate fiber crosslinking and assess PLEY structure in fibers before and after cross-
linking. Referring to Figure 25, the spectra of the polymer cast from solution and in fibers
before crosslinking showed only relatively minor differences with regard to shape of the
absorption envelope. Cross-linking and rinsing led to a sharp decrease in line broadening,
especially in the amide I region (1600-1700 cm ). The amount of water bound was
nominally the same for all spectra.

The susceptibility of PLEY fibers to proteolysis has been tested. Fibers were
incubated with reconstituted Glu-C protease or protease XIV for defined time periods.
Degradation was evident in all fiber mats exposed to protease. Referring to Figure 31,
fragmentation of individual fibers increased with time. Fibers were almost completely
degraded within five hours by 0.2% (w/v) Glu-C or 2% (w/v) protease XIV. 20-25% of the
fibers remained in 0.02% Glu-C and 0.2% protease XIV after the same amount of time; 40-
45% of the fibers remained in 0.002% Glu-C and 0.02% protease XIV.

Biocompatibility testing of PLEY fibers was performed. NHDF cells were seeded
onto crosslinked fibers or onto control surfaces for introductory assessment of adhesion,
morphology and toxicity. Referring to Figure 26, cells became well spread within about 24
hours and grew to confluence within about 72 hours on tissue culture polystyrene, ITO-PET,
and cross-linked PLEY fiber-coated ITO-PET. Figure 26 shows light micrographs of normal
human dermal fibroblasts (NHDFs) culture in vitro. The substrate was (A) tissue culture
polystyrene, (B) ITO-PET, or (C) EDC-cross-linked electrospun 55% PLEY on ITO-PET. A
10x objective was used. White arrows highlight specific fibers, shaded arrows specific cells.
The scale bar is 100 um in each case. Randomly-oriented fibers were spaced on the order of
microns to tens of microns. Fiber diameter varied from hundreds of nanometers (darker
fibers) to microns (bright fiber). Cells displayed apparently normal adhesion and
morphology on fiber-coated ITO by light microscopy.

EXAMPLE 21 — Synthesis of a-amino acid NCAs.
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In a dry two-neck round-bottom flask outfitted with a reflux condenser and a nitrogen
inlet, side-chain protected o-amino acid in dry tetrahydrofuran (THF) can be added under a
nitrogen atmosphere. The suspension can be heated to 70 °C for 10 min. Triphosgene (0.33
equivalents) can be dissolved in dry. THF can then be added drop-wise to the suspension for
about 30 min at 70 °C. The reaction mixture can then be stirred at 70 °C until a clear solution
is obtained. This material can be allowed to cool to ambient temperature and transferred to a
flask to which hexane is added until the solution turns turbid. This mixture can then be
maintained at —20 °C for recrystallization overnight. White crystals collected by filtration

and vacuum drying can then be characterized.

EXAMPLE 22 - Synthesis of random copolymers.

The initiator diethylamine can be added to a mixture of amino acid monomers, €.g.
benzyloxy-L-glutamate-NCA, benzyloxy-L-tyrosine-NCA and N°-CBz-lysine-NCA, under a
nitrogen atmosphere in a flame-dried Schlenk tube. The mixture can be stirred at 60 °C under
nitrogen for about 48 hours. Methanol can be added to precipitate the polymers, which can
then be washed with methanol and vacuum dried to yield white solids. For Sub-project A
peptides (see Table 6), random peptide synthesis can be carried out by NCA polymerization
initiated by hydroxide, and oligopeptides prepared by solid-phase synthesis can be coupled to
the random peptides in the solution-phase by carbodiimide coupling. The AB to AB
coupling in the solution phase can promote random incorporation of distinct sequences in an
otherwise random polypeptide chain.

Deprotection of copolymer side chains - Polypeptides can be dissolved in a mixture of
dry THF and methanol (9:1), and Pd/C powder can be added to 10% (w/v). The reaction
mixture can then be hydrogenated at 50 °C for about 36 hours. The reaction mixture can then
be filtered, and the filtrate can be evaporated and vacuum dried, yielding deprotected random
copolymers.

Materials characterization - Amino acids and polypeptides can be characterized with a
Reflex II matrix-assisted laser desorption-ionization mass spectrometer (Bruker Daltonics),
and 'H- and natural abundance *C-spectra can be obtained with a DPX 250 MHz (Bruker) or
an Inova 400 MHz or 500 MHz (Varian) NMR spectrometer. Peptide solubility can be
assessed as turbidity versus peptide molality. A size-exclusion chromatograph (Shimadzu),

equipped with a refractive index detector and a Waters Styragel® HR 4E column, and a
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Malvern Zetasizer Nano S can be used to determine the molecular weight of synthesis

products, based on comparisons with mass and size standards.

EXAMPLE 23 - Testing, Cross-linking, and Characterization

For fibers produced from soluble peptides from Example 22, peptide concentration
can be tested in the range of 5-50% (w/v), and the electric field strength, 10*-10° V/m, in 10
increments for each. Fibers can be collected continuously at ambient temperature for 30 min
on 60 /in® indium tin oxide-coated polyester (ITO-PET; Sigma-Aldrich), a material that is
advantageous because it is transparent, conductive, suitable for in vitro cell culture and
inexpensive.

Fiber cross-linking - Fibers made of cysteine-containing peptides (Table 6, Sub-
project B) can be cross-linked as follows. The corresponding peptides can be dissolved in
nitrogen gas-saturated buffer to inhibit disulfide formation. Exposure of fibers to the
oxidizing potential of air during and after spinning will promote disulfide bond formation.
Fibers of the peptides in Sub-projects A and C of Table 6 can be treated with glutaraldehyde
vapor as in Khadka and Haynie (2010) (which is hereby incorporated by reference in its
entirety) or EDC (carbodiimide) in 90% ethanol/10% water, cross-linking respectively amino
groups or carboxylate groups. Fiber mat solubility can be assessed as the time dependence of
percentage change in dry mass.

Fiber characterization - Fiber diameter and mat morphology can be characterized by
scanning electron microscopy after sputter coating a 10 nm layer of gold. It is anticipated
that fiber diameter will be in the 0.1-2 pum range, depending on peptide degree of
polymerization, concentration, and other variables, as in Khadka and Haynie (2010). Fiber
mats can also be analyzed by IR spectroscopy in attenuated total reflectance mode on a ZnSe

crystal over the range 4000-1000 cm™

in the laboratory of the Pl, to gain information on
secondary structures adopted by peptides in fibers.

Alternative approaches - If a candidate peptide that is soluble should prove difficult to
electrospin, its structure can be altered. All Sub-project A and Sub-project C peptide designs
from Table 6 that prove spinnable can be reformulated to include cysteine as in Sub-project B
of Table 6 in an attempt to produce fibers that can be cross-linked by disulfide bonding. For
instance, Orn:Gly:Pro::2:1:1 can go to Om:Gly:Pro:Cys::12:6:6:1.  This activity cam
illustrate a way in which control over amino acid composition enables “tunability” of fiber

mat properties.
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EXAMPLE 24 — Testing

Fibers mats can be tested in vitro for susceptibility to proteolysis and suitability for
mammalian cell culture, and in vivo. All spinnable peptides from Example 23 can be tested
in vitro and/or in vitro.

Proteolysis - Trypsin (Sigma) can be prepared as a 1% (w/v) aqueous stock solution,
serially diluted and deposited onto different fiber mat samples on ITO-PET at 37 °C for at
least 5 min. The negative control can be buffer in the absence of trypsin. At defined time
points, the fiber mats can be rinsed thoroughly with water and dried, and the time dependence
of percentage change in dry mass will be calculated.

Cell culture - Keratinocytes (Lonza) and primary human umbilical vein endothelial
cells (HUVECSs) can be cultured on fiber mat samples on ITO-PET, and on bare ITO-PET
and bare tissue culture poly(styrene). HUVECs (L.onza), for example, can be cultured in
EGM® endothelial serum-free growth medium (Lonza) supplemented with EGM-BulletKit®
[Lonza; bovine brain extract with heparin, hEGF, hydrocortisone, GA-1000 (gentamicin,
amphotericin B) and 2% fetal bovine serum]. The culture medium can be changed every 2
days until cells are confluent. The cells cannot have been passaged more than 5 times before
seeding onto fiber mats or control surfaces, nor will they have been exposed to vascular
endothelial growth factor (VEGF).

Cell adhesion, morphology, and proliferation in vitro. - For short-term cell adhesion
experiments, cells can be incubated for about 2 hours at 37 °C and 5% CO,. Cell adhesion
can then be quantified with the Vybrant™ cell adhesion assay kit (Molecular Probes™
Invitrogen). For HUVECs, 1x10° cells can be allowed to attach to hole-punch-sized,
nanofiber-coated substrate s for 24 h, fixed in 4% (w/v) paraformaldehyde in PBS, and
permeabilized with 0.1% (v/v) Triton X-100 in PBS. F-actin, cell-substrate contacts and cell-
cell contacts can be stained with rhodamine phalloidin (Molecular Probes™), FITC-labeled
anti-vinculin (Sigma-Aldrich), and anti-human VE-cadherin/CD144-PE (R&D Systems),
respectively. Nonspecific background staining can be reduced by treating samples with1%
(w/v) BSA in PBS prior to staining. DAPI (Molecular Probes™) can be the fluorescence
counterstain. Cell samples can be analyzed with the Leica DM2000 fluorescence microscope
in the Florida Center of Excellence for Biomolecular Identification of Targeted Therapeutics
(see also Figure 30). The instrument is equipped with an external light source, a digital
camera, and a 100x oil-immersion objective. In cell proliferation experiments, the number of

adhered cells can be measured with the CyQuant® NF cell proliferation assay kit (Molecular
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Probes™; C35006) after 1, 3, or 7 days of culture. Fluorescence intensity can be measured at
ambient temperature with a Wallac 1420 VICTOR2 fluorescence microplate reader
(PerkinElmer Inc., USA) with excitation at 485 nm and emission detection at 530 nm. Each
set of conditions can be analyzed in at least two independent experiments, seven replicates
per experiment. For HUVECs, effects of VEGF 65 (R&D Systems) on cell adhesion and
proliferation on fiber mats can be determined as follows. Cells can be suspended in 10 ng/mL
VEGFes-containing culture medium and then seeded on fiber mats, ITO-PET, or tissue
culture poly(styrene). For long-term cell proliferation experiments, the VEGF ¢s-containing
culture medium can be changed every 2 days. Results can be compared with VEGF-untreated
but otherwise identical cell samples. Cell data sets can be compared by Student’s rtest. p
values < 0.05 will be considered statistically significant.

In vivo open wound healing test - For each candidate peptide structure tested in vivo,
the healing of wounds on 12 Sprague-Dawley rats, 6 males and 6 females, weighing 240+10
g each, can be studied. Anesthetization can be effected by intramuscular injection of
ketamine (50 mg/kg) and xylazine (10 mg/kg) or an alternative, IACUC-approved
formulation. Two full-thickness rectangular wounds of 1 ¢cm x 1 cm can be prepared on the
back of each anesthetized rat, parallel with the spine. An electrospun nanofiber mat of the
same size can be applied to one of the wounds, and cotton gauze of the same size to the other.
On post-operative day 7 or 10, macroscopic photographic documentation of the wounds can
be obtained, and the wound area can be measured with a slide caliper. On post-operative day
7 or 28, the wounds can be removed after euthanizing the rats by intramuscular injection of
ketamine and xylazine and intravenous injection of KCI (3 mL/kg) for histological
assessment of epithelialization and granulation or an alternative, IACUC-approved
procedure.

Viscosity can be measured over a range of shear rates with a rheometer, such as a DV
IIT (Brookfield, USA) using a rate or 300 s '. Different methods can be used to measure the
surface tension of protein and peptide electrospinning feedstock solutions. In the pendant
drop method, for example, contact angle is measured with a surface tension analyzer
(Pheonix 300, SEO, Korea). A droplet of solution is observed until its shape reaches
equilibrium. Surface tension is then calculated as y= gApd.’/H, where g is gravitational
acceleration, Ap is difference in density between air and solution, de is the equatorial

diameter of the droplet, and H is a shape factor. Another approach is the Wilhelmy plate
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method, using, e.g., a Kriiss Tensiometer K12. A platinum plate can be immersed in solution
and removed at a constant speed. The force needed to remove the plate from solution can be
measured for 1 min. This force is then converted to surface tension.

Conductivity - This measure of the ability of a solution to conduct electricity can be
measured in different ways, such as using a conductivity flow cell or a conductivity meter
(e.g., Accumet XL-20, Fisher Scientific, DDS-307A Shanghai Rex Instruments) conductivity
meter).

Turbidity - This measure of solution cloudiness, or the ability of particles in solution
to scatter light, is sometimes used to characterize polymer solubility. For ELPs, turbidity
measurements can be made with a spectrophotometer equipped with a programmable Peltier
cell and temperature control. Inverse temperature transitions, which represent the lowest
critical solution temperatures of the polymer monitored in water, were measured at 280 nm in
the range 0.5-0.7 mg/mL.

Polymer structure in solution - Methods used include circular dichroism (CD)
spectroscopy, Fourier-transform infrared spectroscopy, and nuclear magnetic resonance
spectroscopy. In the far UV, where electronic transitions are detected, CD can be used to
obtain information on the average conformation on the polypeptide backbone. FTIR is used
to obtain information on vibrational transitions. X-ray photoelectron spectroscopy can be
used to quantify the elemental composition of a material. Optical polarizing microscopy can
be used to visualize the morphology and detect the birefringence of fibers. Birefringence is
due to a preferred orientation of molecules.

The extent of preferential ordering of molecules in fibers can also be measured by
infrared dichroism. D = Aprlief/Aperpendicutar.  The orientation function f = [(Dy + 2)/(Dy —
DI[(D - /(D + 2)], where Dy = 2cot’6 = dichroic ratio for perfect alignment and 0 is the
angle between the transition moment vector for vibration and the local chain axis. f =
[3<cos’ @>—1]/2. f=1 is perfect uniaxial alignment of molecules in direction of fiber. f=0
= absence of preferred orientation. {=-1/2 is alignment in plane transverse to fiber direction.
The method assumes that a uniaxial model is sufficient to represent state of orientation in
fibers.

FTIR - Transmittance, 128 scans, 4 cm™. FTIR can be used to collect spectra of silk
fibroin in 1800-1400 cm™ range over 0-120 min of exposure to water following dessication.
Structural changes on exposure to alcohol were measured as area ratios of silk II and silk I in

amide I region (random coil to B sheet transition).
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ATR-FTIR. 4 cm™ resolution, 32 scans, Savitzky-Golay filtering, user-defined
baseline correction, deconvolution into Gaussian peaks. Crystallinity index of silk fibroin
can be calculated as absorbance ratio between amide III peaks at 1265 and 1235 cm™'. Mat
can be collected on an aluminum mirror and analyzed in reflectance mode, 64 scans, 4 cm™,
4000-650 cm ™.

Raman spectroscopy provides information on bond vibrations. Raman spectra of
fibers can be obtained with, e.g., @ Raman microscope, using 623.8 nm red line of He-Ne
laser focused on sample. All secondary structures have characteristic bands. The approach is
complementary to FTIR.

Wide angle X-ray diffraction can be used to determine the crystalline structure of
polymers. The Bragg peaks are analyzed. Scattering of the Bragg peaks to wide angles
implies that they are caused by sub-nanometer sized structures. Diffraction peaks can be
assigned to lattice planes of crystalline material. It may be possible to shift proportions of
peaks, depending on structure of material in fibers.

Differential scanning calorimetry can be used to analyze thermal properties of a
sample. The mass of the sample is assumed constant.

Polymer structure can be determined by solid-state °C NMR, as chemical shifts of
carbon atoms are strongly related to secondary structure of beta-sheet conformation.
Chemical shifts of Gly, Ser and Ala are indicative of beta sheet.

Contact angle formed between a droplet of liquid and a substrate can be measured to
compare the hydrophilicity of different substrates.

Fiber Mat Dissolubility - Scaffold can be immersed in 37 °C DI water, 1:100 mass
ratio for 1 h. Water dissolved rate (%) = (W — W)x100/W,, where Wy is the mass of
scaffold before dissolving and W is mass after dissolving.

Fiber Mat Water Content and Uptake - Thermogravimetric analysis measures the
change in mass of a sample on changing the temperature. The mat can be weighed before
and after heating at 85 °C for > 3 days until no further change in mass is detected. Water
absorption can then be obtained by weighing a mat before and after annealing at high relative
humidity.

Fiber Mat Morphology — SEM or AFM can be used.

Fiber Mat Thickness can be measured with, e.g., a digital micrometer or a scanning

interferometer.
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Fiber Diameter can be determined by analysis of SEM data. Higher DP polymers can
give thinner fibers at lower concentrations. There is better chain entanglement with longer
polymers. Moreover, higher DP polymers give a narrower range of diameters. Fiber cross-
section can be imaged by SEM after drying.

For Pore Area, Density and Porosity, many approaches make use of SEM data,
Mercury intrusion method, Solid-state NMR, and/or diffusion measurement.

Fiber Alignment measurements can be done by FFT, which converts from real space
to frequency space, distribution of grayscale values reflects degree of fiber alignment in
original image. Randomly-oriented fibers give a symmetrical, circular pixel distribution after
FFT, because the frequency of specific values of pixel intensity in image will be the same in
any direction.

Fiber Mat Mechanical Characterization - the American Standards for Testing Methods
ASTM D882-97 concerns tensile properties of thin plastic sheeting. HAAKE CABER 1
rheometer (Thermo Elecron Corp., USA) used for extensional rheological measurements,
Hencky strain and apparent extensional viscosity calculated from variation in midpoint
filament diameter with time. Stress is a measure of the average force per unit area of a
surface within a body on which internal forces act. Strain is a normalized measure of the
displacement between particles in the body relative to a reference length. For example,
tensile strain is a measure of crosshead displacement (in units of length) divided by the
original length, or gauge length. The stress-strain curve of a material is obtained from load-
deformation data. Young’s modulus is the tangent modulus of the initial, linear portion of the
stress-strain curve. Also known as the tensile modulus, the elastic modulus and the
preliminary modulus, Young’s modulus is defined as the ratio of the uniaxial stress over the
uniaxial strain in the range of stress in which Hooke’s law holds (the material has not been
stretched beyond the elastic limit). Elongation at break, or tensile elongation, is the measured
length at the moment of rupture. This quantity is often expressed as a percentage of the
original length: Elongation(%) = (L1 — Lo)x100/Lo, where Lo = length of original sample
(gauge length) and L, is length at break. Tensile strength is the maximum load that a material
can support without fracture when being stretched, divided by the original cross-sectional
area of the material. It is also called the breaking strength or ultimate strength. Uniaxial
materials testing is done to determine mechanical material properties that are related to forces
acting on bodies along a single axis.All patents, patent applications, provisional applications,

and publications referred to or cited herein are incorporated by reference in their entirety,
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including all figures and tables, to the extent they are not inconsistent with the explicit
teachings of this specification.

It should be understood that the examples and embodiments described herein are for
illustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included within the spirit and purview of
this application. In addition, any elements or limitations of any invention or embodiment
thereof disclosed herein can be combined with any and/or all other elements or limitations
(individually or in any combination) or any other invention or embodiment thereof disclosed
herein, and all such combinations are contemplated with the scope of the invention without

limitation thereto.
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CLAIMS
We claim:
1. An electrospun nanofibril, comprising at least one polypeptide.
2. The electrospun nanofibril according to claim 1, wherein the at least one

polypeptide comprises poly(L-glutamate, tyrosine) or poly(L-ornithine).

3. The electrospun nanofibril according to claim 1, wherein the at least one

polypeptide is a synthetic polypeptide.

4, The electrospun nanofibril according to claim 1, wherein the at least one

polypeptide is a random copolymer.

5. The electrospun nanofibril according to claim 4, wherein a first monomer of

the random copolymer is ornithine.

6. The electrospun nanofibril according to claim 5, wherein a second monomer

of the random copolymer is lysine, alanine, glycine, proline, valine, or serine.

7. The electrospun nanofibril according to claim 1, wherein a diameter of the

nanofibril is less than a micron.

8. The electrospun nanofibril according to claim 1, wherein the at least one

polypeptide is poly(L-ornithine).

9. The electrospun nanofibril according to claim 1, wherein the at least one

polypeptide is poly(L-glutamate, tyrosine).

10.  The electrospun nanofibril according to claim 1, wherein the at least one
polypeptide is V*;,0C*;, wherein V* is VPGVG, and wherein C* is
VPGVGVPGVGVPGCGVPGVGVPGVG, where V is valine, P is proline, G is glycine, and

C is cysteine..
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11. The electrospun nanofibril according to claim 11, wherein the at least one

polypeptide satisfies the opposite charges criterion.

12. The electrospun nanofibril according to claim 11, wherein the degree of

polymerization of the at least one polypeptide is at least 25.

13.  The electrospun nanofibril according to claim 11, wherein the at least one
polypeptide satisfies the following equation: (non-polar surface area - Polar surface area)/DP
< 100 square angstroms/residue, wherein DP is the degree of polymerization of the at least

one polypeptide.

14. A method of preparing an electrospun nanofibril, comprising:
dissolving at least one polypeptide in a solvent to form a solution; and

electrospinning the solution to form the electrospun nanofibril.

15. The method according to claim 14, wherein the at least one polypeptide

comprises poly(L-glutamate, tyrosine) or poly(L-ornithine).

16.  The method according to claim 14, wherein a diameter of the nanofibril is less

than a micron.

17. The method according to claim 14, wherein electrospinning the solution
comprises electrospinning the solution in an electric field of from about 10? V/m to about 7 x
10° V/m.

18.  The method according to claim 14, wherein the solvent is water.

19.  The method according to claim 14, wherein the at least one polypeptide is

poly(L-ornithine).

20.  The method according to claim 14, wherein the at least one polypeptide is

poly(L-glutamate, tyrosine).
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21.  The method according to claim 14, wherein the at least one polypeptide is

present in the solution at a concentration in a range of from 1% to 65% (w/v).

22. The method according to claim 14, wherein the at least one polypeptide is

present in the solution at a concentration in a range of from 10% to 55% (w/v).

23.  The method according to claim 14, wherein the at least one polypeptide is

present in the solution at a concentration in a range of from about 50 % to about 55% (w/v).

24.  The method according to claim 21, wherein the at least one polypeptide is

dissolved in the solvent at a temperature in a range of from 20 °C to 30 °C.

25. The method according to claim 24, wherein the solvent is water.

26.  The method according to claim 14, wherein the at least one polypeptide

satisfies the opposite charges criterion.

27. The method according to claim 14, wherein electrospinning the solution
comprises continuously electrospinning the solution at a flow rate in a range of from 1

uL/min to 100 pL/min.

28.  The method according to claim 25, wherein electrospinning the solution
comprises continuously electrospinning the solution at a flow rate in a range of from 1

pL/min to 100 pl./min.

29.  The method according to claim 28, wherein the at least one polypeptide
satisfies the following equation: (non-polar surface area - polar surface area)/DP < 100 square
angstroms/residue, wherein DP is the degree of polymerization of the at least one

polypeptide.
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30.  The method according to claim 29, wherein the at least one polypeptide

satisfies the opposite charges criterion.

31.  The method according to claim 30, wherein the degree of polymerization of

the at least one polypeptide is at least 25.

32.  The method according to claim 14, wherein the degree of polymerization of

the at least one polypeptide is at least 25.

33. The method according to claim 14, wherein the at least one polypeptide
satisfies the following equation: (non-polar surface area - polar surface area)/DP < 100 square
angstroms/residue, wherein DP is the degree of polymerization of the at least one

polypeptide.

34. The method according to claim 14, wherein the at least one polypeptide is
V#40C*,, wherein V* is VPGVG, and wherein C* is
VPGVGVPGVGVPGCGVPGVGVPGVG, where V is valine, P is proline, G is glycine, and

C is cysteine..

35.  The method according to claim 14, wherein the at least one polypeptide is a

random copolymer.

36. The method according to claim 35, wherein a first monomer of the random

copolymer is ornithine.

37. The method according to claim 36, wherein a second monomer of the random

copolymer is lysine, alanine, glycine, proline, valine, or serine.

38.  The method according to claim 14, wherein the at least one polypeptide is
PLEY, wherein the PLEY is dissolved in the solution to a concentration in a range of from
about 50% to about 55% (w/v), wherein electrospinning the solution comprises

electrospinning the solution in an electric field of about 1.2 x 10° V/m.
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