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MULTIFUNCTIONAL IN SITU
POLYMERIZED NETWORK VIA THIOL-ENE
AND THIOL-MALEIMIDE CHEMISTRY

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation No. 61/448,543 filed Mar. 2, 2011, which is incorpo-
rated herein by reference in its entirety.

GOVERNMENT RIGHTS

This invention was made with government support under
EB006613 awarded by the National Institutes of Health. The
government has certain rights in the invention.

SUMMARY

In one aspect, the present technology relates to biomateri-
als comprising interpenetrating polymer matrices, as well as
methods of using such biomaterials. More specifically, the
biomaterials include a first polymer matrix including reactive
amino moieties and second polymer matrix that interpen-
etrates with the first polymer matrix. The second polymer
matrix includes a poly(alkylene oxide), having two or more
alkylene oxide oligomers. The alkylene oxide oligomers are
joined through gamma-thioether carbonyl linkages.

As disclosed herein, a variety of reactive amine-function-
alized polymers may be employed as the first polymer matrix,
including, but not limited to, gelatin, collagen, alginate salts,
cellulose derivatives, whey protein, chitosan, hyaluronic acid
or combinations thereof. The first polymer matrix may be
further functionalized with homo- or heterobifunctional poly-
alkylene glycol modifiers. Such bifunctional modifiers serve
as covalent grafts to modify the physical, chemical, and bio-
logical properties of the resultant biomaterials. For example,
bifunctional agents conjugated with pharmacologically-ac-
tive agents may be grafted to the first polymer matrix, and
thus incorporated into the biomaterial. The first polymer
matrix may also be modified through cross-linking or treated
with an appropriate reagent as to install new chemical func-
tional groups as desired.

As further described in the Examples herein, the biomate-
rials of the present technology are prepared by in situ poly-
merization of appropriately functionalized alkylene oxide
oligomers in the presence of the first polymer matrix. In one
aspect, the alkylene oxide oligomers may be modified as to
include thiol and reactive olefinic groups, such that upon
polymerization, the resultant poly(alkylene oxide) comprises
gamma-thioether carbonyl linkages via. Michael addition of
thiol groups to the reactive olefins (i.e., a thiol-ene reaction).
Because the polymerization reaction proceeds in the presence
of'the first polymer matrix, the second polymer matrix inter-
penetrates with the first polymer matrix within the biomate-
rial. Notably, the thiol-ene polymerization proceeds in the
absence of an external energy source such as UV light. Thus
the clinical applicability of the technology is greatly
enhanced, particularly if therapeutics or viable cells are to be
incorporated into the biomaterial. Moreover, the polymeriza-
tion proceeds under mild conditions compatible with physi-
ological conditions (e.g., in air, in aqueous solvents, at mod-
erate pHs, and at rapid rates between room and physiological
temperatures).

In another aspect of the present technology, biomaterials
are provided that include at least one biopolymer comprising
amino groups, thiol groups, and bifunctional modifiers con-
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2

necting at least some of the amino groups to at least some of
the thiol groups; and at least one poly(alkylene oxide) cross-
linked to at least two thiol groups of the biopolymer. Such
hybrid biomaterials reliably provide the strength and
mechanical stability of synthetic matrices and the biofunc-
tionality needed to actively support cell growth, differentia-
tion and migration. Hence, the biomaterials of the present
technology all contain multi-parametric factors that can eas-
ily be controlled to modulate the chemical, physical, and
biological properties of the materials for soft tissue scaffold-
ing and cell presentation, and allow the materials to recapitu-
late lost tissue architecture and physical functionality.

Biomaterials of the present technology may comprise a
pharmaceutically active agent either entrained within the bio-
material or covalently attached to the first polymer matrix. In
the latter case, the covalent attachment may be through the
bifunctional modifier. Additionally or alternatively, living
cells may be entrained in the biomaterial. Thus, such bioma-
terials of the present technology may be implanted into a
patient in need of such pharmaceutically active agent and/or
cells.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows synthetic schemes for preparation of PEG
biomaterials via (a) reaction of PEG-dithiol with PEG-dia-
crylate through addition of thiol groups to acrylate carbon-
carbon double bonds (i.e., thiol-ene addition) and (b) reaction
of PEG-dithiol with PEG-dimaleimide through addition of
the thiol groups to maleimide carbon-carbon double bonds
(i.e., thiol-maleimide addition). In either case, the two ethyl-
ene oxide oligomers are joined by gamma-thioether carbonyl
linkages after a thiol-ene or thiol-maleimide reaction.

FIG. 2 is an illustration of the procedure for the preparation
of thiol-ene or thiol-maleimide PEG biomaterials.

FIG. 3 is an illustration of the procedure for preparation of
semi-interpenetrating network (sIPN) biomaterials employ-
ing the reaction of PEG-dithiol with either PEG-diacrylate or
PEG-dimaleimide in the presence of gelatin. Optionally,
soluble factors such as KGF may be added.

FIG. 4 is an FTIR spectrum of a thiol-ene PEG hydrogel
after curing, in comparison to PEG-diacrylate starting mate-
rial.

FIG. 5 is an FTIR spectrum of a thiol-maleimide PEG
hydrogel after curing, in comparison to PEG-dimaleimide
starting material.

FIG. 6 is stacked FTIR spectra showing the reaction of
PEG-dithiol with PEG-dimaleimide in THF to form a thiol-
maleimide PEG hydrogel as a function of time.

FIG. 7 is a graph illustrating the reaction kinetics of the
reaction of PEG-dithiol with PEG-dimaleimide via normal-
ized peak integration at 695 cm™! using absorption peak at
1707 cm™ as an internal reference. Data is presented as
mean=S.D., n=3.

FIG. 8 is a graph illustrating PEG-dimaleimide conversion
during the curing of a thiol-maleimide PEG hydrogel in THF
as a function of time in either PBS or PBS with TEOA. Data
is presented as mean+S.D., n=3.

FIG. 9 is a graph illustrating the average weight swelling
ratio of a thiol-ene PEG hydrogel (total polymer wt % during
gel formation: ~17% w/w) as a function of time. Data is
presented as mean+S.D., n=3.

FIG. 10 is a graph illustrating the average weight swelling
ratio of a thiol-ene sIPN hydrogel (total polymer wt % during
gel formation, ~19% w/w) as a function over time. Data
presented as mean+S.D., n=3.
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FIG. 11 is a graph illustrating the average weight swelling
ratio of a thiol-maleimide PEG hydrogel (synthesized with
0.3 M TEOA at pH 7.5; total polymer wt % during gel for-
mation: ~18% w/w) as a function of tune. Data is presented as
meanxS.D., n=3.

FIG. 12 is a graph illustrating the average weight swelling
ratio of two thiol-maleimide sIPN hydrogels as function of
time. Total polymer wt % during gel formation: 17% w/w for
the sIPN hydrogel with 5% gelatin and 20% w/w for the sIPN
hydrogel with 10% gelatin. Data presented as mean+S.D.,
n=3.

FIG. 13 is a collection of images showing monocyte adhe-
sionon: (i) athiol-maleimide PEG hydrogel (A, B); (ii) a PEG
hydrogel prepared from the photopolymerization of PEG-
diacrylate (C, D); and (iii) TCPS (E, F) at 24 hours (A, C, E)
and 7 days (B, D, E) at 20x magnification.

FIGS. 14A and 14B are synthetic schemes for preparation
of (a) modified gelatin (Gel-PEG-Cys) via reaction of NHS
functionalized PEG L-Cystine and gelatin, and (b) PEG bio-
materials via reaction of modified gelatin (Gel-PEG-Cys)
with PEG-diacrylate through addition of thiol groups to acry-
late carbon-carbon double bonds (i.e., thiol-ene addition) or
through addition of the acrylate-acrylate addition.

FIGS. 15A, 15B and 15C each represent a graph illustrat-
ing the magnitude of the complex shear modulus for various
samples and concentrations of modified gelatin-PEGdA
hydrogels. FIG. 15A: complex shear modulus (G*) value of
type A gelatin-PEG hydrogels with swollen status (black
bars) versus un-swollen status (white bars). FIG. 15B: com-
plex shear modulus of type A gelatin-PEG hydrogels (white
bars) and type B gelatin-PEG hydrogel (black bars) with
completely swollen status. FIG. 15C: complex shear modulus
of cell encapsulated type A gelatin-PEG hydrogels after 14
days culture (black bars) versus cell free samples (white
bars). ** p<0.01, * p<0.05.

FIGS. 16 A and 16B are graphs illustrating the equilibrium
weight swelling ratio of various modified gelatin-PEGdA
hydrogel as a function of time. FIG. 16 A: Swelling profiles of
gelatin-PEG  hydrogels with type A Gel-PEG-Cys
(#:GA5P5, B: GA10P5, A: GA15P5, [O0: GA10P7.5, o:
GA10P10). FIG. 16B: Swelling profiles of gelatin-PEG
hydrogels with type B Gel-PEG-Cys (¢:GB5P5, l: GB10PS,
A: GB15P5,[0: GB10P7.5, o: GB10P10). FIG. 16C: relative
surface area change of type A gelatin-PEG hydrogels (white
bars) and type B gelatin-PEG hydrogels (black bars). **
p<0.01.

FIGS. 17A and 17B are graphs illustrating the percentage
of gelatin dissolution for various modified gelatin-PEGdA
hydrogels as a function of time. FIG. 17A: gelatin dissolution
behavior of type A gelatin-PEG hydrogels (#:GASPS, l:
GAI10P5, A: GAL5P5, [0: GA10P7.5, o: GA10P10). FIG.
17B: gelatin dissolution behavior of type B gelatin-PEG
hydrogels (#: GB5P5, B: GB10P5, A: GBI15P5, [
GB10P7.5, o: GB10P10).

FIGS. 18A, 18B and 18C are graphs illustrating the per-
centage of FITC-dextran release as a function of time from
type B gelatin-PEG hydrogels (¢:GB5P5, l: GB10PS, A:
GBI15PS, [0: GB10P7.5, o: GB10P10). Release kinetics of
FITC-dextran with a different molecular weight are shown in
each graph: FIG. 18A: 4,000 Da; FIG. 18B: 70,000 Da; FIG.
18C: 500,000 Da.

FIGS. 19A, 19B, 19C and 19D are graphs illustrating the
percentage of weight loss for various modified gelatin-
PEGAA hydrogel as a function of time. Enzymatic degrada-
tion profiles of type A gelatin-PEG hydrogels (FIG. 19A:
GASPS (#) versus GA15P5 ((J) and FIG. 19B: GA10P5 (H)
versus GA10P10 (o)) and type B gelatin-PEG hydrogels
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(FIG. 19C: GB5P5 (#) versus GB15P5 ([0) and FIG. 19D:
GB10P5 (W) versus GB10P10 (o)). The degradation profile
of each formulation incubated with type I collagenase (solid
line) was compared with hydrogel incubated in PBS (dash
line).

FIG. 20A is a diagram illustrating the set-up for measuring
the micro-rheological properties of the modified gelatin-PEG
hydrogels. FIGS. 20B and 20C are graphs illustrating the
power spectrum density of the hydrogels GA10P3 and
GA10P10 (respectively) as a function of frequency.

FIGS. 21A and 21B are a collection of images showing
fibroblast (FIG. 21A) and keratinocyte (FIG. 21B) adhesion
for various 2D cell culture samples of modified gelatin-PEG
hydrogels.

FIGS. 22A, 22B and 22C are a collection of images show-
ing fibroblast adhesion for various cell culture samples of
three-dimensional cell encapsulation in gelatin-PEG hydro-
gels. Fibroblasts were photoencapsulated in Gel-PEG-Cys
hydrogels and cultured for 14 days. The cell cytoskeletons
were stained with Alex-488 conjugated phalloidin. FIG. 22A:
F-actin morphology of cells entrapped in type A or type B
gelatin-PEG hydrogels. FIG. 22B: Cell morphology in
GA10P10 and GA15P5 hydrogel. Images were taken from
four different depths of the hydrogel with 50 um intervals
between each depth. FIG. 22C: fibroblasts spread inside the
GB15P3 hydrogel. Scale bar=200 pm.

FIG. 23 is a graph illustrating the change over time in
percentage of area covered by cultured fibroblasts encapsu-
lated within a collagen hydrogel and Gel-PEG-Cys hydrogel.
Fibroblasts were encapsulated in 5 mg/ml collagen gel (solid
line) and GA15P5 hydrogel (dashed line). The area covered
by the fibroblasts were determined at various tune points and
resistance to gel contraction was calculated by the percentage
of original gel area at day 0. ** p<0.01, compared with
GA15Ps.

FIGS. 24 A and B are images of 2D cell adhesion of NIKS
and NIKS" %" on covalently crosslinked thiolated gelatin
hydrogel G, 10P3,4,10 (FIG. 24A), and TCPS surface (FIG.
24B). Cells were stained with calcein-AM for live cell (green)
and EthD for dead cell (red). (Magnification, 10%)

FIGS. 25A, 25B and 25C are images of NHDF encapsu-
lated in G_,,15P;,,5 hydrogels with well-spread morphol-
ogy and the formation of cellular networks on day 14 (FIG.
25A), NIKS and NIKS"*%% encapsulated in Gy 15P34005
hydrogels displaying spheroid morphology (FIG. 25B), and
NIKS and NIKS "2 encapsulated in 4 mg/mL collagen gels
on Day 3 displaying formation of intercellular networks (FIG.
25C). Cells were stained with calcein-AM for live cell (green)
and EthD for dead cell (red). (Magnification, 10%)

FIGS. 26A and 26B Representative histologic sections of
3D NIKS/NIKS"#F in coculture with 3D NHDF in collagen
gels (FIG. 26A), and 3D NIKS/NIKS** %% in coculture with
3D NHDF in G, 15P;,44,5 hydrogel (FIG. 26B). Samples
were fixed, sectioned and stained with hematoxylin and
eosin. Sections were viewed and photographed.

FIGS. 27A and 27B are images of (FIG. 27A) 2D NIKS
and NIKS"#*“* morphology on 3D cocultured NHDF encap-
sulated matrices 24 h after seeding: (a) G ,,10P3,,,10, top
scan; G, 10P3,,,10, bottom scan; (c) Collagen; (FIG. 27B)
2D NIKS and NIKS"®% morphology on 3D cocultured
NHDF encapsulated matrices 14 d after seeding: (a),
G s10P540410, top scan; (b), G, 10P3,,,10, bottom scan;
and (c) NHDF encapsulated in G, 10P;,,,10 hydrogel. Cell
cytoskeleton was stained with Alex-488 conjugated phalloi-
din. (Magnification, 20x)

FIGS. 28A, 28B and 28C Histologic sections of the 2D
NIKS/NIKS" 7 in 3D coculture with NHDF encapsulated
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in (FIG. 28A) collagen, (FIG. 28B) thiolated gelatin-PEGdA
hydrogel G_,,10P;,,,10, 14 days after coculturing, and (FIG.
28C) thiolated gelatin-PEGdA hydrogel G, 10P;,,,10, 21
days after coculturing. Samples were fixed, sectioned and
stained with hematoxylin and eosin. Sections were viewed
and photographed.

FIGS. 29A and 29B VEGF expression from 3D NIKS/
NIKS"#%" and 3D NHDF organotypic coculture (FIG. 29A)
and 2D NIKS/NIKS"#9F and (FIG. 29B) 3D NHDF organo-
typic coculture. Data represented as mean+S.D. (n=3).

DETAILED DESCRIPTION

In the following detailed description, reference is made to
the accompanying drawings, which form a part hereof. In the
drawings, similar symbols typically identify similar compo-
nents, unless context dictates otherwise. The illustrative
embodiments described in the detailed description, drawings,
and claims are not meant to be limiting. Other embodiments
may be utilized, and other changes may be made, without
departing from the spirit or scope of the subject matter pre-
sented here.

ABBREVIATIONS AND DEFINITIONS

“AC”=acrylate
“Da”=Dalton
“DPBS”=Dulbecco’s phosphate buffered saline
“DPBSE”=Dulbecco’s phosphate buffered saline, modified
with EDTA
“ddH,O”=double distilled water
“FBS”=fetal bovine serum
“IMDM”=Iscove’s modified Dulbecco’s media
“KGM”=keratinocyte growth medium
“PBS”=phosphate buffered saline
“PEG” and “PEG-diol”=polyethylene glycol
“PEG2K”=polyethylene glycol with a molecular weight of
~2,000 Da
“PEG-diacrylate” and “PEGdA”=polyethylene glycol dia-
crylate
“PEG-dithiol” and “SH-PEG-SH”=polyethylene glycol
dithiol
“PEG-ditosylate” and “Tos-PEG-Tos =polyethylene glycol
di-p-toluenesulfonate
“PEG-dimaleimide” and “Mal-PEG-Mal”=polyethylene gly-
col dimaleimide
“sIPN”=semi-interpenetrating network(s)
“TCPS”=tissue culture polystyrene
“THF”=tetrahydrofuran
“TEOA”=triethanolamine
The term “alkyl,” by itself or as part of another substituent,
means, unless otherwise stated, a fully saturated, straight,
branched chain, or cyclic hydrocarbon radical, or combina-
tion thereof, and can include di- and multi-valent radicals,
having the number of carbon atoms designated (e.g., C,-C,,,
means from one to ten carbon atoms, inclusive). A cyclic alkyl
group may also be referred to as a “cycloalkyl.” Examples of
alkyl groups include, without limitation, methyl, ethyl, n-pro-
pyl, isopropyl, n-butyl, t-butyl, isobutyl, sec-butyl, cyclo-
hexyl, (cyclohexyl)ethyl, cyclopropylmethyl, and homologs
and isomers thereof, for example, n-pentyl, n-hexyl, n-heptyl,
n-octyl, and the like. The term “alkyl,” unless otherwise
noted, also includes those derivatives of alkyl defined in more
detail below as “heteroalkyl” and “cycloheteroalkyl.”
The term “alkenyl” means an alkyl group as defined above
containing one or more double bonds. Examples of alkenyl
groups include vinyl, 2-propenyl, crotyl, 2-isopentenyl,
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6
2-(butadienyl), 2,4-pentadienyl, 3-(1,4-pentadienyl), etc.,
and the higher homologs and isomers.

The term “alkynyl” means an alkyl or alkenyl group as
defined above containing one or more triple bonds. Examples
of alkynyl groups include ethynyl, 1- and 3-propynyl, 3-bu-
tynyl, and the like, including the higher homologs and iso-
mers.

The terms “alkylene,” “alkenylene,” and “alkynylene,”
alone or as part of another substituent means a divalent radical
derived from an alkyl, alkenyl, or alkynyl group, respectively,
as exemplified by —CH,CH,CH,CH,—.

Typically, alkyl and alkylene groups will have from 1 to 24
carbon atoms, while alkenyl, alkynyl, alkenylene, and alky-
nylene groups will have from 2 to 24 carbon atoms. Those
groups having 10 or fewer carbon atoms are preferred in the
present technology. The term “lower” when applied to any of
these groups, as in “lower alkyl” or “lower alkylene,” desig-
nates a group having eight or fewer carbon atoms.

The term “heteroalkyl,” by itself or in combination with
another term, means, unless otherwise stated, a stable, satu-
rated or unsaturated, straight, branched chain, or cyclic
hydrocarbon radical, or combinations thereof, consisting of
the stated number of carbon atoms and from one to three
heteroatoms selected from the group consisting of O, N, Si,
and S, and wherein the nitrogen and sulfur atoms may option-
ally be oxidized and the nitrogen heteroatom(s) may option-
ally be quaternized. The heteroatom(s) O, N and S may be
placed at any interior position of the heteroalkyl group. The
heteroatom Si may be placed at any position of the het-
eroalkyl group, including the position at which the alkyl
group is attached to the remainder of the molecule. Examples
include —CH,—CH,—0—CH;, —CH,—CH,—NH—
CH,, N(CH,;)—CH,, —CH,—S—CH,—CH,, —CH,—
O—CH,—S(0)—CH,, —CH,—CH,—S(0),—CHj,
—CH—CH—0—CH,, —Si(CH,);, —CH,—CH—N—
OCH,;, and —CH—CH—N(CH;)—CH;. Up to two heteroa-
toms may be consecutive, such as in—CH,—NH—O—CH,
and —CH,—O—Si(CH,);. Explicitly included within the
term “heteroalkyl” are those radicals that could also be
described as “heteroalkylene” (i.e., a divalent radical, see
below), and “cycloheteroalkyl” (i.e., containing a cyclic
group in which at least one ring member is a heteroatom). The
term “heteroalkyl” also explicitly includes unsaturated
groups (i.e., heteroalkenyls and heteroalkynyls).

The term “cycloheteroalkyl,” includes aromatic (also
referred to as heteroaryl) and non-aromatic ring compounds
containing 3 or more ring members, of which one or more is
a heteroatom such as, but not limited to, N, O, and S. In some
embodiments, the cycloheteroalkyl group contains 1, 2, 3 or4
heteroatoms. In some embodiments, cycloheteroalkyl groups
include mono-, bi- and tricyclic rings having 3 to 16 ring
members, whereas other such groups have 3 t0 6,3 t0 10,3 to
12, or 3 to 14 ring members. Cycloheteroalkyl groups encom-
pass aromatic, partially unsaturated and saturated ring sys-
tems, such as, for example, imidazolyl, imidazolinyl and imi-
dazolidinyl groups. Thus, the term “cycloheteroalkyl” also
includes cycloheteroalkenyl ring species. The term “cyclo-
heteroalkyl” also includes fused ring species including those
comprising fused aromatic and non-aromatic groups, such as,
for example, benzotriazolyl, 2,3-dihydrobenzo[1,4]dioxinyl,
and benzo[1,3]dioxolyl. The term also includes bridged poly-
cyclic ring systems containing a heteroatom such as, but not
limited to, quinuclidyl. Other cycloheteroalkyl groups
include, but are not limited to, aziridinyl, azetidinyl, pyrro-
lidinyl, imidazolidinyl, pyrazolidinyl, thiazolidinyl, tetrahy-
drothiophenyl, tetrahydrofuranyl, dioxolyl, furanyl, thiophe-
nyl, pyrrolyl, pyrrolinyl, imidazolyl, imidazolinyl, pyrazolyl,
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pyrazolinyl, triazolyl, tetrazolyl, oxazolyl, isoxazolyl, thiaz-
olyl, thiazolinyl, isothiazolyl, thiadiazolyl, oxadiazolyl, pip-
eridyl, piperazinyl, morpholinyl, thiomorpholinyl, tetrahy-
dropyranyl, tetrahydrothiopyranyl, oxathiane, dioxyl,
dithianyl, pyranyl, pyridyl, pyrimidinyl, pyridazinyl, pyrazi-
nyl, triazinyl, dihydropyridyl, dihydrodithiinyl, dihy-
drodithionyl, homopiperazinyl, quinuclidyl, indolyl, indoli-
nyl, isoindolyl, azaindolyl (pyrrolopyridyl), indazolyl,
indolizinyl, benzotriazolyl, benzimidazolyl, benzofuranyl,
benzothiophenyl, benzthiazolyl, benzoxadiazolyl, benzox-
azinyl, benzodithiinyl, benzoxathiinyl, benzothiazinyl, ben-
zoxazolyl, benzothiazolyl, benzothiadiazolyl, benzo[1,3]di-
oxolyl, pyrazolopyridyl, imidazopyridyl
(azabenzimidazolyl), triazolopyridyl, isoxazolopyridyl, puri-
nyl, xanthinyl, adeninyl, guaninyl, quinolinyl, isoquinolinyl,
quinolizinyl, quinoxalinyl, quinazolinyl, cinnolinyl,
phthalazinyl, naphthyridinyl, pteridinyl, thianaphthyl, dihy-
drobenzothiazinyl, dihydrobenzofuranyl, dihydroindolyl,
dihydrobenzodioxinyl, tetrahydroindolyl, tetrahydroinda-
zolyl, tetrahydrobenzimidazolyl, tetrahydrobenzotriazolyl,
tetrahydropyrrolopyridyl, tetrahydropyrazolopyridyl, tet-
rahydroimidazopyridyl, tetrahydrotriazolopyridyl, and tet-
rahydroquinolinyl groups.

The term “heteroalkylene” by itself or as part of another
substituent means a divalent radical derived from heteroalkyl,
as exemplified by —CH,—CH,—S—CH,CH,— and
—CH,—S—CH,—CH,—NH-—CH,—. For heteroalkylene
groups, heteroatoms can also occupy either or both of the
chain termini. Still further, for alkylene and heteroalkylene
linking groups, no orientation of the linking group is implied.

The term “aryl” is used herein to refer to an aromatic
substituent, which may be a single aromatic ring or multiple
(typically 2 or 3) aromatic rings which are fused together,
linked covalently, or linked to a common group such as a
diazo, methylene or ethylene moiety. The common linking
group may also be a carbonyl as in benzophenone. The aro-
matic ring(s) may include, for example phenyl, naphthyl,
biphenyl, diphenylmethyl and benzophenone, among others.
The term “aryl” encompasses “arylalkyl” and “substituted
aryl.” For phenyl groups, the aryl ring may be mono-, di-, tri-,
tetra-, or penta-substituted. Larger rings may be unsubstituted
or bear one or more substituents.

“Substituted” refers to a chemical group as described
herein that further includes one or more substituents, such as
lower alkyl (including substituted lower alkyl such as
haloalkyl, hydroxyalkyl, aminoalkyl), aryl (including substi-
tuted aryl), acyl, halogen, hydroxy, amino, alkoxy, alky-
lamino, acylamino, thioamido, acyloxy, aryloxy, aryloxy-
alkyl, carboxy, thiol, sulfide, sulfonyl, oxo, both saturated and
unsaturated cyclic hydrocarbons (e.g., cycloalkyl, cycloalk-
enyl), cycloheteroalkyls and the like. These groups may be
attached to any carbon or substituent of the alkyl, alkenyl,
alkynyl, aryl, cycloheteroalkyl, alkylene, alkenylene, alky-
nyleue, arylene, hetero moieties. Additionally, the substitu-
ents may be pendent from, or integral to, the carbon chain
itself.

The term “acyl” is used to describe a carbonyl-containing
substituent, —C(O)R, where R is —H or substituted or
unsubstituted alkyl, alkenyl, alkynyl, or aryl as defined
herein.

The term “alkoxy” is used herein to refer to the —OR
group, where R is monovalent or divalent alkyl, alkenyl, or
alkynyl, or a substituted analog thereof. Suitable alkoxy radi-
cals include, for example, methoxy, ethoxy, t-butoxy, etc. The
term “alkoxyallyl” refers to ether substituents, monovalent or
divalent, e.g., —CH,—O—CH; and —CH,—O—CH,—.
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The term “aryloxy” is used herein to refer to —O-aryl
groups where the aryl is substituted or unsubstituted as
defined above and may be mono or divalent. Examples of
aryloxy groups include but are not limited to phenoxy, naph-
thyloxy, tolyloxy, and 2-chlorophenyloxy.

The term “amino” is used to designate NRR', wherein R
and R' are independently H, alkyl, alkenyl, alkynyl, aryl or
substituted analogs thereof. Thus, “amino” includes primary,
secondary and tertiary amines, and “acylamino” describing
the group RC(O)NR'.

The term “carbonyl” is used to describe a C—0 substitu-
ent. “Oxo” refers to the double bonded oxygen in a carbonyl.

The term “carboxy” refers to an ester substituent or car-
boxylic acid, i.e., RC(O)O—, —C(O)OR, or —C(O)—OH.
The R group can be a substituted or unsubstituted alkyl,
alkenyl, alkynyl, aryl, or cycloheteroalkyl group.

The term “halogen” or “halo” is used herein to refer to
fluorine, bromine, chlorine and iodine atoms.

The term “hydroxy” is used herein to refer to the group
—OH.

The term “sulfonate” is used herein to refer to —SO,H,
RSO,0— or —SO,0R groups. The R group can be a substi-
tuted or unsubstituted alkyl, alkenyl, alkynyl, aryl, or cyclo-
heteroalkyl group.

The term “thiol” is used herein to refer to —SH groups,
while sulfides include —S— groups.

The term “gelatin” as used herein means any and all kinds
of gelatin, of any type (e.g., Type A from pork, with an
isoelectric point between about 7.0 and 9.0, and Type B from
beef with an isoelectric point of approximately 5.0), from any
source, of any bloom value, acid- or alkaline-treated, etc.,
without limitation. The “bloom strength” of a gelatin is
defined as the force required for a plunger of defined shape
and size to make a 4 mm depression in a gel that has been
prepared at 6.67% w/w concentration and chilled at 10° C. in
a bloom jar for 16-18 hours. The force is recorded in grams.
Commercially, gelatin is available from a host of commercial
suppliers. At commodity amounts and prices, gelatin is gen-
erally available with bloom strengths ranging from about
50-300 bloom. Such gelatins are available from, for example,
Leiner Davis Gelatin, a wholly-owned subsidiary of Good-
man Fielder Ingredients of Sydney, Australia. Gelatins having
bloom values outside this range are also available as specialty
chemicals and are included within the scope of the term
“gelatin.” For example a zero bloom (non-gelling) gelatin is
available from Great Lakes Gelatin Co., Grayslake, I11.

Likewise, the term “collagen™ as used herein means any
and all kinds of collagen, of any type, from any source,
without limitation. Cross-linked collagen, esterified collagen,
and chemically-modified collagen, such as that taught by U.S.
Pat. No. 4,390,519, are included with the term “collagen.”

The term “oligomer” as used herein means a short polymer
ormacromonomer made up of from 2 to about 500 subunits or
monomers.

The term “polymer matrix” encompasses any type of poly-
mer matrix that can function as a biomaterial, e.g., a hydrogel,
including, without limitation, gelatin, calcium alginate, cal-
cium/sodium alginate, collagen, oxidized regenerated cellu-
lose, carboxymethylcellulose, amino-modified celluloses,
such as 6-deoxy-6-(4-aminophenyl)-amino-2(3)-O-tosylcel-
Iulose, whey protein gels, chitosan, hyaluronic acid and the
like.

The term “semi-interpenetrating polymer network™ or
“sIPN” as used herein means a polymer comprising one or
more networks and one or more linear or branched polymer(s)
characterized by the penetration on a molecular scale of at
least one of the networks by at least some of the linear or
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branched macromolecules. Semi-interpenetrating polymer
networks are distinguished from interpenetrating polymer
networks because the constituent linear or branched polymers
can, in principle, be separated from the constituent polymer
network(s) without breaking chemical bonds.

The present technology provides for biomaterials which
include a first polymer matrix which includes reactive amino
moieties and second polymer matrix which interpenetrates
with the first polymer matrix. The second polymer matrix
includes a poly(alkylene oxide) which is comprised of two or
more alkylene oxide oligomers joined by gamma-thioether
carbonyl linkages. Thus, the second polymer matrix, inter-
penetrates and is physically entrapped and/or entangled
within the first polymer matrix. The second polymer matrix
may be entrapped with, or entangle with, the first polymer
matrix because of the manner in which the second polymer
matrix is formed. For example, if the second polymer matrix
is formed by an in situ polymerization in the presence of a first
polymer matrix, the second polymer matrix may interpen-
etrate with the first polymer matrix. A further aspect of the
present technology is that the biomaterials may be in the form
of hydrogels. Hydrogels are three-dimensional networks
capable of absorbing copious amounts of water. Hydrogels
have been explored for many uses, including drug delivery
devices, wound dressing materials, contact lenses, and cell
transplantation matrices. Edible hydrogels, such as gelatin,
find extensive use in various food-related applications, such
as texture modification, gelling, clarification of beers and
wines, and as medicine capsules.

In accordance with one aspect of the present technology,
the first polymer matrix includes reactive amino moieties.
While there is no requirement that the first polymer matrix be
naturally occurring, there are numerous examples of natural
polymers and modified natural polymers possessing reactive
amino groups. Examples include but are not limited to gela-
tin, calcium alginate, calciunmy/sodium alginate, collagen, oxi-
dized regenerated cellulose, carboxymethylcellulose, amino-
modified cellulose, whey protein, chitosan, hyaluronic acid
and combinations of any two or more thereof. In one embodi-
ment of the present technology, gelatin and/or collagen are
used for the first polymer matrix.

In one aspect of the present technology, the first polymer
matrix optionally includes a homo- or heterobifunctional
modifier of the following formula:

-A-[(CR'R?),—O],—Z—. I

In such modifiers, at least one of A or Z is covalently
bonded to the reactive amino moieties of the first polymer
matrix; such that at least one of A and Z is a divalent moiety
selected from the group consisting of —O—, —S—, C, ,,-
alkenyl, C,_,,-alkynyl, C, ,,-heteroalkyl, C, ,,-heteroalk-
enyl, C, ,,-heteroalkynyl, cyano-C, ,,-alkyl, C;_,-cy-
cloalkyl, C,_,,-cycloalkenyl, C;_,,-cycloheteroalkyl, C; -
cycloheteroalkenyl, acyl, acyl-C, ,,-alkyl, acyl-C, ,,-
alkenyl, acyl-C, ,,-alkynyl, carboxy, C,_,,-alkylcarboxy,
C, ,4-alkenylcarboxy, C,_,,-alkynylcarboxy, carboxy-C, ,,-
alkyl, carboxy-C, ,,-alkenyl, carboxy-C, ,,-alkynyl, aryl,
aryl-C, ,,-alkyl, aryl-C, ,,-alkenyl, aryl-C,_,,-alkynyl, het-
eroaryl, heteroaryl-C, ,,-alkyl, heteroaryl-C,_ ,,-alkenyl,
heteroaryl-C, , alkynyl, sulfonate, arylsulfonate, and het-
eroarylsulfonate; at each occurrence R* and R? is indepen-
dently selected from the group consisting of H, methyl, and
ethyl; m is an integer from 2 to 8; and n is an integer equal to
or greater than 30.

In another embodiment, one of A and Z of formula I is a
monovalent moiety selected from the group consisting of
halo, hydroxy, thiol, amino, C, ,,-alkyl, C, ,,-alkenyl, C, ,,-
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alkoxy, C,_,,-heteroalkyl, C, ,,-heteroalkenyl, C, ,,-het-
eroalkynyl, cyano-C, ,,-alkyl, C,_,-cycloalkyl, C, ,-cy-
cloalkenyl, C;_jp-cycloheteroalkyl, Cy_ 0"
cycloheteroalkenyl, acyl, alkyl, acyl-C, ,,-alkenyl,
acyl-C, ,,- alkynyl, carboxy, C, ,,-allylcarboxy, C, ,,-alk-
enylcarboxy, C, ,,-alkynylcarboxy, carboxy-C, ,,-allyl, car-
boxy-C,_,,-alkenyl, carboxy-C, ,,-alkynyl, aryl, aryl-C, ,,-
alkyl, heteroaryl, heteroaryl-C, ,,-alkyl, heteroaryl-C, ,,-
alkenyl, heteroaryl-C, ,,-alkynyl, sulfonate, arylsulfonate,
and heteroarylsulfonate.

In yet a further embodiment, both A and Z of formula I are
divalent moieties selected from the group consisting of
—0—, —S—, —NH—, C,_,,-alkyl, C, ,,-alkenyl, C, ,,-
alkoxy, C,_ ,,-heteroalkyl, C, ,,-heteroallcenyl, C, ,,-het-

eroalkynyl, cyano-C, ,,-alkyl, C;_ ,-cycloalkyl, C;_,-cy-
cloalkenyl, C,_;o-cycloheteroalkyl, Csi0m
cycloheteroalkenyl, acyl, acyl-C, ,,-alkyl, acyl-C, ,,-

alkenyl, acyl-C, ,,-alkynyl, carboxy, C, ,,-alkylcarboxy,
C,_4-alkenylcarboxy, C, ,,-alkynylcarboxy, carboxy-C, ,,-
alkyl, carboxy-C,_ ,,-alkenyl, carboxy-C, ,,-alkynyl, aryl,
aryl-C, ,,-alkyl, aryl-C,_,,-alkenyl, aryl-C, ,,-alkynyl, het-
eroaryl, heteroaryl-C, ,,-alkyl, heteroaryl-C,_ ,,-alkenyl,
heteroaryl-C, ,,-alkynyl, sulfonate, arylsulfonate, and het-
eroarylsulfonate.

As noted above, m is an integer from 2 to 8. In some
embodiments m is 2, 3, 4, 5, 6 or 7. In certain embodiments,
inis 2, 3, or 4. In some embodiments, at each occurrence and
R? are independently H or methyl, while in others R* and R?
are both H. Thus, for example, the poly(alkylene oxide) por-
tion of formula I may be, but is not limited to, poly(ethylene
glycol) or poly(propylene glycol).

In a further embodiment, n of formula I is equal to or
greater than 200, or is equal or greater than 2,000, or is equal
or greater than 20,000. Examples of n of formula I include but
are not limited to 1, 5, 10, 20, 30, 50, 100, 200, 300, 400, 500,
1,000, 2,000, 4,000, 10,000, 15,000, 20,000, and any range
between and/or including two or more of these values. Thus,
nmay be, e.g., an integer from 1 to 20,000 or 10 to 2,000, and
so forth.

By incorporation of such bifunctional modifiers into the
first polymer matrix, the properties of the biomaterial, such as
hydrophilicity, porosity, swelling, degradation, mechanical
properties, loading capacity for a pharmacologically-active
agent, release kinetics of a pharmacologically-active agent,
etc. may be adjusted through tuning of the physical and
chemical properties of the bifunctional modifier. For
example, bifunctional PEG modifiers may improve hydrophi-
licity and solubility of gelatin (a non-limiting example of a
first polymer matrix), which will further influence swelling,
degradation, and mechanical properties of the semi-interpen-
etrating polymer network once formed. Linear PEG modifi-
ers may serve as hydrophilic brushes associated on the gelatin
backbone, which may reduce the potential electrostatic inter-
actions between ionized gelatin and solutes and thus facilitate
the release of hydrophilic solutes. Bifunctional modifiers
including a PEG-poly(lactic acid)-PEG segment may impart
the ability to degrade (e.g., in vivo) to the first polymer matrix,
and may also vary the hydrophilicity/hydrophobicity of the
first polymer matrix. The molecular weight of the bifunc-
tional modifier may be tuned to adjust the degree of exposure
of biofunctional ligands and/or probes at the surface of the
biomaterial.

The aforementioned properties may be also adjusted
through incorporation of cross-links within the tint polymer
matrix or by treating the first polymer matrix with an appro-
priate reagent as to include additional chemical functional-
ities within the matrix. For example, the first polymer matrix
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may be cross-linked with about 0.001 wt % to about 10 wt. %
of a cross-linking agent known in the art. Examples of
amounts of cross-linking agents that may be used include
about 0.001 wt %, about 0.005 wt %, about 0.01 wt %, about
0.05 wt %, about 0.1 wt %, about 0.2 wt %, about 0.5 wt %,
about 1 wt %, about 2 wt %, about 5 wt %, about 7 wt %, about
10 wt %, and ranges between and including any two of these
values. Where the first polymer matrix is gelatin, cross-link-
ing agents including but not limited to glutaraldehyde, a car-
bodiimide (e.g., EDC, DCC, DIC, and the like), formalde-
hyde, transglutaminase, genipin, glyoxal, ferrulic acid, and
tannic acid may be used effectively ((a) European Polymer
Journal (2008), 44,3748-3753; (b) Pharmaceutical Research
(1996), 13, 1821-1827).

Alternatively, the first polymer matrix may be treated with
a reagent which will introduce additional chemical function-
ality within the matrix. For example, in one embodiment of
the present technology, the first polymer matrix is gelatin and
the lysyl residues of gelatin are modified with an ampholytic
moiety such as ethylenediaminetetracetic dianhydride (ED-
TAD). Modification of gelatin with EDTAD results in the
introduction of polyanionic molecules into the gelatin chain,
thereby improving the swelling capability of the gelatin-
based biomaterials. Further, EDTAD has low toxicity and the
reaction of gelatin with EDTAD is a fast and facile process
(Hwang & Damodaran J. Agric. Food. Chem. (1996), 44,
751-758). In another embodiment, the first polymer matrix is
gelatin and the lysyl residues of gelatin are modified to intro-
duce free thiol groups via a bifunctional linker.

In accordance with another aspect of the present technol-
ogy, the second polymer matrix includes a poly(alkylene
oxide) polymer which includes two or more alkylene oxide
oligomers joined by gamma-thioether carbonyl linkages. In a
broad form, a gamma-thioether carbonyl linkage takes the
form of the general structure in formula II, below.

Generally, gamma-thioether carbonyl linkages may be
readily prepared through a thiol-ene reaction of a thiol-con-
taining compound with an a,f-unsaturated carbonyl com-
pound via Michael-type addition (7-15). Examples of suit-
able a,p-unsaturated carbonyl compounds include o.,p-
unsaturated esters (e.g., acrylate esters and derivatives
thereof), amides, imides, and ketones. Where the gamma-
thioether carbonyl linkages are prepared through the reaction
of'thiol group with a maleimide group (an unsaturated cyclic
imide) as the Michael acceptor, such a reaction is referred
herein as a thiol-maleimide reaction. Notably, thiol-ene and
thiol-maleimide reactions of the present technology are high-
yielding, clean, and do not require the an external radiation
source such as UV light. Thiol-ene and thiol-maleimide reac-
tions may also be catalyzed by base. However, it has been
discovered that simple dithiols such as ethanedithiol do not
readily link poly(alkylene oxide) oligomers or polymers
bearing Michel acceptors; larger dithiols, e.g., oligomeric
dithiols, e.g., oligomeric alkylene oxides are used instead.
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Thiol groups and a,f-unsaturated carbonyl groups may be
easily introduced into alkylene oxide oligomers by function-
alizing such oligomers with an appropriate reagent. For
example alkylene oxide oligomers such as poly(ethylene gly-
col), i.e., PEG-diol or simply PEG, possess terminal hydroxy
groups which may be functionalized. As used herein, it is
understood that the term alkylene oxide oligomer includes
functionalized poly(alkylene glycol). In one embodiment of
the present technology, the alkylene oxide oligomer is a func-
tionalized poly(ethylene glycol). In another embodiment, the
alkylene oxide oligomer is a functionalized poly(propylene
glycol).

Functionalization of PEG-diol is described in Examples 1
and 2. Briefly, reaction of PEG-diol with p-toluenesulfonyl
chloride provides PEG-ditosylate. Treatment of PEG-ditosy-
late with sodium hydrosulfide results in displacement of the
tosyl groups to give PEG-dithiol. PEG-diol may also be
derivatized with acryloyl chloride to provide acrylate func-
tionalized PEG-diacrylate (Example 2). PEG-diacrylate,
PEG-dimaleimide, and PEG dithiol are commercially avail-
able at certain molecular weights.

As illustrated in FIG. 1 and further described in Example
3Al, in the presence of base, PEG-dithiol reacts with PEG-
diacrylate via a thiol-ene reaction to give a hydrogel with
gamma-thioether carbonyl linkages. Likewise, PEG-dithiol
reacts with PEG-dimaleimide via a thiol-maleimide reaction
to give a hydrogel also including gamma-thioether carbonyl
linkages (FIG. 1 and Example 3B1).

The above described hydrogels can be used as a second
polymer matrix that interpenetrates with a first polymer
matrix which includes reactive amino moieties. In this aspect
of'the technology, the thiol-ene or thiol-maleimide reaction is
allowed to proceed in the presence of the first polymer matrix
via an in situ polymerization reaction, thereby forming a
second polymer matrix that interpenetrates the first polymer
matrix. Thus, the second polymer matrix is physically, but not
covalently, bound within the first polymer matrix. When the
first polymer matrix includes reactive amino moieties, the
resultant material is a biomaterial of the present technology.
For instance, as described in Example 3A2 and illustrated in
FIG. 3, a biomaterial may be prepared by the reaction of
PEG-dithiol with PEG-diacrylate in the presence of gelatin.
Similarly, biomaterials may be obtained by reaction of PEG-
dithiol with PEG-dimaleimide in the presence of gelatin (Ex-
ample 3B2, FIG. 3). Notably, neither of these examples
require an external radiation source (e.g., infrared, visible, or
ultraviolet light) to initiate the in situ polymerization reaction
to prepare the biomaterial. Thus, by removing the need for a
light source (and associated equipment) as well as the pos-
sible need for highly toxic photoinitiators, the clinical appli-
cability of such a biomaterial is greatly enhanced. Moreover,
the biomaterials described herein may be prepared at or near
physiological conditions, i.e., in aqueous solution and at
moderate temperatures.

In one embodiment of the technology, the biomaterial
includes a second polymer matrix which comprises alkylene
oxide oligomers selected from poly(ethylene glycol) and
polypropylene glycol). Examples 3A2 and 3B2 describe bio-
materials where the second polymer matrix is comprised only
of'polyethylene glycol units joined by gamma-thioether link-
ages since the starting oligomeric reactants are each function-
alized PEGs of similar molecular weight. However, it is not
only possible, but potentially desirable to prepare biomateri-
als using multiple alkylene oxide oligomers with different
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repeating units or with different molecular weights. For
instance, a poly(propylene glycol)-dithiol may be reacted
with a poly(ethylene glycol)-diacrylate in the presence of
collagen to give a biomaterial of the present technology.
Alternatively, a first PEG-dithiol may be reacted with a sec-
ond PEG-diacrylate, where the second alkylene oxide oligo-
mer (i.e., PEG-diacrylate) has a different molecular weight
than that of the first. In another embodiment, the gamma-
thioether carbonyl linkages of the joined alkylene oxide oli-
gomers within the biomaterial may be gamma-thioether
esters, gamma-thioether amides, gamma-thioether imides,
and/or gamma-thioether ketones. In a further embodiment,
the second polymer matrix of the biomaterial comprises a
compound of formula II1, below:

X—[(CHRCHR'—O0)-L-],—Y Il

where X is HS— or Y'—(O—CHRCHR') -L-;
Y is —OC(O)CH—CH,,

or —(CHRCHR'—0);—X";
X'is —CHRCHR'—SH:
Y'is —C(O)CH=—CH, or

N—CHRCHR'—>

L is a gamma thioether carbonyl linkage

R and R' are independently H or methyl;

s at each occurrence is independently an integer from 5 to
20,000, and

u is an integer from 1 to 1000.
L —CHRCHR'—S—

In some embodiments, is

CH,CH,—C(0)—O— or

—CHRCHR

In a further embodiment, gamma-thioether carbonyl linkage
in formula III above is —S—CH,CH,—C(O)—O— or the
moiety shown in formula IV below.
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v

In accordance with another aspect, the present technology
provides biomaterials which include at least one biopolymer
and a poly(alkylene oxide) that cross-links the biopolymer. In
some embodiments, the biomaterials are hydrogels. In certain
embodiments, the biopolymer includes amino groups, thiol
groups, and bifunctional modifiers connecting at least some
of'the amino groups to at least some of the thiol groups, and
at least one poly(alkylene oxide) cross-linked to at least two
thiol groups of the biopolymer. The term “biopolymer” is
used herein to refer to polymers comprising amino acids
and/or carbohydrates such as those found in or derived from
biological systems. For example, biopolymers that may be
used in the present biomaterials include but are not limited to
gelatin, calcium alginate, calcium/sodium alginate, collagen,
oxidized regenerated cellulose, carboxymethylcellulose,
amino-modified cellulose, whey protein, chitosan, hyalu-
ronic acid and combinations of any two or more thereof. In
some embodiments, the biopolymer comprises gelatin and/or
collagen. In certain embodiments, the biopolymer comprises
Type A gelatin, Type B gelatin or both.

The biopolymers of the present technology include amino
groups, a bifunctional modifier, and thiol groups. For
example, each bifunctional modifier may have the formula I:

-A-[(CR'R?),,—O],—Z— I
wherein one of A or Z is a divalent moiety covalently

bonded to the amino groups of the biopolymer and one
of A and 7 is a monovalent moiety comprising a thiol

group;
wherein the divalent moiety is selected from the group
consisting of —O—, —S—, —NH—, C, ,,-alkyl,

C, ,4-alkenyl, C, ,,-alkynyl, C, ,,-alkoxy, C, ,,-het-
eroalkyl, C,_,,-heteroalkenyl, C, ,,-heteroalkynyl,
cyano-C, ,,-alkyl, C, ,-cycloalkyl, C,,-cycloalk-
enyl, C;_, ,-cycloheteroalkyl, C,_,,-cycloheteroalkenyl,
acyl, acyl-C, ,,-alkyl, acyl-C, ,,-alkenyl, acyl-C, ,,-
alkynyl, carboxy, C, ,,-alkylcarboxy, C, ,,-alkenylcar-
boxy, C,_,,-alkynylcarboxy, carboxy-C, ,,-alkyl, car-
boxy-C,_,4-alkenyl, carboxy-C, ,,-alkynyl, aryl, aryl-
C,.,,-alkenyl, heteroaryl, heteroaryl-C, ,,-alkyl,
heteroaryl-C, _,,-alkenyl, heteroaryl-C,_,,-alkynyl, sul-
fonate, arylsulfonate, and heteroarylsulfonate;

at each occurrence R' and R? is independently selected

from the group consisting of H, methyl, and ethyl;

m is an integer from 2 to 8; and

n is an integer ranging from 1 to 20,000.

In some embodiments of the biomaterials, one of A and Z
is a monovalent moiety selected from the group consisting of
thiol, cysteine, homocysteine, cysteamine, cystamine, C; _,,-
alkenylthiol, C,_,,-alkynylthiol, C,_,,-heteroalkylthiol,
C,_,4-heteroalkenylthiol, C,_,,-heteroalkynylthiol, C;_,,-cy-
cloalkylthiol, C;_,-cycloalkenylthiol, C;_ j,-cyclohet-
eroalkylihiol, C;_,,-cycloheteroalkenylthiol, —C(O)—
C, 54~ alkylthiol, —C(O)—C, _,,-alkynylthiol, —OC(O)—
C, »4-alkylthiol, —OC(O)—C,_,,-alkenylthiol, arylthiol,
C, _,4-alkenyl-arylthiol, C,_,4-alkynyl-arylthiol, het-
eroarylthiol, C, ,,-alkyl-heteroarylthiol, C, ,,-alkenyl-het-
eroarylthiol, C,_,,-alkynyl-heteroarylthiol. Such monovalent
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moieties may be attached to the amino groups of the biopoly-
mer at any atom with a free valence, other than the sulfur of
the thiol group.

As noted above, m is an integer from 2 to 8. In some
embodiments in is 2, 3, 4, 5, 6 or 7. In certain embodiments,
in is 2, 3, or 4. In some embodiments at each occurrence R*
and R? is independently H or methyl, while in others R* and
R? are both H. Thus, for example, the poly(alkylene oxide)
portion of formula I may be, but is not limited to, poly(eth-
ylene glycol) or poly(propylene glycol).

In some embodiments, n is an integer from 1 to 2,000, or 1
10 200, or 1 to 100. Examples of n of formula [ include but are
not limited to 1, 5, 10, 20, 30, 50, 100, 200, 300, 400, 500,
1,000, 2,000, 4,000, 10,000, 15,000, 20,000, and any range
between and/or including two or more of these values.

In some embodiments of the biomaterials, the poly(alky-
lene oxide), the alkylene oxide repeating unithas 2, 3,4, 5, 6,
7, or 8 carbons. In certain embodiments, the alkylene oxide
repeating unit has 2, 3, or 4 carbons. For example, the poly
(alkylene oxide) may be selected from the group consisting of
polyethylene glycol), poly(propylene glycol), and mixtures
thereof.

The biopolymer may be a combination of any of the mate-
rials described above. Thus, in some embodiments, the
biopolymer includes gelatin, poly(ethylene glycol) and cys-
teine.

Biomaterials including a biopolymer may be readily pre-
pared as shown in the examples herein. Thus, in one aspect,
the present technology provides a method of making bioma-
terials that includes reacting a poly(alkylene oxide)-diacry-
late with at least one biopolymer comprising amino groups,
thiol groups, and bifunctional modifiers connecting at least
some of the amino groups to at least some of the thiol groups,
to provide a biomaterial in which the at least one poly(alky-
lene oxide) is cross-linked to at least two thiol groups of the
biopolymer. The crosslinking of the biopolymer and the poly
(alkylene oxide) may be carried out by photopolymerization,
e.g., with long wavelength UV, or Michael addition. For
example, PEG-diacrylate may be used as the poly(alkylene
oxide) and photopolymerized with the biopolymer, gelatin-
PEG-cysteine (Gel-PEG-Cys).

The individual polymer matrices as well as the biomateri-
als or hydrogels can then be characterized using standard
physical and morphological characterization techniques
known in the art, such as swelling analysis, FITC-dextran
release profiles, gelatin dissolution profiles, collagenase
effect on hydrogel degradation, etc. Cell culture and adhesion
studies with the biomaterials or hydrogels can be conducted
using standard methods known in the art, such as two dimen-
sional cell seeding on material surface, three dimensional cell
encapsulation into material matrix, cell viability assay, cell
proliferation, immunofluorescence staining for morphologi-
cal characterization, cytokine release quantification as an
evaluation of cell function.

The biomaterials of the present technology can be used in
any application where biomaterials are currently employed.
In this aspect, the biomaterials find use as wound dressing
materials, diapers, catamenial devices, drug delivery devices,
implants, biosensors, contact lenses, tissue scaffolds, cell
transplantation matrices, and the like. In some embodiments,
the biomaterial comprises a poly(alkylene oxide) that
includes two or more alkylene oxide oligomers joined by
gamma-thioether carbonyl linkages. In some embodiments of
the present technology, the biomaterial is a hydrogel.

All of the biomaterials according to the present technology
may further include a pharmacologically active agent within
the biomaterial. Such pharmacologically-active agent may be
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entrained within the biomaterial, or it may be covalently
attached to the first polymer matrix. For example, the phar-
macologically-active agent KGF may be either covalently
conjugated via a bifunctional modifier to the first polymer
matrix, or may be incorporated within the first polymer
matrix as a free solute (FIG. 3). Likewise, the pharmacologi-
cally active agent may be entrained within the cross-linked
biopolymer or covalently attached to the biopolymer. In one
embodiment, the pharmacologically-active material is
covalently attached to the first polymer matrix through one
terminus of a bifunctional modifier which is not attached to
the first polymer matrix. In another embodiment, the pharma-
cologically-active material is not covalently attached to the
first polymer matrix (or biopolymer). In another embodiment,
the Pharmacologically-active material may include vulnerary
agents, hemostatic agents, antibiotics, antithelmintics, anti-
fungal agents, hormones, anti-inflammatory agents, proteins,
polypeptides, oligonucleotides, cytokines, enzymes, and the
like. In a further embodiment, the biomaterials are used to
administer a pharmacologically-active agent to a patient in
need of the pharmacologically-active agent. In this use, the
biomaterial is administered to the patient, as by packing it into
a surgical or traumatic wound.

Likewise, the biomaterials according to the present tech-
nology may be useful as scaffolds to support living cells.
Thus, in one aspect, the biomaterials can be used as biome-
chanical devices. The biomaterials will support living cells
within the bulk of the material, e.g., hydrogel, thereby pro-
viding a three-dimensional support network in which the cells
can grow and proliferate. Such cells may be entrained within
the biomaterial. Biomaterials according to the present tech-
nology that contain cells can be implanted into a patient in
need of such cells. Thus, in another aspect, the present tech-
nology provides a biomaterial in which or on which living
cells are supported, e.g., monocytes, fibroblasts, kerati-
nocytes, chondrocytes, myoblasts, endothelial progenitor
cells, and stem cells.

The living cells may also be in a diseased state, such as
cancer cells. Thus, in this aspect, the present technology
provides a biomaterial in which or on which diseased living
cells are supported. Such a biomaterial serves as a platform
for the study of the cell biology of diseased cells. The bioma-
terial may include any of the biomaterials described herein,
including but not limited to a poly(alkylene oxide) that
includes two or more alkylene oxide oligomers joined by
gamma-thioether carbonyl linkages. In some embodiments of
the present technology, the biomaterial is a hydrogel.

In some embodiments, the biomaterials of the present tech-
nology are used as two-dimensional (2D) or three-dimen-
sional (3D) scaffolds to culture or encapsulate living cells.
The biomaterials of the present technology provide stable
scatfolds with tunable mechanical properties, long-term inte-
grin binding sites and support cell attachment and prolifera-
tion in a 2D or 3D environment. In some embodiments, a
biomaterial with at least two layers is provided. Each layer
may be distinguished either by a different composition of the
biomaterial or by containing a different cell type and/or phar-
macological agent. For example, in one embodiment the bio-
material includes at least two layers in which fibroblasts are
present in one layer and keratinocytes in a second layer. Each
layer may be readily optimized to support a specific cell type.
Such layered biomaterials may be administered to a subject
for repair and/or replacement of damaged or missing skin. In
another embodiment, a biomaterial is provided with cells
entrained within the biomaterial and the same or different
type(s) of cells seeded on an external surface of the biomate-
rial.
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EXAMPLES

The present technology is further illustrated by the follow-
ing examples, which should not be construed as limiting in
any way.

Materials and methods. PEG-dimaleimide (PEG: ~2000
Da) was purchased from Nanocs Inc. PEG-diol (PEG: ~2000
Da), gelatin (type A, bloom 300), triethylamine, triethanola-
mine (TEOA), p-toluenesulfonyl chloride, lithium aluminum
hydride, and sodium hydrosulfide hydrate (NaSH) were
obtained from Sigma-Aldrich. Dichloromethane (CH,Cl,),
tetrahydrofuran (THF), toluene, diethyl ether, and anhydrous
magnesium sulfate (MgSO,) were provided by Fisher Scien-
tific. PEG-diacrylate was synthesized from PEG-diol (PEG:
~2000 Da, Sigma-Aldrich) following an established proce-
dure. All chemicals were used as received unless otherwise
specified. 'H NMR spectra were obtained on a Varian 400
MHz instrument. FTIR spectra were recorded on a Bruker
Equinox 55 ATR-FTIR spectrometer (single reflection, ZnSe
crystal, 20 scans per spectrum) in a N7 atmosphere. Hydrogel
samples were dried under vacuum overnight prior to FTIR
analysis.

For studies involving modified gelatin-PEG hydrogels:
Poly (ethylene glycol) (PEG)-diol (average molecular weight
2,000 Da and 3,400 Da), acryloyl chloride, triethylamine
(TEA), N'-disuccinimidyl carbonate (DSC), 4-(dimethy-
lamino) pyridine (DMAP), N,N'-diisopropylethylamine (DI-
PEA), sodium azide, L-cysteine, gelatin type A (300 bloom,
from porcine skin), gelatin type B (75 bloom, from bovine
skin), collagenase type I (from Clostridium histolyticum) and
dimethyformamide (DMF) were purchased from Sigma-Al-
drich (ST. Louis, Mo., USA). Irgacure® 2959 was obtained
from Ciba Specialty Chemicals (NY; USA). Collagen (Type
L front rat tail) was purchased from BD Bioscience (Franklin
Lakes, N.I.). Polystyrene beads with carboxyl surface groups
(diameter 1.87 um) and beads without specific surface groups
(diameter 1.09 um) were purchased from Spherotech Inc.
(Lake Forest, I11., USA).

Statistics. Where applicable, data is shown as
meansstandard deviation (S.D.) of samples in independent
experiments. Cell density data were analyzed by unpaired
Student-t test using SigmaStat 2.03. A value of p<0.05 was
considered statistically significant.

Example 1
Synthesis of PEG-Dithiol

PEG-diol (10.0 g, PEG: ~2000 Da, 5 mM) was dissolved in
dry CH,Cl, (50 mL). p-Toluenesulfonyl chloride (7.2 g) was
dissolved in CH,Cl, (20 mL) and added drop-wise to the
PEG-diol solution upon stirring. Triethylamine (1.4 mL) was
subsequently added to the mixed solution. The reaction was
kept at room temperature and stirred overnight. The crude
mixture was filtered twice, concentrated via rotary evapora-
tion, and dissolved in toluene (50 mL) and filtered. Filtrates
were collected and precipitated in cold diethyl ether while
stirring. The precipitates were collected and dried under
vacuum. Yield: 9.6 g (96%). '"H NMR (CDCl,): $2.45, s,
CHj;-aromatic; 9 3.65, in, PEG backbone; 8 7.5, d, 2Hs ortho
to sulfonate; 3 7.8, d, 2Hs meta to sulfonate. PEG-ditosylate
(5 g, 2.5 mM) in ddH,O (100 mL) was treated with NaSH
hydrate (1.12 g, 20 mM). The reaction was stirred for 5 h at
room temperature and then 1 h at 60° C. The crude mixture
was neutralized with concentrated H,SO,, and extracted with
CH,Cl,. The organic layer was collected and dried over anhy-
drous MgSQO,, and precipitated in dry cold diethyl ether. The
precipitated product was collected and dried in vacuum over-
night (2.8 g, yield 56%). '"H NMR (D,0): 82.68, t, —SH; &
2.76,—OCH,CH,SH; 8 2.92, t, —OCH,CH,SH; 8 3.65, in,
PEG backbone. The products obtained from the above reac-
tion were treated with lithium aluminum hydride (1.2 eq) in
THF for 1 hr at room temperature under argon protection and
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then 20 mL of ddH,O was added to stop the reaction. Reduced
PEG-dithiol was extracted with CH,Cl,, dried with anhy-
drous MgSQ,, and precipitated in cold diethyl ether. The final
products were dried in vacuum overnight and stored in argon
at =20° C. (2.2 g, 80% vyield). Ellman’s test was used to
determine the level of free sulthydryl (—SH) groups in the
final product, which indicated 20.6+0.5% of free —SH after
reduction compared to 6.1+1.2% of free —SH prior to the
reduction.

Example 2
Synthesis of PEG-Diacrylate

PEG-diacrylate was synthesized from PEG-diol (PEG:
~2000 Da) following an established procedure. Briefly, PEG-
diol was dissolved in dried THF at a ratio of 1 g:5 mL of
PEG-diol: THF with heating to facilitate dissolution. Acryloyl
chloride and triethylamine were added in a 1:4:6 molar ratio
of PEG-diol:acryloyl chloride:triethylamine and the solution
was stirred in the dark, at room temperature, for 3 h. The
solution was then filtered twice, slowly added drop-wise to a
large volume of cold hexanes (100 mL hexanes per 1 g start-
ing PEG-diol) to get precipitate, and filtered again. The pre-
cipitate was collected and vacuum dried overnight (90%
yield). The resulting PEG-diacrylate product was pale yellow
in color. 'H NMR (D,O0): 85.9d, 6.4d, 2Hs, CH,—CH—; §
6.1,t, 1H, CH,—CH—; 83.65, m, PEG backbone.

Example 3
Synthesis of PEG Hydrogels and sIPN Biomaterials

General. PEG hydrogels were prepared according to the
synthetic scheme in shown in FIG. 1, employing either thiol-
ene or thiol-maleimide addition reactions of PEG-dithiol with
either PEG-diacrylate or PEG-dimaleimide. The procedure
for preparation of thiol-ene and thiol-maleimide derived PEG
hydrogels is further illustrated in FIG. 2. FIG. 3 illustrates the
procedure for the preparation of semi-interpenetrating net-
work biomaterials, employing the reaction of PEG-dithiol
with either PEG-diacrylate or PEG-dimaleimide in the pres-
ence of gelatin.

Al. PEG Hydrogels Via Thiol-Ene Reaction of PEG-Dithiol
and PEG-Diacrylate

As shown indicated in Table 1, thiol-ene PEG hydrogels in
varying weight percentages were prepared at pH 7.5 from
aqueous solutions of PEG-diacrylate and PEG-dithiol. The
total percent polymer by weight was varied by employing
different concentrations of the PEG-diacrylate and PEG-
dithiol macromers in PBS. As illustrated in FIG. 2, PEG-
diacrylate and PEG-dithiol were separately dissolved in
aqueous buffered saline in vials. The PEG-dithiol solution
was transferred to the PEG-diacrylate solution, and the mac-
romers were mixed via vortexing. Addition of triethanola-
mine (0.3 M) to the mixed macromer solution resulted in the
formation of a thiol-ene PEG hydrogel which was cured at
room temperature in air.

As further shown in Table 1, thiol-ene PEG hydrogels were
similarly prepared from PEG-diacrylate and PEG-dithiol at
varying pH.

In all cases, the addition of aqueous solutions of PEG-
dithiol to PEG-diacrylate resulted in the rapid formation of
PEG hydrogels, with gelation times (as measured by the vial
inversion method to observe the time when the contents
stopped flowing) ranging from seconds (Table 1, Entries 1
and 2) to minutes (Entry 3). The total polymer weight per-
centage showed a significant effect on gelation, with increas-
ing polymer weight percentages leading to decreasing gela-
tion times. The effect of pH on gelation time at a constant
polymer weight percent (17%) was less significant within the
pH ranges tested.
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TABLE 1
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Thiol-ene PEG hydrogels prepared by reaction of PEG-dithiol (PEG: ~2 kDa) with
PEG-diacrylate (PEG: ~2 kDa) at varying (a) macromer concentrations and (b) pH.

a) Varying macromer concentrations

PEG- PEG- 0.3M
dithiol ~ diacrylate 1x PBS TEOA Total polymer %
Entry (g) (g) (mL) (mL) (w/w) Gelation Time
1 0.05 0.032 01 0.1,pH75 29 30s
2 0.05 0.032 02 02,pH75 17 120
3 0.05 0.032 03 03,pH75 12 >30 min*
b) Varying pH
0.3M
PEG- PEG- 1x PBS TEOA
Entry dithiol (g) diacrylate (g) (mL) (mL) Gelation Time
1 0.05 0.032 0.2 0.2,pH7.5 120
2 0.05 0.032 0.2 0.2,pH 8.0 120
3 0.05 0.032 0.2 0.2,pH 10 90's

*Formulation from Entry 3 is in gel form, but remains flowing after 1 h.

A2. sIPN Biomaterials Via Thiol-Ene Reaction of PEG-
Dithiol and PEG-Diacrylate in the Presence of Gelatin
Thiol-ene sIPN biomaterials were prepared by through
simple modification of the procedure described in Example
3Al. As further shown in FIG. 3., the PEG-dithiol, PEG-
diacrylate, and gelatin were separately dissolved in phosphate
buffered saline. The solutions were placed in a water bath at
37° C. prior to mixing. The gelatin solution was first mixed
quickly with the PEG-dithiol solution and the resultant com-
bined solution was subsequently mixed with the PEG-diacry-

30

35

late solution via vortexing. The well-mixed prepolymer solu-
tion (i.e., the solution of the mixed macromers and gelatin)
was kept at 37° C. TEOA was added to prepolymer and curing
was allowed to proceed at 37° C. in air. As shown in Table 2,
several thiol-ene sIPN biomaterials were prepared in separate
experiments by using gelatin solutions of varying concentra-
tions. After reaction with TEOA, each of the three formula-
tions indicated gave thiol-ene sIPN biomaterials as flowing
gels (to varying degrees) after 2 hours at 37° C.

TABLE 2

Thiol-ene sIPN biomaterials prepared by reaction of PEG-dithiol
(PEG: ~2 kDa) with PEG-diacrylate (PEG: ~2 kDa) in the

presence of gelatin.*

Gelatin
PEG- solution 1x
dithiol PEG- (wiv) PBS pH 7.5 Total polymer %  Gelation
Entry (g) diacrylate (g) (mL) (mL) TEOA (mL) (w/w) Time
1 0.05 0.032 30%,0.2 0.2 0.2 19 ~2 h*
2 0.05 0.032 15%,0.2 0.2 0.2 16 —*
3 0.05 0.032 10%, 0.2 0.2 0.2 14 >

*Curing temperature: 37° C.

%lightly flowing

®failed to achieve complete gelation
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B1. PEG Hydrogels Via Thiol-Maleimide Reaction of PEG-
Dithiol and PEG-Dimaleimide

As shown indicated in Table 3, thiol-maleimide PEG
hydrogels according to the synthetic scheme indicated in F1G.
1 were prepared in varying weight percentages at constant pH
from aqueous solutions of PEG-dithiol and PEG-dimaleim-
ide. The total percent polymer by weight was varied by
employing different concentrations of the PEG-dithiol and
PEG-dimaleimide macromers in PBS. As illustrated in FIG.
2, PEG-dithiol and PEG-dimaleimide were separately dis-
solved in aqueous buffered saline in vials. The PEG-dithiol
solution was transferred to the PEG-dimaleimide solution,
and the macromers were mixed via vortexing (~30 sec). Addi-
tion of triethanolamine (0.3 M) to the mixed macromer solu-
tion resulted in the formation of a thiol-maleimide PEG
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hydrogel which was cured at room temperature in air-tight
molds (or vials). Gelation time, determined by visual inspec-
tion, ranged from minutes to days (Table 3). Increasing the
macromer concentration led to a significant decrease in the
gelation time. Among the various conditions tested, the PEG
hydrogel showed the shortest gelation time at a total polymer
concentration of31% (w/w) in pH 7.5 phosphate buffer saline
with 0.3 M TEOA.

As further shown in Table 3, thiol-maleimide PEG hydro-
gels were similarly prepared from PEG-dithiol and PEG-
maleimide at varying pH (pH 6.5, pH 7.5, and pH, 8.0). The
results indicate that the PEG hydrogel was significantly
affected by pH wvalues, with more rapid gel formation
observed under basic conditions.

TABLE 3

Thiol-maleimide PEG hydrogels prepared by reaction of PEG-dithiol (PEG: ~2 kDa)
with PEG-dimaleimide (PEG: ~2 kDa) at varying macromer concentrations and pH.

a) Varying macromer concentrations

pH 7.5 PBS Total
PEG-dithiol PEG-dimaleimide  w/0.3M pH7.4 polymer % Gelation
Entry (g) (g) TEOA PBS (ul) (w/w) time
1 0.05 0.042 100 100 31 ~40 min
2 0.05 0.042 200 200 18 ~90 min
3 0.05 0.042 300 300 13 >20 h
b) Varying pH
PEG- PBS w/
PEG-dithiol dimaleimide 0.3M TEOA
Entry (g) (g) (mL) Gelation time
1 0.05 0.042 0.4,pH 6.5 >24 h
2 0.05 0.042 04,pH7.5 ~90 min
3 0.05 0.042 0.4,pH 8.0 ~90 min
B2. sIPN Biomaterials Via Thiol-Maleimide Reaction of
PEG-Dithiol and PEG-Dimaleimide in the Presence of Gela-
40 tin
The procedure for preparation of thiol-maleimide sIPN
biomaterials was analogous to that described in Example
3Al, except that PEG-dimaleimide was used rather than
PEG-diacrylate (see FIG. 3). The results in Table 4 indicate
that complete gelation was observed after 24 h curation at 37°
C. with formula #2 and #3.
TABLE 4
Thiol-maleimide sIPN biomaterials prepared by reaction of PEG-dithiol
(PEG: ~2 kDa) with PEG-dimaleimide (PEG: ~2 kDa) in the presence
of gelatin.
PEG- PEG- Gelatin pH7.5 Total
dithiol dimaleimide solution 1xPBS TEOA polymer  Gelation
# (g) (g) (w/v) (mL) (mL) (mL) % (W/w) Time
1 0.05 0.042 10%, 0.2 0.2 0.2 15.7 —*
2 0.05 0.042 15%, 0.2 0.2 0.2 17 ~1d
3 0.05 0.042 30%, 0.2 0.2 0.2 20 ~1d

*Formulation from Entry 1 showed slight fluidity after 3 days of curation.
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Example 4

Fourier Transform Infrared Spectroscopy (FTIR) of
PEG Hydrogels

FTIR proved to be a convenient technique for monitoring
the progress of the reaction of PEG-dithiol with PEG-diacry-
late or PEG-dimaleimide to form their respective thiol-dia-
crylate or thiol-dimaleimide PEG hydrogels. As shown in
FIG. 4, the characteristic absorption bands at 810 cm™ (v,
—C—H acrylate) for PEG-diacrylate disappeared after com-
plete gel formation. In a similar fashion, the characteristic
absorption band at 695 cm™ (v, —=C—H in maleimide) for
PEG-dimaleimide also disappeared after gel formation (FIG.
5).

As shown in FIG. 6, a more detailed kinetics study was
performed by obtaining multiple FTIR spectra for the reac-
tion of PEG-dithiol with PEG-dimaleimide in THF during the
cure period (20 min). A decrease in the IR absorption peak at
695 cm™! (attributed to the —C—H bending vibration of
maleimide group) was observed over time. By using the
C—=O0 stretch (1724 cm™) of the maleimide group as an
internal reference, the conversion of maleimide C—C bonds
(=C—H bend, 695 cm™") as a function of time can be cal-
culated (FIG. 7 and FIG. 8). Specifically, integration of
absorption peak areas at 695 cm™ and 1724 cm™' (OPUS
version 4.2 software provided with the spectrometer), allows
for the calculation of the degree of maleimide groups that
have reacted at a certain time. A. Thus, the conversion of
unsaturated maleimide groups, o, has been calculated by the
following equation:

o= _( (Agos cn1 / A 17240 1), ]
(Agos am-1/ A1724 a1 )1g

where A, is the area of the vibration band at tune t.

FIG. 7 and FIG. 8, show the conversion profile of the
maleimide C—C bond as a function time. The conversion
reached steady state around 10 min, indicating a near com-
plete conversion of the C—C group.

Example 5

Swelling and Degradation Studies of PEG Hydrogel
and sIPN Biomaterial Samples

The PEG hydrogel and sIPN biomaterial samples previ-
ously synthesized were dried under vacuum overnight. The
dried PEG hydrogel and sIPN biomaterial samples were
accurately weighed prior to the swelling study. A sample disk
of either the PEG hydrogel or the sIPN biomaterial was
immersed in PBS (10 mL of pH 7.4) in a Petri dish at 37° C.
At predetermined time points, the sample was carefully
removed from the Petri dish and blotted with Kim-wipes® to
remove the excess water on the sample surfaces and weighed.
Equilibrium weight swelling ratio (Q,) was defined as fol-
lows:

where w, 1s the gel weight at the time t, and w, is the dried
gel weight.

20

25

30

35

40

45

50

55

60

65

24

As shown in FIG. 9, thiol-ene PEG hydrogels reached a
maximum weight swelling ratio within an hour, but gradual
mass loss was observed after reaching maximum swelling.
No significant difference was observed in the swelling and
degradation behavior of the thiol-ene PEG hydrogels between
PBS buffer and PBS buffer containing TEOA. The sIPN
biomaterial prepared via thiol-ene addition (employing 10%
gelatin w/v) displayed similar swelling and degradation pat-
tern compared to PEG hydrogel via thiol-ene addition, i.e.,
rapid swelling within an hour following by gradual degrada-
tion (FIG. 10).

Thiol-maleimide PEG hydrogels displayed consistent and
increasing swelling through 7 days (168 h), with a maximum
average swelling weight ratio of (23£3) (FIG. 11) and no
significant mass loss was observed during 7-day period, indi-
cating the relative robustness of the PEG hydrogel structure.
The weight swelling ratio reached a steady state around 48 h,
which indicated an equilibrium swelling state of the PEG
hydrogel. The thiol-maleimide sIPN biomaterial with 10%
gelatin showed a maximum average swelling weight ratio of
(18+1)around 4 h (FIG. 12), while sIPN biomaterial with 5%
gelatin reached maximum average swelling weight ratio of
(15£3.4) in about 24 h (FIG. 12). sIPN samples in both
formulation groups started to degrade after 24 h and the gels
fell apart completely after 48 h. Therefore, the thiol-maleim-
ide sIPN biomaterial structures were less stable than their
PEG hydrogel counterparts. However, the swelling and deg-
radation study was conducted in an excess amount of buffer
solution, while different swelling and degradation profiles are
expected when applied as a wound dressing material in a
physiological wound environment.

Example 6

Surface Hydrophilicity

The surface hydrophilicity of thiol-ene and thiol-dimale-
imide PEG hydrogels, their sSIPN biomaterial counterparts, as
well as sIPN prepared via photopolymerization, were quan-
tified with a modified, computerized, underwater air-captured
surface contact angle system (VCA2500; AST products, Inc.
Billerica, Mass.). Fully swollen samples were secured to a
glass slide with cyanoacrylate glue and placed in a water
chamber. Air bubbles were placed on the exposed and sub-
merged surface of the sample via syringe. Two angles per
bubble were measured. The study was conducted in tripli-
cates.

With respect to the underwater air-captured surface contact
angle analysis, a larger surface contact angle signifies higher
surface hydrophilicity of the material. PEG hydrogels and
sIPN biomaterials prepared via thiol-ene addition showed
contact angle values similar to photopolymerized sIPN (cf.
Table 5 and Table 7), indicating similar surface hydrophilicity
of the material. In contrast, PEG hydrogels and sIPN bioma-
terials prepared via thiol-maleimide addition showed higher
contact angle values, probably due to the increasing hydro-
philicity of the material surfaces (Table 6).
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TABLE 5

Contact angles of thiol-ene PEG hydrogels and sIPN biomaterials.

Contact angle Contact angle Average =
Samples (left) (right) S.D.

sIPN biomatehal 136.0 136.0 137.6 £ 1.6
(12%, w/w) 139.3 139.6
136.7 138.4

Hydrogel 127.3 130.5 1324 £3.1
(29%, wiw) 133.4 134.8
132.4 135.9

Hydrogel 143.9 142.9 140.0 £3.2
(17%, wiw) 140.3 140.3
136.0 136.4

TABLE 6
Contact angles of thiol-maleimide PEG

hydrogels and sIPN biomaterials.

Contact angle Contact angle Average =

Samples (left) (right) S.D.

Hydrogel 154.2 1543 152.1£2.0
(18%, w/w) 152.3 152.5
150.4 149.2

sIPN biomaterial 154.6 156.1 159.6 £3.5
(17%, wiw) 162.6 163.1
160.9 160.6

TABLE 7

Contact angles of photopolymerized sIPN (via
photopolymerization of PEG-diacrylate).*

sIPN formulation Contact angle Total polymer w/w %

4G6P2K
6G4P2K

141 £0.8
1359+ 1.0

50
50

*sIPN were prepared via photopolymerization. Reference: Burmania J A, Martinez-Diaz G
J,Kao W J. Synthesis and physicochemical analysis of interpenetrating networks containing
modified gelatin and poly(ethylene glycol) diacrylate. J Biomed Mater Res A. 2003, 67(1),
224-34.

Example 7
Cell Culture and Adhesion

General. PEG hydrogels prepared from thiol-maleimide
addition were tested (total polymer wt % during prepara-
tion=18% w/w).

A. Monocytes

Monocytes were isolated following an established proce-
dure. Briefly, 60 mL citrate whole blood was collected from a
fasted, unmedicated, healthy volunteer. The whole blood was
diluted in DPBSE (DPBS, 1 mmol/l. EDTA; Ca/Mg-free),
spun in an underlayered Ficoll-Paque Premium density gra-
dient, and the buffy coat was collected. The buffy coat was
resuspended in DPBSE and pelleted with centrifugation. Fol-
lowing two pellet and resuspension steps, the mononuclear
cells were diluted in complete medium (CM: IMDM+
NaHCO;, L-glutamine, 25 mM HEPES, without phenol red)
to a cell concentration of 1-2x10° cells/mL and this suspen-
sion was slowly underlayered with 25 ml, 46% iso-osmotic
Percoll (46 mL (9.25 mL Percoll:0.75 mL. 10xDPBS)+54 mL
CM with phenol red) using an 18 gauge spinal needle. The
resulting solution was centrifuged and a band of monocytes
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was collected from the interface of the CM with phenol red
and the CM without phenol red. The monocytes were washed
with cold DPBSE, pelleted, and washed once more in cold
RPMI 1640 for a final pellet/resuspension cycle. The final
pellet was resuspended in 2 mL cold RPMI 1640 and the cell
concentration was calculated using a hemocytometer. Typi-
cally 12-20x10° monocytes were isolated from 60 mL whole
blood. Cells were statically seeded on four thiol-maleimide
PEG hydrogel films directly cast into the 48-well plate, four
photopolymerized PEG hydrogel films, and four tissue cul-
ture polystyrene (TCPS, Becton Dickinson Labware, N.I.)
wells at a concentration of 10° cells/mL, suspended in RPMI
1640 media with 10% autologous serum. Cell cultures were
maintained at 37° C. and 5% CO,.

B. Fibroblasts

Neonatal human dermal fibroblasts were obtained from
Lonza and cultured in fibroblast growth medium-2 (FGM-2,
Lonza) containing FBM, 0.1% insulin, 0.1% recombinant
human fibroblast growth factor-B, 0.1% GA-1000, and 2%
fetal bovine serum (FBS). Fibroblasts for adhesion study
were derived from the same cell stock at passage 5 and were
harvested and split into each experimental group at about
90% confluence. As in 7A above, cells were seeded on thiol-
maleimide PEG hydrogel, photopolymerized PEG hydrogel,
and TCPS surfaces at a seeding density of 4x10* cells/mL.

C. Keratinocytes

Normal human epidermal keratinocytes from neonatal
foreskin (NHEK; Lonza, Allendale, N.J., USA) were cultured
in keratinocyte growth medium (KGM; Lonza) supple-
mented with 5% fetal bovine serum (FBS; Atlantic Biologics,
Miami, Fla., USA). Similarly, cells were seeded onto four
thiol-maleimide PEG hydrogel, four photopolymerized PEG
hydrogel and four TCPS surfaces within 48-well plates at a
concentration of 4x10* cells/mL, and maintained at 37° C.
and 5% CO,, in 0.5 mL of KGM supplemented with 5% FBS.
TCPS was employed as a positive surface control, while
photopolymerized PEG hydrogel was used as an additional
surface comparison.

D. Cell Adhesion

At 2, 24, and 96 h, all samples were washed twice with
culture medium to remove non-adherent cells, and resupplied
with fresh culture medium and allowed to incubate further.
Adherent cells on all surfaces were imaged using a computer-
assisted video analysis system (Metamorph v4.1) coupled to
an inverted microscope (Nikon, Eclipse TE300). The adher-
ent cells were quantified and expressed as number of cells/
mm? surface area. Five images per sample were taken at
random fields of view. Adherent cell density was determined
per mm? after normalization to the microscope view field
using the image analysis software ImageJ (NIH).

Monocyte adhesion results differed significantly between
material surfaces over the course of the culture (FIG. 13). The
morphology of monocytes on TCPS remained relatively
round up through 96 h, but larger with more cytoplasmic
spreading by 168 h. Monocytes on thiol-maleimide PEG
hydrogels remained round through 168 h with a slightly
noticeable increase in size by the end of the culture. Addi-
tionally, the monocytes on the thiol-maleimide PEG hydrogel
remained in 6-8 cell clusters throughout the culture duration.
Monocytes on the photopolymerized PEG hydrogels
increased most dramatically in size by 96 h and seemed most
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phenotypically different. This size increase was still notice-
ableby 168 h where the cells appeared indented in the middle.
By 24 h, monocytes on the photopolymerized PEG hydrogels
exhibited a more elongated, thinner shape. With respect to
adhesion patterns, adhesion decreased for all substrates over
the course of the culture, but to different degrees (Table 8).

TABLE 8

28

TCPS was higher than on photopolymerized PEG hydrogel
and thiol-maleimide PEG hydrogel. At the 2 hour point, there
were no significant differences in the adherent cell density
between photopolymerized PEG hydrogel and thiol-maleim-
ide hydrogel (p>0.05). However, at 96 hours, photopolymer-
ized PEG hydrogel showed higher cell density than the thiol-

Adherent cell densities (cell/mm?) on TCPS, photopolymerized PEG hydrogel,
and thiol-maleimide PEG hydrogel surfaces at varying culture times.*

Culture time (h)

Cell type Surfaces 2 24 96 168
Monocyte TCPS 1855 =515 1062 £ 233 71 £33 56 £ 39
Photopolymerized PEG 1447 =226 1055 = 274 835 = 197° 708 = 1407
hydrogel
Mal-SH hydrogel 467 £115%% 468 +178%% 203 £167%% 257 = 284%%
Keratinocyte TCPS 284 74 +11 166 =20 —
Photopolymerized PEG 17 = 67 12 £ 67 28 + 147 —
hydrogel
Mal-SH hydrogel 9x6° 3x1¢ 2x 1% —
Fibroblast TCPS 142 =28 174 £ 53 730 £ 62 —
Photopolymerized PEG 8 £ 67 15 £157 34 +21° —
hydrogel
Mal-SH hydrogel 13 =107 547 112 —
*All values expressed as mean + 8.D.; n = 3; “—": data not available.

“p < 0.05 vs. the cell adhesion density on TCPS at the same time point.

bp < 0.05 vs. the cell adhesion density on photopolymerized PEG hydrogel at the same time point.

Adhesion to TCPS decreased most dramatically with the
largest decrease between 24 and 96 h. Adhesion to thiol-
maleimide PEG hydrogels remained relatively constant
through the culture with a slight decrease between 24 and 96
h. The large standard deviation on the thiol-maleimide PEG
hydrogels was likely due to the heterogeneous cell distribu-
tion on the gel surfaces. Adhesion to photopolymerized PEG
hydrogels decreased over time but to a lesser degree than to
TCPS. By 24 h, TCPS and photopolymerized PEG hydrogels
supported similar levels of adhesion (p>0.05) whereas at 96 h
and 168 h photopolymerized PEG hydrogels had higher lev-
els of adhesion than either of the other two materials tested
(p<0.05). This sustained adhesion may be due to the limited
and selective protein adsorption exhibited by the hydrophilic
hydrogels. Additionally, the monocyte adhesion results, espe-
cially at the 2 h point, showed that the adherent cell density
followed such trend as TCPS>photopolymerized PEG
hydrogel>thiol-maleimide PEG hydrogel. Extensive studies
showed that protein molecules selectively adsorb onto hydro-
phobic surfaces via hydrophobic interactions and as a result,
the absorption of adhesion related proteins will potentially
promote cell adhesion onto more hydrophobic surfaces.
Thus, the adhesion results might imply the relative surface
hydrophilicity in the following order:
TCPS<photopolymerized PEG hydrogel<thiol-maleimide
PEG hydrogel, which is in good agreement with the implica-
tions derived from contact angle measurement described in
Example 6.

Adherent keratinocyte density on TCPS increased between
the 2, 24, and 96 hour time points (Table 8). In contrast,
adherent cell density on photopolymerized PEG hydrogel and
thiol-maleimide PEG hydrogel surfaces remained lower than
on TCPS through the course of the experiment. The low
adherent keratinocyte density on photopolymerized PEG
hydrogel was also demonstrated in previous studies. Simi-
larly, human dermal fibroblast adhesion density on TCPS
showed consistent increase through the course of the experi-
ment (Table 8). At all time points, the adherent cell density on
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maleimide PEG hydrogel (p<0.05) whereas there were
almost no noticeable adherent fibroblasts on the thiol-male-
imide PEG hydrogel surfaces. Considering keratinocyte and
fibroblast adhesion results, it may be possible that PEG within
the network minimized certain protein adsorption and, con-
sequently, cell adhesion. However, monocyte adhesion
results showed significantly higher level of initial adherent
cell density on both photopolymerized PEG hydrogel and
thiol-maleimide PEG hydrogel, which implies there might be
other driving forces for monocyte adhesion besides generally
acknowledged hydrophobic interactions.

Example 8

Synthesis of PEGylated Cysteine Grafted Gelatin
(Gel-Peg-Cys)

PEGylated cysteine grafted gelatin (Gel-PEG-Cys) was
synthesized following an established procedure. (See Fu, Y.,
Kao, W. J. Biomaterials (2012) 33, 48-58, which is hereby
incorporated by reference herein in its entirety and for all
purposes.) First, N-hydroxysuccinimide functionalized PEG
(bis-NHS-PEG) was synthesized via an established proce-
dure with minor modifications. (See, e.g., Miron, T., Wichek,
M. Bioconjug. Chem. (1993) 4:568-9.) Briefly, PEG-diol
(Mw, 2,000 Da) (5.0 g, 2.5 mmol) was dissolved in 20 mL. dry
dioxane. Disuccinimidyl carbonate (DSC) powder (6.4 g, 25
mmol) was suspended in another 20 ml. dry dioxane and
added to the solution. Dimethyl amino pyridine (DMAP)
(3.05 g, 25 mmol) was dissolved in 50 mL. acetone and added
dropwise to the above solution under stirring. The reaction
was kept at room temperature for 6 h under argon protection.
The activated PEG product was directly precipitated in
diethyl ether and dried in vacuo overnight. The crude product
was dissolved in 50 mL of dichloromethane (DCM) and
washed with 0.5 N HCI solution four times to remove side
products. The DCM phase was precipitated in diethyl ether
and dried in vacuo to provide 80% vield of product. 'H NMR
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(CDCl;) confirmed the final product: 8 2.8 s, 4H from suc-
cinimidyl group; 8 3.65, in, —CH,— from PEG backbone; &
4.45 1, 2H from —CHOCO—NHS. The product was further
analyzed by reverse-phase HPLC (Gilson Model 306 pumps;
ELSD-LT2 detector (Shimadzu); C18-DVB, 500 A, 5 um
pore size, 4.6x150 mm (Jordi)) Gradient elution carried out
using 30% v/v acetonitrile (ACN)/water for 0-5 minutes, then
linearly increased to 70% v/v ACN/water for 5-15 minutes
and maintained another 10 minutes. A single peak was
observed in the HPL.C chromatogram, indicating high purity.

To modify gelatin with L-cysteine, PEG-bis-NHS (1.0 g,
0.43 mmol) was dissolved in 5 mL. dry DMF. L-cysteine (0.08
g, 0.66 mmol) was then added into PEG-bis-NHS solution
followed by an additional 110 ul. DIPEA. The reaction was
kept under argon protection for 20 min followed by additional
1% gelatin in PBS solution (60 mL, type A or type B). The
reaction was further stirred for 1 hour at R.T. under argon and
the pH was maintained at 8.0. The products were dialyzed
(6-8 kDa cutoft) for 2 days against ddH,O. The Gel-PEG-Cys
solution was then filtered through a 0.22 um filter, snap frozen
and lyophilized. The amount of lysine groups modified on the
gelatin macromolecule was estimated by the trinitrobenzene
sulfonic acid (TNBS) method and the relative free thiol con-
centration in the Gel-PEG-Cys solution was calculated base
on the Ellman test.

Example 9
Synthesis of Modified Gelatin-PEG Hydrogels

General. Modified Gelatin-PEG hydrogels were prepared
according to the synthetic scheme in shown in FIG. 14A and
FIG. 14B, by crosslinking PEGdA and Gel-PEG-Cys via
photopolymerization. 20% (wt/wt) Gel-PEG-Cys (type A or
type B) and 20% (wt/wt) PEGdA solution were prepared with
0.5% Irgacure 2959® in DPBS at 37° C. Gel-PEG-Cys solu-
tion was then mixed with PEGdA solution at various concen-
trations (Table 9). The precursor solution was transterred to a
glass bottom petri dish and photo-crosslinked with long-
wavelength UV=(},, =365 nm, 10 mW/cm?) for 90 sec.
Hydrogel nomenclature used in this study is defined as
“GAXPY” or “GBXPY”, where “A” represents type A Gel-
PEG-Cys and “B” represents type B Gel-PEG-Cys. “X” is the
Gel-PEG-Cys weight percentage and “Y” is the PEGdA
weight percentage. For the preparation of collagen hydrogel,
rat tail type I collagen was mixed with 10xPBS, 1IN NaOH
and ice cold ddH,O at 4° C. according to manufacturer’s
protocol. The final concentration of the collagen was 5
mg/mL. The mixed collagen solution was then allowed to gel
at 37° C. for 30 min.

TABLE 9

Formulations of modified gelatin-PEG hydrogels

PEGdA  Gel-PEG-Cys (type
(wt%) A, 300 bloom, wt %)

Gel-PEG-Cys (type

Sample formula B, 75 bloom, wt %)

GA10P5 5 10 0
GAI10P7.5 7.5 10 0
GA10P10 10 10 0
GASPS 5 5 0
GAI15PS 5 15 0
GB10PS 5 0 10
GB10P7.5 7.5 0 10
GB10P10 10 0 10
GBS5PS 5 0 5
GBI15P5 5 0 15
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Proton NMR spectrum of Gel-PEG-Cys in D,O showed:
81.3,d, 2H, —CH,SH; 82.90, t, 1H, —CHCH,SH; 83.65, in,
—CH,— from PEG backbone; broad peaks composed of
many overlapping small peaks at 1.7, 1.75,1.92,3.18,and 4.2
ppm were characteristic gelatin peaks. The introduction of
PEG molecule to the gelatin backbone increased solubility of
Gel-PEG-Cys and minimized phase separation with PEGdA.
The reaction of PEG-bis-NHS, L-cysteine and gelatin
resulted in an approximate modification ratio of 70% with
type A gelatin and 53% with type B gelatin (Table 10). The
average molecular mass of different gelatin products indi-
cated that approximately 17 lysyl residues of each type A
gelatin chain and 4 lysyl residues of each type B gelatin chain
were modified. Although type A gelatin had a greater degree
of lysyl residues modification than type B gelatin, there is no
significant difference with the reactive free thiol concentra-
tion between two types of Gel-PEG-Cys solutions (Table 10).
Both types of gelatin derivatives were further used in gelatin-
PEG hydrogel fabrication via thiol-ene photopolymerization
with PEGdA. Two concurrent reactions were possible in the
mixture containing PEGdA and Gel-PEG-Cys (FIG. 14B).
The acrylic radical could either react with another acrylate
group or with a thiol functional group via hydrogen abstrac-
tion/chain transfer. Changing the polymer concentration and
the molar ratio of thiol to acrylate monomers can greatly
influence the reaction kinetics, the network structures and
physicochemical properties of hydrogel.

TABLE 10

Gelatin modification ratio and free thiol
concentration of Gel-PEG-Cys solution

Lysyl Free thiol concentration
modification in 20% (wt/wt) Gel-
Samples ratio PEG-Cys solution

Gel-PEG-Cys, type A,
bloom 300, Average
Molecular Mass:
50,000-100,000 Da
Gel-PEG-Cys, type B,
bloom 75, Average
Molecular Mass:
20,000-25,000 Da

70.5% = 4.5% 11.3% = 5.3%

53.3% = 5.0% 12.5% £1.2%

Example 10

(A). Bulk Physical Characterization of Gelatin-PEG
Hydrogels

Swelling and Degradation Studies

To perform swelling analysis, hydrogel disks were fabri-
cated (diameter=10 mm, thickness=1 mm), incubated in
DPBS (3 mL) with 0.1% sodium azide at 37° C. At predeter-
mined time points, samples were carefully removed from
DPBS and lightly blotted dry, and the swollen weight (W)
was recorded. After 96 hours, samples were washed with
ddH,0, lyophilized and the dried weight (W,,,) was mea-
sured. Equilibrium weight swelling ratio (Qs) was calculated
as: Qs=(W,-W,, )W,,. The volume swelling profiles of
hydrogel disks were measured according to their surface area
change. Hydrogels were allowed to reach equilibrium via
incubating in DPBS for 3 days. The surface area of each
hydrogel was then recorded and compared with the initial
area (10 mm diameter plate). Since the thickness of each
sample was not observably changed throughout the swelling
experiment, the change in the thickness was not considered.
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To evaluate FITC-dextran release profiles, type B gelatin-
PEG hydrogels were incorporated with 1 mg/mL FITC-dex-
tran (Mw: 4,000 Da, 70,000 Da and 500,000 Da) right before
gelation. The samples were then incubated in DPBS contain-
ing 0.1% sodium azide. The supernatant was collected and
replaced with fresh DPBS at each time point. The fluores-
cence intensity of FITC-dextran in the supernatant was
detected by microplate reader with excitation at 485 nm and
emission at 520 nm (FluoStar Omega, BMG Labtech, Ger-
many). The cumulative dextran amount in the supernatant
was calculated and compared with the dextran amount in the
initial hydrogel.

To evaluate gelatin dissolution profiles, samples were incu-
bated in DPBS containing 0.1% sodium azide at 37° C. At
each time point, the entire volume of supernatant was col-
lected and replaced with fresh DPBS. The gelatin concentra-
tion in the supernatant was detected via BCA™ protein assay
kit (Thermo Scientific, U.S.A). Gelatin dissolution percent-
age was calculated as the cumulative gelatin weight in the
supernatant (W) compared with the gelatin weight in the
initial hydrogel (W,); percentage of gelatin dissolution=
(W/(W,)x100%.

To determine the possible effect of collagenase on hydro-
gel degradation, samples were prepared as described above,
placed in glass vials with DPBS containing 0.4 mg/ml. type |
collagenase and 0.1% sodium azide. Samples were then
placed on a platform shaker at 37° C. The collagenase solu-
tion was changed every two days to maintain enzyme activity.
After 1, 3 and 7 days, samples were washed with ddH,O and
lyophilized to obtain the dried weight. The percentage of
degradation was calculated by the dried weight of each time
point divided by the dried weight of the initial hydrogel.
Samples incubated in DPBS without collagenase were used
as baseline comparison.

Bulk Rheological characterization of the hydrogel was
performed with an ARESLS2 2000ex rheometer (TA Instru-
ments, USA) equipped with 8 mm parallel disk geometry. The
frequency-sweep was applied with a range of 0.1 to 10 Hz
with 5% strain. Hydrogel samples were un-swollen, swollen
(incubated with DPBS for 7 days) or encapsulated with fibro-
blasts (106 cell/mL hydrogel, culture for 7 days). The mag-
nitude of the complex shear modulus (G*) was calculated as
G*=G'+iG".

Increasing either PEGdA or Gel-PEG-Cys concentration
significantly increased G* value in un-swollen samples (FIG.
15A, black bars). With constant PEGdA concentration (5%),
G* value increased from 2610+400 to 6102399 Pa with
increasing Gel-PEGCys content (p<0.01). PEGdA concen-
tration also showed a positive correlation with the hydrogel
stiffness. G* values increased from 4073+192 Pa for GA10P5
to 5140+551 Pa for GA10P7.5 and 7627+1200 Pa for
GA10P10 (p<0.01). These phenomena, however, were quite
different when using fully hydrated samples (FIG. 15A, white
bars). All five swollen samples had significantly lower G*
value than respective un-swollen samples, especially those
containing 5% PEGdA. When completely swelled, hydrogels
containing different gelatin concentrations exhibited similar
G* value (FIG. 15A, white bars). The PEGdA concentration
in the swollen hydrogels remained positively correlated with
G* (i.e., 294+47 Pa for GA1OP5 to 1203+129 Pa for
GA10P7.5 and 19592469 Pa for GA10P10, FIG. 15A, white
bars, p<0.01). Similar trends were also observed in hydrogels
fabricated with type B Gel-PEG-Cys (FIG. 15B, black bars).
When compared with hydrogels formed with type A Gel-
PEG-Cys, hydrogels containing type B Gel-PEG-Cys gener-
ally had higher G* values (FIG. 15B). With the same polymer
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composition under=swollen status, the storage modulus was
directly dependent on the crosslink density of the network.
Higher PEGdA or Gel-PEG-Cys concentration increased the
crosslink density and thus resulted in a higher G* value.
Swollen gels had significantly lower G* values than un-swol-
len gels due mainly to the higher water content and more
relaxed state of the polymer chains. The bulk properties of the
hydrogels could also be influenced by the presence of encap-
sulated cells. However, there were no statistical differences
between cell-containing and cell-free PEG-gelatin hydrogel
samples (FIG. 15C). The results showed that water content
and PEGdA concentration played a significant role in the bulk
viscoelasticity of the hydrogels.

Both PEGdA and Gel-PEG-Cys concentrations signifi-
cantly affected the mass swelling characteristics of the hydro-
gel (FIG. 16A). Increasing PEGdA concentration resulted in
lower mass swelling ratio. GA10PS (Q,,,,=50.4+8.3 at 2
hour) displayed about twofold larger Q,,,, value than
GA10P7.5 (Q,,.,=28.4+43 at 2 hour) and GA10P10
(Q,0ax=21.9£2.4 at 1 hour). The negative effect of PEG con-
centration on mass swelling profiles of hydrogels had been
well studied and characterized.

Increasing PEGAA concentration resulted in higher
crosslink density and led to a lower mass swelling ratio.
Gelatin concentration had a reverse effect on the hydrogel
mass swelling profile (FIG. 16A). Hydrogels containing 5%
PEGdA with 5%, 10% and 15% Gel-PEG-Cys had Q,, .
values of 39.1£3.4, 50.4+8.3 and 61.2+7.6 respectively
(p<0.01).

Hydrogels composed of type B Gel-PEG-Cys also showed
similar mass swelling trends as hydrogels with type A Gel-
PEG-Cys (FIG. 16B). Only Gel-PEG-Cys concentration had
a positive correlation with the area change profile of the
hydrogels (FIG. 16C). The swelling area increased signifi-
cantly with increasing Gel-PEG-Cys concentration. Since
Gel-PEGCys could react with PEGdA via thiol-acrylate reac-
tion and compete with the acrylateacrylate reaction, increas-
ing Gel-PEG-Cys concentration increased the probability of
thiol-acrylate reaction while decreased the acrylate-acrylate
reaction. Since the thiolacrylate cross-linker involves larger
macromolecules that are more flexible than acrylate-acrylate
cross-linker, hydrogels containing more Gel-PEG-Cys would
be expected to have less chain rigidity and higher water con-
tent, mass swelling and larger final area.

Gelatin-PEG hydrogels showed a rapid initial gelatin dis-
solution that equilibrated within 24 hour (FIG. 17) indicating
most of the Gel-PEG-Cys was stably crosslinked within the
hydrogel network. There was no significant difference in the
gelatin dissolution profile in all five formulations with either
type A or type B gelatins (FIGS. 17A and 17B).

Different with gelatin dissolution, non-covalently incorpo-
rated FITC-dextran displayed significantly different release
profiles. As shown in FIG. 18, FITC-dextran with lower
molecular weight (4,000 Da, FIG. 18A) rapidly diffused out
of the hydrogel within 24 hours while FITC-dextran with
higher molecular weight (70,000 Da, FI1G. 18B and 500,000
Da FIG. 18C) diffused much slower. The variation of gelatin
concentration has no effect on the FITC-dextran release pro-
file while the higher PEG concentration significantly retarded
the release of dextran. These results indicated the hydrogels
with higher PEG concentration had more tightly structure
which impeded the diffusion of large molecule.

Hydrogels incubated with collagenase displayed larger
mass loss than those incubated in the DPBS at 3 and 7 days
(FIG. 19), indicating that the modified gelatin could be rec-
ognized and digested by collagenase 1. The mass loss was
more pronounced in hydrogels with higher gelatin concentra-
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tion (FIGS. 19A and C) and lower PEG concentration (FIGS.
19B and D). Contrasting with unmodified gelatin or collagen
hydrogels which could be completely degraded by collage-
nase, all gelatin-PEG hybrid hydrogels maintained structural
integrity after 7 days. This could be due to the polymerization
of PEGdA-PEGdA formulated the robust PEG network
which would not be affected by collagenase, thus maintained
the overall structure. Similar observations were reported
when PEGdA was introduced into methacrylated gelatin
hydrogels.

Example 11

Micro-Rheological Properties of Modified
Gelatin-PEG Hydrogels

The micro-rheological properties of hydrogels were deter-
mined by measuring the Brownian motion of polystyrene
beads embedded in gelatin-PEG hydrogels and trapped by
optical tweezers. The hydrogel precursor solutions were pre-
pared according to 2.3 before a 20% vol/vol bead solution
(0.005% wt/vol in PBS) was added. The solution was then
injected into a glass micro-chamber with a cover glass bottom
and a glass slide top (FIG. 20A). The entire assembly was
subsequently sealed and exposed to UVC (~4 mW/cm?) for
60 seconds to set the gel. A single beam from a Nd:YVO4
laser (1064 nm, Spectra-Physics Lasers) was used as trapping
laser and another wavelength (830 nm, Point Source) was
used as the detection laser. The bead position was recorded by
a QPD sensor with resolution down to nanometer at 20 kHz.
The time domain data was then Fourier transformed and
analyzed in frequency domain. Equation 1 describes the posi-
tion power spectrum, Sx(f), of a trapped bead, where is the
Boltzmann’s constant; is absolute temperature; is the drag
coefficient, which relates to local viscosity and the radius of
bead as shown in eq. 2; f, is the corner frequency, which
relates to drag coefficient and the trapping stiffness of optical
tweezers as shown in eq. 3. The local viscosity, 1, of the
hydrogel was obtained from the power spectrum of the bead
(FIGS. 20B and C). Due to the short working distance of the
high NA oil immersion lens used for optical trapping and
imaging, only the layer within 10 um of the cover glass was
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local viscosity. All measurements were done at a temperature
of 23.5+£0.5° C., in the central region of the gel slab 5 um
above the cover glass.

kT (eq. 1)
Si(f) = ———+
v Y2 (fE+1?)
y =6nrna (eq. 2)
fc=«[2my (eq. 3)

The diameters of the polystyrene beads used in this experi-
ment were 1.09 um and 1.87 pm, which were much smaller
than mammalian cells. Thus, the local viscosity represented
the viscoelastic properties of hydrogels on a sub-cellular
scale. The surface modification of the polystyrene beads did
not affect their Brownian motion within the hydrogel. Both
types of beads behaved similarly in all formulae. Visible
Brownian motion of the beads was observed in GA10P3
(FIG. 20B) with different viscosity values at different loca-
tions (Table 11), which indicated that the micro-viscosity in
gelatin-PEG hydrgoel was not homogeneous. When the
PEGdA concentration was raised to 5% and 7.5% in the
precursor solutions (GASPS5, GA10PS5, GA15P5, and
GA10P7.5), the Brownian motion of the beads was only
obtained in the boundary area (60-100 pm from the sides of
the gel slabs) while not measurable in the middle of the
hydrogels (FIG. 20C). All the beads appeared stuck when the
PEGdA concentration was raised to 10% (GA10P10). Difter-
ent with PEGdA concentration, the Gel-PEG-Cys concentra-
tion did not have significant effect on the behavior of the
beads. The local viscosity properties are mainly dependent on
the close proximity of the cavity walls formed by PEGdA and
Gel-PEG-Cys fiber networks and the extra drag from the
long, flexible gelatin-PEG polymers present inside the cavity.
Individual pores in one hydrogel may have different sizes and
different distribution of free polymer ends, thus producing
different local viscosities for each bead. Increasing the con-
centration of PEGdA in the hydrogels will increase the den-
sity of crosslinking and decrease pore size, thus directly
restrict the movement of the beads.

TABLE 11

Micro-viscosity detection of modified gelatin-PEG hydrogels by optical tweezers

Local viscosity at different locations Beads
Sample (0.001 x Pa-sec)” stuck in
formula Location 1 Location 1 Location 1 Location 1 hydrogel
GAI10P3 271 £0.18 1.05£0.08 2.78 £ 0.05 2.29 £0.36 No
GAS3P5 N/A N/A N/A N/A Yes
GA10P5 N/A N/A N/A N/A Yes
GAL15P5 N/A N/A N/A N/A Yes
GAI10P7.5 N/A N/A N/A N/A Yes
GA10P10 N/A N/A N/A N/A Yes

#At cach location the same trapped bead was used to measure local viscosity 3 times.
N/A: Not measurable because no bead movement was observed in central region.

clearly visible. Beads that moved on the camera feed from a
camera attached to the microscope were deemed to have
Brownian motion (FIG. 20B). Those that did not move were
considered as stuck (FIG. 20C). Experiments for each for-
mula were repeated at least once, and ten beads from various
locations in each micro-chamber were observed. Only
samples with beads showing Brownian motion consistently
throughout the observable region were used to determine
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Example 12
(A). In Vitro Cell Culture

Neonatal human dermal fibroblasts (NHDF) and neonatal
human dermal keratinocytes (NHEK) were purchased from
Lonza (Lonza, N.J., USA). NHDF was cultured in fibroblast
basic medium (FBM) supplemented with 10% fetal bovine
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serum (FBS). Fibroblasts were passaged every three days and
cells between passages 5 to 10 were used for all experiments.
Human keratinocytes were cultured in KGM-Gold® kerati-
nocyte growth medium (Lonza, N.J., USA). Keratinocytes
between passages 2 to 5 were used. 2D cell adhesion was
performed on hydrogel samples prepared as described above.
Samples were transferred into a 24 well culture plate and
incubated with respective culture medium for 2 hours at 37°
C. to reach equilibration. NHDF or NHEK was trypsinized
and resuspended to single cell suspension at 1x10° cells/mL.
1 mL of cell suspension was added on each hydrogel sample
and after 3 days, live/dead staining (Invitrogen, N.J., U.S.A)
was used to evaluate cell viability and adhesion on the hydro-
gel surfaces.

(B). 2D Cell Adhesion and 3D Cell Encapsulation

For 3D cell encapsulation, precursor solutions of various
PEGdA and Gel-PEG-Cys concentrations were prepared.
The NHDF was trypsinized, resuspended and mixed with
hydrogel precursor solutions at a final concentration of 2x10°
cells/mL. Mixed precursor solutions were gently agitated and
transferred to glass bottom petri dishes and subjected to UV
exposure for 90 seconds (10 mW/cm?). Subsequently, cell
encapsulated hydrogels were detached from the mold and
incubated in culture medium. After 14 days, cell entrapped
hydrogels were washed with DPBS and fixed in 4%
paraformaldehyde for 4 hours at room temperature followed
with incubation in 0.25% Triton X-100 plus 1% BSA in PBS
solution for 2 hours. Cytoskeletal F-actin was stained with 1
U/mL Alexfluo 488 conjugated phalloidin (Invitrogen, N.J.,
U.S.A)at4° C. overnight. Fluorescence images of the F-actin
distribution were acquired by confocal microscope (F1000,
Olympus, Japan).

G5P5, G10PS and G15P5 were selected for 2D cell culture
since these formulations exhibited similar bulk rheological
properties but different degree of biofunctionality from vari-
ous gelatin concentrations. G10P10 had the highest gel stift-
ness and was employed as a comparison. NHDF adhered to all
surfaces but with different cell morphologies by 3 days (FIG.
21A). On hydrogels containing 5% PEG, most cells exhibited
elongated morphology with few interconnections. More
adherent cells were observed on GA15P5 and GB15P5 (FIG.
21A). Fibroblasts displayed spindle-like shape on the rigid
surface (G10P10) than on softer samples. On GA10P10 and
GB10P10, fibroblasts covered most of the hydrogel surface
after 3 days; with morphology similar to those on TCPS. Most
of the hydrogels only supported minimal keratinocyte adhe-
sion with round morphology (FIG. 21B). Although higher
adherent density could be observed on GB15P5, kerati-
nocytes formed extensive cell clusters which indicated insuf-
ficient cell spreading and the likelihood for apoptosis.
Whereas keratinocytes spread out, exhibited flatten morphol-
ogy and formed intercellular networks on GB10P10. Cell
interaction with the extracellular matrix (ECM) depends on
ligation induced and traction-induced signaling pathways.
Higher gelatin concentration provided more cell binding
motifs thus promoted cell adhesion. Similarly, smooth
muscle cells formed more focal adhesion and stretched F-ac-
tin fibers on substrates with increasing stiffness. Thus, the
increased cell density on GA10P10 and GB10P10 is due to
higher initial adherent density and higher rate of cell prolif-
eration.

When entrapped in the hydrogel, cell behavior was mark-
edly different from that on a two-dimensional surface. After
cultured for 2 weeks, fibroblasts started to spread and formed
extensions in softer type A gelatin-PEG hydroge (FIG. 22A,
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upper panel). Although elongated cell phenotype could be
found in GASPS, GA10P5 and GA15PS (all have similar G*
values), extensive cell spreading and intracellular network
formation were only observed in GA15P5 which had the
highest gelatin concentration. The higher gelatin concentra-
tion likely provided more cell binding sites to support cell
spreading and proliferation. With the same gelatin concentra-
tion, GA10P5 and GA10P10, well spread cells were found
within the softer hydrogel. GA15P5 and GA10P10 were then
imaged at four different depths. As shown in FIG. 22B, cell
spreading and network formation could be observed in all
four depths in G15P5. In contrast, fibroblasts were round in
three depths within the bulk of G10P10. The extensively
spread cells in the first layer of G10P10, are believed to be
cells on the hydrogel surface thus behaved similarly as those
in the 2D culture. No cell spreading was observed in hydro-
gels fabricated with type B Gel-PEG-Cys of the same formu-
lation as type A Gel-PEG-Cys (FI1G. 22A, lower panel). Since
hydrogels fabricated with typeB Gel-PEG-Cys had higher G*
value than those with type A (FIG. 15B), these hydrogels
might be too rigid for cells to spread. To test this hypothesis,
hydrogel with 15% type B Gel-PEG-Cys and 3% PEGdA
(GB15P3) which had lower stiffness and higher swelling
profile were fabricated. After 7 days, fibroblasts exhibited
well-spread morphology and formed intercellular connec-
tions, indicating that GB15P3 had the optimal mechanical
stiffness to facilitate this type of cell behavior (FIG. 22C).

Hydrogel based on gelatin or collagen has long been used
for cell encapsulation. Two major disadvantages of collagen-
based scaffolds are their limited physical integrity to match
soft tissue structure and extensive contraction when encapsu-
lated with contracting cells. For this study, the fibroblasts
were encapsulated in 5 mg/mL collagen hydrogel and com-
pared with GA15PS5. These two hydrogels had similar com-
plex shear modulus and both supported cell adhesion and
spreading in 3D environment. As shown in the graph of FIG.
23, unmodified collagen hydrogel underwent rapid contrac-
tion and curling (i.e., contracted in area). In contrast, the bulk
volume of GA15PS was comparable as the initial after 14
days of culture. The significant difference in contraction
might be due to the different extent of cell proliferation as
well as the enhanced hydrogel rigidity from the covalently
crosslinked gelatin-PEG matrix.

Example 13
(A) Cell Culture and Media

Neonatal human dermal fibroblasts (NHDF) were obtained
from Lonza (NJ, USA) and cultured in 75 cm? T-flask using
fibroblast basic medium-2 (FBM-2, Lonza) supplemented
with 10% fetal bovine serum (FBS, Atlanta Biologicals,
Lawrenceville, Ga., USA). Fibroblasts with passage 5-10
were used in the following experiments. Unmodified NIKS
keratinocytes (NIKS) were obtained from existing cell stocks
(Allen-Hoffmann, B. L. J. Invest. Dermatol. (2007) 127: 998-
1008.) NIKS" F keratinocytes (Statatech Corp, Madison,
Wis.) were generated nonvirally from the unmodified NIKS
cell stocks. Both cell types were cultivated in standard kera-
tinocyte. culture medium composed of a mixture of Ham’s
F-12 medium:Dulbecco’s modified Eagle’s medium, (3:1,
final calcium concentration 0.66 mM) supplemented with
2.5% Fetal Clone II (Hyclone, Logan, Utah), 0.4 pg/ml
hydrocortisone, 8.4 ng/ml cholera toxin, 5 pg/ml insulin, 24
ng/ml adenine, and 5-10 ng/ml epidermal growth factor. The
keratinocytes were sub-cultured at weekly intervals onto
mitomycin C-treated Swiss 3T3 fibroblasts (mito-C 37T3) as
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previously described Id. Keratinocyte monolayer cultures
used in experimental conditions harvested for experiments at
subconfluence. For encapsulation experiments, cells were fed
differentiation media after exposing to air-liquid interface
culture, Stratal.ife 3 (Stratatech Corp., Madison, Wis.). All
cell cultures were maintained at 37° C. and 5% CO,.

(B) Hydrogel Fabrication, 3D Cell Encapsulation
and 2D Cell Adhesion

Covalently-crosslinked gelatin hydrogels were prepared
by photo-crosslinking thiolated gelatin (Gel-PEG-Cys) with
PEGdA (Mw 3400 Da). Gel-PEG-Cys was synthesized from
type B gelatin (75 bloom, Sigma-Aldrich, USA) in accor-
dance with Example 9, above. PEGdA was prepared follow-
ing the method of Example 2, above. In brief, 20% w/w
Gel-PEG-Cys stock solution was prepared in 0.5% (w/v)
Irgacure 2959 (1-2959) solution at 37° C. PEGdA was accu-
rately weighed, dissolved in 0.5% (w/v) 1-2959 solution, and
sterile filtered through 0.22 um membrane filter. Gel-PEG-
Cys solution was mixed with PEGdA solution via vortexing
to give formulations such as G, 15P;,,,5, and
Gs10P540,10. Cell suspensions at 2x107/mL were prepared
in corresponding culture medium. Equal to %10 of gel precur-
sor volume, cell suspension was added and mixed gently with
gel precursor solution. 80 plL of hydrogel precursor solution
was transferred to glass bottom petri dish molds (8 mm in
diameter, 0.8 mm in thickness, In Vitro Scientific, USA) and
subjected to photo-crosslinking with LED long-wavelength
UV (A,,..=365 nm, intensity at 100 in W/cm?) for 90 s (Clear-
stone technology Inc., USA).

For 2D cell adhesion, G,,,10P;,,,10 hydrogels were pre-
pared as described above and allowed to reach equilibrium
swelling in keratinocyte growth media for 24 h. 2x10° cell/
mL NIKS or NIKS"*“* suspension was added to each well
containing pre-Swollen hydrogel disks. Adherent cell viabil-
ity and morphology were characterized using Live & Dead
assay (Invitrogen, US) on day 1, 3, and 7. 3D NIKS and
NIKS" T viabilities encapsulated in covalently crosslinked
gelatin hydrogels were also determined via Live/dead stain.

(C) 3D NHDF and 3D NIKS Coculture

Neonatal human dermal fibroblast (NHDF, Lonza, USA)
were encapsulated as described above in covalently
crosslinked gelatin hydrogels (G,,15P544,5) at a density of
2x10%mL 7 days prior to NIKS and NIKS"*%* encapsula-
tion. As control, NHDF were encapsulated in type I rat tail
collagen gels (4 mg/mL, BD Bioscience, Franklin Lakes,
N.J) at a density of 1x10°mL 5 days prior to
NIKS/NIKS"#“* encapsulation. NHDF entrapped hydrogels
were placed in 12 mm Transwell® inserts (Costar® 3460,
Corning, US) and cultured in FBM-2 with 10% FBS. NIKS
and NIKS NIKS"*%? were encapsulated similarly in either
covalently crosslinked gelatin hydrogels (G 15P;,,,5) or
collagen gels, and the NIKS or NIKS NIKS Peor entrapped
gels were layered on top of NHDF entrapped gels to conduct
the coculture study. Keratinocyte growth media was used
from day 1 to day 3 since coculture started. 3D coculture
constructs were exposed to the air-liquid interface on Day 4
when switching media to Stratalife 3. During coculture
period, cell supernatants were assayed for VEGF expression
onday 1, 3,7, and 14 using an enzyme-linked immunosorbent
assay (ELISA, Human VEGF ELISA Kit, Pierce Biotechnol-
ogy, Rockford, IlL.).

(D) NHDF and 2D NIKS Coculture

NHDF entrapped hydrogels (G,,10P;4,, 10) were pre-
pared as aforementioned, and cultured in FBM-2 for 6 days.
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NHDF entrapped gels were subjected to culturing in kerati-
nocyte growth media for 24 h prior to keratinocyte seeding.
NIKS and NIKS" cell suspensions in keratinocyte growth
media were seeded on top of NHDF entrapped hydrogels
(5x10° cell per well) using 12 well Transwell® inserts. Kera-
tinocyte growth media was used prior to air-liquid interface
culture. When adherent NIKS cells reached near confluence,
the coculture constructs were subjected to air-liquid interface
culture using Stratalife 3 as culture medium. Similarly, cell
supernatants were assayed for VEGF onday 1, 3, 7,and 14 via
ELISA assay. For comparison, cell supernatants from monoc-
ulture of NIKS, NIKS"#%", and NHDF entrapped gels were
assayed similarly.

(E) Immunofluorescence and Tissue Sectioning

Cell entrapped hydrogels were washed with DPBS and
fixed in 4% paraformaldehyde for 4 h at room temperature
followed with incubation in 0.25% Triton X-100 plus 1%
BSA in PBS solution for 2 h as described in Example 12,
above. Cytoskeletal F-actin was stained with 1 U/mL Alex-
fluo 488 conjugated phalloidin (Invitrogen, N.J., U.S.A) at 4°
C. overnight. Fluorescence images of the F-actin distribution
were acquired by confocal microscope (F1000, Olympus,
Japan). Cell entrapped hydrogel samples were fixed in 10%
neutral buffered formalin for 3 d, and in a 1:1 v/v mixture of
20% w/w sucrose and Tissue-Tek® (Sakura Finetek, Japan)
at4° C. for 48 h. Cell entrapped hydrogel samples were then
embedded in Tissue-Tee and snap-frozen in liquid nitrogen.
The frozen samples were sectioned using a cryostat (LEICA,
Germany) to a thickness of 10 pm, and stained with hema-
toxylin and eosin. Stained sections were viewed and photo-
graphed using a Nikon eclipse E400 microscope equipped
with a Nikon digital camera.

(F) Statistics

Quantitative ELISA data are represented as a mean plus or
minus () a standard deviation (S.D.) of samples in at least
three independent experiments. VEGF expression levels from
NIKS and NIKS"** were analyzed via impaired student’s
t-test. A value of p<0.05 was considered statistically signifi-
cant.

(G) 2D Cell Adhesion

Based on the above Examples, G, 10P;,,,10 was selected
to conduct a 2D cell adhesion study of NIKS and NIKS"#<Z
cells due to relatively higher gel surface stiffness than
G ys15P54005. Both NIKS and NIKS"2F adhered to the
Gs10P540,10 hydrogel surface 24 h after initial seeding
(FIGS. 24A and 24B). Unlike cell morphology on the tissue
culture polystyrene surface (TCPS), local cluster formations
and only some cell spreading were observed on the
G,,s10P;,4,10 hydrogel surface. This could be due to much
stronger cell-cell adhesion in comparison to cell-matrix inter-
action that led to cell cluster formation. With respect to cell
adhesion onto TCPS, NIKS cells formed a sheet-like mono-
layer which indicated both cell-cell and cell-matrix interac-
tions were strong to maintain such morphological character-
istics. Moreover, the number of dead cells on hydrogel
surfaces increased over time (FIGS. 24 A and 24B). The NIKS
and NIKS"#“" culture condition requires the presence of
mito-C; T3, which provides necessary functional extracellu-
lar matrix and matrix-associated factors such as cytokines
into the conditioned medium. Thus, adherent NIKS and
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NIKS" T cells might not proliferate or differentiate on the
hydrogel surface due to insufficient culture conditions, but
proceed to cell death instead.

(H) NIKS and NIKS"*%* Viability and Morphology

To address the feasibility of 3D encapsulation of NIKS and
NIKS"™#%%, both cell types were encapsulated in
G s15P34005 hydrogels and 4 mg/mL collagen gels and sub-
jected to coculture with encapsulated NHDF cells for over 14
d. G ;15P3,4,5 hydrogel was selected because fibroblasts
displayed well spread morphology using this formulation
(FIG. 25A). It is speculated that decreasing PEGdA content
would result in lower hydrogel stiffness and higher water
content thus mechanical properties comparable to collagen.
Both NIKS and NIKS"#“% displayed high fraction of viable
cells (>80%) 24 h after 3D encapsulation in G 15P; 45,5
hydrogel (FIG. 25B), indicating the photopolymerization-
based encapsulation process was of minimum toxicity to
NIKS and NIKS"2*, Unlike well-spread fibroblasts encap-
sulated in these covalently crosslinked hydrogels, NIKS and
NIKS"* remained in the spheroid shape and did not show
cytoplasmic spreading over 7-d period. In contrast, NIKS and
NIKS"#*%" encapsulated in collagen gels displayed small
round or polygonal morphology and the rapid formation of
intercellular networks in 3D environment (FIG. 25C), thus
demonstrating NIKS and NIKS"#% cells could survive in a
3D-environment under suitable conditions. However, col-
lagen based coculture samples showed dramatic matrix con-
traction after 5-7 d consistent with prior reports, most likely
due to NHDF induced gel shrinkage. In comparison, the
crosslinked gelatin hydrogel cocultured constructs showed
well-maintained physical structure throughout the culture
period.

(1) 3D NHDF and 3D NIKS/NIKS"*%* Coculture

The hydrogel matrix can be explored as a cell delivery
vehicle for short term applications. Thus, a 3D coculture
model was developed to efficiently present therapeutic cells
such as fibroblasts and keratinocytes to the wound site in
facilitating the healing process. The present biomaterials may
also be used as a platform to deliver biological cues that does
not require long-term in vitro culture before application. In
this study, 3D coculture samples using collagen gels showed
aperfect contact between the two gel layers, i.e. there was no
observable boundary line in between the two layers (FIG.
26A). NHDF encapsulated in the collagen matrix displayed
well-spread morphology, and tended to migrate into the kera-
tinocyte layer. In comparison, NIKS and NIKS*#%* remained
in the cluster forms within the bulk of the gel (FIG. 26B).
However, NIKS and NIKS"#“* keratinocytes close to the gel
surface appeared to migrate upward and formed a continuous
cell layer on top of the collagen gel surface. When subjected
to air-liquid interface culture, keratinocytes proliferated and
differentiated into an acellular keratinized layer on Day 14
(FIG. 26A). With respect to the thiolated gelatin-PEGdA
hydrogel matrix, a clear boundary line was observed between
the two gel layers, but the two gel layers were in close contact.
Similar to collagen gels, NIKS and NIKS"*“% keratinocytes
remained in the cluster form as shown in FIG. 26B.

(1) NHDF vs. 2D NIKS/NIKS"#%F Coculture

Based on observations with 3D coculture of NIKS and
NHDF cells, keratinocytes did not show evidence of prolif-
eration and differentiation within the 3D thiolated gelatin-
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PEGdA hydrogel matrix. Therefore, a different design was
used to study keratinocyte differentiation during 3D NHDF
and 2D NIKS/NIKS"#% coculture. Instead of encapsulating
keratinocytes in the hydrogel matrix, NIKS and NIKS"#%*
keratinocytes were seeded on hydrogel surfaces with pre-
encapsulated fibroblasts. G, 10P;,,,10 formulation was
selected due to high 3D fibroblast viability and necessary
stiffness for 2D cell adhesion. As shown in FIG. 27, both
NIKS and NIKS”#* reached subconfluence 24 h after initial
seeding with similar basal morphologies as compared to col-
lagen gels. Some keratinocytes from the top layer displayed
keratinized structure, a sign of early maturation (FIGS. 27A
AND 27B top scan). NIKS and NIKS"*%? keratinocytes
remained adherent and showed normal morphology for up to
14 d (FIG. 27B bottom scan). Using collagen as the matrix,
NIKS and NIKS"*“" keratinocytes in organotypic culture
exhibited stratification and differentiation 14 d since cocul-
ture started. A single layer of cuboidal basal cells was
observed at the epidermis and the dermal junction (FI1G. 28A)
consistent with previous reports. The basal cells divided into
daughter cells that migrate upwards with flattened and squa-
mous morphology, and cells gradually became enucleated
and formed cornified, keratinized structures. In contrast,
NIKS and NIKS"#%% showed a thin layer of cell and cell
cluster formation on G.,,10P;,4,10 hydrogel surface (FIG.
28B) on day 14 after coculture, but different degrees of strati-
fication and differentiation of NIKS and NIKS"*“* on syn-
thetic hydrogel surface were observed on day 21 (FIG. 28C).
Similar to differentiated cell morphology on collagen gels on
day 14, near cuboidal NIKS keratinocytes on the synthetic
hydrogel surface were observed near the basal layer. Above
the basal layer, differentiated cells with flattened morphol-
ogy, and flattened cells with no clear nucleus structures were
observed (FIG. 28C). Therefore, the current thiolated gelatin
and PEGdA-based synthetic biomatrix was proven to be able
to support 2D NIKS and NIKS**“? kerationcytes growth and
differentiation under coculture with encapsulated NHDF
cells.

(K) VEGF Expression

Angiogenesis plays a crucial role during wound healing
process, because the formation of new blood vessels allows
nutrients, oxygen, mediators and regulators to reach the heal-
ing center. Viable skin equivalents comprised of kerati-
nocytes, and fibroblasts in ECM-derived matrix have been
successfully developed. However, skin equivalents lack a vas-
cular plexus, and were found to have slower vascularization
as compared to autografts. Vascularization of skin equivalents
occurs through the process of neovascularization alone,
which contributes to the failure of cultured skin grafts by
increasing time for reperfusion, ischemia, and nutrient dep-
rivation of grafted cells. Thus, keratinocytes were modified
via genetic engineering approaches to express high levels of
growth factors that can facilitate vascularization during the
healing process. Vascular endothelial growth factor (VEGF)
is a specific mitogen for microvascular endothelial cells that
can stimulate vascularization and angiogenesis. Studies
showed VEGF secreted by epidermal keratinocytes had a
mitogenic effect on dermal microvascular endothelial cells,
modulation of VEGF levels in the epidermis could potentially
lead to enhanced skin vascularization. Normal VEGF levels
are critical for regulating blood vessel development. Normal
ranges of VEGF were 62-707 pg/in L. for serum and 0-115
pg/mL for plasma, while patients with myeloid metaplasia
had significantly higher circulating VEGF concentrations
ranging from 74-4000 ng/mL.. The up-regulation of VEGF
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expression was observed during wound healing, and patho-
logical tissue states such as tumors and carcinomas. There-
fore, the controlled local over expression of VEGF from
genetically engineered keratinocytes may effectively
improve vascularization of viable cultured skin equivalents.
However, the expression level of VEGF needs to be carefully
controlled so as not to induce VEGF-related risks such as
cancer and tumor.

Using the present biomaterials in a coculture model, VEGF
expression levels were compared between unmodified NIKS
and genetically modified NIKS**%*, Within each formula-
tion group, VEGF expression from NIKS"*“*" showed sig-
nificantly higher VEGF expression levels than regular NIKS
at all time points (FIGS. 29A AND 29B) (p<0.05). Irrespec-
tive of culturing conditions, VEGF expression from NIKS-
VEGFE ranges from 500-3500 pg/mL from Day 3 to Day 14. For
both NIKS and NIKS"#%* keratinocytes, VEGF expression
increased over time from day 1 to day 7, and usually reached
peak on day 7 or 14. The continuous VEGF expression from
3D encapsulated NIKS and NIKS"*“* indicated the encap-
sulated cells remained active for up to 14 d in the synthetic
hydrogel matrix, and cells were able to secret a significant
amount of VEGF upon stimulation. Thus, VEGF results pro-
vided strong evidence for using thiolated gelatin-PEGdA
hydrogel in keratinocyte 3D encapsulation. Moreover, VEGF
expression from 3D encapsulated NIKS and NIKS"*<% in
synthetic matrix showed comparable levels as from collagen
matrix in early time points, i.e. Day 1 and 3, but synthetic
matrix showed lower VEGF expression levels on Day 7 and
14. This is probably due to the lower number of viable cells
entrapped within the matrices. However, no significant dif-
ferences in VEGF expression from NIKS"*“* were observed
between synthetic and collagen matrices in 3D NHDF and 2D
NIKS"5%F coculture (FIG. 28B) on day 7 and 14, indicating
the potential of using synthetic matrix to develop novel der-
mal equivalences.

In monoculture, both NIKS and NIKS** showed an
increasing VEGF expression over time through 14-d period.
NIKS" " exhibited much higher VEGF expression at all
time points than regular NIKS. 3-14 d VEGF expression
levels from Geys-NIKS"# displayed comparable values
compared to those from Col-NIKS"2*/NHDF coculture. In
coculture, NIKS and NIKS"*% encapsulated in
G ys15P34005 hydrogels showed similar VEGF expression
trend from 1-7 d except that VEGF expression from Gceys-
NIKS"*“F/NHDF decreased on 14 d. Monoculture results
seemed to display higher VEGF expression at later tune
points than coculture, which remains to be addressed in future
works. Moreover, protein expression is directly related to the
number of active cells that have been encapsulated. There-
fore, a high cell encapsulation density is likely to produce
high protein expression level.

EQUIVALENTS

The present disclosure is not to be limited in terms of the
particular embodiments described in this application. Many
modifications and variations can be made without departing
from its spirit and scope, as will be apparent to those skilled in
the art. Functionally equivalent methods and apparatuses
within the scope of the disclosure, in addition to those enu-
merated herein, will be apparent to those skilled in the art
from the foregoing descriptions. Such modifications and
variations are intended to fall within the scope of the
appended claims. The present disclosure is to be limited only
by the terms of the appended claims, along with the full scope
of equivalents to which such claims are entitled. It is to be
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understood that this disclosure is not limited to particular
methods, reagents, compounds compositions or biological
systems, which can, of course, vary. It is also to be understood
that the terminology used herein is for the purpose of describ-
ing particular embodiments only, and is not intended to be
limiting.

In addition, where features or aspects of the disclosure are
described in terms of Markush groups, those skilled in the art
will recognize that the disclosure is also thereby described in
terms of any individual member or subgroup of members of
the Markush group.

As will be understood by one skilled in the art, for any and
all purposes, particularly in terms of providing a written
description, all ranges disclosed herein also encompass any
and all possible subranges and combinations of subranges
thereof. Any listed range can be easily recognized as suffi-
ciently describing and enabling the same range being broken
down into at least equal halves, thirds, quarters, fifths, tenths,
etc. As a non-limiting example, each range discussed herein
can be readily broken down into a lower third, middle third
and upper third, etc. As will also be understood by one skilled
in the art all language such as “up to,” “at least,” “greater
than,” “less than,” and the like include the number recited and
refer to ranges which can be subsequently broken down into
subranges as discussed above. Finally, as will be understood
by one skilled in the art, a range includes each individual
member. Thus, for example, a group having 1-3 cells refers to
groups having 1, 2, or 3 cells. Similarly, a group having 1-5
cells refers to groups having 1, 2, 3, 4, or 5 cells, and so forth.

All publications, patent applications, issued patents, and
other documents referred to in this specification are herein
incorporated by reference as if each individual publication,
patent application, issued patent, or other document was spe-
cifically and individually indicated to be incorporated by
reference in its entirety. Definitions that are contained in text
incorporated by reference are excluded to the extent that they
contradict definitions in this disclosure.

While various aspects and embodiments have been dis-
closed herein, other aspects and embodiments will be appar-
ent to those skilled in the art. The various aspects and embodi-
ments disclosed herein are for purposes of illustration and are
not intended to be limiting, with the true scope and spirit
being indicated by the following claims.

What is claimed is:

1. A biomaterial comprising:

at least one biopolymer comprising

naturally occurring amino groups and
at least two bifunctional modifiers wherein each bifunc-
tional modifier has the formula:

2 <

-A-[(CR'R?),—O],—Z

A is a divalent moiety covalently bonded to the natu-
rally occurring amino group of the biopolymer and
Z.1s amonovalent moiety comprising a thiol group;
at least one poly(alkylene oxide) cross-linked to at least
two of the thiol groups of the biopolymer;
wherein;
the divalent moiety is selected from the group consisting
of —O0—, —S—, C,_,,-alkyl, C, ,,-alkenyl, C, ,,-
alkynyl, C,_,,-alkoxy, C, ,,-heteroalkyl, C,_,,-het-
eroalkenyl, C, ,,-heteroalkynyl, cyano-C,_,,-alkyl,
C;,_o-cycloalkyl, C;_, ,-cycloalkenyl, C;_,,-cyclohet-
eroalkyl, C;_,-cycloheteroalkenyl, acyl, acyl-C, ,,-
alkyl, acyl-C,_,,-alkenyl, acyl-C, ,,-alkynyl, car-
boxy, C, ,,-alkylcarboxy, C, ,,-alkenylcarboxy,
C,_,4-alkynylcarboxy, carboxy-C, _,,-alkyl, carboxy-
C, ,4-alkenyl, carboxy-C, ,,-alkynyl, aryl, aryl-
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C, »4-alkyl, aryl-C, ,,-alkenyl, aryl-C,_,,-alkynyl,
heteroaryl, heteroaryl-C, ,,-alkyl, heteroaryl-C, ,,-
alkenyl, heteroaryl-C,_,,-alkynyl, sulfonate, arylsul-
fonate, and heteroarylsulfonate;

at each occurrence R! and R? is independently selected
from the group consisting of H, methyl, and ethyl;

m is an integer from 2 to 8; and

n is an integer ranging from 1 to 20,000.

2. The biomaterial of claim 1 wherein the biopolymer
comprises gelatin, collagen, whey protein, chitosan, or com-
binations of any two or more thereof.

3. The biomaterial of claim 1 wherein the biopolymer
comprises gelatin and/or collagen.

4. The biomaterial of claim 1 wherein the biopolymer
comprises Type A gelatin, Type B gelatin or both.

5. The biomaterial of claim 1 wherein the monovalent
moiety is selected from the group consisting of thiol, cysteine,
carbonyl cysteine, homocysteine, cysteamine, cystamine,
C, »4-alkylthiol, C, ,,-alkenylthiol, C,_ ,,-alkynylthiol,
—0O—C, _,,-alkylthiol, C,_,,-heteroalkylthiol, C,_,,-het-
eroalkenylthiol, C,_,,-heteroalkynylthiol, C;_,,-cycloalky-
Ithiol, C;_,,-cycloalkenylthiol, C;_,,-cycloheteroalkylthiol,
C,_jo-cycloheteroalkenylthiol, —C(O)—C,_,,-alkylthiol,
—C(0)—C,_,4-alkenylthiol, —C(O)—C,_,,-alkynylthiol,
—OC(0)—C,_,,-alkylthiol, —OC(O)—C,_,,-alkenylthiol,
—OC(0)—C,_,,-alkynylthiol,  arylthiol, C,_,,-alkyl-
arylthiol, C,_,,-alkenyl-arylthiol, C,_,,-alkynyl-arylthiol,
heteroarylthiol, C, ,,-alkyl-heteroarylthiol, C, ,,-alkenyl-
heteroarylthiol, and C,_,,-alkynyl-heteroarylthiol.

6. The biomaterial of claim 1 wherein n is an integer from
1 to 2,000.

7. The biomaterial of claim 1 wherein n is an integer from
1 to 200.

8. The biomaterial of claim 1 wherein n is an integer from
1 to 100.

9. The biomaterial of claim 1 wherein the poly(alkylene
oxide) is selected from the group consisting of poly(ethylene
glycol), polypropylene glycol), and mixtures thereof.

10. The biomaterial of claim 9 wherein the biopolymer
comprises gelatin, poly(ethylene glycol) and cysteine.

11. The biomaterial of claim 1, further comprising a phar-
macologically active agent entrained within the biomaterial
or covalently attached to the biopolymer.

12. The biomaterial of claim 11 wherein the pharmacologi-
cally active agent is selected from the group consisting of
vulnerary agents, hemostatic agents, antibiotics, antithelm-
intics, anti-fungal agents, hormones, anti-inflammatory
agents, proteins, polypeptides, oligonucleotides, cytokines,
and enzymes.

13. A method comprising administering a biomaterial of
claim 11 to a patient in need of said pharmacologically active
agent.

14. The biomaterial of claim 1, further comprising living
cells entrained within the biomaterial.

15. A method comprising administering a biomaterial of
claim 14 to a patient in need of said living cells.
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16. The method of claim 15 wherein the biomaterial com-
prises at least two layers, each layer comprising a different
cell type.

17. A method comprising reacting a poly(alkylene oxide)-
diacrylate with at least one biopolymer comprising naturally
occurring amino groups and at least two bifunctional modi-
fiers wherein each bifunctional modifier is of the formula

-A-[(CR'R?),,—0],—Z

A is a divalent moiety covalently bonded to the naturally
occurring amino groups of the biopolymer and Z is a
monovalent moiety comprising a thiol group, to provide
a biomaterial in which the at least one poly(alkylene
oxide) is cross-linked to at least two of the thiol groups

of the biopolymer;
wherein
the divalent moiety is selected from the group con-
sisting of —O—, —S—, C, ,,-alkyl, C, ,,-alk-
enyl, C, ,,-alkynyl, C, ,,-alkoxy, C,_,,-het-
eroalkyl, C,_,,-heteroalkenyl, C,oum
heteroalkynyl, cyano-C, ,,-alkyl, Cy_ 0"
cycloalkyl, C;_p-cycloalkenyl, Cy_ 0"

cycloheteroalkyl, C;_,,-cycloheteroalkenyl, acyl,
acyl-C, ,,-alkyl, acyl-C, ,,-alkenyl, acyl-C, ,,-
alkynyl, carboxy, C, ,,-alkylcarboxy, C, ,,-alk-
enylcarboxy, C, ,,-alkynylcarboxy, carboxy-
C,.»4-alkyl, carboxy-C, ,,-alkenyl, carboxy-
Cy.p4-alkynyl, aryl, aryl-C,,-alkyl, aryl-C, -
alkenyl, aryl-C,_,,-alkynyl, heteroaryl, heteroaryl-
C, »4-alkyl, heteroaryl-C, ,,-alkenyl, heteroaryl-
C, ,4-alkynyl, sulfonate, arylsulfonate, and
heteroarylsulfonate;

at each occurrence R' and R? is independently
selected from the group consisting of H, methyl,
and ethyl;

m is an integer from 2 to §;

n is an integer ranging from 1 to 20,000.

18. The method of claim 17, further comprising crosslink-
ing the biopolymer and the poly(alkylene oxide) by photopo-
lymerization or Michael addition.

19. The biomaterial of claim 1, wherein the monovalent
moiety is

OH

s

SH

20. The biomaterial of claim 2, wherein the biomaterial
further comprises calcium alginate, calcium/sodium alginate,
oxidized regenerated cellulose, carboxymethylcellulose,
amino-modified cellulose, or combinations of any two or
more thereof.
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