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METHODS FOR FABRICATING MODULAR HYDROGELS FROM
MACROMOLECULES WITH ORTHOGONAL PHYSICO-CHEMICAL
RESPONSIVITY

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims the benefit under 35 U.S.C. Section 119(e} of co-

pending and commonly-assigned U.S. Provisional Patent Application Serial No
62/747,562, filed on October 18, 2018, and entitled “METHODS FOR
FABRICATING MODULAR HYDROGELS FROM MACROMOLECULES WITH
ORTHOGONAL PHYSICO-CHEMICAL RESPONSIVITY” which application is

meorporated by reference herein.

STATEMENT OF GOVERNMENT SUPPORT

This invention was made with government support vonder Grant Number
NOOGI4-16-1-2997, awarded by the U.S. Navy, Office of Naval Research. The
govermment has certain rights in the invention.

THECHNICAL FIELD

The mvention relates to methods and matenals useful to fabricate hydrogels.

BACKGROUND OF THE INVENTION

Hvdrogels, hydrophilic polymer networks that may absorb water up to several
orders of magnitude higher than their drv mass, have secured a promising role in
developing cell microenvironments for tissue engineering [1-7]. Common strategies
to build hvdrogel scaffolds for biomedical applications e¢ncompass chenucal
crosshinking and physical bonding [8,9]. Chemical crossiinking, achieved through
covalent bond formation, often provides robust, mechanically resilient platforms for
cell encapsulation, and physical binding through polymer entanglement, electrostatic

iteraction, hydrophobic and ionic binding, host-guest mteractions, heat activation,
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hydrogen bonding, and other mechanisms may enable the reversible formation of a
polymer network, allowing for controlled delivery of target cells and cargos [11-17].

In the past few decades, sigmificant effort has been devoted to design,
synthesize, and engincer bvdrogels at the micro- and vanoscale o impart unigue
properties, such as surface patterns, injectabihity, and stimuli-responsiveness [17-21].
These properties, despite their benefits, are typically applied to “bulk”™ hydrogels,
wherein one or several types of building blocks {eg.. polymer chains and/or
nanoparticles) interact throughout the whole network, leaving no voids or other
openings among the constituents at the microscale. Furthermore, to obtain a micron-
sized characteristic mesh size &, the storage modulus of the hydrogel G ~ ke778°
becomes ~ order of mPa, an implausibly low modulus, m which random micron-sized
pores would also be randomly arranged without interconnectivity. Here, ks is the
Boltzmann constant {(~ 1.38x10-% m? kg §2 K'Y, and 7 denotes temperature {22]. On
the other hand, stiff hydrogels, often demanded n a variety of tissue engineering
apphcations, including bone and muscle tissue engineering, may not provide a
favorable microenvironment for cells, due to the small mesh size, impaired nutrient
and oxvgen permeation, and the stress exerted to the encapsulated cells during the
polymer network formation.

Lack of pore interconnectivity in “bulk” hydrogels, inhibiting effective cell
clongation, migration, and polarization bas stimulated an immense interest towards
developing microporous scaffolds based on small-scale gel building blocks, such as
microspheres. To address some of the challenges associated with bulk hvdrogels,
droplet microfluidic-assisted small-scale gel particle fabrncation has emerged for
biomedical applications [23]. Recently, microporous anncaled particle (MAP} gels
have emerged through a two-step chemical reaction cascade, mvolving (i) the
chemical crosshinking of individual micron-sized beads made wp of synthetic
materials followed by (i) the chemical anncaling of beads into a larger interconnected
scaffold. Multi-armed poly{cthyiene) glycol-viny! sulfone microbeads, decorated with

arginviglyeylaspartic acid (RGD) cell adhesive peptide motifs and tissue adhesive



WO 2020/146031 PCT/US2019/056949

10

20

peptides have been crosshinked through the Michael-type addition with cvsteme-
terminated matrix metalloprotease (MMP)-sensitive peptide sequences [24]. The
individually crosslinked beads were annealed via the covalent bonding between the K
and @ peptides obtained by activated Factor XTH (FXIila).

Hyaluronic acid (HA) has also been used as a platform for producing bead-
based hvdrogels. Acrylamide-modified HA has been doped with SH-containing
pendent peptides, namely @ and K peptides, which was mixed with dithiol matrix
metalloprotemase  (MMP)-sensitive  linker peptide, amnealed using FXIHia and
thrombin, star PEG-N-acryloxysuccimnnd (NHS), or white light-activated Eosin Y
125]. The chemical annealing methods required up to 90 min tc complete, while the
hight-mediated strategy took place in ~ 1 min. Host-guest interactions among the
beads have been adapted to reduce chemical complexity and mmpart reversibility to the
bead-bead binding, allowing for a shear-thinning behavior. Photoinitiated thiol-eng
reaction of norbornenc-moditied HA with a di-thiol crosshinker (dithiotritiol, DTT)
vielded individuallyv-crosshnked beads, which where reversibly anmealed using a
amantanc-cyclodextrin goest-host binding {261 This technology, however, demands
the off-chip UV light curing of individual (non-anncaled) beads, which may introduce
additional complexity to controlling the shape, stiffness, and homogeneity of the
beads. In addition, crosslinking beads in the oil phase s highly prone to oxygen
quenching as a result of a sharp oxvgen gradient within the beads |27}, which may
result in heterogenous stiffness.

There 15 a need n this ficld of technology for methods and materials capable
of, for example, converting thermo-sensitive materials with crosslinkable moicties

mto bead-based hvdrogel scaffolds baving interconnected pores.

SUMMARY OF THE INVENTION

As discussed in detail below, we have developed a universal method to
convert macromolecules, or other similar maternials which can be dissolved or

dispersed or suspended in a thud, with orthogonal physico-chemical responsivity (e.g.,

(43
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thermosensitive macromolecules with chemically-crosslinkable moietics) or other
orthogonal double or multi responsivity {¢.g., combinations of pH, ions, heat, electric
field, magnetic field, enzymes, and other physical and/or chemical stimuli), into
annealable building blocks, forming 30 microporous headed scaffolds in a bottom-up
approach. The wmethods disclosed herein for converting phyvsico-chemically
responsive macromolecules to beaded hydrogels provide numerous advantages that
arc applicable for a broad range of industries, particularly i the biomedical field.
Key advantages of the methods and materials disclosed herein include (1) enabling
the ability to reversibly stabilize microbeads using a physical crosslinking method,
such as tuning temperature, pH, ionic strength, ete.; {2) eliminating the necessity of
chemical crosslinking of the polymeric beads in oil-water emulsions, which typically
results i oxygen-inhibited crosslinking; (3} facilitating the fabrication procedurs by
climinating a chemical crosslinking step; (4) extending the fabrication process o a
broad range of macromolecules; (5} providing mechanically robust scaftolds
{compared to the exasting beaded platforms); as well as (6) reducing waste and saving
processing encrgy and costs.

As an cxemplary embodimert of the invention, we show that gelatin
methacryloyl (GelMA), a widely used biomatenal m tissue engineering, can be
converted mto physically-crosslinkable microbeads using a facile microfhudic (flow-
focusing} approach to generate droplets, followed by incubation of the GelMA drops
at 4 °C to physically crosslink them, breaking the emulsion with a demulsifier to bring
the gelled drops into an agueous phase without coalescence, and finally delivering
them to a site and chemucally crosslinking them in situ to fabricate microporocus
beaded GelMA (B-GelMA) scatfolds with interconnected pores, promoting cell
functionality and rapid (within nunutes) 3D sceding in stiff scaffolds, which are
otherwise impossible in the bulk gel counterparts. The novel methodology disclosed
herein can be used 1o produce a next generation of modular hvdrogels with orthogonal

porosity and stiffness made up of a broad range of natural and synthetic hiomaternials.
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¢ highly desirable physical, mechanical, and biological propertics of one working
embodiment of the mwvention, B-GelMA, are further described in the disclosure below.

Embodiments of the mvention include, for example, methods of forming a
hvdrogel having selected material properties at a predetermined site {e.g. a site of
tissue trauma or mnjury in a patient). These methods typically comprise performing a
precursor formation process on a composition comprsing macromolecules having
crosslinkable moicties disposed within a liquid; incubating the liguid so that the
macromolecules are physically crosslinked so as to form a gel emulsion; disrupting
the gel emulsion so that the hguid comprises an agueous phase without coalescence of
the gel phase; delivering the disrupted gel emulsion to the site; and then chemically
crosshinking the disrupted gel emulsion in site so as to form a hydrogel at the site;
wherein this hydrogel comprises a beaded hydrogel scaffold having interconnected
pores. In itHustrative embodiments of the nveantion, the precursor formation process
in this methodology 18 a microfiuidic process or an emulsification process; and the
liguid comprises water, an oil and optionally a surfactant. In certain embodiments of
the mvention, the method includes combining the disrupted gel emulsion with a
crosslinking initiator prior to chemical crosslinking. In some cmbodiments of the
mvention, fluid flow n the microfluidic tlow-focusing process are controlied so as to
form hydrogel beads having a median diameter from about 70 pm to aboot 115 pm.
In some embodiments of the invention, the methods are selected to produce a
hvdrogel with interconnected pores designed so that the void fraction of the pores
the beaded hydrogel scaffold is at least 10% or 153% (e.g. from about 10% to about
20%;), and/or the median pore diameter of the pores within the beaded hydrogel
scaffold is from about 15 pm to about 25 pm.

In some methodological embodiments of the mmvention, at least one step is
performed at a temperature below 10°C or below 5°C {e.g. about 4°C}. For example,
in some embodiments of the mvention, the method mmchides punfying a beaded
hvdrogel scaffold precursor composition from an ot with surfactant so as to form an

agueous solution prior to chemical crosshinking, wherein said punfyving occurs at a

93}
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temperature below 10°C. In addition, in certam embodiments of the invention, the
temperature of the site in which the microporous beaded hvdrogel 1s disposed (e.g.
proximal patient tissue} is controlled to be lower than 20°C, 10°C or 5°C.

In typical methods of the invention, the macromolecule used to form the
hvdrogel comprises a polvpeptide. In illustrative embodiments of the imvention, the
macromolecule comprises a hyaluronic acid, an ethylene glycol, a gelatin, a collagen,
an clastin, a fibromn or the like. In some embodiments of the imvention the
macromolecule comprises a methacryloyl moiety or the like as a crosshnkable moiety.
In certain embodiments of the mmvention, a peptide is coupled to the macromolecule,
for example a K peptide, a @ peptide, an MMP peptide or the like. Embodiments of
the mvention can also turther comprise sceding marmmalian cells within pores in the
three-dimensional microporous beaded hvdrogel. In some of these embodiments, the
method is designed so that the mammalian cells then exhibit an increasing rate of
metabolic activity at 3, 5 and/or 7 davs post seeding.

Uther embodiments of the invention mclude beaded hydrogel scaffolds having
the desirable matenal characteristics {¢.g. interconnected pores etc) that can be
generated, for example, by the methodologics disclosed herein. For example, i some
embodiments of the mvention, the beaded hydrogel scaffold exhibits a tensile
modulus of at least 50, 100 or 200 kPa; and/or exhibits a compression modalus of at
least 10, 50 or 100 kPa. In certain embodiments of the inveniion, the macromolecules
comprise polyvpeptides and these polvpeptides comprise at feast 10% 15% or 20% wiv
of the hvdrogel that forms a beaded hvdrogel scaffold having interconnected pores.
Typically in these embodiments, the void fraction of the hvdrogel that forms a beaded
hvdrogel scaftold having interconnected pores is at least 10% or 15% (e.g. from about
10% to about 20%), and/or the median pore diameter of the pores within the beaded
hydrogel scaffold is between 15-25 pm.  Optionally, the beaded hydrogel scaffold
material having interconnected pores further comprises live mammalian cells.

Other objects, features and advantages of the present invention will become

apparent to those skilled in the art from the following detailed description. It is to be
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understood, however, that the detailed description and specific examples, while
indicating some embodiments of the present mmvention, are given by way of
ilustration and not limitation. Many changes and modifications within the scope of
the present invention may be made without departing from the spurit thercof, and the
mvention includes all such modifications.
BRIEF DESCRIPTION OF THE DRAWINGS
Figures 1A-1C. Microfluidic-assisted fabrication of beaded GelMA (B-

GelMiA) Figure 1{a):; Schematic of surfactani-stabilized nucrobead production from
a GelMA pre-polyvmer solution using a flow-focus microfluidic device, followed by
purification in cold water (4 °C) o obtain stable physically-crosslinked GelMA
microbeads. The mucrobeads may readily be crosslinked in the presence of
photoinitiator to form an annealed microporous structure using UV light. Other viable
crosshinking methods include wvisible light and redox pair-mediated free-radical
polymerization, commonly used to prepare bulk GelMA [36]. Figare I{b}): Images of
the flow-focus microtluidic device, comprising an inlet for the GelMA solution flow,
pinching flow (oil/surfactant) inlets, and one outlet flow. The surfactant-stabilized
beads were continuously monitored in an oil reservoir, followed by collecting them in
a microcentrifuge tube and washing to remove the oil/surfactant. Figure 1{c}: GelMA
bead size versus fluid (oil-to-water) flow ratio and GelMA concentration, showing the
versatility of the flow-focus technology in generating beads with sizes ~ 70-115 pum
by altering the flow.

Figures ZA-2B. Stahbility and tailored swelling of GelMA beads. Figure
Z{a}): time course photographs and associated graphed data (nght column) showing
stability of GelMA beads is investigated at varving temperatures over time. At 4 °C,
GelMA 1s physically crosshinked, allowing for a long-term stability, which enables the
facile processing of beads for a myriad of applications, such as crosslinking,
anmnealing, and culturing cells. Increasing the temperatare decreases the stability,
esulting in the dissolution of beads. Importantly, chemically-crosslinked beads

withstand the physiological temperature for at least 24 h. Figure 2{b): time course
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photographs and associated graphed data (nght column} showing tailored swelling
and shrinking of GelMA beads are achieved through regulating the ionic strength
gradient inside and outside the microbeads. When the physically-crosslinked beads
arc loaded with 1X DPBS, they undergo shrinking in 35X DPBS, and when 1X DPBS-
loaded beads are incubated i DI water, they swell (T = 4 °C). The chemically-
crosstinked beads for 120 s do not undergo significant swelling and shrinking (T =
37 °C}. The scale bars represent 200 um.

Figures 3A-3L. Annealing GelMA microbeads vields beaded GelMA (B-
GelMA). Figure 3(a) photographs showing UV light-mediated anncaling of GelMA
beads, resulting in intra- and inter-bead crosshinking, forming self-standing
nmicroporous B-GelMA scaffolds with a tailored number of packed bead lavers.
Figure 3(b} Schematic of sample preparation for tensile and compression modul
characterization. Figure 3{¢}) graphed data showing tensile stress versus tensife strain,
and Figure 3(d}; tensile moduli of B-GelMA and bulk GelMA, crosshinked using UV
light (intensity ~ 10 mW cm™ for 60 s, 120 s, and 180 s). Note that uncrosslinked
beads were characterize as a control. Figure 3{e}: graphed data showing compression
stress versus compression strain, and (f) compression moduli of B-GelMA and bulk
GelMA, crosslinked as described in (¢, d). Figure 3{g): graphed data showing
Atomic force microscopy (AFM} indentation force versus indentation depth for B-
GelMA and GelMA. The small indentation depth {(~ 100 nm) enables tc probe the
stiffiness {compression moduli). Figure 3(h); graphed data showing individual beads
as well as the bulk gel surface. Graphed data showing rheological propertics of B-
GelMA compared to the bulk GelMA in terms of storage Figure 3(i) and loss Figure
3 () modult versus angular frequency. Graphed data showing a summary of storage
and loss modult at an angular frequency ~ 1 rad s and strain ~ 0.1% is presented in
Figures 3(k} and Figare 3(1}, respectively.

Figures 4A-4D. Pore characterization ef B-GelMA. Figure 4{a} 3D
confocal projection of B-GelMA scaffolds. Void space is imaged by incubating

scaffolds m FITC-labeled dextran. Figure 4(b) Process overview photographs for

¢2s]
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pore size analysis. 2D slices were analyzed using a custom-built MATLAR algorithm
to detect void spaces between the annealed beads. Void arca was converted to circles
of equal area to extrapolate equivalent diameter. Figure 4{¢) graphed data showing
void space fraction for B-GelMA scaffolds, prepared using varving crosshinking times,
1.e., varving matrix stiffness. Figure 4{d) graphed data showing Median pore
diameter of B-GelMA scaffolds versus crosslinking time. The porosity and void
fraction of B-GelMA scaffolds are independent of the matrix stiffness. Accordingly,
B-GelMA generates a protein-based microporous scaffold with orthogonal porosity
and stiffness.

Figures 5A-5F. Comparisons of conventional GelMA and beaded GelMA
{(B-GelMA} embodiments of the invention show that B-GelMA provides a
microporous scaffold with independent stiffness and pore size for 3D cell culture,
Figure 5(a} Schematic of 3D cell colture in B-GelMA versus bulk GelMA . Figore
5{(b} Asscssment of live {green) and dead (red) cclis, showing that the 3D
encapsulation of NIH/3T3 fibroblasts i B-GelMA scaffolds with a high polymer
concentration (20% w/v) results in high cell viability, excellent adhesion, and
significant proliferation, compared to the bulk GelMA Figure 5{(c) in which cells do
not survive the first day of culture. Scale bars are 500 ym. Figure 3{d) Fluorescent
mucroscopy image of cells adhering to the annealed GelMA beads and spreading
among them. Figure 5{e} Cell viability, defined as the number of hive cells divided
by the total cell number for GelMA and B-GelMA, showing that while GelMA do not
support cells, B-GelMA vields ~ 100% viability within an extended time. Figure 5({f)
Metabolic activity of the cells, measured using the PrestoBlue® assay, showing that
B-GelMA affords an ~ 25-fold increase m the metabolic activity {proliferation} within
14 days. No metabolic activity was observed in the bulk GelMA.

Figures 6A-6B. Comparisons of Three-dimensional cell seeding in B-
GelMA versus bulk GelMA scaffolds. Figure 6{(a) Schematic of ccl sceding
experimenis wherein a concentrated HUVEC solution is placed on top of the pre-

made scaffolds, followed by immediate confocal imaging. Figure 6{b} HUVECs
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sceded on top of the B-GelMA readily transfer in the micropores of the scaffold m
less than 5 min (Ieft panel), shown in the confocal microscope images; whercas, the
bulk GelMA (20% w/v) do not support 30 cell seceding. Image dimensions ~ 1550 um

x 1350 um x 254 pm.

DETAILED DESCRIPTION OF THE INVENTION

Many of the technigues and procedures described or referenced hercin are well
understood and commonly employved using conventional methodology by those
skilled in the art. In the description of the preferred embodiment, reference may be

16 made to the accompanying drawings which form a part hereof, and in which is shown
by way of illustration a specific embodiment in which the invention may be practiced.
It is to be understood that other embodiments may be utilized and structural changes
may be made without departing from the scope of the present invention. Unless
otherwise defined, all terms of art, notations and other scientific terms or terminology

15 used heren are intended to have the meanings commonly understood by those of skill
i the art to which this imvention pertains. In some cases, terms with commonly
understood meanings are defined herein for clanty and/or for ready reference, and the
melusion of such definitions herein should not necessarily be construed to represent a
substantial difference over what is generally understood in the art,

20 Despite the significant advances in designing injectable bulk hydrogels, the
nability to control the pore interconnectivity and decouple it from matrix stiffness has
tremendously lmited the apphicability of stiff, flowable hvdrogels for 3D cellular
cngineering, ¢.g., in hard tissue engincering. To this end, a few hydrogel platforms
have been fabricated based on anncaling microscale gel particles all of which rely on

a multi-step chemical modification of the macromolecules. As discloged

D

herein, in order to address certain challenges i this technology, we have designed a
universal method to convert macromolecules with orthogonal physico-chemical
responsivity {e.g.. thermosensitive macromolecules with chemically-crosslinkable

moigties) into anncalable bulding blocks, forming 3D microporous beaded scaffolds

16
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m a botiom-~up approach. THustrative matenials and methods used in the exemplary
embodiments of the invention are discussed in the following sections.
Maturally-derived proteins, such as collagen, elastin, fibroin, fibrin, gelatin
(denatured collagen), chitosan and the like hold a remarkable promise for tissue
engincering and regenerative medicine. Gelatin methacryloyl (GelMA), synthesized
from the methacrvloyl modification of gelatin, mimicking the structure of
extracclular matrix, has widelv been used as a universal multi-responsive scaftold for
a broad spectrum of apphications, spanning trom cell therapy to bioprnting and
organoid development. Despite the widespread applications of GelMA, coupled
stiffness and porosity has inhibited its applications in 3D cellelar engineering wherein
a stiff scaffold with large pores 1s demanded {(c.g., at concentrations >10 wit%).
Taking advantage of the orthogonal thermo-chemical responsivity of GelMA, we
have developed microfluidic-assisted annealable GelMA beads, that are first
stabilized by temperature-mediated physical crosslinking, flowed to form a scaffold
structure, and then chemically anncaled using hight to fabricate novel bead-based 3D
GelMA scaffolds with high mechamical resibence. We show how beaded GelMA (B-
GelMA) provides a selt-standing microporous covironment with a highly desirable
orthogonal void fraction and stiftness, properties that promote cell adhesion,
proliferation, and rapid 3D sceding at a high polvmer concentration (~20 wt%) that
would otherwise be impossible for bultk GelMA. B-GelMA, when, for example,
decorated with methacryviovl and arginylglveyvlaspartic acid (RGD) peptide motifs,
does not require additional functionalization for annealing and cell adhesion,
providing a versatile biorthogonal platform with orthogonal stiffness and porosity for
a myriad of biomedical applications. While B-GelMA is used in illustrative working
embodiments of the invention disclosed herein, this technology may be generalized
for other thermo-responsive polymers, opening a new honzon for converting bulk
hydrogels to beaded hydrogels (B-hydrogels} with decoupled porosity and stiffnegs.
As noted above, we have developed a facile, universal strategy to convert

thermo-sensitive materials with crosslinkable moieties 1nto bead-based scaffolds. As

I
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an important model biomatenial for iflustrative working embodiments of the invention,
we selected a naturally-derived protem, gelatin (denatured collagen), which has a
broad range of biomedical applications for tissue engincering and regeneration 28—
321, benefitting from built-in RGD peptides, tissue adhbesiveness, and thermo-
sensitivity. Gelatin, modified with methacrviic anhydnde (MA) so as to have
methacrvioyl crossiimkable moictics, known as GelMA has been widely used as a
photocrosslinkable biomaterial to mimic the extracellular matrix (ECM}, owing to 1is
mherited properties from collagen, ECM’s most abundant stractural protein. Unique
propertics of GelMA, including cell and tissue binding cues, biocompatibility,
bicactivity, tunable stiffness and bicdegradation, cost effectiveness, and facile
synthesis have been explored mm a broad spectrum of applications, from tissue
engineering to wound healing, cargo delivery, soft lithography and microfabrnication
{33-36].

We have discovered that GelMA, a photocrosslinkable, thermo-~responsive
protein derivative, mav be produced in the form of muicrobeads using a flow-focusing
microfluidic device and be readily punfied from the oil/surfactant coating in a cold
agueous cnvironment without any chemical reaction, in contrast to all of the existing
[24-26] annealable beaded platforms, which make wse of chemical crosshinking
before the punification. The photochemically-active, physically-crosslinked beads can
then be chenucally crosslinked and annealed to cach other through, for example, UV
light exposure in the agueous phase, vielding a beaded GelMA (B-GelMA) scaffold
with interconnected pores. We turther demonstrate kev advantages of the B-GelMA
platform over conventional (bulk) GelMA by describing typical mechanical,
theological, and biological characteristics. For example, B-GelMA, in providing
orthogonal void fraction and stiffness provides a novel platform for 3D cellular
engineering, ¢.g., fibroblasts and endothelial cells, using stiff matrices {e.g., GelMA ~
20 Y%w/v) without compronusing cell viability, which may otherwise be impossible.

Promusing ccll viability, adhesion, proliferation, clongation, and secding inside stff
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B-GelMA sets the stage for the next generation of ECM-munucking microporous cell
scaffolds for accelerated healing and regencration.

Embodiments of the invention include methods of forming a beaded hydrogel
scaffold having interconnected pores at a sclected site {(c.g. sitc im vive having
discased or damaged tissue). These methods typically comprise performing a
microfiuidic flow-focusing process on a composition comprising macromolecules
having crosslinkable moictics disposed withm a ligmid so that droplets are formed.
The methods then comprise mcubating the droplets so that the macromolecules are
physically crosslinked so as to form a gel emulsion; disrupting this gel emulsion with
a demulsifier so that the gel droplets remain n an aqueous phase without coalescence;
delivering the disrupted gel emulsion to the site; and then chemically crosslinking the
disrupted gel emulsion i sife so as to form a three-dimensional microporous beaded
hydrogel scaffold having interconnected pores at the site. This methodology allows
artisans to form particle hydrogels with porous spaces at a variety of desired sites by
using new materials and methodological steps {(e.g. physical gelation), followed by
covalent crosslinking reactions in sifu. As shown below, this methodology has a
nuraber of advantages over conventional hydrogel methodologics that employ two
separate covalent/chenucal crosslinking reactions.

In one illustrative embodiment of the invention, the macromolecules {or other
similar materials which can be dissolved or dispersed or suspended 1o a fluid) that are
used in these methods comprises a polypeptide such as a gelatin (i.c. a denatured
collagen). The macromolecule can comprise a gelatin, a hyvaluronic acid, an ethviene
glycol, a collagen, an elastin, a fibroin, a fibrin, a chiicsan or the like. In
embodiments of the invention, the macromolecules comprise one or more physically
and/or chemically crosslinkable moicties. The macromolecules can further include
other clements, for example a peptide coupled to the macromolecule {eg.
arginylglycvlaspartic acid (RGD} cell adhesive peptides as discussed herein). In some
embodiments of the invention, a peptide is coupled to the macromolecule, for

example a K peptide, a @ peptide, an MMP peptide or the like (see, e.g. US. Patent

13



WO 2020/146031 PCT/US2019/056949

10

20

Publication Nos. 20190151497 and 20190142965, the comtents of which are
meorporated by reference}

Related embodiments of the invention include beaded hydrogel scaffold
compositions formed by a method disclosed herein.  As discussed below, 1o certain
embodiments of the mvention, the compositions are formed by methods selected to
control the material propertics of these compositions. For example, i some
embodiments of the invention, the beaded hydrogel scaffold exhibits a tensile
modulus of at least SO kPa, 100 kPa or 200 kPa. In another example, the
compositions are formed by methods selected to form beaded hydroge! scaffolds that
exhibit a compression modulos of at feast 10, 50 or 100 kPa.  Typically in these
embodiments, the void fraction of the hydrogel that forms a beaded hydrogel scaffold
having mterconnected pores is at least 10% or 153% {e.g. from about 10% to about
20%;, and/or the median pore diameter of the pores within the beaded hydrogel
scaffold is between 15-25 pm. Other matenal properties of beaded hvdrogel scaffold
compositions formed by a method disclosed herein are discussed in the following
sections.

Embodiments of the invention mclude macromolecules that  are
thermosensitive or exiubit other orthogonal double or multi responsivity (e,
responsive to combinations of pH, ions, heat, electric ficld, magnetic field, enzymes,
and other physical and/or chemical stimuli ete ). In this context, in typical methods of
the invention, at least one step is performed at a temperature below 10°C or below 5°C.
For example, embodiments of the invention can include punifying a beaded hydrogel
scaffold precursor composition from oils/surfactants in a cold aqueous environment
prior to chemical crosslinking. In some embodiments of the mvention, the
temperature of the site in which the microporous beaded hydrogel 1s disposed is
further controlled to be lower than 10°C or 5°C. Optionally the methods can include
further steps, for example co-delivering cells with the gel beads such that they cocupy
pores in the three-dimensional microporous beaded hyvdrogel that has been disposed at

a site of interest.

14
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GelMA 1s used in one iHlustrative working embodiment of the invention. As
discussed below, flow-focusing microfluidic devices are able to effectively produce
wniform-sized GelMA microbeads, through pinching the aqueous phase with
oil/surfactant flows, as presented schematically in Figure 1a. The microbeads are
then collected as a disperse phase in a continuous oil phase, which may be readily
purified by a secondary sarfactant after physically crosslinking the beads at 4 °C. Thig
mtial physical crosshinking step i1s essential to prevent the dissolution of beads once
they are tramsferred into an aqueous medium, allowing for the elimnation of any
chemical/ight treatment, which have frequently been required in other beaded
systems, such as HA [25,26] and polvicthylene) glycol-vinyl sulfone {24} The
puriticd beads mayv undergo subsequent chemical crosshnking using varnous
mechanisms, such as UV-light mediated radical polymerization, forming an annealed
3D scaffold with interconnected microporosity. An illustrative microfhudic setap,
comprising a flow-focusing device o gencrate the GelMA beads and a reservour for
bead collection is shown in Figure 1b.

The capability of the microfluidic flow-focusing device to generate GelMA
beads with various sizes was cxplored by changing the GelMA solution {(agueous
phase) concentration and the ratio of oil to aqueous flow rates. Figure I¢ presents the
size of oil/surfactant-stabilized beads versus the ratio of oil to agueous flow rates. The
beads with 7% (w/v) GelMA content were produced in the range of ~ 76 — 120 pm.
Smaller beads are gencrated at higher oil-to-water flow ratios, as a result of increased
pinching of the agucous phase by the o1l flow. A flow-focusing device allows for a
wide range of bead size production with a simple microfhuidic device, only by tuning
the flow. Increasing the polymer concentration to 10% and 20% (w/v) slightly
decreases the maximum bead size to ~ 112 and 105 ym, respectively.

The stability of the physically-crosslinked beads is a critical factor in
designing advanced structures, because it regulates the “allowed” processing time,
defined as the maximum time that beads may hold their shape and mtegrity in an

agacous medium. Figure 2a presents the time-evolution of physically-crosslinked
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GelMA microbead sizes {diameter) at various temperatures. At 4 °C, the beads hold
their shape for up to at least 6 h, showing no significant change in their diameter.
After 12 h, the bead diameter increases by ~ 15%, which may be because of the
partial swelling. At room tomperature {25°C), the beads are more susceptible to
temperature and can maintain their size only for about 3 nun. After 10 min, 30 min,
and 1 h, the size increases by ~ 7%, 209%, and 45% respectively. After 1 h, the beads
arc highly swollen and ready for dissolution in the medium, which makes them hardly
observable. The sensitivity to temperature is more severe at physiological temperature,
resulting in a complete dissolution of beads in less than 7 mun at 37°C. The resulis
may be explained by the sol-gel transition temperature of GelMA, originated from the
temperature-dependent triple helix formation [38] of denatured collagen fibers at 31~

2°C [39]. This behavior 18 of utmost mmportance m designing structured scaffolds
from the microbead building blocks,

To wmvestigate the stability of chemicallv-crosstinked microbeads at
physiological conditions, a diluted monolaver of beads, containing the PI was exposed
to UV light for 2 min in a cold DPBS-PI solution. The crosshinked beads were then
mcubated at 37°C for an extonded time. The results, prosented in Figure 2a, attest to
the excellent stability of the chemicaliv-crosslinked beads at the high temperature.
The swelling and shrinkage of the crosshinked beads may be engineered through
aliering the osmolarity gradient between the beads and media. When the physically-
crosslinked beads are loaded with 1X DPBS and placed in a 5X DPBS solution, the
osmotic pressure results m the flux of water out of the beads, shrinking the beads
(Figure 2b). Oppositely, when the ionic strength inside the beads is higher than the
medium, osmotic flow of water swells the beads. lon-regulated swelling of GelMA
microbeads may be exploited for designing stimuli-responsive carricrs. Notably, the
chemcally-crosslinked beads did not undergo significant swelling or shrinking
{Figure 2b).

The physically-crosslinked beads may be then assembled into a structurally
sound multi-layer scaffold through packing and UV-light mediated chemical
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crosslinking and annecaling. Figure 3a demonstrates how physically-stabilized packed
microbeads m an agueous solution undergo chemical annealing, forming a densely-
packed sclf-standing microporous scaffold (B-GelMA}. The mechanical properties of
the scaffolds play an tmportant role in their hiomedical applications. For example,
injectable scaffolds for cardiac and abdommal tissue engmeering must mimic the
native tissues and withstand large strains and stresses of the heartbeat and other
activities, such as coughing. The stiffness of left ventricle dunng diastole 15 ~10-20
kPa and 1t increases o 200-300 kPa when diastole finishes [40]. Importantly, the
pressure in the heart may reach ~ 19 kPa in a healthy adult {41}, and mtra-abdommal
pressure may be elevated to ~ 34 kPa [42].

The mechanical properties of B-GelMA are charactenized i terms of tensile
and compression moduli (Figare 3b). The high mechanical resilience of B-GelMA
scaffolds enables handling them for measuring tensile strength. The teusile stress
versus stram for B-GelMA and GelMA scaffolds are presented in Figure 3¢ When
prepared simlarly, e.g., 2 min of UV hight-mediated crosshinking, at a certain strain,
the tensile stress of B-GelMA 1s lower than the bulk material, possibly as a result of
high microporosity and lower comtact arca among beads. Figure 3d presents the
tensile modulus of B-GelMA and bulk scaffolds. B-GelMA attains a tensile modulus
m the range of 10-30 kPa, whereas, for the bulk GelMA | the tensile modulus spans ~
100-200 kPa, for a crosslinking time ~ 1-3 min.

The compression moduli of the scaffolds, measured from the linear fits to the
stress-strain curves at strain < 10% (Figure 3e), are summarized in Figure 3f. When
GelMA 1s not chemically crosshinked, at room temperature, it forms a physical gel
with a compression modulus ~ 3 and 6 kPa for B-GelMA and bulk scaffolds,
respectively. Chemical crosslinking for 60, 120, and 180 s results i the formation of
mechanically resilient B-GelMA scaffolds with compression moduli ~ 25, 46, and
107 kPa, respectively. To the best of our knowledge, sach a mechanical stiffness is
rcmarkably higher than any other beaded platforms. For example, a maximum

compression modulus of ~ 1 kPa is reported for acrvlamide-modified HA doped with
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SH-contaiming peptides [25]. In comparison to the bulk GelMA, the compression
moduli of B-GelMA scaffolds are lower by 2-5 fold.

Despite the lower compression modulus of B-GelMA scaffolds than GelMA,
we investigated the local stiffness of the single beads in the annealed scaffold using
AFM-assisted nanoindentation to identify the stiffness at the microscale relevant to an
adhered cell. The compression modulus of the beads was measured at an indentation
depth ~ 100 nm to understand the local stiffness of the scatfolds that cells may
experience. Figure 3g presents the stress-strain curves of B-GelMA and GelMA,
obtained through the indentation of the beads and bulk gel. As can be seen n this
figure, at a certain strain, the compression stress of beads is close to the bulk
hvdrogels. The compression moduli of the beads, calculated from a linear tit to the
stress-strain curves are very close to the bulk gel (Figure 3h), attesting to the identical
GelMA crosslinking i both tvpes of gels.

To conduct further structural characterization, the storage & and loss moduli
G of B-GelMA scaffolds were measured at varyving angular frequencies using a
standard oscillatory rheclogy technique. G and &7 versus angular frequency at an
oscillatory shear strain ~ 0.1% are presented in Figures 3i and 3j, respectively. At
angular frequencies below ~ 10 rad 57, the storage moduli of the scaffolds are almost
mdependent of the frequency, showing a typical sohid-like behavior. Increasing the
frequency increases the storage moduli, showing a shift towards a glassy behavior
[43]. Accordimgly, the B-GelMA scaffolds behave hike the bulk GelMA. Increasing
the crosslinking time increascs the viscoelastic moduli, as observed m the
compression and tensile moduli. For example, at an angular frequency ~ 1 rad s, the
storage moduli ~ order of 100 and ~ 1000 Pa and loss moduli ~ order of 10 and 100
Pa were obtained for B-GelMA with a crosshinking time ~ 60 and 180 s, respectively.
The bulk scaffolds attam higher viscoslastic moduli, e g, at 180 s crosslinking time,
"~ order of 5000 Pa and &' ~ order of 200 Pa, respectively (Figures 3k and 35).

The void fraction of B-GelMA with varving stitfhess was measured through

the 3D reconstruction of z-stacks, obtained from confocal microscopy of fluorescent-
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labelied scaffolds. A large molecular weight fluorescent dextran was incubated with
the annealed B-GelMA scaffolds, diffusing nto the mterconnected void spaces
without penetrating the beads. Figure 4a shows the 3D projection of B-GelMA
scaffolds from the top and orthographic views, showing the void space, labeled in
green. The z-stacks were individually analyzed to measure the diameter distnibution of
equivalent circles filling the void space (Figure 4b). The void fraction versus the
crosslinking time s presented in Figure 4c. While increasing the crosshinking time
mereases the scaffold stiffness (Figure 3), it does not have any significant effect on
the void fraction, which 15 ~ 153% for all scaffolds. The median pore diameter,
presented in Figure 4d, has a similar trend to void fraction. Increasing the B-GelMA
scaffold stiffness does not affect the pore size, and all the scaffolds attain a median
pore diameter ~ 20 pym. Accordingly, B-GelMA generates a protein-based bottom-up
hydrogel scaffold with orthogonal porosity and stiffnegs.

The biological activity of B-GelMA m hosting cclls was investigated by
miximg NIH/3T3 fibroblasts with physicallv-crosslinked GelMA beads, followed by
UV light exposure for 120 s to form celi-laden B-GelMA scaffolds. A high
concentration of GelMA (20% w/v) was seclected to clucidate the fundamental
differences between the bead-based and the bulk scaffolds. The fibroblasts were
cuttured for 14 days in the B-GelMA scaffolds. Figare Sa presents the live/dead assay
of cell-laden B-GelMA during a 2-week cultare period. While cells readily integrate
n the B-GelMA scaffolds through fitling the interconnected microscale voids and
adhere to the beads, permnutting their spreading and proliferation in the complete
course of culture (Figure 3b), the majority of encapsulated cells in the bulk GelMA
do not survive the first day of culture (Figure Sc¢). Enhanced cell spreading on and
among the beads in B-GelMA i3 presented in Figure 8d. The cell viability was
quantified by normalizing the number of live cells with the total cell namber,
presented i Figure Se. The B-GelMA scaffold affords ~ 160% ccll viability; whereas,
the cell viability on the bulk GelMA ~ 0%. The metabolic activity of the cells,

encapsulated in the scaffolds, measured using the PrestoBlue® assay (Figure 5§),
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demonstrate ~ 3.4, 8.5, 17.9, and 258 folds increase m days 3, 5, 7, and 14 post
sceding, respectively, attesting to the enhanced proliferation.

Cell seeding from the scaffold surface inward was studied by placing a droplet
of HUVECs (~3x10* cells) on the anncaled/crosslinked scaffolds, presented
schematically in Figure 6a. The droplet was allowed to be uptaken by the scaffold for
~ 5 mun, followed by 3D confocal mmaging. Figure 6b presents the 3D projection of
B-GelMA and GelMA scaffolds from side and orthographic views. As can be scen
these images, immediate 3D cell seeding, 1.¢., penctration inside the B-GelMA takes
place; whereas, the bulk GelMA scaffolds do not permit cell pengtration. The fast
penetration of cells mmside the B-GelMA scaffolds may be a result of capilary forces
among the beads, enhancing cell transportation via convection. Such enhanced
delivery within a scaffold enabled by the interconmected microporosity may enable
the rapid infiltration of cells inside B-GelMA, as universal scaffolds for advanced
applications, such as time-sensitive cell culture {¢.g., neonatal cardiomyocyte for cell
therapy post myvocardial infarction) and a broad range of co-culture systems, including
the vascularization of bone and tomor models.

Regulating cellular behavior and function using chemical and biological cues
of naturallyv-derived materials demands fine tuning of their mechanical and structural
properties. Incorporating cells in chemically-modified bulk 3D hydrogel scaffolds
permits improved cell-cell and cell-matnx interactions in a microenvironment that
mimics ECM. However, bulk hvdrogels with high stiffness and small pore size are
detrimental to cells, preventing inward oxygen and nutrient diffusion and celi-matrix
migration, proliferation and mtegration. We have introduced a novel hydrogel
platform based on anuoealing tens of micrometer-sized beads made up of a chemically-
modified naturally~-denived protem, GelMA, readily allowing for orthogonal physical
and chemical dual crosslinking. Temperature-driven physical crosslinking of the
beads enables the facile punfication of gel building blocks without further chemical
reaction, overcoming some of the challenges of newly-emerging beaded scaffolds,

including oxyvgen-mediated impaired crosslinking. Beaded GelMA (B-GelMA)
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provides remarkable cell viability, adhesion, proliferation, and immediate 3D seeding,

which would otherwise be impossible at a high concentration of bulk GelMA. This

technology may be extended to other heat-responsive materials, setting the stage for

transforming bulk o beaded scaffolds with independent control of microporosity from

stiffhess through a facile microfiwdic strategy.

The following references are those noted i the disclosure above.
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vaginal pressure transducer, §. Sports Sci. 32 (2014 1176-1185.

1431 J M. Zuidema, CJ Rivet, RJ. Gilbert, F A Morrison, A protocol for
rheological characterization of hydrogels for tissue engineering strategies, J.
Biomed. Mater. Res. Part B Appl. Biomater. 102 (2014} 10631073,

FLLUSTRATIVE METHODS AND MATERIALS USEFUL WITH
EMBODIMENTS OF THE INVENTION
Silicon wafers (University Wafer, MA, USA), negative photoresist (KMPR
1050, MicroChem Corp., MA, USA)}, and polydimethyisiloxane (PDMS) base and the
curing agent {SYLGARD™ 184 Elastomer Kit, Dow Corning, MI, USA} were used

to construct the microfluidic chips. Tyvgon Flexible Plastic Tubing 0.02" 1D x 0.06"
0D (Sami-Gobain PPL Corp.,, CA, USA) and 1369-PEEK Tubing Orange 1/32" OD
x 020" ID (IDEX Corp., IL, USA) were used with the microfluidic device. Aquapel®
Glags Treatment was purchased from Pittsburgh Glass Works LLC (PA, USA) 3M™
MNovec™ 7500 Engincered Fluid (Novee 7500 oil) was provided by 3M (MN, USA).
Type-A gelatin from porcine skin (300 bloom}, methacrvlic anhydride (MA, 94%;},
photoinitiator 2-hydroxy-i-{(4-{(hvdroxyethoxyphenvi}-2-methyl-1-propanone
(rgacure  2959), 1H,1H,2H.2H-Perfluorc-1-octancl  97%, and fluorescein
isothiocyanate-dextran solution (500 kDa) were purchased from Sigma-Aldnich (MO,
USA). Bualysis membrane with 12-14 kDa molecular weight cutoff (MWCO) was
provided by Spectrum Lab Inc (CA, USA). Microscope glass cover shdes (25 mm x
75 mm x 1 mm} were from Fisher Scientific (PA, USA), and cover ships (No. 1) were
from VWR (PA, USA) Milli-Q water with an electrical resistivity ~ 182 M om at
25 °C was provided by Millipore Corporation. Pico-Surf™ 1 (3% (w/w) in Novec™
7500) was purchased from Sphere Fluidics Inc (Cambridge, UK). Biopsy punch
{(diameter ~ 8 mm) was from Integra Miltex (NI, USA). Cvanoacrviate-based
adhesive was Krazy glue (Elmer's Produocts, NC, USA). Cell-Tak tissue adhesive
(Coming, NY, USA), AFM probe (spring constant ~ 0.01 N m-1} with an affixed

polvstyrene bead {diameter ~ 2.5 pm), mounted on a silicon nitride (SN) cantilever

24
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{(Novascan, 1A, USA) were used for AFM mdentation expenments. NIH/3T3
fibroblast cells and human umbilical vein endothehial cells (HUVECs) were purchased
from the American Type Culture Collection (ATCC, VA, USA}. Fetal bovine serum
{(FBS), penicitlin/streptomycin (P/5), Dulbecco’s modified Eagle medium (DMEM),
Bulbecco's phosphate-buffered saline (DPBS) solution (1X) and powder, trypsin-
ethylenediaminetetraacetic acid (EDTA) (0.5%, 10X}, and Hank's Balanced Salt
Solution (HBSS, 1X) were provided by Gibeco (NY, USA). Endothehial cell growth
mediwm 2 and SupplementMix were from PromoCell (Heidelberg, Germany).
PrestoBlueT™M cell viability reagent and LIVE/DEADTM viability/cytotoxicity kit
were from Invitrogen by ThermoFisher Scientific (OR, USA}. Cell culture flasks {75
cm?2, Coming, NY, USA) and polystyrene 6-well tissue culture-ireated plates (Falcon,

NC, USA) were used to culture cells.

Methods
Fabrication of the microfluidic device:

We have modified a microfluidic water-in-oil emulsion method [1-3] 1o
fabricate uniform-sized microbeads [4]. A flow-focus device was fabricated using soft
lithography. Bricfly, 4 inch mechanical grade silicon wafers were coated with 80 and
70 pm lavers of negative photoresist (KMPR 1050} and patterned in sequence using
standard photohthography techniques. PDMS base and the curing agent were mixed at
a ratio of 10 to 1, poured onto the molds in petn dishes, degassed, and cured in an
oven at 65 °C for >4 h. The PDMS device was peeled from the mold and punched
with 0.8 mm holes at the inlets and outlets. Devices and glass slides were then
activated via air plasma (Plasma Cleancr, Harrick Plasma, NY, USA) and bonded
together 1o enclose the microchannels. The devices were then treated with Aguapel

and subsequently washed with Novec 7500 oil to make channel sarfaces fluorophilic.

GelM A synthesis:

N
W
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GelMA with a high degree of methacrvloyl substitution was synthesized
according to our previous publications [5,6]. Briefly, DPBS (100 mL} was heated to
50 °C to dissolve the gelatin (10 g). While stirring at 240 rpm, MA (8 mL} was added
to the gelatin solution dropwise, resulting in a turbid mixture, which was stirred for 2
h at 50 °C. This condition has been particularly chosen to prevent the hydrolysis of
protein {6,7]. To stop the reaction, excessive DPBS was added to the reaction mixture,
followed by dialysis using 12-14 kDa melecular weight cutoff (MWCO) membranes
for at least seven davs at 40 °C to remove methacrviic acid and other impurities. A
clear solution was obtained after dialysis, which was lvophilized to vield white solid

GelMA.

Bulk GelMA fabrication:

Freeze-dried GelMA was dissolved in BPBS, containing the photoinitiator
(Irgacure 2959, 0.5% w/v) at 80 °C. The crosshinking setup consisied of a microscope
glass cover shide with two stacks of cover ships on both sides to set the sample
thickness ~ 0.3-1 mm, length ~ 25 mm, and width ~ 10-20 mm. A desired amount of
the sclution was pipeticd in the gap between the cover slips and covered with a cover
slip, followed by UV light {360-480 nm) cxposure at an intensity ~ 10 mW om™
{Ommicure, Excelitas, CA, USA) for 1, 2, or 3 min to yield bulk gels from which
small samples were cut (for tensile tests} or punched (for compression experiments).
Other samples were prepared similarly in smaller sizes for cell culture using the cover

glasses and spacers.

GelMA bead fabrication:

GelMA was dissolved in a desired medium, such as DPBS, including the
photoinitiator (0.53% w/v, Irgacure 2959) to afford GelMA solutions upon heating at
80°C for at least 20 min. These solutions were used as the aqueous, dispersed phase in
the microfluidic device along with the pinching flows of Novee 7300 oil-surfactant

(0.5 wt% PicoSurfy mixture, imjected into the flow-focusing device using syringe

[Ne]
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pumps {(Harvard Apparatus PHD 2000, MA, USA} to form surfactant-stabilized tens
of micron-sized beads of GelMA 1n the oil (continuous) phase. The syringe and tubing
were maintained at 37-40 °C to prevent sol-gel transition and device blockage. The
bead suspension in oil was collected in a microcentrifuge tube and stored at 4 °C

overnight.

Fabrication of beaded GelMA (B-GelMA) scaffolds:

To prepare the microbeads for annealing, excess o1l was removed from the
suspension through pipetiing, and a 20% perfluorcoctanol solution in Novec 7500 ¢il
was added to the bead suspension (1:1 volume ratio} to break down the emulsion and
remove the surfactant at 4 °C. DPBS solution (4 °C) including the photomitiator
{0.5% (w/v) Irgacure 2959) was added to the suspension for dilution, and the
microbeads were transferred to a separate container via pipetting. The suspension was
pulse centrifuged (6300 pm, 10 s, GmCLab mint centrifuge, Gilson, France) to pack
the microbeads, tollowed by removing the supernatant. The sample temperature was
always maintained at 4 °C using a cold-water bath. The concentrated microbead
suspension was then pipeticd on a microscope glass shde using a positive
displacement pipette (MICROMAN® E, Gilson, WI, USA), and sandwiched similar
to the bulk gels, followed by UV light exposure at an intensity ~ 10 mW cm™ for 1, 2,
or 3 min, resulting in the chemical crosslinking of microbeads in situ as well as
annealing of microbeads to neighboring beads in phvsical contact. Importantly, the
crosslinking and annealing reactions occur simultaneously and prior to the melting of
the physically gelled GelMA beads, enabling the maintenance of an interconnected
microporous structure in the gaps between neighboring beads. The temperature of a
delivery site combined with the time between delivery and light-based crosshnking
can be used to tune the level of microporosity in some embodiments. For example, the
delivery site can be mamtained at 4-10 °C to prevent significant melting of the
GelMA beads prior to crosslinking, thus maintaining the largest pore sizes. A higher

temperature {e.g. 10-20 °C ) and/or longer time (> 35 min) between delivery and

~3
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crosslinking can be used 1o reduce the pore size between the GelMA beads as they

parttally melt prior to crosshinking and anmealing.

Pore size measurement:

Samples were prepared as previously descnbed uwsing 20 % (w/v) GelMA
beads exposed to 10 mW cm™ UV light for 1, 2, and 3 min. Scaffolds were incubated
n a fluorcscein isothiocvanate-dextran solution (15 mM) to visualize the void space
m the scaffolds. Confocal 1mages of the scaffolds were taken using a Leica mverted
SP35 confocal microscope (Germany) at the California NanoSvstems Institute (CNSH).
For cach sample (3 per condition), 77 z-slices were captured, spanning a total distance
of 100 um. Voud fraction and pore diameter were analvzed using a custom-developed
Matlab code (Matlab, version 2016b}. Briefly, adaptive thresholding was used to
convert stacked images into discrete regions, and vord fraction was calculated based
on voxel volume of void space regions. Average pore diameter was calculated as

previously described [8].

Mechanical analyses:

For compression tests, GelMA samples were exposed to 1§ mW om™ UV light
for 1, 2, or 3 min, punched in disks with diameter ~ 8 mm and height ~ 1 mm. The
gels were removed from the cover glass and incubated in DPBS for 1 h at room
temperature. Compression tests were conducted using an Instron mechanical tester
(Instron 5542, Norwood, MA, USA) at a rate ~ | mm min™', The best fit to the linear
stress-strain region at (-10% strain was used to calculate the compression modulus
{stress/strain}. For tensile tests, crosshinked samples were cut (10 mm x 153 mm x |
mm}, glued to two pieces of paper from each end using Krazy glue and transterred to
the Instron tensile test grips to perform the experiment at a rate ~ 10 mm min™. The

slope of linear stress-strain region at strain < 16% provided the tensile modulus.

Atomic force microscopy {AFM} indentation:
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Young’s modulus of microparticles and their corresponding bulk gels were
measured using the BioScope Catalyst AFM (Bruker, CA, USA)}, equipped with the
Zeiss LEM 5 confocal microscope (Germany). Samples were mounted on glass slides
using Cell-Tak tissue adhesive, submerged in DPBS for measurements, and visualized
using a Zeiss LAM S confocal microscope. Measurements were carried out through ~
100 nm indentation of the sample surface. Compression moduli were calculated based
on the Hertz contact mechanical model {(suitable for spherical probes) [9] in the
NanoScope Analysis software (version 1.3, Bruker). For the B-GelMA, 3 samples
were analyzed {§ beads per samples, characterized S times cach, fotal measurements
per sample = 25}, for the GelMA, 3 samples were analyzed (5 spots per samples,

characterized 3 times cach, total measurements per sample = 23).

Rheological analyses:

Oscillatory shear rheology was conducted to characterize the rheclogical
propertics of the gels prepared 1n vanous forms using an MCR 302 Rheometer (Anton
Paar, Graz, Austria). A parallel plate geometry (8 mm with sandblasted measuring
plate, PPOE/S) was used to load the samples, following cguilibration at room
temperature. To register the viscoelastic moduli, oscillatory frequency sweep was
performed at 0.1-100 rad s-1 under a small oscillatory strain ~0.1 % for all samples at
23 °C 1n the linear viscoelastic region. The gels were mamntained hvdrated during the
experiments (total time ~ 20 min) in an enclosed chamber. The viscoelastic modul

versus angular frequency were registered.

Swelling analysis:

The forced swelling of non-annealed GelMA beads (crosshinked for 120 s
through the UV exposure at 10 mW cm™) was investigated by diluting DPBS (1X)-
loaded beads with Milli-Q water (1.1 volume ratio} at 37°C. The shrinkage was
conducted similarly by adding DPBS (5X}. Similar studies were conducted with the

physically-crosslinked beads at 4°C. The beads were imaged by brightficld
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microscopy at predefined time intervals, and their size was measured by analyvzing the

images using Imagel (Version 1.52e, National Institute of Health, USA).

In vitro characterization of cellular function:
This section mchudes cell culture, 3D cell encapsulation, 3D cell seeding,

metabolic activity assessment, and Live/Dead assay.

Celf culture:

A standard cell culture incubator (Thermo Fisher Scientific, PA, USA) was
used to calture cells 1o the cell culture flasks under a 5% CO2 atmosphere at 37 °C.
NIH/3T3 fibroblasts were cultured in DMEM, supplemented with 10% FBS and 1%
P/S, typically passaged twice a week. HUVECs were cultured 1n the endothelial
growth medium 2, mixed with SupplementMix and1% P/5. Every 2-3 days. the media
was exchanged for both cell lines. To conduct in vitro characterization of ccliular
function, fibroblast cells and HUVECs were trypsinized using 0.5% trypsm-EDTA,
followed by counting using a hemocytometer and resuspension either 1n the media
(for 30 cell seeding tests), pre-gel solution (for bulk encapsulation), or physically-

crosshinked bead suspension (for encapsulation in B-GelMA),

35 cell encapsulation:

Cell-laden GelMA and B-GelMA samples were prepared by mixing 20 pl of
NIH/3T3 fibroblast cell suspension (cell density ~ 1x10% in | mL DMEM) with 80 ul.
of GelMA {final concentration ~ 20 % {w/v)) and concentrated bead suspension {(~
45x10% of beads per mL of DPBSH+P), respectively, followed by pipetting the mixture
on a glass slide between two spacers to form a disc (height ~ 0.3 mm, diameter ~ 10
mm), flattened by a cover glass, and crosslinked using UV light exposure at 10 mW
om? for 2 min (2x10° cells per sample). The casted gels were gently washed with

warm DPBS (37 °C) to remove the unreacted materials, transferred to 6~well plates,

30
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and cultured 1n 2 mL media for up to 14 days with intermittent media exchange every

2 days.

3D cell seeding:

HUVEC sceding mside the gel samples (discs with height ~ 0.3 mm, diameter
~ 10 mm} was assessed by gently pipetting 50 ul of the cell suspension {cell density
~ 1x10% m 1 mL media) on top of the crosslinked gels in a petri dish, immediatcly
stamed with the bive/dead assay, and imaged. The mfiltrated cells inside the gel

samples were imaged at various heights using confocal microscopy.

Metabolic activity assessment:

PrestoBlue® assay was used to assess the cellular metabolic activity on days 1,
3, 7, and 14 based on the manufacturer’s protocol. The outcome (fluorescence
miensity} was registercd using a microplate reader {excitation ~ 530 nm emission ~
590 nm, BioTek UV/ivis Synnergy 2, VT, USA} and corrected with respect io the

background signal of the PrestoBlue®-contaming cell-free media.

Live/Dread assay:

A live/dead fluorescence assay was used to assess the cell viability within the
hydrogel samples. Briefly, the hvdrogels were incubated for 20 min with 1 mL of the
staming solution, prepared by adding ethidium homodimer-1 (20 pL) and calcein AM
{5 ul) to DPBS (10 mL), and imaged using fluorescent microscope {Axio Observer 5,
Zeiss, Germany) at excitation/emission wavelcngths ~ 494/515 am for calcein and

528/617 nm for ethidium homodimer-{.

Statistical analysis:
Measurements were conducted at least in triplicate. The data are reported as
mean values = standard deviation. The one-way analvsis of variance (ANOVA) was

carried out followed by Tukey’s multiple comparisons, and statistically significant
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differences were identified when p-valucs were lower than 0.05 (*p<0.03), 0.01

(F¥p<.01), 0.001 (***p<0.001}, and 0.0001 (¥***p<0.0001}.

Method validation:
Physical and biological propertics of fabricated beaded hydrogels were
thoroughly charactenized [10}. Furthermore, the results were compared to the bulk

hvdrogel counterparts f10}.

The following references are those noted m “ILLUSTRATIVE METHODS
AND MATERIALS USEFUL WITH EMBODIMENTS OF THE INVENTION”

immediately above.

{1 T. Kawakatsu, Y. Kikuchi, M. Nakajima, Regular-sized cell creation in
microchannel emulsification by visual microprocessing method, I Am. Gil Chem.
Soc. 74 (1997) 317-321.

{21 S.L. Anna, N. Bontoux, HA. Stone, Formation of dispersions using “flow
focusing” in microchannels, Appl. Phys. Lett. 82 (2003) 364-366.

{3} K. Hosokawa, T. Fuji, I. Endo, Handling of picoliter liquid samples in a poly
{dimethyisiloxane)-based microfluidic device, Anal. Chem. 71 {1999} 47814785,

{41 CY. L. DK Wood, CM. Hsa, 5N, Bhatia, DNA-templated agsembly of
droplet-derived PEG microtissues, Lab Chip. 11 (2011} 2967-2975.

5] K. Yue, X Li, K. Schrobback, A. Sheikhi, N. Annabi, }. Leijten, W. Zhang,
Y.S. Zhang, DW. Hutmacher, T.J. Klein, A, Khademhossemi, Structural analysis of
photocrosshinkable methacryvlovi-modified protein derivatives, Biomatenals. 139
2017y 163-171. do1:10.1016/). biomaterials. 2017.04.050.

[6] FW. Nichol, 8T Koshy, H. Bac, CM. Hwang, S Yamanlar, A.
Khademhosseini, Cell-laden microenginecred  gelatin - methacrvlate  hydrogels.
Biomaterials. 31 (2010) 55365544,

7] Al Van Den Bulcke, B, Bogdanov, N. De Rooze, EH. Schacht, M.
Comelissen, H. Berghmans, Structural and rheological properties of methacrvlamide
modified gelatin hvdrogels, Biomacromolecules. 1 (2000} 31-38.

kS DR Gnffing, WM., Weaver, P.O. Scumpia, D. D1 Cado, T. Scgura,
Accelerated wound healing by injectable mucroporous gel scaffolds assembled from
annealed building blocks, Nat. Mater. 14 {2015) 737744 do:10.1038/nmatd294.

191 K.L. lohnson, K L. Johnson, Contact mechanics, Cambridge university press,
1987.

[10] A Sheikhy, | de Rutte, R, Haghniaz, O. Akouissi, A. Sohrabi, B. D1 Carlo, A.
Khadembosseini, Microthudic-enabled bottom-up hydrogels from  annecalable
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naturallv-derived protein microbeads, Biomaterials. 2019 Feb;192:560-568. dou
10.1016/). biomaterials. 2018.10.040.

CONCLUSION

This concludes the deseription of illustrative embodiments of the present

Wn

mveniion. The foregoing description of one or more embodiments of the invention
has been presented for the purposes of dlustration and description. It is not intended to
be exhaustive or to bt the invention to the precise form disclosed. Many
modifications and variations are possibie i light of the above teaching.

10 All publications, patents, and patent applications cited bercin (¢.g. Sheikhi et
al., Biomatenals. 2019 Feb;192:560-568. doi: 16.1016/]. biomaterials. 2018.10.040) are

hereby incorporated by reference in their entirety for all purposes.
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CLAIMS:

I A method of forming a hvdrogel at a predetermined site comprising;

{(a) performing a precursor formation process on a CoMposition comprising

(v

macromolecules having crosshinkable moieties disposed within a liquid;

(b} incubating the liquid so that the macromolecules are physically crosslinked so as
to form a gel emulsion;

(c) disrupting the gel emulsion so that the hiquid comprises an aqueous phase without
coalescence;

i0 (d) delivering the disrupted gel emulsion to the site;

{e) chemucally crosslinking the disrupted gel emulsion in site so as to forma
hydrogel at the site;

wheren the hydrogel forms a beaded hydrogel scaffold having interconnected pores.

15 2 The method of claim 1, wherein at least one step 1s performed at a temperature below

10°C,

3. The method of claim 1, wherein:
the precursor formation process 15 a mucrofluidic process or an emulsification
20 process; and

the liquid comprises water, an oil and optionally a surfactant.

4. The method of claim 3, wherein the method includes purifying a beaded hydrogel
scaffold precursor composition from the o1l and the surfactant so as to form an aqueous
25 solution prior to chemical crosslinking, wherein said purifying occurs at a temperature below

1¢eC.

5. The method of claim 1, wherein the method includes combining the disrupted gel
emulsion with a crosslinking inttiator prior to chenmucal crosslinking.

30
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6. The method of claim 3, wherein fluid flow in the microfluidic process are controlled

so as to form hydrogel beads having a median diameter from about 70 um to about 115 pm.

7. The method of claim 1, wherein the macromolecule comprises:
a methacryloyl moiety; and/or
a peptide coupled to the macromolecule.
& The method of claim 1, wherein the macromolecule comprises a polypeptide.
9. The method of claim 8, wherein the macromolecule comprises a hyaluronic acid, an

ethylene glycol, a gelatin, a collagen, an elastin or a fibroin,

10, The method of claim 1, wherein the temperature of the site at which the disrupted gel

emulsion 1s delivered 1s modulated to be lower than 20°C.

It The method of claim 1, further comprising seeding mammalian cells within pores in

the beaded hydrogel scaffold.

12. The method of claim 11, wherein the mammalian cells exhubit an increasing rate of

metabohic activity at 5 days post seeding.

3. A composition of matter comprising a beaded hydrogel scatfold having

mterconnected pores formed by a method of any one of claims 1-12.

14. The composition of claim 13, wherein the beaded hydrogel scaffold exhibits a tensile

modulus of at least 50 kPa.

15. The composttion of claim 13, wherein beaded hydrogel scaffold exhibits a

compression modulus of at least 10 kPa.

16, The composition of claim 13, wherein:

(43
Ah
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the macromolecules comprise polypeptides; and
the polypeptides comprise at least 10% w/v of the hvdrogel that forms a

beaded hydrogel scaffold having interconnected pores.

s 17 The composition of claim 16, wherein the void fraction of the hydrogel that forms a
beaded hydrogel scaffold having interconnected pores 1s at least 10%.
18 The composition of claim 17, wherein the median pore diameter of the pores within
the beaded hydrogel scaffold 1s between 15-25 um.
10
19, The composttion of claim 18, wherein the macromolecule comprises:
a methacryloy] motety; and/or
a peptide coupled to the macromolecule.
15 20 The composition of claim 13, wherein the beaded hydrogel scaffold having

mterconnected pores further comprises hive mammalian cells.
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