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ABSTRACT: Bioprinting is a powerful technique that allows precise and
controlled 3D deposition of biomaterials in a predesigned, customizable, and
reproducible manner. Cell-laden hydrogel (“bioink”) bioprinting is especially
advantageous for tissue engineering applications as multiple cells and
biomaterial compositions can be selectively dispensed to create spatially well-
defined architectures. Despite this promise, few hydrogel systems are easily S g
available and suitable as bioinks, with even fewer systems allowing for
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molecular design of mechanical and biological properties. In this study, we

report the development of a norbornene functionalized alginate system as a cell-laden bioink for extrusion-based bioprinting,
with a rapid UV-induced thiol—ene cross-linking mechanism that avoids acrylate kinetic chain formation. The mechanical and
swelling properties of the hydrogels are tunable by varying the concentration, length, and structure of dithiol PEG cross-linkers
and can be further modified by postprinting secondary cross-linking with divalent ions such as calcium. The low concentrations
of alginate needed (<2 wt %), coupled with their rapid in situ gelation, allow both the maintenance of high cell viability and the
ability to fabricate large multilayer or multibioink constructs with identical bioprinting conditions. The modularity of this bioink
platform design enables not only the rational design of materials properties but also the gel’s biofunctionality (as shown via
RGD attachment) for the expected tissue-engineering application. This modularity enables the creation of multizonal and
multicellular constructs utilizing a chemically similar bioink platform. Such tailorable bioink platforms will enable increased

complexity in 3D bioprinted constructs.

B INTRODUCTION

Additive manufacturing is an increasingly powerful technique
used for biofabrication of three-dimensional (3D) constructs in
tissue engineering and regenerative medicine.'™* Bioprinting
offers controlled deposition and patterning of polymers,
composites, or hydrogels to form well-defined scaffolds with
the ability to combine multiple material compositions.” The
bioprinting of cell-laden biomaterials, termed bioinks, allows
for the deposition of cells encapsulated in a defined 3D
construct and provides a method for the development of
complex synthetic biological systems and tissue-engineered
constructs.”” However, the number of readily accessible
materials allowing printability, high cell viability, and user
defined customization remains low.

A number of available bioprinters have been developed,
including inkjet or droplet-on-demand, continuous extrusion
or pressure-based, and laser-assisted bioprinting.”” All of these
techniques allow spatial control over cell deposition, as well as
strategic placement of bioinks with different formulations;
however, extrusion bioprintingw’11 is one of the most
commonly used setups due to its ease of operation,
affordability, and ability to bioprint high cell densities.® This
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technique allows the layer-by-layer deposition of fibers in a
controlled manner and can facilitate bioprinting of a wide
range of bioinks, where the viscosity of the chosen bioinks
often plays a vital role in determining the bioprintability of the
materials."> High viscosity materials (high polymeric concen-
trations) provide structures with high integrity and the ability
to support their own weight but upon gelation limit the
mobility of encapsulated cells and their capacity to restructure
their surrounding matrix. On the contrary, lower viscosity
materials provide a less crowded and more remodelable
environment for cells but significantly lack printability or
structural integrity. Therefore, there are many efforts toward
bridging this incompatibility gap, where systems not only meet
the demands for good printability but also provide a suitable
environment for cells."”~*

Various hydrogel systems have been developed as bioinks for
bioprinting, °~'* including natural polymers like gelatin'®~>*
and collagen™ or synthetic polymers such as polyethylene

Received: April 30, 2018
Revised:  June 19, 2018
Published: June 25, 2018

DOI: 10.1021/acs.biomac.8b00696
Biomacromolecules 2018, 19, 3390—3400


pubs.acs.org/Biomac
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.biomac.8b00696
http://dx.doi.org/10.1021/acs.biomac.8b00696
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html

Biomacromolecules

Alg-norb
+
{\f = HS{_~ g)~_SH
OR
R O ~ O‘:,*__SH
R = pentaerythritol core
+
” - L929 or ATDCS
- cells

Figure 1. Schematic overview of the strategy employed to develop photoactive alginate bioink (Alg-norb) for bioprinting of hydrogels reported in

the current work.

glycol,** pluronic,”® and polyvinylpyrrolidone.”® Depending on
the choice of polymer, different chemistries can be employed
for the cross-linking mechanism, with photoinitiated reactions
becoming a popular choice due to spatial and temporal control
of cross-linking.”” Free radical polymerization of (meth)-
acrylates has been widely used in the design of photoreactive
bioinks.”*°~**> However, such free-radical chain-growth cross-
linking events inherently produce nonbiodegradable back-
bones, only allow tailorability of mechanical properties via
degree of (meth)acrylation or concentration, and generally
require low oxygen environments for efficient cross-linking.
Photoinitiated thiol—ene chemistry is well-suited as an
alternative and recently has found utility in biofabrica-
tion.”'”*® The photoinitiated thiol—ene can be highly efficient,
orthogonal to other chemistries, and tolerant to oxygen and
can form more homogeneous (step-growth) hydrogel networks
compared to free radical polymerized diacrylates.””*’ In
addition, functionality is straightforward to incorporate in the
hydrogel design as many biomolecules containing thiols can be
conjugated to the network, and dithiol cross-linkers can be
biodegradable or biomolecules, themselves. Notable examples
of thiol—ene hydrogels for fabrication include the cell-laden
hyaluronic acid systems functionalized with both methacrylates
and norbornenes allowing for dual cross-linking (via photo-
initiated radical chain and step-growth thiol—ene reactions,
respectively)’ and fully synthetic allylated and thiolated
poly(glycidol) systems that allow for cell-laden bioink
bioprinting via cross-linking upon exposure to UV (mixed
mechanism).”**'

Alginate is a naturally derived polysaccharide made up of f-
p-mannuronic acid (M units) and a-L-guluronic acid (G units),
which can easily cross-link via its G-blocks to form hydrogels in
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the presence of multivalent ions, especially Ca®* ions have been
extensively used to prepare hydrogel biomaterials and as
synthetic extracellular matrices (ECM) for cell encapsulation.*”
There are also free hydroxyl and carboxyl groups on the
alginate backbone, which are available for chemical mod-
ification, either to alter physical properties of the native
alginate, allow for cross-linking, or to introduce bioactivity to
the polymer scaffold.”*® Due to the stiffness of its chains,
alginate has high solution viscosities at relatively low weight
concentrations and is known to possess shear-thinning
properties.33’34

Alginate has been widely used to explore bioprinting, and
the results reiterate the difficulty of balancing gels with
beneficial mechanical properties for printing (high polymer
concentration and high modulus) and desirable properties for
3D cell culture (low polymer concentration and low modulus).
One of the earliest reports of alginate bioprinting was with low
sodium alginate concentrations (1 w/v % to 2 w/v %) loaded
with endothelial cells and cross-linked by bioprinting into a
calcium containing bath.>” With low alginate concentration,
the cell viability remained high, yet the elastic modulus and the
structural integrity of the gels significantly deteriorated over
time. Further studies with bioprinting of fibroblast-laden
alginate via extrusion printing has shown good printability (S
layers) at high concentration (10 wt %), while only a single
layer was possible at concentrations relevant for longer term
cell culture (2 wt %).** In order to circumvent this problem,
some reports utilize rheological modifiers in order to allow
high viscosity at rest with a lower network concentration.*"**
In our lab, we have also attempted bioprinting cell-laden
alginate solutions at different concentrations and have
observed significant decreases in cell viability at concentrations

DOI: 10.1021/acs.biomac.8b00696
Biomacromolecules 2018, 19, 3390—3400


http://dx.doi.org/10.1021/acs.biomac.8b00696

Biomacromolecules

above 4 w/v % for various cell lines, including islets and beta-
cell lines.” The cell death observed has been attributed to the
high viscosity of the polymer solutions, resulting in high shear
stresses on cells.** While one should be aware that differences
between alginate polymer architectures can confound the
direct comparison of literature results, nevertheless, the general
trend of alginate inks (and bioinks in general) with desirable
fabrication parameters leading to decreased cell viability
remains a significant hurdle for 3D printing of complex cell-
laden constructs.

In this work, we present our modular alginate-based bioinks,
cross-linked via the photoinitiated thiol—ene reaction. Alginate
was chosen as the polymeric foundation of this bioink due to
its low-cost and availability, popularity in biomaterials use, and
reputation as a “blank slate” hydrogel scaffold (due to its
antifouling nature and lack of cell-specific interactions). The
photoinitiated thiol—ene reaction was chosen to introduce
spatial and temporal control in the cross-linking chemistry,
which is lacking in the typical ionotropic cross-linking
chemistry. Alginate is first functionalized with norbornene,
one of the most reactive substrates for the radical thiol—ene
reaction,® allowing ultrafast light-triggered thiol—ene cross-
linking with precise spatial and temporal control. Furthermore,
norbornenes undergo purely step-growth polymerization (little
to no homopolymerization or chain growth),"* allowing one to
potentially engineer a biodegradable network and circum-
venting the presence of nondegradable (meth)acrylate net-
works normally associated with light based gelation techniques.
The modularity of this bioink design allows tuning of the
mechanical and bioactive properties of the hydrogels,
rendering them applicable for various tissue engineering
applications. Figure 1 depicts the overall strategy in the
current work, from the modification of alginate to the
bioprinting process.

B MATERIALS

All materials were obtained from the supplier indicated and used
without further purification unless otherwise noted. 1-(3-
(Dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride (98+%,
VWR, EDC-HCI), N-hydroxysulfosuccinimide sodium salt (>98%,
Sigma-Aldrich, sulfo-NHS), S-norbornene-2-methylamine (mixture of
isomers, TCI Chemicals), O-(2-mercaptoethyl)-O’-methylpolyethy-
lene glycol (>95%, Aldrich, mPEG thiol), lithium phenyl(2,4,6-
trimethylbenzoyl)phosphinate (>98.0%, TCI Chemicals, LAP), N,N-
dimethylformamide (anhydrous, Sigma-Aldrich, 99.5%), deuterium
oxide (Aldrich, 99.9 atom % D), poly(ethylene glycol) dithiol (PEG
dithiol 1500, 1500 Da, Aldrich), PEG dithiol S000 Da (Laysan Bio),
4arm polyethylene glycol thiol (4arm PEG thiol 5000, 5000 Da, >90%
substitution, JenKem Technology USA), CGGGRGDS (Chinapep-
tides), and Dulbecco’s phosphate buffer saline (DPBS, no calcium, no
magnesium, ThermoFisher Scientific) were all used as obtained from
the suppliers. Alginate (Manugel GMB, FMC, Lot No. G9402001)
was purified before use (vide infra). 2-(N-Morpholino)ethanesulfonic
acid (MES) buffer was prepared by dissolving 4.88 g of MES hydrate
(>99.5%, Sigma) and 4.38 g of NaCl (Bioxtra, Sigma-Aldrich) in 250
mL of deionized water (0.100 M MES, 0.300 M NaCl).

B METHODS

Purification of Alginate. Alginate (Manugel GMB, FMC, Lot
No. G9402001) was purified before use. A 1 wt % alginate solution in
deionized water was stirred with activated charcoal Norit (Sigma-
Aldrich) for 1 h, followed by filtration with 11 pm, 1.2 ym, 0.45 um,
and 0.2 ym Whatman membrane filters to remove particulate matter.
Water was removed by lyophilization to yield white fibrous alginate.
Alginate was characterized via NMR to determine the M/G block
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composition of the polymer. See the Supporting Information for
details.

General Procedure for Functionalization of Alginate with
Norbornene Methylamine. Alginate (0.0506 g, 2.56 X 10™* mol
COOH groups) was weighed into a glass vial and dissolved with $ mL
of MES buffer. pH was adjusted to 6.5 with NaOH. EDC-HCI
(0.0446 g, 2.33 X 107" mol) and sulfo-NHS (0.0360 g, 1.66 X 107*
mol) were weighed and added to the vial in one portion before being
left to stir for 30 min. Then, the pH of the reaction solution was
adjusted with a pH paper to approximately 8 using NaOH (1 M). §-
Norbornene-2-methylamine was then added, and reaction was left to
stir for 18 h at room temperature (rt). The reaction solution was then
transferred to a 10 kDa MWCO dialysis tube and dialyzed against
NaCl solutions, starting from 100 mM, 50 mM, 25 mM, and finally
deionized water, with change of dialysate every 10 to 18 h. Water was
then removed via lyophilization to yield functionalized alginate (Alg-
norb). Degree of functionalization was determined via NMR using
dimethylformamide as an internal standard (see the Supporting
Information for details). Molecular weight and molar mass dispersity
were measured via aqueous gel permeation chromatography (GPC)
(data included in the Supporting Information). This modification was
also successfully carried out in 0.5 and 1 g scales.

Representative Conjugation of Thiol-RGD to Alg-norb. Alg-
norb (0.0506 g, 12% functionalized, 3.03 X 10™° mol of norbornene)
was weighed into a glass vial, and 2.5 mL of water was added 2 w/v
% solution) and stirred until Alg-norb was dissolved completely. LAP
(1.62 mg, 5.50 X 107 mol, 2.2 mM) and CGGGRGDS (0.360 mg,
5.09 X 1077 mol, 0.2 mM) were added to the Alg-norb solution. The
mixture was then placed in UV oven (365 nm, 10 mW/cm?) for 30 s.
The reaction solution was transferred to a 10 kDa MWCO tube and
dialyzed against deionized water for 2 days with change of dialysate
every 10 to 18 h. Purified polymer solution was then lyophilized to
yield RGD-Alg-norb as a white solid (0.043 g, 85%).

Swelling Experiments. Polydimethylsiloxane (PDMS) molds in
disc geometries were prepared in a diameter of 6 mm with thickness
of 2 mm for swelling experiments. Stock solutions in PBS of 2.5 wt %
Alg-norb, 169.95 mM LAP, and 100 mM of cross-linker (PEG dithiol
1500, PEG dithiol 5000, and 4-arm PEG 5000) were prepared. Alg-
norb solutions with the different cross-linkers were then prepared by
mixing the stock solutions homogeneously in Eppendorf tubes at
appropriate dilution ratios. Final concentrations of Alg-norb and LAP
were 2 wt % and 2 mM, respectively. Details on the concentration of
cross-linkers used are tabulated in Table S1 (Supporting Informa-
tion). 60 uL of polymer solution was added to each mold, and
hydrogels were prepared at 10 mW/cm? for 60 s using a 365 nm LED.
Four hydrogels were prepared for each reaction condition. Mass of
swollen gels at equilibrium was measured after hydrogels were swollen
to a constant mass in a deionized water bath (with occasional water
replacement) at rt. Hydrogels were then dried to constant mass, first
at rt for 24 h, followed by under vacuum at 60 °C. The mass swelling
ratio (q) was defined as the mass ratio of hydrogels at equilibrium to
the dried gels.

Cell Viability Assays in 2D Culture. 1929 fibroblast cell line
from mouse (passage 3) was suspended in cell culture medium
(Dulbecco’s Modified Eagle’s Medium (DMEM, ThermoFisher) with
glutamax) supplemented with 1% penicillin—streptomycin and 10%
fetal bovine serum (FBS) at a concentration of 7500 cells/mL. 200 uL
of the cell suspension was cultured in 15 wells of a 96 black well clear
bottom tissue culture treated plate. Plate was incubated for 24 h at 37
°C with 5% CO,, and then medium was aspirated and replaced with
100 uL of medium. Cells were then exposed to 10 mW/cm? of 365
nm LED for 0, 30, 60, 120, and 300 s.

Live/Dead Assay of Hydrogels. The viability of the cells
exposed to the bioprinting conditions was evaluated using a LIVE/
DEAD viability/cytotoxicity kit (Thermofisher). Stock solutions of
the assay, ethidium homodimer-1 (0.036 uM) and calcein AM (1
uM), were prepared in 10 mL of PBS without calcium and
magnesium. One mL of calcein stock solution was added to each
scaffold and incubated for 20 min at 37 °C. After that, 1 mL of the
ethidium-1 stock solution was added to the wells and incubated for an
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Scheme 1. Reaction Schemes of a) the Carbodiimide Reaction between Alginate and Norbornene Methylamine and
Photoinitiated Thiol—Ene Reactions of Alg-norb with b) RGD Peptide Sequence (CGGGRGDS)
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additional 10 min at 37 °C. The dye solutions were then aspirated
from the wells, and 1 mL of culture medium without phenol red was
added to wells before imaging. Calcein AM produced a green
fluorescence in live cells (ex/em = 495/515 nm) and ethidium
homodimer-1 binds to nucleic acids of cells with damaged membranes
to produce red fluorescence (ex/em = 495/635 nm). A live cell
imaging Nikon TI-E with environmental control with a 10X objective
(WD = 15, NA = 0.3) was used for cell imaging. Images were typically
acquired via 1024 ym X 1024 um scans with Z stacks of S to 10 ym at
three different regions of a hydrogel. Cell viability was estimated using
CellProfiler 3.0.0. through quantification of the number of live cells
over total number of cells.

Staining Cells with Fluorescent Probes. 1929 cells were
stained with CellTracker green CMFDA and CellTracker red
CMTPX dyes. Stock solutions of 10 mM of CellTracker green
CMFDA and red CMTPX were prepared by dissolving 50 pg of the
stock powder in anhydrous dimethylfsulfoxide. The CMFDA and
CMTPX stock solutions were then diluted with warm DMEM to
prepare concentrations of 8.5 uM and 5 uM, respectively. Dye
solutions were added to L929 pellets, resuspended, and incubated for
1S min at 37 °C. Cells were centrifuged, and dye solutions were
removed. Warm medium was added, and cell pellets were
resuspended before incubation for another 15 min. Cells were then
transferred to Alg-norb solutions and mixed homogeneously for
bioprinting.

Printer Parameters. Alg-norb with specific formulations of
photoinitiator and cross-linker (3 million cells/mL) was loaded into
amber syringes, which were loaded into a custom holder, designed to
hold a cartridge and LED light source (4-wavelength high-Power LED
source, Thorlabs, 365 nm, approximately 10 mW/cm?). Bioprinting
was carried out with a metal G25 needle on a BioScaffolder (GeSiM -
Gesellschaft fiir Silizium-Mikrosysteme mbH, Germany) controlled
through proprietary software. In general, scaffold geometries and
settings were set to a polygon of four corners, comprising of 13
meandered strands placed at a distance of 0.53 mm apart. The angle
of deposition was turned 90° after each layer. Height of each layer was
set to 0.2 mm, and the number of layers was varied according to
experiment requirements.

NMR. Spectra were acquired on a 700 MHz Bruker spectrometer at
325 K. NMR samples were prepared between 2 and 3 mg in 0.5 mL of
D,0. Water suppression pulse sequence was also applied to spectra.
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Rheology. Measurements were carried out on MCR 302
rtheometer (Anton Paar) fitted with a 10 mm diameter parallel plate
geometry and a quartz glass bottom with fiber optic light guide.
Prepared solutions (30 L) of Alg-norb with specific formulations of
photoinitiator and cross-linker was pipetted onto the middle of the
sample holder, which is between the glass surface (above UV source)
and parallel plate geometry. To compare the rate of network
formation for the different cross-linkers, UV was applied (1 W/cm? at
365 nm) using a Bluepoint 4 light source (Honle UV technology) for
60 s during oscillatory time sweeps (1.0 Hz, 1.0% strain). Rheological
properties of the hydrogels were also studied via frequency sweeps
performed from 0.5 to SO Hz (1% strain) and strain sweeps from 0.2
to 500% shear strain (1 Hz). All measurements were carried out in
duplicate.

B RESULTS AND DISCUSSION

Synthesis of Alg-norb and Thiol-Ene Reactions.
Alginate was modified via aqueous EDC (1l-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide) /NHS (N-hydroxysuc-
cinimide) coupling of an amine to the carboxylic acids on
the alginate backbone. The alginate carboxylic acid groups are
first activated by EDC, and then a more stable activated ester is
formed with NHS, forming amine reactive NHS esters.
Subsequent treatment of the semistable NHS ester with
norbornene methylamine enables amide bond formation and
attachment of the norbornene to the alginate backbone
(Scheme 1a).

Amidation reactions on alginate using the EDC/NHS
coupling mechanism have been reported in various reaction
conditions, which have resulted in varying degrees of yield,***
yet there remains little documentation in the literature on
optimization, reproducibility, and control of this reaction.
Consequently, in this work several different reaction conditions
were briefly explored to optimize the modification and to
ensure reproducibility. Reactions were attempted in both
phosphate and MES buffer at pH 6.5.**° Our results showed
more efficient functionalization in MES buffer (~40 mol %
yield, vide infra), while very poor efficiency was achieved in

phosphate buffer (4.3 mol % yield), in line with the
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documented instability of the acylurea intermediate in
phosphate buffer.*’ Ultimately, pH 6.5 was utilized, within
the range of pH (pH 4.5 to 7.2) reported feasible for the
formation of the activated NHS ester. In the second step of the
reaction, one can aminolyze the activated NHS ester with
norbornene methylamine either at the pH used for NHS ester
formation (pH 6.5) or raise the pH in order to increase the
nucleophilicity of the amine coupling partner (pH 8.0). While
only a slightly improved yield (~+2%) at the higher pH (pH
8.0) was observed, subsequent reactions were carried out after
an adjustment of pH with the addition of NaOH in accordance
with the reaction mechanism.

Due to complexities in the NMR of alginate, a more reliable
method for quantifying the amount of norbornene function-
alization on alginate was developed utilizing '"H NMR with
anhydrous DMF as an internal standard. An exemplar NMR
spectrum of a norbornene-functionalized alginate (Figure S3)
and details on the calculation steps are included in the
Supporting Information.

In order to check the control and reproducibility of our
functionalization approach, we investigated the reproducibility
of the reaction and the ability to tailor the degree of
norbornene functionalization. By simply adding different
stoichiometric amounts of norbornene to the reaction, while
proportionally altering the equivalents of EDC and NHS, we
were able to straightforwardly change the degree of
functionalization from 4% to 12% with good control (Table
1). The experimental yield of functionalization was relatively
consistent at approximately 40% for all equivalents of
norbornene tried.

Table 1. Comparison of Percentage Norbornene
Functionalization and Yield of Reaction with Different
Equivalents of Norbornene, EDC, HCI, and NHS in MES
Buffer

Norbornene EDC NHS % mol norbornene %
equiv” equiv equiv functionalization yield

0.3 2.4 0.9 12.0 40

0.2 1.6 0.6 7.1 36

0.1 0.8 0.3 4.2 42

“Calculated according to mol equivalents of COOH groups of
alginate.

Having control over the alginate functionalization, next a
model photoinitiated thiol—ene reaction with a 800 Da SH-
PEG-OMe was employed to investigate the fidelity of the
norbornene groups attached to alginate and the reaction
efficiency in a solution phase model reaction. LAP was utilized
as the photoinitiator because it is water-soluble, highly efficient
at 365 nm, and has shown good biocompatibility for
fabrication of cell-laden hydrogels (up to certain concen-
trations).** Following the model reaction, the reacted Alg-norb
sample showed peaks attributed to the main chain and methyl
protons of PEG-OMe at 3.8 and 3.4 ppm, respectively (as
shown in Figure SS in the Supporting Information), with an
estimated 90% functionalization of the available PEG-OMe
now on the alginate backbone.

Due to alginate’s lack of bioactivity for cell adhesion, a
similar reaction was carried out with cystine (thiol) terminated
RGD peptide (CGGGRGDS) (Scheme 1b). RGD is a
common tripeptide motif present in many ECM proteins
and therefore has been widely employed for promoting cell
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adhesion on biologically inert synthetic and natural bio-
materials.*”*® Success of the reaction was verified via NMR, as
shown in Figure 2, with a decrease in the peaks corresponding
to the norbornene double bonds at 6.2 ppm and the
appearance of peaks attributed to the methylene groups of
the peptide at 1.8 ppm.

Figure 2. 'H NMR spectra (in D,0) of a) Alg-norb, b)
CGGGRGDS, and c) Alg-norb reacted with 1 mM CGGGRGDS.
The observed decrease in intensity of the double bonds of the
norbornene groups after the reaction (highlighted in the blue box at
6.2 ppm) and the appearance of the peaks corresponding to the
peptide sequence are highlighted in the red box at 1.7 ppm.

Formation of 3D Hydrogel Networks. Due to the step
growth nature of norbornene thiol—ene cross—linking,44 the
choice of cross-linker has a major influence on the final
network properties, including mesh size and mechanical
properties. We chose to use a small series of thiol end group
functionalized polyethylene glycol (PEG) chains of different
molecular weights (1500 and 5000) and number of arms (2
and 4) to investigate the tailorability of the hydrogel system.
The smallest PEG linker used was 1500 Da, due to the
similarity in molecular weight to many matrix metal-
loproteinase (MMP) enzyme cleavable peptide linkers to be
incorporated in later generations of these bioinks. The different
PEG cross-linkers and concentrations used for formation of
hydrogels are shown in Table 2. In all cases rapid and reliable
gelation within minutes could be effected by irradiation at 365
nm of the pregel formulation, which is further discussed later
in this section.

The water uptake capacity of the hydrogels was measured
via the mass swelling ratio to provide an indication on the
density of the network structure (Table 2). With the 10 mol %
PEG dithiol 1500 cross-linker (Alg-norb10-1) a swelling ratio
of 254.6 + 14.8 was measured, and with a decrease in cross-
linker added (S mol %) (Alg-norb10-2), a higher swelling ratio
was observed (1199 + 114.3). This is expected as less cross-
linkable units would decrease the cross-linking density of the
hydrogel, therefore forming less compact network structures.
By increasing the molecular weight of the PEG cross-linker
from 1500 to 5000 Da (Alg-norbl10-3), which inherently
increases the distance between cross-linking points, a slight
increase in water uptake was observed (337.7 + 23.70, both at
10 mol %). A tighter and more compact network could be
synthesized by switching out the bifunctional cross-linkers for
multiarm cross-linkers; the use of a 4-arm PEG thiol 5000 Da
cross-linker (Alg-norb10-4) showed a decrease in swelling
behavior of the hydrogels (161.7 + 16.30). The swelling

properties of hydrogels were also studied in PBS and cell
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Table 2. Chemical Compositions and Mass Swelling of Hydrogel Samples

Sample Cross-linker Molecular Mass (g/mol)
Alg-norb10-1 PEG dithiol 1500 1500
Alg-norb10-2 PEG dithiol 1500 1500
Alg-norb10-3 PEG dithiol 5000 5000
Alg-norb10-4 4arm PEG 5000 5000

Ratio of SH:norbornene

0.9:1
0.5:1
0.9:1
0.9:1

Water, rt

Concentration of cross-linker (mol %) Average swelling ratio”

10 254.6 + 14.8
S 1199.0 + 1143
10 337.7 £ 23.7
10 161.7 + 16.3

“Mass swelling ratios (swollen/dried) of Alg-norb hydrogels (11 mol % norbornene functionalization) cross-linked with different cross-linkers in

deionized water. Four samples were measured for each condition.

culture medium, DMEM, at room temperature and 37 °C. As
shown in Figure 3, no significant changes were observed in the

b
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d
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Figure 3. Alg-norb hydrogel (2 w/v%) cross-linked with 10 mol % of
1500 Da PEG dithiol (Alg-norb10-1) swelled in a) water at 23 °C, b)
PBS at 23 °C, c¢) PBS at 37 °C, and d) DMEM at 37 °C.
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size of the hydrogel when placed in different baths at room
temperature or 37 °C. These observations showed that these
hydrogels are not likely to undergo any drastic changes during
the course of fabrication and cell culture.

Gelation kinetics of printed formulations are also inherently
important design parameters in the evaluation of bioink
candidates. The gelation kinetics of these formulations were

monitored via in situ gelation on a photorheometer setup
equipped with a transparent window and UV light source. It
should be noted that the 2 w/v % Alg-norb (11 mol %
norbornene functionalization) employed for our gelation
experiments exhibited shear-thinning behavior with a viscosity
of 0.16 Pas (detailed data included in the SI). Gelation rates of
Alg-norb 2 w/v% using the different PEG cross-linkers were
measured and compared as shown in Figure 4a. All ink
formulations rapidly built network strength, with gelation
occurring on subsecond time scales and final network
properties achieved within 3 s, although it should be noted
that the light intensity on the photorheometer is higher (1 W/
cm?) compared to the lamp used for bioprinting (10 mW/
cm?). Starting as a liquid (G” > G’), upon UV exposure a
buildup in molecular weight before cross-linking is seen by an
initial increase in the viscous loss modulus (G”), followed by a
sharp transition and gelation upon true cross-linking of the
network. When the material passes the gel point, the hydrogel
changes rapidly from a viscous to an elastic material with a
large increase in G’ and a concomitant decrease in G”
(decrease in the viscous/flowing component of the material
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Figure 4. Shear storage (G’) and loss (G”) moduli, G’, measured as a function of a) UV illumination time, b) frequency, and c) strain for Alg-norb
with different PEG cross-linkers (1 = Alg-norb10-1; 2 = Alg-norb10-2; 3 = Alg-norb10-3; 4 = Alg-norb10-4). d) Strain sweep of Alg-norb10-1 (blue
lines) and after addition of 100 mM CaCl, for 3 min (red lines). UV intensity is 1 W/cm? for all rheological measurements.
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due to completed cross-linking). The rapid rates of gelation
observed aid in the formation of 3D structures as polymer
solutions are extruded out of the needle and can minimize
exposure of encapsulated cells to UV light.

Matrix elasticity plays a crucial role in the regulation of cell
functions such as differentiation, proliferation, and viability.>'
Therefore, to design and develop synthetic hydrogel networks
to function as a cellular environment, it is essential to
understand and tune the mechanical properties of the
hydrogels for tissue specific applications. We again turned to
a photorheometer to investigate the effect of the cross-linker
and cross-linking density on gel mechanical properties.
Frequency sweeps (Figure 4b) for the different gels (Alg-
norb10-1 to 4) showed typical frequency independent storage
moduli and a large linear elastic regime, characteristic of
covalently cross-linked gels. The shear storage moduli (G’)
from the strain sweeps of the hydrogels were also measured on
a photorheometer (Figure 4c). Hydrogels (Alg-norb 2 w/v %)
cross-linked with 10 mol % of PEG dithiol 1500 (Alg-norb10-
1) had storage modulus approximately 1.6 kPa, with a drop in
modulus (to approximately 600 Pa) when the amount of cross-
linker was halved (5 mol %). A slight increase (2.4 kPa) in
modulus was observed when cross-linking was carried out with
the longer PEG dithiol 5000. The use of a multiarm cross-
linker, 4-arm PEG thiol 5000 Da, proceeded to form stiffer
network structures with an observed storage modulus of 6 kPa.
The rheological properties of Alg-norb with much lower
concentrations of norbornene groups (0.24 mol %) cross-
linked with excess of the PEG cross-linkers (10 mol %) showed
softer gels with similar trends (see the SI for more
information). Within the strain sweep measurements, these
hydrogels all showed strains at break above 100%, often with
significant deviations from linearity around 50% (4-arm PEG
5000 around 10%). Notably, most of these hydrogels also show
some strain stiffening®” behavior upon deformation (and
before failure), with the exception of 4-arm PEG 5000 and the
Ca®* cross-linked materials (see below). Full strain sweep
curves are included in the Supporting Information (Figures S7
and S8).

Other than altering the cross-linker topology and cross-
linking density, the mechanical properties of these alginate
hydrogels can also be altered via addition of multivalent ions
such as calcium. As an example shown in Figure 4d, 100 mM
of CaCl, solution was introduced to the hydrogel formed with
the PEG thiol 1500 (Alg-norb10-1) for 3 min and showed an
increase in modulus from approximately 1.6 to 6 kPa, albeit
with a much reduced strain at which the network begins to lose
performance (60% vs 2.5%). Furthermore, a weak gel with an
initial modulus between 60 and 90 Pa can have its modulus
increased up to over 10 kPa (again with reduced strain at
break) when treated similarly with CaCl, (Figure S8 in the
Supporting Information). This reduction in the strain at which
the network yields is hypothesized to be a consequence of the
tighter and more rigid network formed due to the addition of
the divalent ions. Based on the shear moduli measurements,
the average mesh sizes for hydrogels were also estimated to be
between approximately 11 nm (Alg-norb10-4) to 23 nm (Alg-
norb10-1). The addition of calcium ions further decreased the
average mesh size by approximately half. As for the weak
hydrogels with low norbornene functionalization (0.24 mol %),
mesh sizes were between 34 and 44 nm with a significant
decrease to approximately 9 nm when calcium ions were
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introduced to the PEG dithiol 1500 network. More details on
the derived values are included in Table S1.

Through the concentration of cross-linkable units, choice of
cross-linker, and adjustment of cross-linking density, it was
possible to prepare gels of 2 wt % alginate (good for both
printing and cell viability, see below) with shear moduli (G)
ranging from approximately 0.05 to 10 kPa (E = 0.15 to 30
kPa). This moduli range is useful for tuning the elasticities of
microenvironments for different tissues and can be manipu-
lated to direct lineage of stem cells.”® For example, soft alginate
gels as opposed to stiff gels have proven to be better matrices
to support neurite growth,”* attributed to the similarity in
elastic modulus of brain tissues;> ™" stiffer gels, which mimic
the elasticity of muscle tissues, can potentially be used as
matrices for differentiation of stem cells to myoblasts.>®

Bioprinting and Biocompatibility of Alg-norb. To
determine the suitability of our alginate bioink platform for
bioprinting, we adopted a number of strategies toward
producing stable and well-defined structures. From bioprinting
in air directly on tissue culture plates, to the use of
nondesirable rheological modifiers, to the use of nonreactive
baths to deposit into (see the SI for details), we found the
most desirable performance when bioprinting directly into cell-
culture medium. Bioprinting in cell culture medium allowed
the formation of defined structures and was straightforward in
its implementation. It should be noted that medium without
phenol red was utilized to avoid possible detrimental effects to
cells, and all further printing of cell-laden structures was
performed in a culture medium bath.

Using a 10 mW/cm?” 365 nm LED, test printing of scaffolds
was used to determine the optimized conditions for the Alg-
norb system. Figures 5a and b are example images of a two-
layered bioprinted construct produced by cell-laden Alg-norb
hydrogels. At day 0, immediately after bioprinting, the fibers
and the pores of the scaffolds were visible (approximately 400
and 200 pm, respectively, Figure Sa). The hydrogels undergo
slight swelling over time, and at day 7 the pores were no longer
visible under high magnification (Figure Sb). We have also

1000 pm

1000 pm

Figure S. Images of 3D bioprinted hydrogels loaded with cells at a)
day 0 and b) day 7. Green and red cell tracker labeled L929 as two
different bioinks printed as alternating fibers c) in the X-Y plane and
d) in the Z direction.
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Figure 6. Scaffolds bioprinted in a) the geometry of a pyramid. b) and c) the geometry of a cube. Porous-like structures can be seen in the cube
scaffold shown in d) X-Y and e) Z planes when imaged between two glass coverslips. Of note, the bioprinting conditions used to produce these
scaffolds match those optimized for high-cell viability. These scaffolds have shown stability in PBS for over two months. Theoretical side length =
6.9 mm (13 strands, 0.53 mm between strands), total height = 5.2 mm (200 pm/layer, 26 layers).

conducted mass swelling experiments of similar hydrogel slabs
incubated in cell culture medium at 37 °C immediately after
gelation. The mass of hydrogels increased up to 1.6 times
before reaching equilibrium after approximately 24 h (Table S2
in the SI). The ability of the hydrogels to self-sustain and
maintain the integrity of the bioprinted structures was shown
via the selective bioprinting of not only two difterently labeled
cell populations within a similar bioink, but also two distinct
materials formulations with distinct cell types. Initially, two
populations of L929 were stained with green and red dyes,
which were then extruded in a controlled manner to produce
alternating fibers in the X-Y and Z directions. Direct
visualization of the two different bioinks to showcase control
in the X-Y and Z directions is shown in Figures Sc and d.
Going one step further, this platform also allowed the printing
of two distinctly different bioinks — L1929 in 2 wt % Alg-
norb10-1 and ATDCS in 2 wt % Alg-norbl10-4 — with
distinctly different mechanical properties (Figure S19).

Utilizing optimized printing conditions (see below), multi-
layer architectures like a simple pyramid and a cubic structure
were able to be recreated with sufficient integrity over 26 layers
of bioprinting. As shown in Figure 6, the structural integrity
and initial 3D geometries of both structures were well-
preserved postprinting. While some equilibrative swelling does
decrease the porosity of the printed constructs, porous-like
structures were maintained and observed in the X-Y and Z
planes as shown in Figures 6d and e. The stability and
robustness of the bioprinted structures over time have been
maintained in PBS for over two months.

As bioinks, the developed polymer platform should not only
show printability but also the ability to support cell viability
throughout and after the bioprinting process. Among the
parameters that potentially influence cell viability in extrusion-
based bioprinting are the period of exposure to UV,
concentration of the bioink, pressure applied for extrusion,
and intensity of UV. For these cell viability experiments, we
chose to work with a mouse fibroblast, 1929, as it is a well
characterized cell line commonly used for cytotoxicity testing
in biomaterials’”® and is recommended by ASTM medical
device standard F813. The effect of UV irradiation on the
viability of cells was first studied in 2D on tissue culture treated
plates, where we found high viability (96%) up to 120 s of
irradiation time, indicating reasonable UV tolerance of these
cells (Figures S10 and S11 in the Supporting Information). As
we have shown that bioactivation via conjugation of peptides
with cysteines was feasible in our hydrogel system, it was also
important to determine the functionality of the conjugated
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peptides. 2D seeding of L929 cells on Alg-norb10-1 hydrogel
slabs with 2 mM of RGD covalently attached showed more cell
attachment with elongated morphologies as compared to
hydrogels with lower (0.2 mM) or no concentrations of RGD
(Figure S17). For cell viability experiments with cells
encapsulated in hydrogels, limited observation of cellular
spreading in the 3D hydrogels was observed (as compared to
2D) within the time frame of our experiments with or without
the presence of RGD sequences as adhesive sites (example
shown in Figure S18 in the Supporting Information). The
interaction of cells, which dictate their morphology, migration,
and adhesion, have been reported to differ significantly in a 2D
and a 3D environment.”'

Next, the effect of the viscosity of the polymer and
bioprinting parameters such as extrusion pressure and printing
speed on cell viability was studied. Alg-norb solutions of 1 and
2 w/v % were investigated and compared to determine if
viscosity was a contributing factor to printability and cell
viability. Lower extrusion pressure ranges (15 to 30 kPa) had
to be applied during bioprinting for the 1 w/v % Alg-norb
solutions due to its lower viscosity, while extrusion pressures of
30 to 40 kPa were tested for the 2 w/v % solutions. At the
overlapping extrusion pressure of 30 kPa, we observed higher
cell viability in the 1 w/v % Alg-norb (91%) compared to 2 w/
v % (79%) on day 1 (Figures S14 and S15 in the Supporting
Information). In both polymer concentrations, better cell
viability was observed when pressures were kept low. The
comparison of bioprinting speeds of 5 and 10 mm/s showed
lower viability of cells at the slower bioprinting speed,
attributed to the longer exposure times to the UV light
(Figures S13 and S15). Based on the studies conducted, the
optimal conditions to produce scaffolds with defined structures
bioprinted with L929 were at a bioprinting speed of 10 mm/s
with an extrusion pressure of 30 kPa. Cell viability for L929
under these conditions for day 1 (81 + 4.4%) and day 7 (87 +
5.5%) are shown in Figure 7.

While L929 cells provide a basis for the optimization of
bioprinting parameters, we also investigated the use of a
chondrogenic cell line (ATDC S) more relevant to study
cartilage tissue regeneration. When compared to the 1929
scaffolds, ATDCS showed better cell viability under identical
conditions (Figure S14 in the Supporting Information),
suggesting a resistance to the shear forces from printing.
Additionally, ATDCS could be deposited at 5 mm/s while
maintaining cell viability, suggesting that these cells were also
less sensitive to UV irradiation. For ATDCS, scaffolds with
defined structures could be formed at 30 kPa at a lower
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ATDCS

L929

Day 1

Day 7

Figure 7. Viability of ATDCS and 1929 cells in bioprinted scaffolds
over day 1 and 7. Green stain represents live cells and red stain
represents dead cells. ATDCS scaffolds were bioprinted at 5 mm/s
with 30 kPa pressure, and L929 scaffolds were bioprinted at 10 mm/s
with 30 kPa pressure.

extrusion speed of S mm/s while still maintaining high cell
viability for day 1 (93 + 2.8%) and day 7 (86 + 4.6%). Figure
7 depicts the live/dead assays for bioprinted 1929 and ATDCS
in Alg-norb hydrogels in their optimized conditions.

B CONCLUSIONS

In this work, we have demonstrated the design of a modular
alginate-based hydrogel system that facilitates the 3D
bioprinting of multiple cell types and allows for the tailorability
of mechanical properties (via cross-linker and density) and the
chemical functionality (via RGD attachement). This modified
bioink has extended the biofabrication window of alginate,
allowing for printability at a lower concentration (2 wt %) with
high cell survivability (>80%) and the creation of stable 3-
dimensional constructs. Rapid UV-induced thiol—ene gelation
not only created inks with a range mechanical properties (G’
from 0.05 to 10 kPa, and secondary Ca®" cross-linking) but
also allowed the straightforward incorporation of a thiol
containing adhesive peptide (HS-RGD). Optimization of
printing parameters has shown the susceptibility of L929 to
shear stress and resulted in optimized bioprinting conditions
for ATDCS and 1929 at 30 kPa pressure at S mm/s and 30
kPa at 10 mm/s, respectively. More complex multi-ink
geometries have been created using this platform, including
multimaterial and multicell inks. Via judicious choice of ink
concentration, cross-linker, and bioactive molecules, this
alginate ink platform allows for a high degree of tailorability
for different tissue engineering cell types and tissue targets.
While these current ink formulations do not allow for the
printing of highly porous and highly accurate gel grid
structures (akin to solid 3D printed constructs), their utility
in the creation of well-defined 3D multicellular constructs
remains of high interest. Future research with this platform will
include the creation of complex tissue relevant 3D geometries
with multimaterial and multicell inks, the inclusion of passive
or active degradation mechanisms within the ink to allow
resorption, and the exploration of cell-responsive elements”!
within the ink formation.
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