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Recent advances in 3D bioprinting have transformed the tissue engineering landscape by enabling
the controlled placement of cells, biomaterials, and bioactive agents for the biofabrication of living
tissues and organs. However, the application of 3D bioprinting is limited by the availability of
cytocompatible and printable biomaterials that recapitulate properties of native tissues. Here, we
developed an integrated 3D projection bioprinting and orthogonal photoconjugation platform for
the precision tissue engineering of tailored microenvironments. By using a photoreactive thiol-ene
gelatin bioink, soft hydrogels can be bioprinted into complex geometries and photopatterned with
bioactive moieties in a rapid and scalable manner via digital light projection (DLP) technology.
This enables localized modulation of biophysical properties such as stiffness and
microarchitecture as well as precise control over spatial distribution and concentration of
immobilized functional groups. As such, well-defined properties can be directly incorporated
using a single platform to produce desired tissue-specific functions within bioprinted constructs.
We demonstrated high viability of encapsulated endothelial cells and human cardiomyocytes using
our dual process and fabricated tissue constructs functionalized with VEGF peptide mimics to
induce guided endothelial cell growth for programmable vascularization. This work represents a
pivotal step in engineering multifunctional constructs with unprecedented control, precision, and
versatility for the rational design of biomimetic tissues.

Graphical Abstract

Introduction

Cells /n vivo constantly experience dynamic changes to their surrounding
microenvironment, thus an appropriate understanding of mechanisms that govern cellular
processes including proliferation, differentiation, and maturation is critical to building
functional tissue constructs [1]. Recent advances in 3D bioprinting technologies have
emerged at the forefront amid biofabrication and tissue engineering by offering a
multifaceted approach to enable control over mechanical properties, biological composition,
and microarchitecture for investigating various cell-microenvironment interactions in
response to well-defined biochemical and biophysical stimuli [2,3]. This has been
accomplished by various bioprinting modalities including extrusion-based, inkjet-based, and
light-based printers to produce heterogeneous cell-laden constructs including liver, cardiac,
kidney, and cancer tissue mimics [4-7]. More recently the emergence of digital-light
projection (DLP)-based 3D printing technologies have greatly enhanced the biofabrication
of photopolymerizable hydrogel biomaterials such as gelatin methacrylate (GelMA),
poly(ethylene glycol) diacrylate (PEGDA), glycidyl methacrylatehyaluronic acid (GM-HA),
and thiol-ene gelatin for the production of complex tissue and organ substitutes [4,8-10]. In
particular, DLP-based 3D printing systems enable higher spatial resolution at the micron
scale (i.e. 3-5 um) and more rapid printing times on the order of seconds due to the
contactless plane-by-plane fabrication regime compared to traditional raster-like modalities
[11]. Despite these advances in biofabrication, the limited selection of biocompatible and 3D
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printable biomaterials available consequently limits the functionality of 3D printed tissues as
many still rely on utilizing conventional bioinks such as gelatin, collagen, alginate,
hyaluronic acid, and polyethylene glycol (PEG) [12].

While numerous novel bioink biomaterials have been developed, it is challenging to satisfy
the many interdependent conditions that will lead to ideal bioprinting as well as structural,
compositional, and biological outcomes for specific tissue microenvironments [12]. One
bottom-up approach to overcome these challenges is the concept of tailored post-print
modifications through the conjugation of biologically active molecules to achieve desired
functionality in printed constructs produced from common bioink derivatives [13]. For
instance, using polydopamine chemistry, 3D printed scaffolds were immobilized with
growth factors that have been shown to improve /n vitro osteogenic differentiation by
grafting human bone morphogenic protein-2 (rhBMP-2) on polycaprolactone (PCL)
scaffolds [14]. In another study, 3D-printed poly(lactic acid) (PLA) scaffolds were
chemically conjugated with calcium-deficient hydroxyapatite using polyethyleneimine to
enhance mineral deposition and osteogenesis of human mesenchymal stem cells for bone
tissue regeneration [15]. However, these chemistries are not compatible with bioprinted
cellularized scaffolds and are restricted to only surface modification with little to no control
over spatial distribution and concentration within the 3D constructs. Recently, the thiol-ene
radical step growth reaction has gained attention for applications in tissue engineering and
regenerative medicine as it combines the advantages of both photoinitiated systems and high
selectivity under biocompatible reaction conditions [16,17]. Thiol-ene click chemistry
involves the orthogonal coupling between macromers containing sulfur moieties and alkene
groups to form a homogenous crosslinked network [16]. Due to the versatility and
spatiotemporal control of this cytocompatible photoclick chemistry, its use as a
polymerization and bioconjugation technique carries unique advantages to expand the scope
of bioactive materials for creating functional biomimetic cell microenvironments. In
particular, current biofunctionalization methods of thiol-ene hydrogels involving the use of
traditional photolithography and multi-photon stereolithography with a nano to micron scale
resolution for photoconjugation are limited in speed, flexibility, photopatterning volume, and
throughput [18,19]. While several studies have demonstrated the feasibility of thiol-ene
systems for both hydrogel biofabrication and photoconjugation [18,20-23], these methods
are inadequate to implement as a scalable approach to build complex biomimetic
multicomponent tissues.

Considering the orthogonality and photoreactive nature of thiol-ene click chemistry, we
developed the first integrated 3D bioprinting and orthogonal bioconjugation platform that
utilizes a rapid DLP-based approach to fabricate biomimetic tissues with programmable
functionality at scale. Our system leverages the high resolution and spatiotemporal control
offered by DLP-based 3D bioprinting technology coupled with a natural thiol-ene
biopolymer system as a method to engineer tailorable 3D tissue environments. Importantly,
the dual ability to rapidly print pure thiol-ene gelatin hydrogels and selectively
photoconjugate thiolated proteins or cysteine-modified peptides enables a simple approach
to directly modulate multidimensional properties within a single platform. Moreover, the
architecture and mechanical properties of the hydrogel in addition to the spatial distribution
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as well as concentration of photoconjugated bioactive moieties can be locally tuned to form
diverse soft functionalized matrices for precision tissue engineering.

Materials and Methods

Material syntheses

GelINB Synthesis—GelNB was synthesized using a previously described procedure [24].
Briefly, Type A gelatin from porcine skin (gel strength 300 g Bloom, Cat. #G2500, Sigma-
Aldrich) was dissolved at 0.1 g/mL in 1X DPBS (Cat. #14190144, Gibco) in a round-bottom
flask. Carbic anhydride (Cat. #247634-5g, Sigma-Aldrich) was added to the mixture to a
concentration of 0.2 g/mL. After bringing the mixture to pH 8.0, the solution was reacted for
70 h at 50°C under constant stirring. An equal volume of 5X DPBS diluted from 10X DPBS
(Cat. #SH302580, Thermo Fisher Scientific) heated to 37°C was then added to the mixture
and stirred for 15 min to quench the reaction. The solution was then transferred to 12-14
kDa dialysis tubing (Cat. #132706, Spectrum Labs) and dialyzed against MilliQ water for
one week with three dialysis changes per day. After dialysis, the solution was lyophilized for
three days and then stored at —80°C until further use.

GelSH Synthesis—GelSH was synthesized by adapting previously established protocols
[25]. Type A gelatin (Cat. #G2500, Sigma-Aldrich) was dissolved at 0.01 g/mL in 1X DPBS
(Cat. #14190144, Gibco) in a round-bottom flask at 50°C prior to lowering the temperature
to 30°C. Next, Traut’s reagent (Cat. #26101, Thermo Fisher Scientific) was added to the
mixture to a final concentration of 0.4 mg/mL. The solution was then reacted for 15 h under
constant stirring, then transferred to 12-14 kDa dialysis tubing (Cat. #132706, Spectrum
Labs) and dialyzed for two days with three dialysis changes per day. The solution was
dialyzed against 5 mM HCI on the first day and then against 1 mM HCI on the second day.
After dialysis, the solution was lyophilized for three days and stored at —80°C until further
use.

LAP Synthesis—LAP was synthesized using previously described procedures [26].
Briefly, 3.2 g of 2,4,6-trimethylbenzoyl chloride (Cat. #C965Y83, Thomas Scientific) was
added dropwise to 3 g of dimethyl phenylphosphonite (Cat. #149470, Sigma-Aldrich) in a
flask and allowed to react for 18 hours at room temperature under argon gas. The next day,
the mixture was heated in a water bath to 50°C. 6.1 g lithium bromide (Cat. #213225,
Sigma-Aldrich) dissolved in 100 mL of 2-butanone (Cat. #M209-4, Thermo Fisher
Scientific) was added dropwise to the heated mixture via a syringe and reacted for 10
minutes, still at 50°C. During this time, the reaction formed a white precipitate within the
flask, and the flask was then cooled for 4 hours at room temperature. The precipitate was
then washed with 400 mL of 2-butanone in a filtration setup and allowed to dry overnight.
Afterwards, the precipitate was collected and stored at room temperature under argon until
further use.

Determining Degree of Substitution

GelNB and GelSH substitution was characterized using *H NMR (Supplementary Figure
S1-3). For 1H NMR, 15-25 mg of sample was dissolved in 1 mL of D,0O (Cat.
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#151882-10X1ML, Sigma-Aldrich) at 37°C. The sample was then analyzed with a 500 MHz
Jeol NMR spectrometer against a gelatin standard. The degree of substitution was calculated
to be approximately 44% and 22% for GeINB and GelSH, respectively, using previously
outlined methods [27]. Briefly, the integration of the phenylalanine peaks at 7.5-6.9 ppm
was used as an internal control, and the integration of the e-amino groups of lysine/
hydroxylysine at 2.8 ppm were compared between the standard and functionalized gelatins
to determine the degree of substitution.

Prepolymer bioink preparation and 3D printing of GeINB-GelSH constructs

Stock solutions of 20% (w/v) GelNB, 15% (w/v) GelSH, and 4% (w/v) LAP were prepared
by dissolving in 1X DPBS. To ensure proper dissolution, the GeINB and LAP solutions were
warmed to 37°C, and the GelSH solution was warmed to 60°C. All solutions were stored at
4°C and heated to their respective temperatures prior to mixing. Based on the degree of
substitution of thiol and norbornene groups for GelSH and GelNB, respectively, the
solutions were mixed at a 1:1 molar ratio to maintain stoichiometric equivalence unless
otherwise stated. All final prepolymer solution formulations were kept warm at 37°C prior to
transferring to the 3D bioprinter.

A DLP-based 3D bioprinter was used to fabricate microscale acellular and cellularized
GelNB-GelSH constructs as shown in Figure 1C. Briefly, the major components are as
follows: (i) a 365 nm UV light LED source, (ii) a digital micromirror array device (DMD)
composed of approximately 2 million micromirrors for modulating the projected optical
patterns to control for selective photopolymerization; (iii) projection optics to focus the
optical patterns from the DMD chip onto the fabrication plane; (iv) a motorized stage; and
(v) a computer control unit. Digital patterns were designed in Adobe Photoshop. The
printing chamber platform consisted of a polydimethylsiloxane (PDMS) base and
methacrylated coverslip separated by two PDMS spacers, all mounted on a glass slide.
Prepolymer solution was then carefully pipetted between the spacers, placed on the
motorized stage, and subsequently exposed with DMD-projected light from above to
produce the differently patterned constructs. See Supplementary Figure S4 for a brief
schematic.

To print larger structures such as the kidney-shaped constructs, a continuous 3D printer was
used as previously described [28]. Briefly, the setup consists of a z-direction motorized glass
build platform and a PDMS coated petri dish serving as the prepolymer reservoir where light
is projected from below via the DMD chip. The 3D CAD model was sliced using a
MATLAB script to generate a series of digital patterns used to sequentially photopolymerize
the prepolymer solution in synchrony with the upwards movement of the build platform for
continuous printing. Note that a high-concentration stoichiometric formulation of 3.33%
(w/v) GeINB + 6.67% (w/v) GelSH + 1% (w/v) LAP was chosen to ensure structural
integrity of the printed figurine.

Mechanical testing and swelling measurements

For physical characterization, GeINB-GelSH hydrogels composed of 1:1, 1:2, and 2:1
thiol:ene molar ratios were prepared to decouple the effects of macromer composition.
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Meanwhile, GeINB-GelSH hydrogels composed of 5% (w/v), 7.5% (w/v), and 15% (w/v)
total gelatin content all with a stoichiometric 1:1 thiol:ene molar ratio were fabricated to
determine the effects of overall macromer concentration. Optimized light exposure time was
determined for each formulation to ensure complete coupling of norbornene to thiol groups
by measuring the time required to reach a plateau of the average tissue deformation ratio
(ATDR) which corresponds directly to the maximum stiffness (Supplementary Figure 6 and
Supplementary Table S3). The tensile and compressive moduli of the GeINB-GelSH
hydrogels were measured using the CellScale MicroSquisher (Waterloo, Canada) microscale
mechanical testing apparatus. All samples were immersed in 1X DPBS at 37°C overnight
prior to analysis. To measure the tensile modulus using the CellScale MicroSquisher, dog-
bone-shaped specimens with overall dimensions of 6 mm (L) x 3 mm (W) with a 2 mm
thickness and narrow section dimensions of 2 mm (L) x 1 mm (W) were used (see
Supplementary Table S2 for printing parameters). Samples were first loaded and held in
place by carefully puncturing it at 8 equidistant points (four at the top and four at the
bottom) via two parallel-aligned 4-prong forks (Supplementary Figure S7 and Movie S1).
Each sample was then pulled to 10% strain at a rate of 10 um/s, held for 5 s, and the allowed
to recover at a rate of 30 um/s. The combination of these three steps constituted one
repetition and three repetitions were performed per sample (n = 5). To measure the
compressive modulus, a cantilever adhered to a platen was used to compress the sample to
10% strain at a rate of 3.33 um/s, held for 2 s, followed by release at a rate of 10 um/s. These
steps were repeated three times to remove the effects of hysteresis and data from the third
compression was used to calculate the modulus of the sample (n = 7). The resulting stress-
strain curves for the tensile and compressive moduli measurements were then calculated by
measuring the slope of each curve in its elastic region using a MATLAB code.

The stability of the GeINB-GelSH constructs were determined by measuring the swelling
ratio (n = 4-6) (Supplementary Table S3). Briefly, samples were immersed in 1X DPBS at
37°C and imaged using a Leica DMI 6000-B microscope at 24 h, 72 h and 7 days post
printing to obtain the hydrated cross-sectional area (Ayet). Afterwards, samples were then
washed three times with MilliQ water, dried in a 37°C oven for three days, and reimaged to
measure the cross-sectional dry area (Agry). The swelling ratio for each time point was
calculated by normalizing the average hydrated cross-sectional area to the average dry cross-
sectional area (Awet/Adry)- The average cross-sectional area of each construct was measured
using ImageJ software.

Scanning electron microscopy (SEM)

GelNB-GelSH and GelMA hydrogel samples (printing parameters in Supplementary Table
S4) were gradually dehydrated by first immersing in 20% ethanol overnight at 4°C. The next
day, samples were subject to gradient dehydration in 30%, 40%, 50%, 60%, 70%, 80%,
90%, and 95% ethanol followed by 100% ethanol repeated three times total. Each soaking
step was performed for 20 min at 4°C. The samples were then dried using a Tousimis
AutoSamdri®—-815A critical point dryer. Samples were then sputter coated with iridium for
7 s and imaged using a Zeiss Sigma 500 scanning electron microscope.
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Cell culture maintenance and 3D bioprinting of cellularized constructs

Human umbilical vein endothelial cells (HUVECs) (Cat. #C2519A, Lonza) were maintained
in Endothelial Cell Growth Medium-2 (EGM-2) (Cat. #CC-3162, Lonza) and passaged
every 3—4 days at 80% confluence. C3H/10T1/2 (10T1/2) fibroblast cells (Cat. #CCL-226,
ATCC) were maintained in Dulbecco Modified Eagle Medium (DMEM) (Cat. #11995-065,
Gibco) supplemented with 10% (v/v) fetal bovine serum (Cat. #10082147, Gibco) and 1%
(v/v) penicillin-streptomycin (Cat. #11548876, Gibco), and passaged every 3—4 days at 80—
90% confluence. Human iPSCs (hiPSCs) were produced using previously established
methods [4,29] and differentiated into iPSC-derived cardiomyocytes (iPSC-CMs) according
to previously established protocols [30].

To prepare the cells for 3D bioprinting, HUVECs and 10T1/2 cells were collected by
treating with 0.05% trypsin-EDTA and 0.25% trypsin-EDTA, respectively, then aliquoted
into 1.5 mL eppendorf tubes and centrifuged at 300xg for 5 min with the supernatant
removed. Similarly, iPSC-CMs were collected by treating with 0.25% trypsin-EDTA for 5
min, aliquoted into 1.5 mL eppendorf tubes, and pelleted at 300 xg for 3 min with the
supernatant removed. All pelleted cells were placed on ice and used within 2 h. For cell
viability assessment, 3.33% (w/v) GelNB + 3.33% (w/v) GelSH + 0.4% (w/v) LAP
prepolymer prewarmed to 37°C was added to each eppendorf to form a cell suspension of 5
million cells/mL comprised of mixture of HUVEC:10T1/2 cells at a ratio of 50:1. For iPSC-
CMs, cells were encapsulated at a concentration of 40 million cells/mL. The prepolymer-cell
bioink mixture was then carefully pipetted into the printing chamber of the DLP-based 3D
printer and UV irradiated to create a 3 mm (L) x 3 mm (W) x 250 um (H) cell-laden GelNB-
GelSH construct for cell viability studies (see Supplementary Table S5). The
HUVEC:10T1/2 and iPSC-CM cellularized GeINB-GelSH constructs were then
immediately placed into a 24-well plate with 750 pL of their respective medias and media
was exchanged every other day.

Cell viability and proliferation assessment

To assess HUVEC:10T1/2 and iPSC-CM cell viability, Live/Dead™ Viability/Cytotoxicity
assay (Cat. #L.3224, Thermo Fisher Scientific) and CellTiter Glo® 3D cell viability assay
(Cat. #G9681, Promega) were performed at 24 h, 72 h, and 7 day time points. Briefly,
triplicate samples of HUVEC:10T1/2 or iPSC-CM encapsulated GeINB-GelSH constructs
were washed once with 1X DPBS and incubated in Live/Dead™ solution comprised of 2
uM calcein AM and 4 uM ethidium homodimer-1 in 1X DPBS for 30 min at 37°C.
Following incubation, the stained samples were immediately imaged using a Leica DMI
6000-B microscope. Percentage viability was determined using ImageJ analysis and
calculated by dividing the live cell count to the total cell count. Triplicate samples were also
collected for each of the HUVEC:10T1/2 and iPSC-CM GelNB-GelSH constructs for
quantification of the total ATP content using the CellTiter Glo® 3D cell viability assay. In
general, samples were transferred to a 24-well plate and equal volumes of culture media and
CellTiter-Glo® 3D Reagent was added. Samples were then shaken at 160 rpm at room
temperature for 1 h to ensure full release of ATP content from each cell-laden construct.
Next, 200 pL of supernatant was collected from each sample and transferred to a white
opaque-walled 96-well plate and luminescence was measured with a Tecan Infinite® M200
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PRO microplate reader. ATP content from each sample was calculated based on an ATP
standard curved generated using ATP disodium salt (Cat. #P1132, Promega) according to the
manufacturer’s instructions.

Preparation of fluorescently labeled ovalbumin and QK peptide conjugates

Ovalbumin Alexa Fluor 647 (Cat. #034784, Thermo Fisher Scientific), ovaloumin Alex
Fluor 555 (Cat# 034782, Thermo Fisher Scientific) and ovalbumin Alexa Fluor 488 (Cat.
#034781, Thermo Fisher Scientific) were used to demonstrate passive conjugation or the
active photopatterning capability with our DLP-based 3D printer. NHS-PEG (3.4 kDa)-NHS
(Cat. #PG2-NS-3k, Nanocs) and NHS-PEG (3.4 kDa)-thiol (Cat. #°PG2-NSTH-3k, Nanocs)
served as intermediate linkers for ovalbumin to the respective available e-amino or
norbornene groups in the GelNB-GelSH construct. Ovalbumin functionalization and
photopatterning procedures were based on prior literature [31,32], and all solutions were
prepared in 1X DPBS. Briefly, fluorescently labeled Alexa Fluor (AF) 488, 555 or 647
ovalbumin was first dissolved to create a 4 mg/mL stock solution. To conjugate the
ovalbumin to the intermediate linker, we added 10 molar equivalents of the NHS-PEG
linker, either NHS-PEG (3.4 kDa)-NHS or NHS-PEG (3.4 kDa)-thiol, to the ovalbumin
stock solution and allowed to react at room temperature for 1 h on a rotator plate. The
fluorescently labeled ovalbumin conjugates were stored at 4°C until further use.

The proangiogenic VEGF peptide mimic QK with a Cys-PEG6 modification on the N-
terminus (Cys-PEG6-KLTWQELYQLKYKGI-NH,) was purchased from GenScript®.
Briefly, the QK peptide was dissolved in 50 pL ultrapure water to yield a concentration of 1
mg/mL and mixed with an equal volume of 100 mM 2-(N-morpholino)ethanesulfonic acid
(MES) buffer (Cat. #BP300-100, Thermo Fisher Scientific) containing 800 mM NaCl and
20% (w/v) 1,2-propanediol. Next, 50 puL of 44 mM 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) (Cat. #£7750-100MG, Sigma-Aldrich) and 48 mM 50
pL of N-hydroxysulfosuccinimide (sulfo-NHS) (Cat. #56485-250MG, Sigma-Aldrich)
solutions were added to the QK peptide buffer solution and allowed to react under agitation
for 15 min at room temperature. Meanwhile, 10 puL of 10 mg/mL Alexa Fluor™ 488
hydrazide sodium salt (Cat. #A10436, Thermo Fisher Scientific) dissolved in DMSO was
mixed with 400 uL of 100 mM sodium acetate buffer pH 5.5 (Cat. # AM9740, Thermo
Fisher Scientific) and added to the prepared QK peptide solution. The mixture was then
allowed to react for 75 min at room temperature under constant agitation and the
fluorescently labeled QK peptide was concentrated using a Pierce™ Protein Concentrator,
10 MWCO, 0.5 mL (Cat. # 88513, Thermo Fisher Scientific) by centrifuging the sample at
12,000 x g for 5 min. The supernatant containing the fluorescently labeled AF488-QK
peptide was then adjusted to 1 mg/mL with 1X DPBS and stored at 4°C until further use.

Photopatterning of ovalbumin and QK peptide into GelNB-GelSH hydrogel

Active photopatterning of ovalbumin was performed by soaking printed GeINB-GelSH
constructs in 1 mg/mL of AF488-ovalbumin-PEG-thiol solution containing 0.2% (w/v) LAP
for 1 h. Digital patterns were then projected onto the GeINB-GelSH construct via UV
irradiation using our DLP-based printer. Immediately after exposure the constructs were
washed with 1X DPBS overnight. For passive conjugation of ovalbumin, GeINB-GelSH
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constructs were soaked in 1 g/mL of AF647-ovalbumin-PEG-NHS and allowed to react for 1
h at room temperature followed by washing in 1X DPBS overnight.

Similarly, QK peptide was actively photopatterned by soaking the GeINB-GelSH constructs
in 1 mg/mL of QK peptide solution supplemented with 0.2% LAP (w/v) for 1 h at 37 °C,
followed by selective UV irradiation with our DLP-based 3D printing platform and rinsed
overnight in 1X PBS. Note, this same procedure was performed for both fluorescently
labeled AF488-QK peptide for visualization and quantification of photoconjugation or non-
fluorescently labeled QK peptide for the endothelial cell studies. Imaging was performed
using a Leica DMI 6000-B fluorescent microscope and an Olympus FVV1000 confocal
microscope with 3D reconstructions produced using ImageJ software.

In our active photopatterning system, covalent conjugation can only be achieved upon UV
irradiation in the presence of both LAP and the NHS-PEG-thiol linker (Supplementary
Figure S8). All active photopatterning and passive conjugation experiments were conducted
using 3.33% (w/v) GeINB + 3.33% (w/v) GelSH + 0.4% (w/v) LAP to ensure excess
norbornene groups were available for conjugation. Meanwhile, the GeINB concentration
was increased to 5% (w/v) and 6.66% (w/v) to demonstrate the effect of increased
norbornene content on the amount of ovalbumin photoconjugation as shown in Figure 3C.
See Supplementary Table S6, S7 and S8 for more printing information.

Quantification of photoconjugation in GelNB-GelSH constructs

To qualitatively measure the relative amount of photoconjugation of ovalbumin or QK
peptide within the GeINB-GelSH constructs, printed samples were photopatterned using
AF488-labeled ovalbumin or QK peptide according to the above described methods. Upon
rinsing the samples in 1X PBS overnight at 37 °C, images were taken with a Leica DMI
6000-B fluorescent microscope. Measurements of the relative fluorescent intensity were
determined using ImageJ software (n=5). The plot profile function in ImageJ was also used
to measure the change in fluorescent intensity across the capillary photopatterned slab
shown in Figure 3C.

To quantify the concentration of photoconjugated ovalbumin or QK peptide within the
GelNB-GelSH constructs, triplicate samples of 2 mm (L) x 2 mm (W) x 250 um (H) slabs
were all photopatterned with AF488-labeled ovalbumin or QK peptide at 20 s exposure and
placed in a 48-well plate. Using adapted protocols [33], 200 pL of prewarmed 0.3 mg/mL
collagenase (Cat. # C9891-25MG, Sigma-Aldrich) in 1X PBS was added to each well and
digested at 37°C for 1 h. Non-photopatterned GeINB-GelSH slabs were also digested in the
same manner and served as background controls. Meanwhile, a 7-point standard curve was
prepared using serially diluted AF488-labeled ovalbumin or QK peptide 1 mg/mL stock
solution that was also exposed for 20 s to account for minor photobleaching of the samples
due to brief UV exposure. Finally, 200 pL of the digested sample supernatants and standards
were loaded into a flat bottom black 96-well plate and read with a Tecan Infinite® M200
PRO microplate reader at an excitation of 490 nm and emission of 525 nm. Concentration
was calculated based on the slope of the standard curve (n=5).
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Assessment of endothelial cell behavior to QK peptide

To assess the chemotactic response of photopatterned QK peptide on endothelial cell
migration within GeINB-GelSH hydrogels, a 3D printed daisy flower construct with
HUVEC:10T1/2 cells (50:1) encapsulated at 20 million cells/mL in the central floral disc
was fabricated using our integrated DLP-based printer. To visualize endothelial cell
migration, HUVECSs and 10T1/2 cells were stained with CellTracker™ Green CMFDA Dye
(Cat. #C2925, Invitrogen). Cells were rinsed once with 1XPBS followed by incubation for
45 min at 37°C in serum-free M199 basal media (Cat. #11150059, Thermo Fisher Scientific)
for HUVECs and DMEM basal media (Cat. # 11995-065, Gibco) for 10T1/2 cells each
supplemented with 5 uM of CellTracker™ Green CMFDA Dye. After incubation, the cells
were rinsed with 1X PBS to remove residual dye and their respective culture medium was
replaced and allowed to recover overnight prior to encapsulation. The following four groups
were tested: 1) full petal photopatterned +QK peptide, 2) single petal photopatterned +QK
peptide, 3) full petal photopatterned —QK peptide control, and 4) non-photopatterned —QK
peptide control. Note that the QK peptide photopatterned daisy constructs were fabricated as
illustrated in Supplementary Figure S9. Briefly, full daisy or single petal regions were first
printed and then incubated for 1 h at 37°C in 1 mg/mL QK peptide in ultrapure water prior
to photopatterning with our DLP-based platform and subsequent endothelial cell
encapsulation in the central region. The samples were cultured in EGM-2 media with media
changes every other day and at time points of 0, 24, 48, and 72 h post-printing the daisy
constructs were imaged using a Leica DMI 6000-B fluorescent microscope to visualize
endothelial cell migration from the central region to the surrounding petals. ImageJ cell
counter was used to quantify the average cell counts per petal for each group over time (n =
6). All QK peptide photopatterning cell experiments were conducted using 3.33% (w/v)
GelNB + 3.33% (w/v) GelSH + 0.4% (w/v) LAP to ensure excess norbornene groups were
available for conjugation as well as having appropriate mechanical properties to support cell
viability based on the prior the cell viability experiments. See Supplementary Table S7 for
further printing information.

Guided vascularization of a developing cardiac tissue mimic

To examine directed endothelial cell migration within a cellularized tissue construct, a
developing cardiac tissue mimic was fabricated as a proof-of-concept to demonstrate the
efficacy of photoconjugated QK-peptide to guide vascular growth as shown in Figure 4G.
Briefly, as illustrated in Supplementary Figure S10, 50 million cells/mL of iPSC-CMs were
first 3D printed to create the cardiac tissue portion followed by incubation for 1 h at 37°C in
1 mg/mL QK peptide in M199 basal media, and subsequently photopatterned with a vascular
digital pattern. After rinsing the photopatterned cardiac tissue construct overnight in 1XPBS,
CellTracker Green™ stained HUVEC:10T1/2 cells (50:1, 20 million cells/mL) representing
the endothelial cell population of the sinus venosus was printed into the complementary
region. The samples were cultured in EGM-2 media with media changes every other day and
at time points of 0, 24, 48, and 72 h post-printing the daisy constructs were imaged using a
Leica DMI 6000-B fluorescent microscope to visualize endothelial cell migration from the
sinus venosus to the cardiac tissue region (n = 3). See Supplementary Table S8 for further
printing information.
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Statistical analysis

All data are expressed as a mean + standard deviation (SD). Statistical analyses were
performed with GraphPad Prism version 6.0 Software by one-way ANOVA with Tukey’s
post-hoc comparison. Significant differences were considered when p<0.05.

3. Results and Discussion

3.1 Photoclickable thiol-ene gelatin hydrogel synthesis and printability

In this study, we synthesized a pure gelatin thiol-ene prepolymer composed of two
precursors: norbornene-functionalized gelatin (GelNB) and thiol-functionalized gelatin
(GelSH) (Figure 1A). Norbornene was chosen as the alkene functional group due to its low
homopolymerization and strained bicyclic structure, which allows for a more rapid reaction
than electron-deficient enes [16]. The photoinitiator lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) was added to the GeINB-GelSH prepolymer to enable
photopolymerization using our DLP-based 3D projection bioprinter (Figure 1B) along with
subsequent orthogonal photopatterning to form diverse biofunctionalized tissue matrices at
scale (Figure 1C). Due to the combined significant ring strain relief by the addition of a thiyl
radical to the double bond in norbornene and rapid abstraction of hydrogen from the thiol,
the overall step-growth polymerization kinetics proceed very quickly [17]. As such, we
demonstrated rapid 3D printing, on the order of seconds, of complex GeINB-GelSH
hydrogels in a retinal capillary design (Figure 1D). With this printing system we were able
to achieve constructs possessing fine micron scale resolution features as small as 10-30 um
with visible pixel detail on the edges. Given the inherently soft mechanical properties of
pure gelatin-based biomaterials, the ability to fabricate larger 3D printed structures can be
challenging and typically requires the addition of synthetic biomaterials to provide structural
integrity. Since our GelNB-GelSH hydrogels rapidly form a homogenous gel network under
photopolymerization, we were able to readily print centimeter scale structures by employing
a continuous, DLP-based 3D printing approach. In this case, a pair of kidney-shaped
constructs (Figure 1E, Supplementary Figure S11) each measuring approximately 1 cm (L)
x 0.7 cm (W) x 0.4 cm (H) was fabricated without the need for additional photo-absorbers
typically required to control for excess free radical initiation or propagation that negatively
effects the resolution, consistent with other works 3D printing thiol-ene gelatin [8]. General
features on the kidney shape were well-resolved with smooth contours, no physical collapse,
and the structure robustly remained intact upon manual manipulation.

3.2 Modulation of physical properties of GeINB-GelSH hydrogels

Given the printability of our GeINB-GelSH material, we next investigated the impact of
different molar ratios of norbornene to thiol groups to modulate the physical properties of
the printed hydrogels. Unlike chain-growth polymerization systems, such as gelatin
methacrylate (GelMA), in which increased gel network density is often associated with
higher macromer concentration [34,35], the orthogonal nature of our thiol-ene GelNB-
GelSH prepolymer allows us to decouple the effects of available norbornene and thiol
groups to alter the mechanical properties. Based on the measured degree of substitution for
GelNB (~44%) and GelSH (~22%) (Supplementary Figures S1-S3), a set of GeINB-GelSH
hydrogels of 1:1, 1:2, and 2:1 molar ratio of norbornene to thiol functional groups was
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fabricated. Relative to hydrogels prepared with 1:1 GeINB:GelSH, a change to 1:2
GelNB:GelSH resulted in a significant increase in tensile modulus as well as compressive
modulus from 0.5 + 0.3 kPato 1.3 + 0.4 kPa and 1.1 + 0.3 kPa to 4.9 + 1.3 kPa, respectively
(Figure 2A,B). This can be attributed to the excess thiol groups present in the 1:2
GelNB:GelSH formulation resulting in a denser network due to both the thiol-ene
orthogonal coupling as well as the formation of disulfide bonds from the excess thiol
moieties [36]. Notably, these mechanical properties are much softer than other thiol-ene
gels, such as those developed by Bertlein et al. [8], which uses a very short cross linker
(DTT) for provide its thiol groups. This means our material is more applicable towards soft
tissues, as opposed to stiffer models, such as those required by cancer models. While the
swelling ratio (i.e. ~15% and ~17% for 1:1 and 1:2 GelNB:GelSH, respectively) was not
significantly different between the hydrogels (Figure 2C), closer inspection of the
ultrastructure via scanning electron microscopy (SEM) revealed a denser crosslinked
network in the 1:2 GelNB:GelSH formulation (Figure 2D). In contrast, hydrogels prepared
using a 2:1 GelNB:GelSH formulation with an excess of available norbornene groups
showed a significantly lower tensile and compressive modulus of 0.8 + 0.4 kPaand 1.7 + 0.4
kPa, respectively, compared to the 1:2 GelNB:GelSH case of excess thiol groups (Figure
2A,B). Since fewer crosslinks are formed in the 2:1 GelNB:GelSH hydrogel, a looser gel
network is created which is reflected upon the significantly higher swelling ratio observed
(Figure 2C) along with a more porous ultrastructure (Figure 2D). We further demonstrated
that by fixing the molar ratio to 1:1 GeINB:GelSH, varying the total macromer concentration
from 5% (w/v) to 15% (w/v) was directly proportional to an increase in tensile (i.e. ~0.5 to
~5 kPa) and compressive moduli (i.e. ~1 to ~11 kPa) and decreased swelling ratio (i.e. ~15%
to ~9%) as expected due to greater crosslinking density (Figure 2A-C). In general, the
compressive moduli of the printed GeINB-GelSH hydrogels were higher than the tensile
moduli. Though it can be difficult in practice for soft materials like hydrogels, characterizing
the tensile modulus in addition to the compressive modulus provides valuable insight for
tissue engineering applications in which a graft or a scaffold is required to sustain both
stretching and compressive forces [37,38]. Furthermore, all GeINB-GelSH hydrogels
remained stable with no observable dimensional changes over 7 days upon reaching swelling
equilibrium and possessed a more homogeneous gel network ultrastructure compared to
chain growth polymerized GelMA (Supplementary Figure S5). Overall, these results
showcase the possibility to modularly tune the physical characteristics of GeINB-GelSH
hydrogels by altering the macromer components to control the degree of crosslinking
independently of total gelatin content.

3.3 Soft GelNB-GelSH hydrogels as highly cytocompatible matrices

In the context of tissue engineering, gelatin is a naturally occurring protein derivative of
collagen and has been highly regarded as a matrix scaffolding biomaterial given its intrinsic
biological properties, biocompatibility, and biodegradability [39]. Specifically, several
studies have demonstrated the encapsulation of various cell types within gelatin-based thiol-
ene hydrogels including porcine chondrocytes, human hepatocellular carcinoma cells,
human fibroblasts, and human keratinocytes [8,22,40]. However, with the advent of induced-
pluripotent stem cell (iPSC) technology and their growing use in regenerative medicine,
disease modeling, and drug discovery, few studies have investigated the biocompatibility of
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iPSC-derived cell types in gelatin thiol-ene hydrogel systems. To evaluate the potential of
our GelNB-GelSH hydrogel as a supportive matrix for iPSCs, we encapsulated iPSC-derived
cardiomyocytes (iPSC-CMs) in a soft hydrogel formulation chosen to fall within the
stiffness range of the developing heart (i.e. ~5 kPa) to ensure optimal cell survival [41]. Live/
Dead™ staining images showed good viability with very few detectable dead cells within
the GelNB-GelSH hydrogels over 7 days (Figure 2E), which correlates to the consistent
metabolic activity measured using CellTiter-Glo® 3D cell viability assay (Figure 2F).
Moreover, the high cellular density maintained that is necessary for cell-cell interactions led
to strong synchronized contraction being observed uniformly throughout the entire tissue
construct starting at 72 h post-encapsulation (Supplementary Movie S2). Since
vascularization plays an important role in providing vital nutrients to cells as well as
promoting the maturation of tissues [4,42], we also assessed the viability of encapsulated
human umbilical cord endothelial cells (HUVECS) co-cultured with C3H/10T1/2 (10T1/2)
fibroblast cells to act as the supportive perivascular cells and mimic the native vascular
population [43]. From the Live/Dead™ fluorescent images (Figure 2E), our GeINB-GelSH
hydrogels supported high cell viability, spreading, and proliferation as measured by the
increase in metabolic activity over 7 days in culture (Figure 2G). Confluent regions of the
printed construct also showed the cells adopting a cobblestone-like endothelial cell
morphology near the surface of the hydrogel. Overall, our GeINB-GelSH hydrogels were
able to support greater than 86% and 94% viability across all time points for the
encapsulated iPSC-CMs and HUVEC:10T1/2 cells, respectively (Supplementary Table S1).
Together, these findings confirm the potential of our 3D bioprinted GeINB-GelSH hydrogels
for fabricating functional cell-laden tissue constructs for cardiac and vascular tissue
engineering applications.

3.4 Spatiotemporally controlled presentation of DLP-based photopatterned proteins
within GeINB-GelSH hydrogels

A key advantage of thiol-ene hydrogel systems is the capability to control the presentation of
bioactive moieties to introduce additional biofunctional properties such as chemotactic
guidance and differentiation factors to dictate cell fate. Using the same chemistry for
GelNB-GelSH hydrogel assembly, thiolated proteins or peptide growth factors can be
directly conjugated to available norbornene moieties within the hydrogel upon selective UV
irradiation with our DLP-based 3D projection printing platform. Here, we used fluorescently
labeled ovalbumin to explore multiple techniques to tune the degree of conjugation for the
generation of patterned hydrogel substrates. In the first case, we demonstrated active UV
photopatterning of AF488-ovalbumin-PEG-thiol into a capillary design followed by passive
conjugation of AF647-ovalbumin-PEG-NHS in the complementary regions (Figure 3A). The
latter conjugation proceeds spontaneously via N-hydroxysuccinimide (NHS)-ester chemistry
whereby an amide bond is formed with an available primary amine of GeINB or GelSH. Due
to patterned conjugation of AF488-ovalbumin-PEG-thiol within the hydrogel, secondary
crosslinking within the same capillary region is greatly reduced as shown by the absence of
AF647-ovalbumin-PEGNHS (Figure 3Aii). Next, we examined the degree of
photoconjugation as a function of the UV irradiation exposure time (Figure 3B). Increasing
the exposure time resulted in stronger fluorescence intensity which is directly correlated to
greater AF488-ovalbumin-PEG-thiol conjugation within the GeINB-GelSH hydrogel as
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shown in the 15 s and 30 s exposed capillary patterns in Figure 3Bi. Varying the exposure
time also enables us to change the quantity of immobilized protein within a selected area and
control the amount of subsequent photoconjugation available for different proteins within
the same region. This was demonstrated by photopatterning AF647-ovalbumin-PEG-thiol
over partial regions of the 15 s and 30 s exposed AF488-ovalbumin-PEG-thiol patterns
(Figure 3B). Merged images displaying an overlap of the patterns within the 15 s region
showed both AF488-ovalbumin-PEG-thiol and AF647-ovalbumin-PEG-thiol visibly present
compared to the 30 s region where the AF488-ovalbumin-PEG-thiol predominates. These
findings illustrate a simple and direct approach to deterministically pattern multiple
bioactive conjugates of varying amounts using exposure time within a specified area. Not
only can this technique produce gradient designs, but it could also be useful in applications
where preparing combinations of different factors is necessary to decouple synergistic
effects in complex tissue systems. As a final variable, we assessed the effect of norbornene
content within the hydrogels to modify the degree of photoconjugation. Here,
photopatterning exposure time was kept constant while three different hydrogels of
increasing excess norbornene groups were tested (Figure 3C). As expected, hydrogels
possessing a greater excess of norbornene resulted in a greater degree of AF488-ovalbumin-
PEG-thiol photoconjugation as measured by the increasing fluorescence intensity of the
capillary designs observed between the 2:1 to 3:1 to 4:1 GelNB:GelSH portions of the
hydrogel (Figure 3D). Confocal 3D reconstruction of our photopatterned capillary design
further demonstrated the ability of our platform to attain full-depth photoconjugation
throughout a 250 um tall construct while maintaining clearly defined features of at least 50
um resolution (Figure 3E). At present, rapidly photopatterning large volumes on the
millimeter scale as well as real-time interchange between complex geometric designs is
challenging using multi-photon techniques which function in a raster-like fashion or
traditional photolithography that involves multiple processing steps [18,19]. Our platform
takes advantage of the benefits of DLP-based projection patterning used in the 3D
bioprinting of hydrogels to rapidly photopattern the entire plane without compromising
resolution, while also allowing for quick exchange of digital patterns and bioconjugates to
form intricate designs. We confirmed this capability by generating a multi-colored Mona
Lisa portrait measuring approximately 2 mm by 3 mm in area by successively
photopatterning three distinct digital patterns designed for each color of fluorescently
labeled ovalbumin-PEG-thiols (i.e. AF488, AF555, and AF647). The fluorescent images in
Figure 3F show well-defined shapes for each of the photopatterned regions which overlay to
form the complete portrait. This is particularly useful in the biofabrication of tissues wherein
rapid construction is critical to maintain cell viability in addition to having the flexibility to
incorporate small to large scale hierarchical components. Altogether, the inherent tunability
of our platform and GelNB-GelSH hydrogel system to adjust for different parameters to
produce complex photoconjugated designs opens unlimited possibilities to engineer
customized biofunctional matrices in a reproducible and robust manner.

3.5 Biofunctionalized GelNB-GelSH hydrogels enable programmable endothelial cell

growth

3D bioprinting technology has emerged as an excellent method for the placement of
biomaterials and cells with high spatiotemporal precision to build biomimetic tissue and
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organ substitutes. Consequently, an equally important factor to demonstrate the potential
clinical translation of bioprinted tissues is the ability to control cell fate over time to ensure
predictable biological responses such as migration, proliferation, and differentiation /n vitro
or /n vivo [44]. Building on this concept, we applied our integrated DLP-based 3D
bioprinting and orthogonal bioconjugation platform to fabricate a 3D chemotactic guidance
model to produce programmable tissue vascularization. We hypothesized that
photopatterning the VEGF peptide mimic, QK with a cysteine-PEG6 modification on the N-
terminus (i.e. Cys-PEG6-KLTWQELYQLKYKGINH,), within our GeINB-GelSH
hydrogels would permit control over encapsulated endothelial cell migration, proliferation,
and directionality as it has been demonstrated previously to modulate angiogenic response
[45,46]. To enable visualization of photopatterned QK peptide, we used fluorescently
labeled AF488-QK peptide and photopatterned it into a daisy flower to demonstrate control
over both uniform and gradient designs as shown in Figure 4A and Figure 4B, respectively,
wherein longer exposure times resulted in greater fluorescence intensity (Figure 4C). In this
case, an exposure time of 20 s was chosen for all subsequent cell studies which corresponds
to an approximate concentration of 0.36 + 0.03 ug/mL QK peptide photoconjugated within
the GelNB-GelSH hydrogel. To visually track endothelial cell response, a 3D printed daisy
flower construct was created comprising of acellular petals and a cellularized central floral
disc composed of encapsulated HUVEC:10T1/2 cells (50:1 ratio) stained with
CellTracker™ Green (Figure 4D and Supplementary Figure S8A). Bioactivity of the QK
peptide was maintained post-photopatterning as confirmed by the significantly greater
number of cells observed in the petal regions of the full photopatterned +QK peptide group
compared to the non-photopatterned -QK peptide control (Figure 4E). In particular, the
effect of QK peptide on cell migratory response was immediate at 24 h with cells reaching
more than 500 pm in distance to the petal periphery by 72 h. In addition, cell proliferation
was also observed as shown by the visible enlargement of the central floral disc in the full
photopatterned +QK peptide group. While photopatterning may have induced small changes
in mechanical properties of the petal regions, these effects were found to be negligible in
influencing endothelial cell migration in the full petal photopatterned controls absent of QK
peptide (Supplementary Figure S9C). Directionality of endothelial cells due to the presence
of photopatterned QK peptide was also assessed using a single petal photopatterned +QK
peptide design (Figure 4D). Analogous to the full photopatterned +QK peptide group,
significant preferential migration of cells was observed towards the single photopatterned
+QK peptide petal compared to the remaining five petals across 72 h in culture (Figure 4F).
In addition, redistribution of cell density within the central flower disc occurred showing
visibly higher cell density located near the border of the single photopatterned +QK peptide
petal (Figure 4D). Based on the bioactive potency of photopatterned QK peptide, as a proof-
of-concept, we investigated a practical application by recapitulating the developmental event
of recruiting vascular cells from the sinus venous to form the cardiac capillary bed (Figure
4G) [47]. We first 3D printed the cardiac portion composed of iPSC-CMs at tissue scale
density (i.e. 50 million cells/mL) and subsequently photopatterned QK peptide into a
vascular digital pattern followed by bioprinting of the endothelial sinus encapsulated with
HUVEC:10T1/2 cells (50:1 ratio) stained with CellTracker™ Green (Supplementary Figure
S10A). Over the course of 72 h, visible migration of the endothelial cell population was
observed that was guided by the photopatterned QK peptide within the cardiac tissue region.
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Meanwhile, there was no observable endothelial cell migration into the cardiac region in the
photopatterned controls absent of QK peptide as well as non-photopatterned -QK peptide
controls (Supplementary Figure S10B). In general, this work showcases the relevant
application of our DLP-based orthogonal bioconjugation system to study endothelial cell
guidance and lays the groundwork for future studies examining dynamic processes for the
controlled de novo formation of vascular networks.

4. Conclusions

Our findings highlight the potential application of our integrated DLP-based 3D bioprinting
and orthogonal bioconjugation platform as an advanced biomanufacturing method for
precision tissue engineering. In particular, our platform enables us to produce programmable
cell niches through biofunctionalized 3D printed hydrogels with predetermined
environmental cues to control for different cellular behavioral outcomes. Namely, the
versatility offered in our thiol-ene GeINB-GelSH hydrogel system enables higher-ordered
modulation of desired mechanical properties as well as gel network density through varying
the molar ratio of norbornene to thiol moieties. The pure gelatin composition within our soft
GelNB-GelSH hydrogels also served as a conducive environment to support high cell
viability of iPSC-CMs and endothelial cells to enable rapid 3D bioprinting of complex tissue
geometries with micron scale resolution. By using our DLP-based orthogonal
photoconjugation technique to immobilize proteins and peptide growth factors, additional
biochemical properties could be directly designed into 3D bioprinted cell matrices with high
spatiotemporal precision in a scalable manner. In addition to sequential 3D bioprinting and
photopatterning as demonstrated in this study to form heterogenous photoconjugated
regions, it is also possible to perform photopatterning during 3D printing to achieve
homogenous photoconjugated constructs in a one-step process to improve the workflow of
future applications. The methods established in this study for combining bioprinting and
orthogonal photoconjugation can be later adopted to fully 3D models, and we aim to expand
peptide immobilization into 3D geometries, allowing us to explore long term vasculature and
tissue development. Additionally, in the realm of regenerative medicine, this technology
would open new directions to build transformative 3D bioprinted cell matrices that can
predictably guide desired cell fate by utilizing the expansive library of bioactive peptides,
proteins, or growth factors available in literature for broad applications such as tissue repair,
disease modeling, and stem cell engineering.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Fabrication of biofunctionalized GeINB-GelSH hydrogels using an integrated DLP-based

3D projection bioprinting and orthogonal bioconjugation platform. (A) Schematic of photo-
induced thiol-ene click chemistry reaction to produce GelNB-GelSH hydrogels and
subsequent biofunctionalization. (B) Schematic of our DLP-based 3D bioprinter and
orthogonal bioconjugation platform for the rapid fabrication of GeINB-GelSH hydrogels and
photopatterning of bioactive moieties. (C) Rapid orthogonal photopatterning to immobilize
multiple bioactive moieties within GeINB-GelSH hydrogels via digital light projection to
form small to large volume complex designs. This is accomplished by sequential
photopatterning onto the same hydrogel by using select digital patterns for each bioactive
moiety. Scale bars = 250 pm. (D) Digital pattern of a retinal capillary network along with
their corresponding brightfield images of printed GeINB-GelSH hydrogel showing high
resolution features. Scale bars = 500 pm (i) and 250 um (ii). (E) 3D printed GelNB-GelSH
kidney-shaped constructs. The constructs were stained with dye post-printing for
visualization. Scale bar =5 mm.

Biomaterials. Author manuscript; available in PMC 2021 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Yu et al.

>

Tensile Modulus (kPa)

Compressive Modulus (kPa)

(@)

Swelling Ratio (%)

Page 21
D (1:1) (1:2) (2:1)

B

B

3

o

o

(1:2) (
GelNB:GelSH  GeiNB:GelSH GeINB:GelSH  GeINB:GelSH  GelNB:GelSH  GelNB:GelSH

(1:1) (1
GelNB:GelSH ~ GeINB:GelSH ~ GelNBGelSH ~ GelNB:GelSH ~ GeINB:GelSH ~ Gell

GelNB:GelSH GelNB:GelSH GelNB:GelSH

m

24h 72 h 7d

(11) 2:1) 5%wiv(1:1)  75%wN(1:1)  15% wiv(1:1)

")
=

Q

* " 8

| — o

2) (21) 5% WV (1) 75%wiv(1:1)  15%wiv(1:1)

HUVECs:10T1/2

3

a
8

8

N
3

3

X
S

0
o
@

iPSC-CMs viability
(UM ATP/construct)
HUVEC:10T1/2 viability

FS

N

(uM ATP/construct)

>

(1:1) (1:2) (21)
GelNBGelSH ~GelNBGelSH ~ GelNB:GelSH ~ GelNB:GelSH ~ GelNB:GeiSH ~ GeINB:GelSH 24h 72h 7d

S%wv (1) 75%wWN (1)  15%wiv(1:1)

 —
1
| |
24h 72h 7d
Figure 2.

Physical characterization of printed GeINB-GelSH hydrogels and cytocompatibility of
encapsulated cells. Plots of (A) tensile modulus, (B) compressive modulus, and (C) swelling
ratio over time. * = significance between time points (p<0.05, n = 4-7). (D) Representative
SEM images showing the ultrastructure and porosity of the GeINB-GelSH hydrogels with
varied molar ratios of norbornene to thiol functional groups. Scale bar = 1 uym. (E)
Representative fluorescent images showing Live/Dead™ (green = live, red = dead) stained
iPSC-CMs and HUVEC:10T1/2 cells (50:1) over 7 days in culture. Scale bars = 250 um.
CellTiter Glo® 3D cell viability assay quantification of ATP content for (F) iPSC-CMs and
(G) HUVEC:10T1/2 cells encapsulated in GeINB-GelSH constructs over 7 days in culture. *
= significance between time points (p<0.05, n = 3). For cell viability assays in (E), (F), and
(G), GelNB:GelSH (2:1) (i.e. 3.33% (w/v) GelNB + 3.33% (w/v) GelSH) constructs were
used.
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Figure 3.
Controlled presentation of immobilized proteins within GeINB-GelSH hydrogels using

DLP-based photopatterning. (A) Dual mechanisms of protein conjugation showing active
UV photopatterning with AF488-ovalbumin-PEG-thiol to excess norbornene groups,
followed by passive spontaneous conjugation without UV irradiation of AF647-ovalbumin-
PEG-NHS to available primary amine of GelNB or GelSH. Scale bars = 500 pm. (B)
Changing photopatterning exposure time to vary the degree of ovalbumin conjugation to
norbornene groups within the GeINB-GelSH hydrogel wherein: (i) shows AF488-
ovalbumin-PEG-thiol at 15 s (top) and 30 s (bottom) exposure and (ii) shows a
photopatterned overlap of AF647-ovalbumin-PEG-thiol into the central region. Scale bars =
500 um. (C) Varying the degree of ovalbumin conjugation by changing the norbornene
availability in the GeINB-GelSH hydrogel wherein greater conjugation is observed in
regions with higher norbornene content. Scale bars = 500 um. Dotted white lines depict
border of the printed GeINB-GelSH hydrogel slab. (D) Plot of fluorescence intensity
corresponding to regions (a-c) in the GeINB-GelSH hydrogel as indicated by the yellow line.
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(E) Confocal 3D reconstruction of AF488-ovalbumin-PEG-thiol conjugated to the GelNB-
GelSH hydrogel displaying full depth of photopatterning throughout the 250 pum tall
construct. Inset shows confocal top view image of the capillary photopattern. Scale bars =
250 um and 200 um (inset). (F) Set of photopatterned designs used to form the Mona Lisa
using (i) AF488-ovalbumin-PEG-thiol (green), (ii) AF555-ovalbumin-PEG-thiol (yellow),
and (iii) AF647-ovalbumin-PEG-thiol (red). Scale bar = 250 pm.
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Figure. 4.
Photopatterning of the VEGF mimic QK peptide for guidance of endothelial migration,

proliferation, and directionality. Representative fluorescent images of a printed GelNB-
GelSH daisy construct showing (A) uniform and (B) gradient (i.e. petals: A=0s,B=5s,C
=155, D=20s, E=25s, F =30 s exposure) photopatterning of AF488-QK peptide. Scale
bars = 500 um. (C) Plot of relative fluorescence intensity corresponding to each petal in the
gradient photopatterned daisy flower (n = 5). (D) Representative fluorescent images of 3D
bioprinted GeINB-GelSH daisy constructs showing the migratory response of encapsulated
CellTracker Green™ stained HUVEC:10T1/2 (50:1) cells from the central floral disc to the
petal regions over 72 h. Yellow asterisk denotes the single photopatterned +QK peptide
petal. Scale bars = 500 pm. (E) Average cell counts per petal in the full +QK peptide petal
design compared to the full non-photopatterned -QK peptide petal control. (F) Average cell
counts per petal in the single photopatterned +QK peptide petal compared to the surrounding
non-photopatterned -QK peptide petal controls. * = significance between groups (p<0.05, n
= 6). (G) 3D printed developing cardiac tissue mimic composed of iPSC-CMs showing
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CellTracker Green™ stained HUVEC:10T1/2 (50:1) cells growing from the sinus venosus to
the capillary bed region in response to photopatterned +QK peptide over 72 h. Red outline
denotes printed region of the sinus venosus (n = 3). Scale bar = 500 um.
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