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Template-Enabled Biofabrication of Thick 3D Tissues with
Patterned Perfusable Macrochannels
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Reihaneh Haghniaz, Avijit Baidya, Homeyra Pourmohammadali, Nasim Annabi,
Paul S. Weiss, Ehsan Toyserkani,* and Ali Khademhosseini*

Interconnected pathways in 3D bioartificial organs are essential to retaining
cell activity in thick functional 3D tissues. 3D bioprinting methods have been
widely explored in biofabrication of functionally patterned tissues; however,
these methods are costly and confined to thin tissue layers due to poor
control of low-viscosity bioinks. Here, cell-laden hydrogels that could be
precisely patterned via water-soluble gelatin templates are constructed by
economical extrusion 3D printed plastic templates. Tortuous co-continuous
plastic networks, designed based on triply periodic minimal surfaces (TPMS),
serve as a sacrificial pattern to shape the secondary sacrificial gelatin
templates. These templates are eventually used to form cell-encapsulated
gelatin methacryloyl (GelMA) hydrogel scaffolds patterned with the complex
interconnected pathways. The proposed fabrication process is compatible
with photo-crosslinkable hydrogels wherein prepolymer casting enables
incorporation of high cell populations with high viability. The cell-laden
hydrogel constructs are characterized by robust mechanical behavior. In vivo
studies demonstrate a superior cell ingrowth into the highly permeable
constructs compared to the bulk hydrogels. Perfusable complex
interconnected networks within cell-encapsulated hydrogels may assist in
engineering thick and functional tissue constructs through the permeable

internal channels for efficient cellular activities in vivo.

1. Introduction

Continuous delivery of nutrients and removal of waste products
are essential functions for the survival of bulky multicellular

tissues and metabolic activities of living
organs.[!l Blood vessels, as interconnected
pathways, can facilitate such delivery by the
circulatory system to many tissues. Engi-
neering synthetic multicellular and func-
tional tissues require a comprehensive net-
work of interconnected channel pathways
to enable the distribution of metabolites.[?]
Tremendous efforts have been made to reca-
pitulate the vasculature networks in native
organs; however, state-of-the-art techniques
nonetheless fail to fabricate scalable and ro-
bust vascularized tissue constructs.
Multiple approaches have been explored
to develop 3D complex tissues engineered
with incorporated internal pores/channels.
Conventional techniques such as gas
foaming,®l  freeze-drying,¥ and partic-
ulate leachingl®! have proven to be less
appropriate for biofabrication of functional
tissues, due to their limited pore inter-
connectivity and/or insufficient control
on the pore shape. 3D bioprinting, which
is layer-by-layer assembly of bioinks,!®
has shifted the focus of biofabrication
interests within the last few decades.
Extrusion-based 3D bioprinting (also known as bioadditive
manufacturing),’ material-jetting,®! digital light processing,!°!
and stereolithography!’®! have been widely reported. Despite
many advantages offered by extrusion 3D bioprinting, they have
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been accompanied by drawbacks such as nozzle clogging and
limited resolution.'!l The low viscosity of most bioinks, which
are often difficult to handle, and the demand for layer-by-layer
curing impose other challenges such as control over the physi-
cal properties of the bioinks and structural integrity of the final
3D bioprinted tissue constructs.!'?] In these methods, increasing
the cell density beyond a certain limit results in nozzle clogging,
and thereby the augmented shear forces transferred to the cells
from the bioink flow can cause cell death.[**! In addition, cell sed-
imentation during the 3D bioprinting process has been a ma-
jor issue, leading to heterogeneous cell distributions in the final
constructs.!*!

Template-based biofabrication approaches can enable engi-
neering 3D constructs from soft hydrogels that are often chal-
lenging to be directly 3D bioprinted. In this approach, a 3D
printed sacrificial template is embedded into a soft hydrogel
that is cured later after the casting process.[>] This step is fol-
lowed by sacrificing the template to reveal the resulting hydro-
gel with an internal 3D interconnected network of open chan-
nels inscribed by the original interconnected templates. Noz-
zle injection in the conventional 3D bioprinting methods is re-
placed with casting processes to facilitate loading larger popu-
lations of cells and eliminate shear-force-induced cell death as
well as cell sedimentation. The sacrificial templates must be
transparent to prevent shadow artifacts that would hinder the
curing process for the infilled hydrogel matrices with ultravi-
olet (UV) or visible light-based crosslinking mechanisms.[2>1¢]
Biotemplating also requires sacrificial templates that can be
safely washed away. Three-dimensionally printed sacrificial tem-
plates from a multitude of candidate materials such as gelatin, /7]
pluronic,?#<18] poly(vinyl alcohol),l'! alginate,?) and carbohy-
drate mixtures(?>1621 have been demonstrated in the literature,
each of which, however, has its own limitations. For instance,
carbohydrate-based templates!?®! were fabricated by hot melt
extrusion-based 3D printing;?"! however, the 3D printed con-
structs were mostly restricted to few-layer lattice-shaped patterns
due to difficulties in controlling the ink physical properties and
its deposition in multi-layered constructs. The ink characteristics
needed to be tuned via mixing with other additives such as dex-
tran, sucrose, and glucose, which requires further practice and
burdensome optimization processes.?’! In another example, a
mixture of isomalt powder and cornstarch was used for fabricat-
ing vasculature templates, using a selective laser sintering (SLS)
platform. Selective laser sintering may face challenges in the de-
powdering stage when it comes to bulky constructs with fine
porous architectures. The opaque optical properties of the tem-
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plates can present another obstacle to the later prepolymer pho-
topolymerization to obtain 3D thick constructs. Gelatin, a ther-
moresponsive (liquid at 37 °C and forms gel at the room tem-
perature) and water-soluble candidate, could be more favorable
as sacrificial material in template-based biofabrication, due to its
cell friendly nature. However, direct extrusion printing of gelatin
could be highly challenging due to its low viscosity and slow phys-
ical gelation with temperature, leading to structural self-collapse,
especially for printing overhanging features. This matter limits
the resolution, complexity, and precision of the final constructs
and therefore only works for printing patterned 2D structures.!°]

Leveraging our previous experience in developing silicone con-
structs through template-assisted techniques,??! we propose a ro-
bust, accessible, and economical double-templating fabrication
process to develop gelatin sacrificial templates with complex and
fine internal features using 3D printed primary plastic molds.
Gelatin molds serve to fabricate 3D thick cell-laden hydrogels
with interconnected macrochannels. In this process, we aim to
construct gelatin methacryloyl (GelMA) structures from low vis-
cous cell-laden prepolymers, which are often difficult to process
using the extrusion 3D bioprinting methods. The superior con-
trol on the internal channel architectures is demonstrated in
porous hydrogels designed based on tortuous triply periodic min-
imal surfaces (TPMS), known as P and D structures. Design pa-
rameters in these scaffolds were also employed to tune the me-
chanical and biopermeability properties. Finally, the in vitro and
in vivo studies are conducted to demonstrate bioactivity of the
engineered GelMA constructs for fabrication of functional tissue
replacements.

2. Results and Discussion

2.1. Template-Based Fabrication of Tissue Constructs

The fabrication scheme for the development of internally chan-
neled soft tissue constructs is illustrated in Figure la. First,
poly(lactic acid) (PLA) primary molds designed based on TPMS
architectures (Figure S1, Supporting Information) were fabri-
cated via the fused deposition modeling (FDM) technique (Fig-
ure lal and Figure S2I, Supporting Information). The FDM-
based extrusion 3D printing techniques are well established and
accessible with the lowest cost among 3D printing techniques.
The bulky 3D tortuous features of porous TPMS architectures
can be 3D printed, often with no need for support materials.
Dissolving FDM 3D printed plastic templates, however, requires
harsh solvents that could damage living cells. Hence, the PLA
templates were cast with gelatin to enable the precise fabrication
of water-soluble gelatin secondary templates. Note that we ini-
tially considered water-soluble carbohydrate secondary templates
such as isomalt. However, molten isomalt (at ~130 °C) tends to
quickly solidify while casting in the PLA template, hindering full
penetration into the pores. Hence, we found it challenging to
form carbohydrate templates as higher temperatures could also
thermally distort the 3D printed plastic PLA template.

Gelatin solution (10% w/v) at higher temperatures (=80 °C,
well below the melting temperature of PLA, i.e., 150-160 °C) was
liquid enough to infuse fully within the channels of the PLA tem-
plate with the aid of vacuum. Cooling the gelatin infilled PLA
template down to ~4 °C led to the in situ physical gelation of
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Figure 1. The 3D biotemplating scheme for fabrication of thick 3D structured cell-laden gelatin methacryloyl (GelMA) constructs with patterned tortuous
macrochannels. a) Schematic illustration of the proposed fabrication procedure. I: 3D printing of the primary templates using extrusion methods based
on fused deposition modeling (FDM), Il: casting gelatin at high temperature (80 °C) in the PLA templates followed by physical gelation of gelatin at the
low temperature (4 °C). Ill: Development of the porous gelatin template by the dissolution of PLA plastic in dichloromethane (DCM), and DCM removal
in water for ~1d. IV: Casting a cell-laden GelMA prepolymer solution via a visible light crosslinking procedure. V: Removing the gelatin template from a
network of photo-crosslinked cell-encapsulated GelMA hydrogel at the incubation temperature during the cell culture (37 °C). b) Images from different
views of the fabricated GelMA hydrogel constructs. I: Top-side view of hydrogel with the P structure at 0.42 relative density (RD). II, Ill: Side and top
views of the scaffold with 0.70 RD, respectively. IV: Magnified image of the micro-scale pores in the fabricated scaffolds. Demonstration of complex 3D
human tissue models, i.e., c) ear |: top view, II: side view, and d) nose fabricated using the proposed procedure (I, II: microcomputed tomography (u-CT)

images of the freeze-dried porous nose models at cross-sections shown in (d)).

(resembling complex-shaped blood vessels).

gelatin. This step was followed by dichloromethane (DCM) treat-
ment that led to the successful removal of PLA, leaving behind
the porous gelatin construct to which the PLA pattern was fully
transferred (see Figure 1all and Figure S2ILIII, Supporting In-
formation). Note that we initially used acrylonitrile butadiene
styrene (ABS) and acetone as a primary sacrificial template and
the solvent in our gelatin template fabrication system (for dissolv-
ing ABS), respectively; however, the gelatin was distorted upon
immersion in acetone (see Figure S3 in the Supporting Informa-
tion), whereas no visible shape changes were observed in the case
of DCM. In addition, DCM is highly volatile and hardly misci-
ble with water, thereby it could be easily removed from gelatin
when immersed in aqueous media, as illustrated in Figure 1alll
and Figure S2III (Supporting Information). In essence, a thin
film of DCM, which can easily evaporate, was observed on the
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e) Demonstration of open channels fabricated inside a GelMA hydrogel

surface of the water bath after soaking the DCM-treated gelatin
template.[?*] Part of the DCM, as it replaces with water, sank into
the water bath per the higher density of DCM that facilitates its
removal from the gelatin template. The removal of DCM from
gelatin was further confirmed by gas chromatography mass spec-
trometry (GCMS). The results shown in Figure S4 (Supporting
Information) indicate that the peak at 2.17 min (corresponding to
DCM) did not appear in both gelatin templates dialyzed in fresh-
water bath as well as final GelMA constructs suggesting success-
ful removal of DCM (accuracy within ~5 ppm range).

Visible light crosslinkable cell-laden GelMA prepolymer
was pipetted into the gelatin templates followed by a photo-
crosslinking process. Due to the hydrophilicity of both GelMA
and gelatin,'** and co-continuous phases of the templates, the
gelatin template was fully filled upon casting GelMA prepolymer

© 2022 Wiley-VCH GmbH
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with no observable evidence of bubble formation (Figure 1alV
and Figure S2IV, Supporting Information). Irradiating the
GelMA prepolymer (containing Eosin Y as a photoinitiator,
triethanolamine (TEA) as coinitiator, and N-vinylcaprolactam
(VC) as comonomer) with visible light resulted in a color change
from red to yellow as shown in Figure S2V (Supporting Infor-
mation), which was indicative of crosslinking reaction. Visible
light was irradiated until a uniform color change was obtained
across the structure, to minimize crosslinking gradients. The
use of visible light crosslinking in this approach is expected
to pose a lower risk of cell damage compared to the ultraviolet
(UV)-light-initiated polymerization.[’] The gelatin template was
fully dissolved in the cell-culture media during the incubation at
37 °C (or in warm water for the cell-free experiments), leaving
behind the 3D self-standing porous GelMA construct shaped in
accordance with the primary PLA template (see Figure 1aV,b and
Figure S2VI, Supporting Information).

The proposed fabrication process enabled the successful trans-
fer of the designed patterns to the cell-laden GelMA hydrogels
and allowed multiple-layered constructs with complex channel
shapes at thickness levels significantly larger than those demon-
strated in the literature.?! The proof-of-concept scaffolds with
~1 cm thickness and ~2 cm diameter with micro-scale pore fea-
tures corresponded well to the original topology of 3D printed
PLA templates. We could also successfully fabricate complex hu-
man tissue models with overhanging features (i.e., ear and nose)
with tortuous internal pore shapes (D structure) as represented
in Figure 1c,d and Figure S5 (Supporting Information). To assess
pore interconnection within those structures, the nose model
was freeze-dried and microcomputed tomography (u-CT) images
were taken (Figure 1dL1I). The pore patterns of D structure could
be seen across the cross-sections. The fabrication process was
also able to form open channels with blood vessel shapes allow-
ing robust fluid flow (Figure 1le). Overall, in this method, since
the main geometry originates from the FDM 3D printing tech-
nology, the pores with high precision are compared favorably to
what direct extrusion 3D bioprinting technologies could achieve.
Although extrusion bioprinted constructs in the literature are typ-
ically limited to thin layer constructs (due to difficult prepolymer
handling of low-viscosity bioinks), template-based fabrication can
form highly complex geometrical features in thick structures
at the similar prepolymer concentrations.?”] Therefore, as op-
posed to extrusion bioprinting techniques, which require shear-
thinning bioinks, the proposed technique enables bioprinting of
low-viscosity Newtonian solutions. Although multiple steps are
required here, which is less of concern when it comes to person-
alized medicine, the low cost and accessibility of instrumenta-
tion can benefit a larger population of patients. The presented
fabrication process offers flexibility in terms of the encapsulated
cell population due to the elimination of nozzle clogging issues.
This method can be easily tuned to form a wide range of cell-
encapsulated hydrogels with desirable architectures.

2.2. Optimization of the Fabrication Process for Printing Fidelity
The first stage of the fabrication process, i.e., 3D printing of PLA

template, determines the basic topology of the final GelMA con-
structs. Hence, in our initial attempt, we strived to find the small-
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est TPMS unit cell sizes where i) the FDM 3D printer could
properly fabricate the samples and ii) gelatin could fully infill
the templates without leaking into the hollow PLA mold. The
most challenging geometry in our experience (i.e., the D pore
shape at 0.70 relative density (RD) due to its topological tortuos-
ity and small room for gelatin diffusion) was 3D printed at dif-
ferent unit cell sizes, as represented in Figure 2a, and inspected
for defects. The results showed that at the unit cell sizes above
~3.3 mm, the pores could be successfully formed as in their cor-
responding CAD models, whereas the scaffolds with smaller unit
cell sizes had notable defects, and the pores were not coherently
formed. Accordingly, the gelatin negative image of the PLA tem-
plate was formed with no evident flaws or defects (Figure 2b),
suggesting complete infusion of the gelatin into the PLA pores.
At this scale, the sub-millimeter size features (pore sizes and con-
nections) starting from ~800 pm were measured in both PLA
and gelatin constructs. Moreover, the stair-step topology of the
PLA surface because of the layer-by-layer 3D printing was clearly
transferred onto the gelatin template in microscale.

In the next step, the physical properties of the secondary
gelatin templates were assessed as shown in Figure 2c—e. Gelatin
in the first place was required to be self-standing and firm enough
to support the casting material. We examined gelatin contents
over the range of 5, 10, 15, and 20%w/v for the fabrication of P
structures at 0.42 gelatin RD. Gelatin templates at 5%w/v tended
to collapse as they failed to withstand their own weight and
thereby could lead the final GelMA scaffold to deviate structurally
from their designed models. The swelling behavior of gelatin in
water during the DCM removal could be another aspect of topo-
logical deviation, as investigated in Figure 2c—e. The volumet-
ric swelling ratio decreased from ~37% to ~14% as the gelatin
concentration reduced from 20 to 10%w/v (Figure 2d). This dif-
ference is because the lower dry gelatin content was less capa-
ble of absorbing fluids.[?®] Thus, the lowest gelatin concentra-
tion of 10%w/v was chosen in our fabrication process as it mini-
mized gelatin swelling while maintaining the required structural
integrity. In the context of pore size, the swelling behavior can
have a competing effect: water uptake in gelatin templates si-
multaneously caused an overall expansion, while thickening the
internal linkages and connections locally reduced the pore size.
Apart from the minimal volumetric swelling, the low gelatin con-
tent facilitated gelatin removal from the GelMA network in the
later stages of the fabrication process. We investigated the effect
of gelatin RD on the volumetric swelling behavior. The results of
swelling across different RD values for the P structure suggested
an overall increase in gelatin swelling with RD, where the max-
imum volumetric swelling remained within ~28% at the maxi-
mum RD.

Next, we sought to engineer self-standing patterned GelMA
hydrogels, yet with minimized prepolymer concentration, in or-
der to provide a more favorable extracellular matrix (ECM) for cell
encapsulation and media diffusion. We noted that the initiation
mechanism for the polymerization of GelMA played a key role
in our fabrication process to form crosslinked GelMA networks
in the gelatin templates (Figure 2f). For instance, we initially
attempted to crosslink a 10%w/v GelMA prepolymer using a
0.5%w/v Irgacure 2959 photoinitiator solution under UV light
(25 mW cm-?) for 2 min. However, GelMA failed to fully crosslink
as it completely dissociated in warm water during the gelatin

© 2022 Wiley-VCH GmbH
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Figure 2. Optimization of the fabrication process and physical properties of the gelatin methacryloyl (GelMA) scaffold constructs. a) Printability evalu-
ation of poly(lactic acid) (PLA) at different unit cell size scales of 2.7, 3.0, and 3.3 mm. Arrows show the defects in the 3D printed constructs. Minimum
feature sizes were maintained at 3.3 mm unit cell sizes and above. b) Microscope images of the scaffold structure and surface stain step patterns for I:
PLA templates and I1: 10%w/v gelatin templates. c) Optical image of the swelling behavior of gelatin templates at different gelatin relative density (RD)
values. Characterization of volumetric swelling of gelatin templates as a function of d) gelatin concentration and e) the gelatin scaffold RD. The data
represent means and standard deviations (n = 3). f) Polymerization behavior of GelMA using different initiator systems I: Irgacure 2959, Il: ammonium
persulfate (APS)/N,N,N,N-tetramethylethylenediamine (TEMED), and IlI: EosinY/N-vinylcaprolactams (VC)/triethanolamine (TEA) to form crosslinked
GelMA structures at 10%w/v GelMA concentration. g) I: Microscopic images of the pore topology and size for the GelMA scaffolds with P structure at
different RD values. I1: Stair-step GelMA surface topology transferred from gelatin molds. Characterization of h) mass swelling ratio, i) degradation, and
j) cumulative release of rhodamine B over time from scaffolds with P structure at different RD values. The data represent means and standard deviations

(n=3).

removal process (Figure 2fI). Therefore, a redox ammonium per-
sulfate (APS)/N,N,N,N-tetramethylethylenediamine (TEMED)
initiator system, which is widely used for free-radical polymer-
ization in hydrogels, was used at different 1:1 compositions to
crosslink 10%w/v GelMA prepolymers. A GelMA prepolymer so-
lution containing 0.3%w/v of APS and 0.4%w/v of TEMED was
left at room temperature overnight for the crosslinking reaction.
The resulting hydrogel had poor mechanical stability, containing
partially crosslinked hydrogel clumps (Figure 2fII). On the
other hand, increasing the APS and TEMED concentrations to
0.5 %w/v led to the rapid gelation of GelMA and thereby failed
to completely fill the gelatin templates. The observed failures
in crosslinking can be explained by either limited penetration
depth of light or possible initiator dilution driven by the diffusion
of small initiator molecules into the gelatin phase. Switching
over to the EosinY/VC/TEA visible light-triggered initiation
system, however, enabled the successful fabrication of 10 %w/v
GelMA constructs with the designed internal pore architectures
(Figure 2fI1I). The use of visible light is highly preferred over UV
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light due to biosafety. Note that lowering the GelMA concentra-
tion to 5 %w/v failed, as the structure was not strong enough to
withstand its own weight and thereby collapsed after the gelatin
removal process (although it retained its shape when immersed
in water). Therefore, we selected the 10 %w/v GelMA as the
lowest concentration for hydrogel formation for the remaining
characterizations.

The fabrication process was implemented on a variety of pore
shapes (i.e., P and D pore shapes) and RD values (i.e., 0.30, 0.42,
0.58, 0.70) to test the versatility of the proposed process for engi-
neering complex 3D GelMA constructs. The optical microscopic
images of the PLA and gelatin templates, as well as GeIMA scaf-
folds in various pore shapes and relative densities, are presented
in Figure S1 (Supporting Information). The overall RD of the
final constructs was obtained by dry weighing and compared
with the designed CAD models in Table S1 (Supporting Informa-
tion). The results suggest that the RD for the as-fabricated sam-
ples deviated within ~17% from the designed CAD model. Fig-
ure 2gl demonstrates the pore size and topology of connections

© 2022 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

in swollen P structure at different RD values. As can be seen, the
pore/channel sizes in the range of 0.9 to ~2.2 mm could be fab-
ricated in a controllable manner. The measured pore sizes were
also found to be in agreement with those of CAD models (Ta-
ble S1, Supporting Information). The stair-step surface topology
on gelatin molds (Figure 2bII) was also transferred to the final
GelMA scaffolds (Figure 2gII).

2.3. Swelling, Degradation, and Drug Release Responses

The physical properties of the GelMA constructs fabricated with
the P structure at different RD values were characterized in terms
of their swelling, degradation, and drug release performance in
response to exposure to biofluids (see Figure 2h—j). The scaffolds
had swelling ratios in the range of ~24% to ~40% for various
RD values (Figure 2h). The swelling ratio of the scaffolds was not
significantly correlated with the RD. The enzymatic degradation
of the GelMA scaffolds with a 10 pg mL™! collagenase solution
showed accelerated degradation rates for the samples with larger
RD (Figure 2i). This observation is in agreement with the pre-
viously reported data.?’! In addition, porous GelMA constructs
were evaluated in terms of their drug release performance. To
load drug molecules, the GelMA scaffolds were soaked for 4 h
in a 30 mg L~! thodamine B solution, as a model molecule rep-
resentative of small-molecule drugs such as those with antimi-
crobial functions. The release of rhodamine B was obtained over
time for scaffolds with different RD. Overall, the lower the RD,
the faster the release kinetics due to the thinner internal features
and thereby easier transfusion of the drug molecules.

2.4. Quasistatic Compressive Mechanical Behavior

The mechanical properties of the scaffolds were evaluated under
quasistatic monotonic compressive deformations. The effect of
GelMA concentration on the compressive response of the P scaf-
folds at 0.42 RD is shown in Figure 3a. The compressive stress—
strain curves of the GelMA scaffolds were in line with soft porous
materials.[* The stress—strain curves initiated with a linear elas-
tic region followed by sharp increases in stress, corresponding to
collapse of the internal layers. Then, densification was observed
while compaction of the polymer chains and failure progressed.
Elastic modulus was increased by ~#250% as the GelMA concen-
tration raised from 10 to 20%w/v (Figure 3b). The systematic fail-
ure in scaffolds was originated from the brittle failure of the con-
nections in the internal scaffold structure (Figure 3c).
Deformation and failure mechanisms of the scaffolds are crit-
ical in determining the mechanical behavior of scaffolds. Fig-
ure 3d illustrates the mechanism of structural instabilities in dif-
ferent pore shapes and RD levels. Deformation and failure in
porous biomaterials are often classified with respect to the pore
shape as stretching (P structure) and bending (D structure) domi-
nated mechanisms. The compressive deformation of the P struc-
ture strongly depended on the scaffold RD. At low RD, i.e., 0.30,
axial deformation was transferred to buckling of the vertical con-
nections (Figure 3dI), whereas, at 0.70 RD, most elements were
subject to axial compression (Figure 3dII). For the D structure,
compression loads were transferred to shear deformation across
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the RD values (Figure 3dIII). The stress-strain curves for the
porous GelMA scaffolds are shown in Figure 3e. The linear elas-
tic region continued up to the strains of 0.4 for most samples
before the first failure was observed. The brittle failure of inter-
nal linkages corresponded to sharp drops in stress—strain curves.
This result is in accord with a layer-by-layer failure mechanism in
both P and D surface topologies. As shown in the magnified plot
insets in Figure 3e, while P structures showed failure at com-
pressive strains below 0.4, D structures showed rather smooth
behavior. As shown in Figure 3f, the elastic modulus of the scaf-
folds increased with RD. The elastic modulus was in the range of
2.8-12.5 kPa and 1.6-6.5 kPa for P and D structures, respectively.
The observed range of elastic moduli matches those of soft tis-
sues such as skeletal muscle tissue, smooth muscle tissue, as well
as arteries.[*!] The larger elastic moduli for P structures can be
due to the stretching-dominated deformation mechanism. The
results of scaling analysis (power fit) to the elastic modulus-RD
data are represented in Table S2 (Supporting Information). The
exponential constants of 1.64 and 1.53 were obtained for P and
D structures, respectively, which are comparable to previously re-
ported results.[3"]

2.5. Cyclic Compression Test on Hydrogel Scaffolds

Tissue constructs are often subject to dynamic deformations.
Hence, the compressive stress—strain properties of the GelMA
scaffolds were evaluated under cyclic loads with increasing strain
magnitudes from 0.05 to 0.50 (see Figure 3g). A wide hysteresis
region and stress—strain shift with increasing loading cycles are
indicative of plastic and irreversible deformations. As shown in
Figure 3e, the hysteresis curves indicated reversible deformations
with minimal energy loss at the strain amplitudes below their
corresponding failure strain. For instance, the evidence of large
hysteresis was more prominent in P structures at higher RD val-
ues of 0.58 and 0.70 (and D structure at 0.70 RD) as the curves
tend to shift with increasing deformation amplitudes beyond its
failure point. The hysteresis ratio, as an indicator of permanent
deformations and dissipated deformation energy under dynamic
loading, was quantified in Figure 3h. Hysteresis ratio varied in
the same range of ~0.10 to ~0.65 within the applied deformation
range for both P and D structures and increased with both strain
amplitude and RD. In general, a reversible elastic behavior was
maintained in D structures at higher RD than P structures. This
result is consistent with postponed failures in quasi-static load-
ing data (Figure 3e) for D structures and could be due to the capa-
bility of bending-dominated structures in reversible deformation
energy absorption. The larger hysteresis cycles in P structures in-
dicated buckling/axial deformation-induced permanent failures.

2.6. Permeability Analysis of Hydrogel Scaffolds

Permeability measurement is a quantitative approach represent-
ing the capability of the scaffolds to transfer nutrients and body
fluids. Here, the effect of pore shape and RD on the permeabil-
ity of the scaffolds was assessed via a constant head permeability
test (Figure 4a). The fluid flow, measured at various fluid heights
(15-45 mm), showed a linear relation between pressure (P) and
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Figure 3. Mechanical characterization of porous gelatin methacryloyl (GelMA) constructs. a) The effect of GelMA concentration on the stress—strain
curves for P structure at 0.42 relative density (RD), and b) variation of compressive elastic modulus with GelMA concentration. The data represent means
and standard deviations (n = 3). c) Optical images representative of brittle failure of linkages in P structure scaffold under compressive deformation.
Representation of the linkage I: before and Il: after failure. d) The deformation mechanisms of GelMA scaffolds for P structure at I: 0.30 and II: 0.70
and I1I: D structure at 0.30 RD for different strain values (€). €) The stress—strain curves corresponding to the cyclic load for I: P and II: D structures at
different RD values, and f) elastic modulus—RD relationships for P and D structures. The data represent means and standard deviations (n = 3). g) The
cyclic stress-strain curves with increasing strain amplitude for P structure at I: 0.30, II: 0.42, I1I: 0.58, IV: 0.70, and D structure at V: 0.30, VI: 0.42, VII:
0.58, and VIII: 0.70 RD values. h) The results of hysteresis versus the strain amplitude for I: P and II: D structures.
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Figure 4. Fluid flow permeability of porous gelatin methacryloyl (GelMA) scaffolds. a) Schematic representation of the constant head permeability test
setup. b) Variations of pressure drop (P) with fluid flow rate (Q) for GelMA scaffolds designed with I: P-surface and II: D-surface pore shapes. The data
represent means and standard deviations (n = 3). c) Permeability analysis of GelMA scaffolds as a function of pore shape and relative density (RD). d)
The results of computational flow streamlines obtained from the computational fluid dynamics (CFD) analysis of fluid flow in I: P and II: D structure at

0.42 RD.

flow rate (Q) for all scaffolds (Figure 4b). The higher slope of
the P-Q plots observed for the scaffolds with higher RD signi-
fies the lower fluid permeability based on Darcy’s law.??] As the
fluid height increased, the permeability decreased for the scaf-
folds with lower RD values, potentially due to the deviations from
the laminar flow and pressure head loss (Figure S6, Supporting
Information). The permeability of the scaffolds was obtained by
using a linear fit to the P-Q curve; the calculated permeability val-
ues are shown in Figure 4c. The permeability of the scaffolds var-
ied inversely with RD values from 1.34 x 1071° t0 9.18 x 1071° m?.
The experimental permeability was exponentially correlated to
the RD according to the results of the fit to data presented in
Table S2 (Supporting Information). The fluid flow was computa-
tionally analyzed, and corresponding computational permeabil-
ity values were calculated using computational fluid dynamics
(CFD). Figure S7a (Supporting Information) presents the com-
putational permeability data. The larger permeability for the P
structure at lower RD values was reflected in the experimental
data and can be explained by the predicted fluid flow streamlines.
Figure 4d illustrates the 3D fluid flow patterns along a linear path
at the scaffold inlet for P and D structures (0.42 RD). The full 3D
and 2D (top view) demonstration of the fluid flow is shown in Fig-
ures S8 and S9 (Supporting Information), respectively. The fluid
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flow for the P structure mostly fell onto a 2D plane and followed
more direct pathways compared to the D structure, whereas the
flow in D scaffolds followed a swirling path due to the tortuous
nature of the unit cell topology in the internal scaffold structure.
Athigh RD values, this trend switched due to the inhomogeneous
distribution of channel width in the P structure. Note that surface
area for TPMS scaffolds studied here is maximum at RD ~ 0.5.1]

2.7. In Vitro and In Vivo Biocompatibility

To assess the biosafety of the proposed fabrication process and
the GelMA porous constructs for potential use as tissue substi-
tutes, in vitro cell compatibility of the cell-laden constructs was
evaluated by using a live/dead assay. For this purpose, the cell-
encapsulated GelMA scaffolds (P-surface at 0.58 RD) and GelMA
sheets as control (%1 mm thickness) were prepared and evalu-
ated in terms of cell viability for a period of 5 d. Representative
live/dead fluorescent images of cell-laden scaffolds for days 1, 3,
and 5 are presented in Figure 5a. For both sheet-like and porous
GelMA samples, the 3T3 fibroblast cells (10 million cells mL™")
remained alive (shown in green) and a few dead cells (shown
in red) were seen. The live/dead assay suggested cell viability of
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Figure 5. In vitro and in vivo biocompatibility analysis of porous gelatin methacryloyl (GelMA) scaffolds. a) Live/dead fluorescent images of cell-laden
control and porous bulk GelMA scaffold (green: live and red: dead cells). b) Cell viability of cell-laden control and porous scaffold on days 1, 3, and 5
following cell encapsulation. The data represent means and standard deviations (n = 3). c) The interconnected pores in the GelMA scaffolds maintained
high cell viability in thick scaffolds. d) The hematoxylin and eosin (H&E) staining of the in vivo implanted scaffolds with different relative densities (RD)
of 0.42 and 0.58 as well as bulk GelMA after two weeks. Low RD scaffolds (associated with higher permeability and pore size) facilitated cell growth

inside the hydrogel structure.

larger than 90% throughout the course of the experiments (Fig-
ure 5b). This result indicated that the final gelatin templates were
free of toxic residues (e.g., DCM) and were consistent with the
biocompatibility of the proposed fabrication process. The inter-
connected macropores formed in the hydrogel matrix enabled
continuous perfusion of nutrients and maintained high cell vi-
ability in thick scaffolds (Figure 5c). The fluorescent images cap-
tured from different sections of the porous GelMA scaffolds con-
firmed the viability of cells in all regions (Figure S10, Supporting
Information). The scaffolds (P structure) at different RD of 0.42
and 0.58 were implanted in vivo and the samples were analyzed
by hematoxylin and eosin (H&E) staining after two weeks of im-
plantation. As it can be seen, as opposed to bulk GelMA controls,
the highly porous scaffold of P0.42, which was characterized with
high permeability and pore size, allowed cell ingrowth inside the
hydrogel structure. A larger number of cells within the hydrogel
material in P0.42 compared to P0.58 was also evident. This obser-
vation emphasizes the role of permeable pores within the tissue
models for successful integration with the surrounding tissue.
Cell adhesive GelMA scaffolds can be used to seed cells onto their
surface in dynamic culture systems.

3. Conclusions and Prospects

Direct 3D bioprinting methods have been constrained to thin
tissue constructs with simple shape and low cell populations. In
this study, we demonstrate a biotemplating fabrication scheme to
enable biofabrication of 3D thick tissues with better versatility to
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incorporate complex-shaped interconnects inside the construct
compared to the direct extrusion bio 3D printing techniques.
The proposed fabrication method employed accessible and
low-cost materials and 3D printing instruments to provide an
easy-to-access tissue fabrication platform. Using the proposed
fabrication technique, highly biocompatible cell-laden GelMA
hydrogel scaffolds with tunable designs of perfusable networks
and tortuous complex pathways for the desired mechanical and
fluid transport properties were successfully fabricated. The com-
plex design with tortuous interconnected macropores maximizes
the scaffold surface area, enabling effective diffusion of nutrients
through the hydrogel matrix for uniform cell proliferation. The
cell-encapsulated hydrogels showed high cell viabilities (%90%)
that corroborated the biocompatibility of the process. The fab-
rication strategy is designed to be compatible with low viscosity
hydrogels that are difficult to 3D-print. The possibility of visible
light-activated crosslinking mechanisms provided a safe means
of incorporating living cells with large populations inside the
scaffold matrix. The hydrogels can be encapsulated with the
different types of mammalian cells at physiologic density values
mimicking human tissues for long-term sustainability. The
proposed fabrication process is a versatile tool for developing
bulky tissues from a multitude of polymer backbones. The facile
and cost-efficient nature of the proposed fabrication procedure
can provide a transformative platform for a wide range of tissue
engineering applications and can be scaled up to form thick
tissue constructs. Further development can adapt template-
based 3D bioprinting to multimaterial systems with directional
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material gradients through stepwise casting and crosslinking for
applications such as regeneration of hard-to-soft tissue gradients.

4. Experimental Section

Design of Triply Periodic Minimal Surface (TPMS) Sacrificial Templates:
The PLA sacrificial templates were designed based on TPMS. The TPMS
topologies are defined by the following general formula (Equation (1)):3°!

@)= Z,; 2::=1 Himeos(2zky (PT -r) = C )

where 1, is the periodic moment, k; indicates the scale parameter, and
P = [ams by ¢u]T and r =[x, y, z]T are the basis vector and the loca-
tion vector in 3D space, respectively. The topology of the TPMS is gov-
erned by the left-hand side of Equation (1) and the RD is defined by vary-
ing the C value. Here, ¢ < C represents the domain that is embraced
by the TPMS topology, representing the final GelMA scaffolds, and ¢ >
C indicates the negative phase (i.e., gelatin molds). In this study, since
two sacrificial templates are used, the final GelMA scaffold mimics the
shape of the initial sacrificial template. Hence, PLA templates were de-
signed by defining ¢ < C. The designed models in the present paper in-
volve P and D structures at RD values of 0.30, 0.42, 0.58, and 0.70. The
corresponding offset values and explicit functions defined to obtain the
models were explained elsewhere.[**] To produce the stereolithography
(STL) models for 3D printing, black and white cross-sectional images of
each scaffold were generated using a MATLAB code (available at https:
//github.com/hmontazerian/TPMSCross-sectionallmageCreator.git) and
imported into an image processing software (FlJI) to stitch as an STL file.
Then, the cylindrical scaffolds with a unit cell size of 3.33 mm were gen-
erated. A cylindrical shell wall (with an outer diameter of 23.2 mm, height
of 25 mm, and thickness of 0.6 mm) was also added to the STL design to
perform as a reservoir to guide liquid gelatin into the PLA templates.

3D Printing of Sacrificial Templates: GrabCAD (GrabCAD Inc., MA,
USA) software was used to import the models and define the printing pa-
rameters and tool paths. The 3D printing process was performed using a
material extrusion (i.e., FDM) system (LulzBot TAZ, Colorado, USA) for
3D printing of the PLA templates (first sacrificial template). The PLA fila-
ment was fed into the 3D printer and layer height was set to 0.1 mm. The
nozzle and bed temperatures were set to 210 °C and 60 °C, respectively.
Poly (lactic acid) templates with P- and D-surface pore shapes at uniform
RD values (including 0.30, 0.42, 0.58, and 0.70) were 3D printed. No extra
supporting material was used for 3D printing the PLA templates. To fab-
ricate the second sacrificial templates, the gelatin from porcine skin was
dissolved in deionized water (10 %w/v) at 80 °C, and cast into the PLA tem-
plates. Then, the PLA/gelatin structures were cooled down to 4°C to solid-
ify the gelatin phase. Then, the construct was immersed in 200 mL DCM
for 12 h (stirring at ~120 rpm) at room temperature to dissolve the PLA
templates. The DCM was refreshed two times during the dissolution pro-
cess. The samples were washed with fresh DCM to remove PLA residues
and then kept in DI water overnight to remove the DCM from gelatin. For
the cell-encapsulated samples, the gelatin templates were sterilized under
UV for approximately 30 min for cell studies.

Fabrication of Porous Hydrogels: The GelMA hydrogels were cast in
gelatin templates to fabricate the porous hydrogel scaffolds. A visible light
crosslinking method was employed based on a published protocol.[34]
Briefly, a 10 %w/v GelMA solution, containing 6.92 x 103%w/v Eosin Y
as a visible light photoinitiator, 1.33%v/v of triethanolamine (TEA) as a
coinitiator, and 1%w/v of N-vinylcaprolactam (VC) as a comonomer, was
prepared in phosphate-buffered saline (PBS) for cell-free experiments and
medium followed by filtration for cell studies. To encapsulate cells for cell
studies, 3T3 cells were suspended in GelMA solution and infilled within the
gelatin templates (at 10 million cells mL™"). The cell-encapsulated GelMA
was cured by exposing visible light (%100 mW cm™2 intensity) at 450—
550 nm wavelength for ~8 min using a Genzyme FocalSeal LS1000 Xenon
Light.
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The cell-encapsulated GelMA/gelatin samples were left in a 75 cm?
cell culture flask with 10 mL fresh Dulbecco’s modified eagle medium
(DMEM) media and placed on a shaker (at 2110 rpm) in a Thermo Forma,
Thermo Fisher Scientific incubator set at 37 °C to allow gelatin template
to dissolve overnight and make porous cell-encapsulated GelMA scaffolds.
For the studies where no cells were involved, the gelatin was removed by
soaking and agitating the construct in warm (x~60 °C) water for ~1 min,
and the GelMA prepolymer solution was prepared in DI water.

Structural Characterization: The internal architecture of the porous hu-
man models in freeze-dried GelMA samples was assessed using a micro-
computed tomography (u-CT) scanner (Xradia 520 Versa, Zeiss, Germany)
at 40 kV voltage, and 50 um voxel size. The imaging data were post-
processed using Dragonfly software.

Gas Chromatography Mass Spectrometry: Gelatin templates after
washing in 5 L water containers (at 4 °C overnight), as well as the final
GelMA scaffolds, were examined for DCM residues. The gas GCMS mea-
surements were carried out using an Agilent 6890N GC, 5975 MSD, and
7683B Autosampler. Enhanced Chemstation software version E.OT was
used to control the instrument and collect the data. The gas chromatogra-
phy (GC) inlet was operated in split mode at 250 °C. A carrier gas, UHP He
(Airgas West, Culver City, CA) with a flow rate of 1.2 mL min~" was used.
Separation was performed on a 30 m x 250 um x 0.25 um HP5-MS column
obtained from Agilent J&W. The GC oven was initially held at 80 °C, heated
to 130 °C at 10 °C min~!, and then to 250 °C at a rate of 30 °C min~'. The
MSD was operated in the scan mode and electron ionization was used.
Instrument response for known concentrations of pure DCM in water was
measured to determine the analyte concentrations in the samples.

Swelling and Degradation:  To measure the mass swelling ratio, porous
GelMA scaffolds were weighed as fabricated. Then, the samples were in-
cubated in PBS at a 37 °C incubator. The mass values were recorded at
various time points, and the swelling ratios were obtained accordingly.

To assess the degradation behavior of the scaffolds, the samples were
washed with PBS and freeze-dried for 3 d using a benchtop freeze drier
(Labconco, MO, USA). The initial dry weight was recorded as W,. Sub-
sequently, the dry samples were placed in a 12-well tissue culture plate
and immersed in 4 mL of freshly prepared collagenase (10 ug mL™") fol-
lowed by incubation at 37 °C for predetermined time points. At different
time points, samples were removed, thoroughly washed with PBS, blotted
using a Kimwipe before measuring their weight (Wy). The percent degra-
dation rate (DR) was calculated using Equation (2):

DR (%) = (W, — W) x 100/W, @)

The collagenase enzyme was replaced every 2 d to maintain the enzyme
activity. All the measurements were repeated for four samples.

Mechanical Characterization: To assess the mechanical properties of
as fabricated scaffolds, monotonic and cyclic compressive tests were con-
ducted using a mechanical testing system (Instron 5943, USA) equipped
with a 100 N load cell. To prevent sliding the GelMA scaffolds, the grippers
were covered with a sheet of coarse tissue paper. The monotonic compres-
sive load was performed at crosshead displacement rate of 2 mm min~'.
The cyclic tests were conducted in an increasing strain amplitude for each
cycle (including 5, 10, 15, 20, 30, 40, and 50%) at the rate of 5 mm min~'.

Runloading= Rioading

Hysteresis was defined as h = , where R illustrates the

Rioadin
area under the stress—strain curves. ’

Permeability Test: A constant head experimental setup was employed
for measuring permeability of the scaffolds. Initially, the scaffolds were
fit in a tube at the bottom of a tank. Then, the tank was filled with water
and the height of the water was kept constant while the water was flowing
through the scaffold under gravity and there was no water leakage from the
scaffold/tank interface. The volume of water passing through the scaffold
in 30 s was measured and this experiment was repeated for various fluid
levels including 15, 25, 35, and 45 mm for all the scaffolds. The longitudinal
permeability of scaffolds was calculated by Darcy’s equation (Equation 3):

k= 19

e @)

=
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where g is the fluid flow rate measured for each scaffold, y is the fluid
viscosity, A and | represent the cross-sectional area and length of scaffolds,
respectively, and Ap is the hydrostatic pressure (Ap = pgh, where p, g,
and h indicate fluid density, acceleration of gravity, and height of the fluid,
respectively).[*°]

Numerical Analysis of Fluid Flow: Numerical analysis of permeability
was performed via computational fluid dynamics (CFD) procedures us-
ing Abaqus software to simulate fluid flow in the scaffolds. The cross-
sectional binary images of scaffold models (fluid phase) were used to gen-
erate voxel-based 3D mesh models via a MATLAB code. The models were
represented with an element size of 0.13 mm resulting in the total mesh
number of ~500 000—1500 000 based on the previous mesh convergence
studies.3¢] Boundary conditions of zero pressure at the outlet and ini-
tial velocity of 10 m s~1 were defined at the inlet. A no-slip boundary
condition was also set at the solid-fluid interface. Water with a density
of 1000 kg m™3 and viscosity of 0.001 Pa s was specified as a working
fluid. The Navier-Stokes and continuity equations were solved, and aver-
age pressure obtained for the nodes at the inlet was calculated to obtain
computational permeability according to Equation (3).

Live/Dead Assay: Mouse fibroblast 3T3 cells were cultured in 175 cm?
cell culture flasks using 25 mL DMEM mixed with 1%w/v streptomycin—
penicillin and 10%w/v fetal bovine serum (FBS).37] To perform 3D cell cul-
ture, gelatin templates (designed with P-surface at 0.42 RD) were prepared
and sterilized under UV for 30 min. Then, 10%w/v GelMA prepolymer was
prepared as described previously, and the pH of the solution was adjusted
to ~7. Then, 3T3 cells were suspended in the GelMA solution (at &1 X
107 cells mL™" cell density). The gelatin template was placed in a 12-well
plate. Then, 1.25 mL of cell-encapsulated GelMA was cast into the gelatin
template and crosslinked. The porous GelMA scaffold was obtained after
dissolving the gelatin template in media during incubation at 37 °C. Bulk
solid cell-encapsulated GelMA (thickness of 1 mm) samples were pre-
pared as a control. The live/dead assay (Biotium) was conducted to eval-
uate the cell viability of the cell-encapsulated scaffolds. The live/dead cell
staining solution was prepared by mixing two fluorescent probes (12 uL
ethidium homodimer-1 and 3 pL of calcein) in 6 mL DPBS. After washing
the samples in DPBS, they were immersed in the staining solution and in-
cubated for ~#40 min. Then, the samples were washed by DPBS. Eventually,
fluorescence imaging was performed (at days 1, 3, and 5) using an Axio
Observer 5, Zeiss, Germany fluorescence microscope. Imaging was con-
ducted at the excitation/emission wavelengths of 494/515 nm for calcein
(green), and 528/617 nm for ethidium homodimer-1 (red). Finally, the cell
viability of porous and bulk GelMA samples was calculated as the ratio of
live cells to the total number of cells using FIJl image processing software.

In Vivo Biocompatibility Study: Al the in vivo studies were conducted
under an approved animal protocol by The UCLA Animal Research Com-
mittee (ARC#2017-096-01). Male rats provided by Charles River Laborato-
ries (South San Francisco, USA), weighing ~250-300 g, were acclimatized
before the experiments for a one week period. The rats were maintained
in the specific pathogen-free (SPF) facilities at 25 °C and fed with puri-
fied water and the standard laboratory pellets. All the surgical procedures
were conducted under general anesthesia. To achieve analgesia, isoflurane
(1.5%v/v in O, gas) was used and carprofen was subcutaneously injected
into the rats. The fabricated cylindrical GelMA scaffolds P structure at 0.58
and 0.42 RD (dimensions of ~#20 mm diameter and 10 mm height) were
cut in % circle with 3.3 mm height (one unit cell layer) and subcuta-
neously implanted. The bulk GelMA hydrogel with similar dimensions was
used as controls. The implantation was performed with a ~15 mm surgi-
cal incision after shaving the skin and sterilization (using 70%v/v ethanol
and 0.2%w/v iodophor). The rats were then euthanized for two weeks un-
der carbon dioxide inhalation. The scaffolds and the adjacent tissues were
extracted and treated with 10%v/v formalin, followed by hematoxylin and
eosin (H&E) staining to analyze the state of cell growth around the sam-
ples.

Statistical Analyses: The experimental measurements were measured
in at least triplicate unless otherwise noted. The reported values repre-
sent mean + standard deviation. Statistical analyses were performed us-
ing one-way analysis of variance (ANOVA) in GraphPad Prism 8.0 where
the P values of smaller than 0.05 were considered statistically significant.
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