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ABSTRACT: We introduce an enhanced nanoengineered
ionic-covalent entanglement (NICE) bioink for the fabrication
of mechanically stiff and elastomeric 3D biostructures. NICE
bioink formulations combine nanocomposite and ionic-
covalent entanglement (ICE) strengthening mechanisms to
print customizable cell-laden constructs for tissue engineering
with high structural fidelity and mechanical stiffness. Nano-
composite and ICE strengthening mechanisms complement
each other through synergistic interactions, improving
mechanical strength, elasticity, toughness, and flow properties
beyond the sum of the effects of either reinforcement
technique alone. Herschel-Bulkley flow behavior shields
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encapsulated cells from excessive shear stresses during extrusion. The encapsulated cells readily proliferate and maintain high
cell viability over 120 days within the 3D-printed structure, which is vital for long-term tissue regeneration. A unique aspect of the
NICE bioink is its ability to print much taller structures, with higher aspect ratios, than can be achieved with conventional bioinks
without requiring secondary supports. We envision that NICE bioinks can be used to bioprint complex, large-scale, cell-laden
constructs for tissue engineering with high structural fidelity and mechanical stiffness for applications in custom bioprinted

scaffolds and tissue engineered implants.
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Bl INTRODUCTION

Three-dimensional (3D) bioprinting is emerging as a promising
method for rapid fabrication of biomimetic cell-laden constructs
for tissue engineering using cell-containing hydrogels, called
bioinks, that can be cross-linked to form a hydrated matrix for
encapsulated cells.'* However, extrusion-based 3D bioprinting
has hit a bottleneck in progress because of the lack of available
bioinks with high printability, mechanical strength, and
biocompatibility.”® The printability of a bioink refers to the
ability to print human-scale tissue and organ structures while
smoothly extruding the intended architecture with high fidelity.
Although recently developed bioinks enable precise deposition
of viable cells, their printability in the Z-axis is hampered bg
limited structural integrity to support additional layers.”

Efforts to improve printability have largely focused on printing
multiple materials into a single structure as well as
functionalizing polymers for new cross-linking
mechanisms.”"> Other recent developments include novel
strengthening mechanisms like 1nterpenetrat1ng networks,

self-healing hydrogels,'”"” and nanocomposites.'”'” Despite
these efforts, existing bioinks remain severely limited when
printing high aspect-ratio structures over 10 mm tall. These
restricted vertical scales prevent replication of large scale 3D
tissue organization and confines bioprinting applications to a
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relatively flat plane. Some recent studies have circumvented this
issue through complex thermoplastic support structures and
suspension preparatrons However, these techniques do not
address the fundamental lack of bioinks with appropriate
mechanical and bioresponsive properties.

To overcome the limitations of existing bioinks, we report
the development of a highly printable bioink for fabricating
large scale, cell-laden, bioactive scaffolds. These improvements
are achieved through a novel bioink strengthening strategy that
combines nanocomposite reinforcement’”*' with ionic—

22—24 . .
) to create a bioactive

covalent entanglement (ICE
nanoengineered ionic-covalent entanglement (NICE) bioink
with excellent printability, mechanical properties, and shape
fidelity (Figure la). Nanocomposites and ICEs have been
investigated separately for improving mechanical properties, but
have never been applied simultaneously to a bioink for tissue

engineering or bioprinting applications.
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Figure 1. NICE bioinks combine nanocomposite reinforcement and ionic—covalent entanglement reinforcement mechanisms to create a bioink that
is tough, elastic, and highly printable. (a) The NICE bioinks use nanosilicates to reinforce an ionic—covalent entanglement hydrogel made from
GelMA and kCA, creating a dually reinforced hydrogel network. These interactions allow the NICE bioink to behave as a solid at low shear stresses
and improve shear thinning characteristics during bioprinting. After cross-linking, ICE and nanosilicate reinforcement synergistically improve
mechanical strength. TEM imaging of two-dimensional nanosilicate particles showing uniform morphology. (b) The NICE bioinks print freestanding
hydrogel structures with a high aspect-ratios and high print fidelity (scale bar = 1 mm). The cross-linked structures are stiff and elastomeric, and can
support more than SO-times their own weight. (c) The 3D printed structures from NICE bioink are mechanically (film) and physiologically
(bifurcated vessel) stable, and have high structural fidelity (3D printed ear).

B RESULTS AND DISCUSSION

We demonstrate this technology by taking gelatin, a popular
bioactive polymer that is poorly printable, and applying NICE
reinforcement to engineer a printable and mechanically strong
bioink. The low-cost, cell-adhesive, and enzymatically-degrad-
able NICE bioink can print high aspect-ratio structures that are
mechanically stiff and elastomeric (Figure 1b), including self-
supporting, anatomically sized structures (Figure 1lc). The
NICE bioink was evaluated against individual component
polymers and strengthening mechanisms (nanocomposites and
ICEs) to establish their contributions to NICE bioink
properties. Our results demonstrate that combining nano-
composite and ICE reinforcement synergistically enhances the
printability and mechanical properties without compromising
bioactivity, making NICE bioinks well-suited for bioprinting
larger, more complex tissue structures than were possible with
previous bioinks.

ICE networks are composed of two entangled, yet
independent polymer networks cross-linked only to themselves
through the use of distinct cross-linking mechanisms.”> This
recently developed hydrogel strengthening process is fast and
cytocompatible, unlike conventional dual-network strategies,
making it well-suited for incorporation into the 3D bioprinting
toolkit. The increase in strength and toughness from ICE
reinforcement is attributed to stress-sharing between networks
to reduce stress concentrations, as well as energy dissipation
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through reversible disruption of ionic network cross-links while
the more flexible covalently cross-linked network remains
intact. This mechanism also allows ICE networks to exhibit
elastomeric characteristics under mechanical loading without
compromising mechanical strength.”*~**

To create a suitable ICE bioink, we combined bioactive
gelatin methacryloyl (GelMA) with kappa-carrageenan (xCA).
GelMA is obtained by partially hydrolyzing collagen to improve
solubility, and subsequently functionalizing to allow covalent
cross-linking under ultraviolet (UV) light. GelMA hydrogels
retain many essential properties of native extracellular matrix,
including cell attachment sites and matrix metalloproteinase
(MMP) motifs that allow cells to remodel the hydrogel
network. GeIMA also undergoes thermally sensitive physical
gelation around 30 °C, helping to stabilize bioprinted
structures.”*™>* kCA is a linear polysaccharide commonly
used in foods, pharmaceuticals, and cosmetics, and was chosen
as the ionic cross-linking ICE polymer for its solubility,
biocompatibility, and track record of successful use in previous
ICE hydrogel experiments.”” ™"

The GelMA/kCA ICE network was reinforced by incorpo-
rating two-dimensional (2D) Laponite XLG nanosilicates (nSi).
These nanosilicates are disc-shaped, mineral nanoparticles 30—
50 nm in diameter and ~1 nm in thickness. Negatively charged
faces and positively charged edges allow reversible electrostatic
interactions with the charged polymer backbones. Nanosilicate
interactions can improve stiffness, elasticity, adhesiveness,
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Figure 2. Rheological characterization of the NICE bioink. (a) The shear stress sweeps measure viscosity changes with increasing shear stress,
allowing visual comparison of the yield regions of each bioink (NICE yield region shaded on graph). Shear rate sweeps illustrate the shear thinning
characteristics of pre-crosslinked gels. (b) The rheological characteristics of precross-linked gels derived by fitting shear stress sweep to the Herschel-
Bulkley (HB) model. HB model characteristics include K (consistency index), n (power law index), and 7, (yield stress). (c) The yield region data is
fit to a Herschel-Bulkley Fluid model, allowing bioink flow through the extruder tip to be simulated under experimental conditions (0.15 mL/min, 20
mm/s at 37 °C) as they pass through the extruder tip. (d) The 2D profiles of the NICE bioink shear rate profile at different flow rates during
extrusion printing. Flow rates from 0.05 to 0.5 mL/min are graphed, including our experimental bioink. (e) UV rheology shows formation of
covalently cross-linked network due to presence of GelMA when exposed to UV light (25 mW/cm?). (f) The NICE bioink can be used to print
human-scale relevant 3D printed structures (cylindrical, Y-shaped blood vessel, and ear). These three anatomical models highlight the high print

fidelity between models and the printed structures.

viscoelastic modulus, and cell adhesion in some hydrogels, and
imbue hydrogel solutions with complex fluid behavior that can
improve bioprintability.””~** Furthermore, Laponite nano-
silicates have shown broad biocompatibility in vivo and in
vitro, and are used extensively in cosmetics and toothpastes as
well as in drug delivery and tissue engineering.’**>*® Previous
studies have demonstrated that polyampholytic gelatin chains
are strongly attracted to the negatively charged faces of
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nanosilicates, while kCA preferentially interacts with the
positively charged edges of nanosilicates.”>™** Dynamic light
scattering and zeta potential experiments confirm that both
GelMA and «CA interact strongly with nSi (Figure S1) as
shown by the increase in hydrodynamic diameter and
stabilization of zeta potential. In the NICE bioink, we
hypothesize that 2D nanosilicates form reversible bonds with
both GelMA and kCA, acting as a secondary electrostatic cross-
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linking mechanism to improve the viscoelastic properties and
printability of the bioink.””

NICE Reinforcement Improves Printability of Pre-
cross-linked Bioink. Effective 3D bioprinting requires bioinks
to exhibit complex fluid behaviors, but these requirements
remain poorly defined despite the rapid expansion of this field.
With this in mind, we examined the rheological characteristics
of our bioinks (prior to cross-linking), including shear thinning
behavior (shear rate sweep) and yield point (shear stress sweep,
amplitude stress sweep) at room (25 °C) and physiological (37
°C) temperatures, compared with individual component gels
(Figure 2a, b and Figure S2). Shear rate sweep results indicate
that all formulations except GeIMA display clear shear-thinning
behavior in that an increase in shear rate or shear stress results
in a decrease in viscosity. GelMA’s gelation temperature is
below physiological temperature, causing it to exhibit low
viscosity fluid-like behavior (<1 Pa s) at 37 °C for all shear rates
and shear stresses. The addition of nanosilicates increases the
viscosities of GelMA and xCA alone and of GelMA/kCA
combined.

The shear stress sweep was performed over a range of shear
magnitudes where the polymer viscosity transitions from a
solid-like to liquid-like state (i.e., yield stress). This behavior
can be described by the Herschel-Bulkley fluid model, 7 = 7, +
K(7)", where 7 and 7, represent apparent and yield stress,
respectively, and j is the shear rate. The consistency index (K),
is the apparent viscosity of the fluid at a shear rate of 1 s™". The
power law index, n, expresses how non-Newtonian a fluid is:
when n = 1, the fluid is considered Newtonian, whereas n < 1
and n > 1 indicate shear thinning and thickening, respectively.
The tabulated results show that all formulations exhibited
shear-thinning behavior at 37 °C except GelMA (n = 1.00).
The addition of nanosilicates reduced the power law index of
GelMA (1.00 — 0.56) and kCA (0.90 — 0.62). Mixing GelMA
and kCA also resulted in a low power law index that was only
slightly influenced by addition of nanosilicates (0.56 — 0.55),
most likely because the baseline value was already low. These
reductions confirm that adding nanosilicates and xCA increases
shear thinning, which improves printability by reducing flow
resistance at the high shear rates generated during extrusion.
Similarly, the addition of nanosilicates increased the consistency
index (K) of GelMA (K: 0.2 — 13.1) and increased both K and
7o of kKCA (K: 0.62 — 8.38, 7: 4 — 85 Pa). Mixing GelMA with
kCA also increased the consistency index and yield stress and
this was further increased by addition of nanosilicates (K: 13.8
— 174, 7: 38 — 168 Pa). Higher yield stresses allow
bioprinted structures to behave as a viscoelastic solid even
before covalent cross-linking, preventing layer spreading after
extrusion and increasing print fidelity. These results suggest
that ionic—covalent entanglement and electrostatic interactions
between nanosilicate and polymer chains synergistically
reinforce NICE bioinks.

In addition to improving print fidelity, viscosity and high
yield stress combined with shear thinning characteristics also
serves to shield cells from damaging shear stresses during
extrusion.”® ™ The Herschel-Bulkley fluid model parameters
were used to predict shear rate and velocity distributions for
tully developed flow within the extrusion tip during bioprinting
(Figure 2c and Figure S3). In these models, the shear rate and
velocity profiles of the different inks were simulated under our
experimental conditions (0.15 mL/min, 20 mm/s at 37 °C) as
they pass through the extruder tip.
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Individual polymer components (GelMA and kCA) exhibited
low shear thinning and yield stress when subjected to a
constant flow rate to mimic extrusion bioprinting. The addition
of nanosilicates increases the size of the plug-flow region for all
formulations, with NICE bioinks having the greatest area
experiencing plug flow. Plug flow shields encapsulated cells
from damaging shear stress and extrudes the bioink as a
viscoelastic solid (7 < 7,), thereby increasing print fidelity.”*~*’
To further investigate the ability of NICE bioink for
bioprinting, we determined the flow profile through a 400
pum cannula at extrusion rates between 0.05 and 0.5 mL/min,
resulting in that plug flow occurring at all extrusion rates
(Figure 2d). A flow rate of 0.15 mL/min (print speed 20 mm/
s) was selected for all experiments for rapid bioprinting.
Overall, this simulation suggests that nanosilicates and kCA
synergistically improve shear-thinning and yield stress in the
NICE bioink, causing the NICE bioink to exhibit cell-shielding
plug flow that allows the bioink to be extruded as viscoelastic
solids at the optimized print parameters. The maximum
predicted shear stresses (Figure S4) were well within the safe
range for bioprinted cells,”*' suggesting that even higher
extrusion rate bioprinting is safe with the NICE bioink.

After printing was complete, 3D-printed structures were
dual-cross-linked with UV light (25 mW/cm?* at 365 nm) and
5% KClI to obtain mechanically stable structures. The covalently
cross-linked GelMA network is formed within 60—80 s. To
quantify the gelation kinetics, a time sweep was performed by
monitoring storage modulus of bioink formulations in the
presence of UV light (Figure 2f and Figure SS). All bioink
formulations containing photo-cross-linkable GelMA (GelMA,
GelMA/nSi, GelMA/xkCA, and GelMA/kCA/nSi) rapidly
solidified under exposure to UV light. The inclusion of kCA
and nanosilicates did not significantly affect the rate of UV
gelation.

We next evaluated the printability of the NICE bioink by
printing physiologically relevant structures (Figure 2e). As
previously mentioned, printability refers to the ability to print
high aspect-ratio structures at human-relevant scales, and
extrude the intended structure smoothly and with high fidelity.
Conventional bioinks print precisely on the x- and y-axes but
collapse under the weight of subsequent layers, causing 3D
structures to have poor print fidelity, particularly along the z-
axis(height). Therefore, our bioinks were tested on all 3 axes to
objectively quantify printability.

We attempted to print the simplest possible structure that
meets these requirements using each bioink: a hollow cylinder
approximating the shape of a human-scale bronchus or blood
vessel. The shape used for printability quantification was an 8
mm interior diameter cylinder with 1 mm thick walls, and when
using the NICE bioink, a stable structure was printed up to 3
cm (150 layers) in height (Figure S6). In contrast, none of the
component inks (GelMA, GelMA/nSi, kCA, kCA/nSi, GelMA/
kCA) could print cylinders above 3 mm (15 layers) without
collapse. Layer spreading was quantified by measuring the
cylinder wall thickness of the lowest S and highest S layers,
revealing that wall thickness measurements of NICE cylinders
remained within +10% of intended diameter at all measured
points. Shape fidelity was measured by comparing the actual
height and diameter of the printed cylinder to its intended ideal
dimensions, which revealed no significant variations in either
metric.

More complex structures were also bioprinted to demon-
strate the range of the NICE bioink’s potential applications. A
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Figure 3. Effects of NICE reinforcement on mechanical properties after cross-linking. (a) The ability to be manually handles and compressed
demonstrates the resilience and elasticity of cross-linked NICE structures. (b) The cyclic compression to 70% strain demonstrates NICE
reinforcement’s synergistic effect on mechanical strength compared to either single reinforcement mechanism, ICE (GelMA/kCA) and
nanocomposite-(kCA/nSi and GelMA/nSi) as well as individual polymeric hydrogels (kCA, GelMA) (n = S). (c) The compression moduli data
summarized for NICE and component hydrogels (n = S). The ionic and UV columns represent ICE networks with only a single network cross-
linked: UV light cross-links only GelMA, while ionic solutions only cross-link kCA. (d) Shear stress and frequency sweeps measure hydrogel storage
moduli from 0.1 to 10 Pa and 0.1 to 10 Hz (n = 3). (e) The tensile stress testing of bioprinted NICE segments failure. Manual extension
demonstrates the elasticity of the NICE bioink. (f) Compressive modulus of various bioinks plotted with respect to total polymer weight. NICE
bioink outperforms all other bioinks in terms of mechanical stiffness. (g) SEM imaging showing the porous microstructure of each cross-linked
hydrogel. (h) The degradation kinetics of hydrogels tested under accelerated conditions (n = 5). The degradation was accelerated using a heightened
concentration of collagenase II, which enzymatically degrades GelMA.
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Y-shaped bifurcated blood vessel was printed through a 400 ym
diameter tip (each layer height: ~200 pm, extrusion width:
~500 pm) to a height of 2 cm (100 layers) with S mm lumen
diameter and 1 mm wall thickness (Figure S7). It is important
to note that the difference between extruded width and tip
diameter are caused by adjusting the rate of extrusion relative to
printer movement speed, in order to match desired dimensions.
The 500 pm extruded line width used here is comparable to or
better than that bioprinted lines using GelMA-alginate blends,"”
hyaluronic acid and methacrylated hyaluronic acid,"* gelatin
with PEGX cross-linker,” gelatin with alginate,g gelatin and
alginate with PEG cross-linkers, "> methacrylated hyaluronic
acid,'® and GelMA reinforced with coprinted poloxamer42
(Figure S8).

We attribute the superior printability of NICE bioink to the
physical gelation of GelMA during the printing process in
combination with the rheological effects of kKCA and nano-
silicates. GelMA is fluidic above gelation temperature (~30
°C), whereas it solidifies below gelation temperature. We
printed NICE bioink above the gelation temperature (37 °C)
onto a printing bed which is kept below the gelation
temperature (25 °C). We performed a peak-hold test using a
rheometer to mimic the flow behavior and temperature profile
of bioink during the printing process (Figure S9). Our results
show that the NICE bioink quickly solidifies after extrusion,
which improves print fidelity and construct stability.

Physiologically relevant anatomical shapes such as a human-
sized ear were also printed using NICE bioink (Figure S7).
These printability results represent a significant advancement
over conventional bioinks in terms of both total height and
aspect-ratio for freestanding bioprinted structures.*®”*’ The
development of this NICE bioink allows for a simple and direct
approach to 3D printing of large biomimetic structures by
improving Z-axis printability, and provides a platform
technology for the creation of future bioactive bioinks. Further,
combining the computational approach with experimental
validation as described here can be used in the future to
develop a more rational approach to the design of advanced
bioinks.”®

NICE Reinforcement Improves Post-cross-linked Bio-
ink Mechanical Properties. Mechanical properties of 3D-
bioprinted structures are critical for maintaining the structural
integrity of the scaffold and controlling cell behaviors including
proliferation and differentiation.” Nevertheless, many 3D-
printed structures using conventional bioinks are mechanically
weak and lack appropriate elastomeric characteristics due to
their chemical structure as well as poor interlayer cohesion. In
contrast, the NICE dual-cross-linked bioprinted constructs
were shown to be resilient under mechanical loading and to
withstand severe mechanical deformation without delamination
of printed layers (Figure 3a). We compared the effects of
individual components and strengthening mechanisms on the
mechanical properties of cross-linked hydrogels (GelMA,
GelMA/nSi, kCA, kCA/nSi, GelMA/kCA, and GelMA/xCA/
nSi). Hydrogels containing GelMA were covalently cross-linked
with UV light (25 mW/cm® of 365 nm) for 80 s, while
hydrogels containing kKCA were immersed in a 5% KClI solution
to obtain ionically cross-linked networks. Because the GelMA/
kCA/nSi (NICE bioink) and GelMA/kCA have both ionic and
covalently cross-linkable networks, they were tested with both
networks cross-linked (dual-cross-linking), and with only a
single network cross-linked (ionic or UV only). This allowed us
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to isolate the effect of cross-linking from each polymer’s
presence alone.

We used uniaxial cyclic compression to determine
compressive modulus and maximum stress at 70% strain of
hydrogel formulations. The stress—strain compression data
indicates that all hydrogel compositions containing GelMA can
sustain 70% strain without fracture (Figure 3b, Figures S10 and
S11). The results also revealed that the dual-cross-linked NICE
bioink (71.1 + 4.9 kPa) had a 4-fold higher compressive
modulus than GelMA alone (16.5 + 1.5 kPa) and 2-fold higher
modulus than either the GelMA/nSi nanocomposite (353 +
1.5 kPa) or GelMA/kCA ICE network (35.1 + 5.2 kPa)
(Figure 3c). This pattern of synergistic reinforcement of NICE
bioink was consistent for maximum stress at 70% strain (301.7
+ 21.0 kPa) compared to individual reinforcing mechanisms.
Similarly, stress and frequency sweep results showed that NICE
reinforcement (14.2 + 1.4 kPa) resulted in a storage modulus
4-fold higher than GelMA (3.1 + 0.3 kPa) and 2-fold higher
than GelMA/kCA (7.4 = 0.9 kPa) (Figure 3d, Figure S12). We
also investigated the elastomeric characteristics of the NICE
bioink via S-cycle compression tests to 40% compressive strain
(Figure S10). Ionically cross-linked networks (kCA and xCA/
nSi) exhibited high plastic deformation (<30% recovery),
particularly during the first cycle, while covalently cross-linked
networks (GelMA and GelMA/nSi) showed high recovery
(>90%). Both ICE (GelMA/kCA) and NICE (GelMA/kCA/
nSi) showed >75% recovery after cyclic deformation. Although
NICE bioinks show reduced recovery, their energy dissipated
per cycle remained higher than that for ICE and nano-
composites reinforced bioinks even after S cycles, demonstrat-
ing that NICE reinforcement is stable over multiple cycles
(Figures S10 and S11). Interestingly, recent evidence suggests
that k<CA ICE networks can completely recover from strain
over time as the ionic network reforms, although this is outside
the scope of this study.’”’"** In addition to being able to
sustain compression, a 3D-printed NICE film could sustain
stretching and had a high tensile modulus (495 + 150 kPa)
(Figure 3e). These tests confirm that combining ICE and
nanocomposite reinforcement mechanisms results in a
synergistic improvement in mechanical properties that trans-
lates into mechanically strong and resilient bioprinted
structures.

The most common technique for improving hydrogel
printability and mechanical strength is increasing cross-linking
density and polymer concentration, however this approach also
reduces hydrogel porosity and water content, limiting its
suitability for bioprinting encapsulated cells.”® Earlier studies
have investigated polymers such as GelMA,* alginate,*
agarose,”’ and PEG,* or polymer blends such as alginate-
gelatin,46 alginate—GelMA,12 PEG—gelatin,7 hyaluronic acid
(HA)-GelMA,"” HA-poly(N-isopropylacrylamide) (pNI-
PAAM),'* and alginate-GelMA-PEG'® for bioprinting.
Although some of these inks can provide suitable mechanical
stiffness, their 3D printability remains limited, and their
suitability as bioinks can be compromised due to high polymer
concentrations (Figure 3f ® The NICE bioink formulation
overcomes this limitation by combining multiple reinforcement
techniques to create mechanically stiff and elastomeric 3D
printed structures where, unlike conventional reinforcement by
increasing polymer content,”*> the mechanical improvements
from the ICE and nanocomposite strengthening mechanisms
are not due to a decrease in mesh size or hydration degree.
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Figure 4. Bioprinting using NICE bioink. (a) The cell adhesion characteristics of individual polymers (kCA, GelMA), nanocomposites (kCA/nSi
and GelMA/nSi), ICE (GelMA/kCA) and NICE bioink (GelMA/xCA/nSi) were investigated (n = 3). (b) The addition of Ge]MA and nanosilicates
significantly improved cell adhesion and spreading as determined by circularity index and area of adherent cells (n = 3). (c) Bioprinted NICE
cylindrical structures show high cell spreading after 48 h. (d) The encapsulated cells aligning parallel to 3D printed NICE scaffold structures after 30
days in culture. (e) The printed structure shows high cell viability (>85%), indicating that our bioprinting process is biocompatible. Short-term (48
h.) cell viability indicates high cell survival throughout the bioprinting process, supporting predictions from earlier modeling that shear forces during
extrusion would not cause significant mortality. Long-term viability and adhesion allows cells to interact with and remodel scaffolds over time (n =

3).

Scanning electron microscopy (SEM) imaging revealed that
all formulations maintained highly interconnected porous
networks with diameters of ~20—50 ym (Figure 3g). Water
content in NICE bioink (89.5 + 0.3%) was similar to that of
GelMA/nSi nanocomposites (89.2 + 0.5%) and GelMA/kCA
ICE network (91.6 + 0.8%), which are also within the typical
hydration range of many body tissues (Figure S13). Our results
here demonstrated that the NICE bioink benefited from both
ICE and nanoparticle reinforcement, with compressive moduli
doubling with each reinforcement mechanism, and without
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adverse effects on water content and pore size, which are both
important measures of the suitability of a hydrogel for
maintaining cell populations.®

NICE reinforcing mechanisms improve physiological stability
of 3D printed structures while retaining proteolytic function-
ality. Proteolytic degradation allows encapsulated cells to locally
control degradation rates, allowing remodeling and migration
to proceed on a cellular level. However, slow degradation
kinetics are desirable for mechanical resilience during the initial
phases of tissue remodeling. The physiological stability of the
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NICE bioink was characterized by determining biodegradation/
dissolution kinetics as described in previous works.”>* A
collagenase biodegradation assay was carried out in PBS with
2.5 U/mL collagenase type II to determine the susceptibility of
the NICE bioink to cellular remodeling enzymes under
accelerated conditions (Figure 3h). The amount of collagenase
used here is much higher compared to in vivo or in vitro
concentrations, and thus accelerates the enzymatic degradation
of GelMA hydrogels. Compared to GelMA (half-life: 8.4 + 0.6
h), GelMA/nSi (38.7 + 7.0 h) and GelMA/kCA (12.7 + 1.8 h)
exhibited extended half-lives as measured by remaining
hydrogel mass, which was further increased in the NICE
bioink (96.3 & 17 h). These results are comparable to previous
results on GelMA and GelMA nanosilicate degradation, and
suggest that NICE reinforcement increases enzymatic stability
even further.*>* Thus, NICE bioinks demonstrate a gradual
rate of enzymatically driven degradation desirable for long-term
tissue regeneration.

NICE Reinforced Scaffolds are Bioresponsive. The aim
of 3D bioprinting is to regenerate functional tissues. In this
regard, ECM derived bioinks are very promising because they
support a wide array of cell-ECM interactions, enabling cell
migration and remodeling and allowing bioinks to directly
influence cell fate. GelMA’s bioactivity has been thoroughly
investigated in earlier studies,”®*”* so here the NICE bioink is
compared to component gels to ensure key favorable cell—
material interactions are maintained. We investigated the cell—
material interactions of the bioink formulations by character-
izing murine 3T3 preosteoblast adhesion to the surface of the
various gel formulations. This cell line was used because
previous studies have suggested that nanosilicates may promote
osteogenesis, which is a future research avenue for bioprinted
NICE structures.””*”*" Assessment of the extent of cell
spreading was quantified by circularity index and cell size.
This analysis demonstrated that cells on hydrogels containing
GelMA (GelMA, GelMA/nSi, GelMA/xCA, and GelMA/xCA/
nSi) elongated significantly, although those on kCA or kCA/
nSi did not elongate (Figure 4a, b). This indicated that GelMA
is responsible for cell adhesion and presence of xCA and
nanosilicates in NICE bioink does not interfere with the ability
of GelMA to support cell adhesion. The addition of
nanosilicates had a modest effect on overall cell spreading in
kCA hydrogels (kCA/nSi), whereas both ICE (GelMA/xCA)
and NICE (GelMA/kCA/nSi) networks supported much
higher cell spreading due to the presence of GelMA. GelMA
contains cell adhesion sites to support strong cell-matrix
adhesions, but the extent of spreading is also proportional to
substrate rigidity.”” Because the concentration of GelMA is
similar in these formulations, the increase in cell area is likely
due to increased mechanical stiffness in these networks. These
results demonstrated that the NICE bioink maintains GelMA’s
bioactivity.”

To investigate the feasibility of this NICE ink for bioprinting
applications involving cell-laden bioinks, we encapsulated cells
within the NICE bioink and printed 3D constructs (cylinders
with 1 cm diameter, 1 mm wall thickness, and a height of 2 cm)
as well as honeycomb patterns (regular hexagon S mm edges, 1
mm thick walls). The honeycomb pattern was chosen as a low-
infill density pattern to demonstrate the mechanical properties
of a cross-linked NICE biostructure (Figure 4c, d). Initially
(Day 1), uniform distribution of cells in the 3D printed scaffold
was observed. These results support our modeling data that
plug flow conditions during extrusion shield the cells from
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shear forces during extrusion. At a later time point, the
encapsulated cells proliferated and started to spread quickly
along the long axis of the bioink filaments. Subsequently, cells
started to migrate to the surface of bioprinted structure due to
enhanced nutrition and cell numbers visibly increased until the
scaffold surface was saturated with cells. Deeper areas within
the thick cylindrical scaffold retained high cell viability and
spreading, but lower cell density when observed with confocal
microscopy. This is likely due to reduced nutrient diffusion
deeper into the scaffold. These data show that bioprinted NICE
scaffolds are cytocompatible for long-term culture.

Cell viability was high (>90%) immediately after 3D
bioprinting (Figure 4e). The encapsulated cells remained viable
throughout the 120-day observation period. Proliferation of
encapsulated cells was also observed by live/dead imaging over
multiple days (day 1, 10, and 30) (Figure SS). Z-Stack confocal
images of a 3D bioprinted cylindrical structure illustrated an
increase in cell density. We observed that initially (day 0), the
printed construct was translucent, but it slowly turned opaque
(day 30) due to deposition of ECM by encapsulated cells. The
cell-laden printed structure maintained its structural integrity,
indicating that the GelMA degradation rate was matched by
ECM deposition by cells.

Overall, these results show that the NICE bioink supports
high cell viability, attachment, and proliferation, indicating high
cytocompatibility. Our earlier studies have shown that nano-
silicate based hydrogels are biocompatible using subcutaneous
nanosilicate injections, which resulted in only mild local
inflammation and no signs of systemic inflammation.”> In
addition, gelatin-nanosilicate hydrogels were almost completely
resorbed at 28 days under in vivo conditions. The precise
mechanism of nanosilicate clearance has not been completely
elucidated, but it is suspected that the nanoparticles are
degraded into nontoxic components.*>**** Thus, it is expected
that NICE bioink can be used to print custom scaffolds to
promote tissue regeneration in non-load-bearing regions.

B CONCLUSION

In this study, we introduced a novel reinforcement technique,
nanoengineered ionic covalent entanglement (NICE), to
engineer an advanced bioactive bioink with superior printability
and mechanical properties. The NICE bioink can be used to
print freestanding, high aspect-ratio structures over 3 cm and
150 layers tall with excellent shape fidelity, and the structures
become tough and elastic after cross-linking. Meanwhile,
bioprinted cells maintained high viability, attachment, and
spreading throughout the 120-day period. We used a Herschel-
Bulkley computational model incorporating rheological data on
yield point, consistency, and shear thinning characteristics to
simulate bioink behavior and predict the shear stresses cells
experience during bioprinting. The Herschel-Bulkley fluid
behavior of the NICE bioink may explain the improved 3D
printability and plug flow that shields bioprinted cells from
shear stresses under extrusion conditions. This model can be
used to identify print parameters that maximize printability.
The NICE bioink demonstrated here was developed as a
platform technology, intended to provide researchers with a
facile technique for bioprinting larger 3D tissue scaffolds
without requiring costly multiheaded printing systems. Future
work will investigate a broader range of material compositions
to customize NICE bioinks for specific applications and tissue
types. Upcoming NICE bioink developments also include
localizing bioactive cues within scaffolds to spatially direct cell
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behavior, and arranging multiple cell types and concentrations
within scaffolds to replicate multilayered tissues like cartilage
and blood vessels. These approaches could enable precise
spatial control over cell behavior within human-scale bioprinted
structures, bringing bioprinting closer to the goal of recreating
functional human tissues. The NICE bioink is unique among
existing bioinks because it combines superior printability,
improved mechanical properties, and excellent bioactivity into a
single bioink formulation. This represents a significant advance
in bioink technology, and will prove to be a useful tool for
researchers seeking to replicate human tissues using bioactive
3D structures.

B EXPERIMENTAL SECTION

Materials Synthesis. The porcine gelatin (Bloom No. 300, Type
A), Irgacure2959 (2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropio-
phenone), and methacrylic anhydride were purchased from Sigma-
Aldrich (USA). Kappa-carrageenan (kCA) was obtained from TCI
America (USA). Nanosilicates (Laponite XLG) were obtained from
BYK Additives Inc. Gelatin methacryloyl (GelMA) (80% methacry-
lated) was synthesized by dissolving 10 g of gelatin in 100 mL of
phosphate buffered saline (PBS), then heating for 1 h at 60 °C. After
dissolution, 8 mL of methacrylic anhydride was added dropwise over a
period of minutes. The solution was kept at 60 °C for 3 h, then 400
mL of 1X PBS was added. The solution was dialyzed at 50 °C for 7
days and lyophilized. The NICE bioink (10%w/v GelMA, 1%w/v
kCA, 2% w/v nanosilicates, and 0.25% w/v Irgacure2959) was
obtained by 1:1 mixing of 20%w/v GelMA + 2%w/v kCA with a
solution of 4% w/v nanosilicates +0.5% w/v Irgacure 2959. The
solution was vortexed and subsequently sonicated for 2 min to ensure
homogeneous dispersion of components. Solutions were stored
overnight at 40 °C. The bioink was covalently cross-linked via
exposure to 25 mW/ cm? 365 nm UV light for 80 s. Ionic cross-linking
was completed by submersion in 5% potassium chloride (KCI) for 30
min.

Physiological Stability. Equilibrium hydration was calculated by
soaking cross-linked gels in PBS overnight and obtaining their weights,
then lyophilizing the gels and comparing dry weight to wet weight.
Biodegradation rates were assessed in the presence of 2.5 U/mL
Collagenase Type II (Worthington Biochemical Corporation). 150 uL
hydrogels (n = 3) were cross-linked and placed in preweighed
individual containers, then allowed to sit at room temperature
overnight in 1X PBS to reach equilibrium. Fifteen hours later, the
solution was replaced with 1X PBS with 2.5 U/mL Collagenase Type
II and the hydrogels were stored in an incubator at 37 °C. The mass of
hydrogel remaining was measured by carefully removing all solution
from the container, then weighing the hydrogel together with the
container as to not damage samples. Hydration percentages were
calculated using the formula hydration (%) = [1 — (dry mass/wet
mass)]100.

Microstructure. The morphology of the hydrogel was visualized
via scanning electron microscope (SEM) using a NeoScope JCM-5000
SEM. Hydrogel samples were frozen in liquid nitrogen, cracked with a
razor blade, and lyophilized. Samples were fixed and sputter-coated
with gold to a thickness of 21 nm.

Rheological Characterization. Rheological testing was carried
out on an Anton Paar Physica MCR-301 Rheometer, using a 10 mm
PP10 measuring plate and 50 mm CP50—1 measuring plate. UV
gelation, frequency sweeps, stress sweeps, shear stress sweeps, and
shear rate sweeps were performed. For UV gelation, each hydrogel’s
time to gelation was tested by measuring changes in storage modulus
while the gels were exposed to 15, 25, or 45 mW/cm2 of 365 nm UV
light (Figure S2). Each covalently cross-linkable bioink was tested (n =
3) at 10 mm diameter X 0.5 mm thick. UV light was turned on at 30s
and remained on for 300 s. The frequency sweep was carried out on
cross-linked hydrogels at a stress of 1 Pascal (Pa) and covered a range
of frequencies from 0.1 to 10 Hz. The stress sweep, also on cross-
linked hydrogels, swept a range of shear stresses from 0.1 to 100 Pa at
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a frequency of 1 Hz. Finally, stress and shear rate sweeps on non-cross-
linked hydrogels were carried out sequentially to measure viscosity
under a range of conditions designed to correspond to printing
conditions. Shear stress was varied from 0.01 to 2000 Pa. Shear rates
from 0.01 to 100 s™' were tested. Gels were kept in a high humidity
atmosphere to prevent dehydration from affecting results.

Bioprinting. Printed shapes were designed in Solidworks and
exported as STL files. STL files were loaded into Slic3r to customize
printing options and converted into G-code printer instructions.
Pronterface was used to interface with the 3D printer. Layer height was
set to 200 pum, layer width was set at 500 ym, and print speed was kept
at 20 mm/s, or 0.15 mL/min, for all trials. When necessary, 2 4L/mL
of plumbers tracing dye was added to enhance visualization. The
bioink was stored at 37 °C and loaded into an extrusion tube with a
400 pm nozzle tip and extrusion printed through an I3 RepRap
printer. Using these settings, a hollow 2 cm tall x OD 10 mm ID 8 mm
cylinder was printed from the bioink. A bifurcated branching blood
vessel shape was printed with interior diameter of S mm, wall thickness
of 1 mm, and height of 1.5 cm.

Uniaxial Compression. Cast cross-linked hydrogel samples were
cut into cylinders using a biopsy punch, making sample material
cylinders 6 mm in diameter by 2.5 mm thick. Each sample was checked
using digital calipers and the ADMET MTEST Quattro eXpert 7600,
and variances in dimension were factored in to stress and strain
calculations. Unconstrained samples were compressed and returned to
starting position at 1 mm/min. Raw data for single cycle compression
was processed using an Excel macro for compressive modulus
(calculated from 0 to 20% strain region), and maximum stress at
70% strain. Raw data for multicycle compression (40% strain) was also
processed to monitor compressive modulus, energy dissipated, and
recovery using a separate macro. Compression data was taken for
hydrogel samples of GelMA (10%), GelMA (10%)/nSi (2%), kCA
(1%), xCA(1%)/nSi(2%), GelMA(10%)/xCA(1%), and
GelMA(10%)/kCA(1%)/nSi(2%). Where applicable, gels were also
tested as semi-interpenetrating networks (sIPNs) by cross-linking only
one network.

Derivation of Model. The fully developed velocity profile for a
Herschel-Bulkley fluid flowing in a tube was derived using the
conservation of momentum equations in cylindrical coordinates. For
laminar, isothermal flow of an incompressible fluid with no-slip
boundary conditions, the equations describing flow in the r and @
directions simplified to 0, leaving only the equations describing flow in
the z direction (eq 1).
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Under steady-state, with only axially directed flow, the equation further
simplifies to eq 2.
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Integration with respect to r yields eq 4, which reaches a maximum at
the wall (r = R).
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Combining eqs 3 and 4 and relating the result to the Herschel-Bulkley
model gives eq S.
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Solving for shear rate (y = W) and noting the plug flow region (0
< r < R,) gives eq 6.

0,0 <r<R,
Ou(r, 0)

o ) (5 - .

Integration yields the velocity profile (eq 7) which describes the
velocity profile:
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Integration across the tube yields the volumetric flow rate (eq 8).
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= shear rate, u,(r,0) = velocity, Q = volumetric flow rate,

0 ,0
where 29
or

n = flow behavior index, k = flow consistency index, 7, = yield stress, R
= inner radius of needle, L = length of needle, AP = applied pressure,
T,.a1 = stress at wall of needle, and R, = radius of plug flow region

Computational Modeling. The equations above were solved in
Matlab (MathWorks, Natick, MA) to simulate extrusion through a
needle. Because the flow rate of the print and the rheological constants
were known, an iterative approach was used to find 7, from eq 8.
Once 7, was determined, the velocity and shear rate profiles (eqs 6
and 7) could be easily plotted for all positions within the flow.

In Vitro Studies. To evaluate the hydrogel bioink’s ability to
culture cells, wer seeded murine 3T3 preosteoblasts (MC3T3-El
Subclone 4, ATCC CRL-2593) on 3.5 cm diameter samples. MC3T3s
were cultured on hydrogels of GelMA (10%), GelMA (10%)/nSi
(2%), kCA (1%), kCA(1%)/nSi(2%), GelMA(10%)/xCA(1%), and
GelMA(10%)/xCA(1%)/nSi(2%). All cells were used at passage 22
and 100000 cells were seeded onto each gel sample. Cells were
cultured in normal DMEM growth media with 10% FBS at 37 °C for 3
days. After 3 days, each hydrogel was triple rinsed with PBS, soaked
with paraformaldehyde for 1.5 h, then triple rinsed again. Cells were
then permeabilized by exposure to Triton X for 20 min and triple
rinsed with PBS. One hundred microliters of phalloidin was added to
each well plate, then stored at room temperature for 1 h. After triple
rinsing with PBS, cells were incubated with RNase for 1 h at 37 °C,
triple rinsed again, and incubated with propidium iodide at 37 °C for
20 min. Finally, cells were triple rinsed in PBS. Cells were imaged
using confocal microscopy and EZC1 software. Images were taken as
Z-stack.ids files, which were compiled into 3D models using EZC1
software, and compiled into focused 2D images using EZC1 or Image]
via the bioformats import and stack focuser plugins. The circularity
index on Image] was used to quantify a cell’s deviation from a perfect
circle, and the area size was also calculated using Image]. Images used
in analysis were taken randomly of the surfaces of the 3 replicate

scaffolds.
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3D Bioprinting. Because the kCA, kCA/nSi, GelMA, GelMA/nSi,
and GelMA/kCA all failed the standard cylinder test below 3 mm
height, bioprinting was only attempted using the NICE bioink
(GelMA/kCA/nSi). 1 x10° mouse preosteoblast MC3T3-E1 Sub-
clone 4 (ATCC CRL-2593) cells were trypsinized for S min, 10 mL of
media was then added, and the solution was centrifuged for S min. The
supernatant was removed, and the cell pellet was resuspended in 200
uL of media. The resuspended solution was gently mixed into 2.8 mL
of the NICE bioink at 37 °C by pipetting, for a final concentration of
approximately 3.33 X 10° cells/mL. The bioink was prepared using
PBS to maximize cell viability. The bioink was then transferred into
the extruder and printed into several constructs using the same print
settings defined in the bioprinting section: a 400um tapering luer-lock
nozzle, line width of 500um, a layer height of 200um, and a print speed
of 0.15 mL/min. A hollow cylinder was printed with an outer diameter
of 1 cm, inner diameter of 0.8 cm, and height of 2 cm. Four flat disc
scaffolds 1 cm in diameter and 1 mm in height were also printed as
replicates. These disc scaffolds (n = 3) used a 100% rectilinear infill,
and were used to replicate the cell viability results. A honeycomb
pattern was also used as a low-infill density pattern to demonstrate the
mechanical properties of a cross-linked NICE biostructure. This
pattern was a regular hexagon infill with 5 mm edges and 1 mm thick
walls. All printing settings were kept consistent during bioprinting as
described in the bioprinting section. All scaffolds (n = 3) were cross-
linked using UV light as described above, and soaked in a 5% KCl
solution for 5 min, then incubated in DMEM media with 10% FBS.
The ionic cross-linking time was reduced relative to the molded
bioinks because the bioprinted structures were thinner than the
cylindrical samples used in the earlier experiments (1 mm thick vs 2.5
mm thick), and concurrent research determined that the 30 min cross-
linking time was unnecessarily long.>® Viability was analyzed using
live/dead imaging was carried out by incubating cells in a PBS solution
containing 1 yL/mL calcein AM and 2 yL/mL ethidium homodimer
for 1 h, then soaking once in 1X PBS to limit background signal. Live/
dead measurements were taken at 5, 24, and 48 h, and 10, 30, 60, and
120 days (n = 3). Imaging was carried out using confocal microscopy
with environment chamber: Z-Stack images were taken of 3 randomly
selected surface areas and 1 cross-section of the 3D-bioprinted
structures. Z-stack images were taken to a depth of 400 um using a
confocal microscope and processed using EZC1 and ImageJ to count
total number of living and dead cells within each 3D section of the
biostructure.

Statistical Analysis. The quantitative experimental results were
analyzed and graphed as mean =+ standard deviation. Statistical analysis
of all quantitative data was performed using one-way analysis of
variance (ANOVA), and pairwise data comparison was done via
Bonferroni’s multiple comparison test. Statistical significance was
shown as *p < 0.05, ¥*p < 0.01, and ***p < 0.001.
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