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Abstract

3D bioprinting has recently emerged as a very useful tool in tissue engineering and regenerative
medicine. However, developing suitable bioinks to fabricate specific tissue constructs remains a
challenging task. Herein, we report on a nanocellulose/chitosan-based bioink, that is compatible
with a 3D extrusion-based bioprinting technology, to design and engineer constructs for bone
tissue engineering and regeneration applications. Bioinks were prepared using thermogelling
chitosan, glycerophosphate, hydroxyethyl cellulose and cellulose nanocrystals (CNCs).
Formulations were optimized by varying the concentration glycerophosphate (80-300 mM),
hydroxyethyl cellulose (0-0.5 mg/mL), and CNCs (0-2% w/v) to promote fast gelation kinetics (<
7 s) at 37°C and retain the shape integrity of constructs post 3D bioprinting. We investigated the
effect of CNCs and pre-osteoblast cells (MC3T3-E1) on the rheological properties of bioinks,
bioink printability, and mechanical properties of bioprinted scaffolds. We demonstrate that the
addition of CNCs and cells (5 million cells/mL) significantly improved the viscosity of bioinks
and the mechanical properties of chitosan scaffolds post-fabrication. The bioinks were
biocompatible and printable at an optimized range of printing pressure (12-20 kPa) that did not
compromise cell viability. The presence of CNCs promoted greater osteogenesis of MC3T3-E1
cells in chitosan scaffolds as shown by the upregulation of alkaline phosphatase activity, higher
calcium mineralization and extracellular matrix formation. The versatility of this CNCs-
incorporated chitosan hydrogel makes it attractive as a bioink for 3D bioprinting to engineer

scaffolds for bone tissue engineering and other therapeutic applications.

Keywords: Chitosan-based hydrogel, cellulose nanocrystal, bioink, osteogenic differentiation,
bioprinting
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1. Introduction

Three-dimensional (3D) bioprinting processes utilize additive manufacturing technologies to
create a 3D scaffold or cellularized tissue construct made of laden cells and biomaterials referred
to “bioinks”. 3D bioprinting has shown significant promise in tissue engineering to restore or
regenerate defected tissues due to its benefits over traditional acellular scaffold fabrication
processes !, 3D bioprinting provides the ability to create biomimetic complex constructs in which
different cell types can be precisely distributed at high densities within 3D scaffolds *°. The most
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common bioprinting techniques for processing bioinks are inkjet ®%, acoustic * 1, laser-induced

112 “and extrusion-based methods '*'°. Among these approaches, extrusion-

forward transfer
based bioprinting has proven to be the most versatile technology owing to its compatibility with
bioinks of a broad range of viscosities that can be used to engineer clinically translational tissue-
engineered scaffolds '® 7. However, there continues to be a need to design bioinks tailored to
achieve optimal printability and functionality for a given application, particularly for bone tissue

engineering applications '8!,

When designing bioinks, natural polymers are generally preferred over synthetic polymers
owing to their biocompatibility, biodegradability, cell affinity and ability to mimic properties of
the natural extracellular matrix (ECM). Natural polymer-based hydrogels, including alginate >4,
gelatin 2>, fibrin 2%, hyaluronic acid 2% %%, and collagen *!, are the most common polymers
investigated as bioink matrices for extrusion-based bioprinting, and can support osteogenic
differentiation. However, these materials have low mechanical properties that cannot mimic the
bone microenvironment to effectively promote bone formation 3% 3*. Herein, we aimed to develop

a new bioink formulation for 3D bioprinting with superior mechanical properties that mimic the

bone microenvironment and better support bone formation.



We recently developed a tunable thermo-/pH-responsive chitosan hydrogel incorporated with
cellulose nanocrystals (CNCs) as an injectable biomaterial for encapsulation of pre-osteoblasts
(MC3T3-El1 cells) for minor bone fractures repair **. Chitosan has been widely used in bone tissue
engineering applications *>*!. In our previous injectable system, the formulation was prepared
using chitosan, CNCs, B-glycerophosphate and hydroxyethyl cellulose (HEC) 3*. This system is
thermo-sensitive and can form hydrogels instantly within 7 s at 37°C through a mechanism that
involves hydrophobic interactions within the chitosan network and hydrogen bonding between
chitosan and CNCs. We demonstrated that the CNCs-incorporated chitosan-based formulations
were biocompatible, supported cell encapsulation and viability, and were injectable through a 20G
needle without compromising cell viability **. Importantly, CNCs had a significant impact on the
mechanical properties of the hydrogel and on differentiation and behavior of pre-osteoblasts
encapsulated within the hydrogel. CNCs significantly improved the mechanical properties of the
chitosan gel to closely mimic the bone microenvironment, and promoted cell spreading within the
hydrogel compared to chitosan-only hydrogels **. The goal of this work was to develop, for the
first time, CNCs-incorporated chitosan-based formulations as bioinks for 3D extrusion-based
bioprinting of cell-laden scaffolds to promote osteogenic differentiation and bone regeneration. As
such, these bioink formulations are designed to fabricate patient-specific bone tissue-engineered

scaffolds for critical-size bone defects regeneration.

Bioink formulations were optimized by investigating a range of CNCs and HEC
concentrations. Formulations, placebo or cell-encapsulated, were characterized and optimized for
their rheological properties (viscosity, yield stress, and storage modulus recovery) to determine
the ability to use these bioinks in 3D printing and the ability to fabricate scaffolds that can retain

their shape and size fidelity. Printability of optimized bioink formulations and fidelity of the final



3D bioprinted constructs were assessed using a custom computer-aided design (CAD) tool path.
Storage modulus and Young’s modulus of bioprinted constructs were determined to assess the
impact of CNCs and cells on the mechanical properties of bioprinted scaffolds. Additionally, cell
viability post-printing was determined using a Live/Dead cell staining and DNA quantification
assay. The impact of bioink formulations on cell differentiation was also evaluated using an
alkaline phosphatase activity assay and corroborated with collagen and calcium histological
staining. These results provide a strong toolbox for the development of bioinks and determining
the required optimal bioprinting parameters to engineer robust and customized 3D complex bone
tissue-engineered constructs that can mimic native tissues and effectively promote repair of large

bone defects.

2. Experimental Section

2.1. Materials

All bioink compositions including chitosan (CS, 85% deacetylated, 200-800 cP, 1 wt% in 1%
acetic acid), B-glycerophosphate (BGP), and cotton cellulose (Whatman® ashless filter-aid paper)
were obtained from Sigma-Aldrich. Dulbecco’s modified eagle media (DMEM) was purchased
from Corning. Sulfuric acid, dialysis membrane (SnakeSkin® dialysis tubing with MWCO 7,000
Da), hydroxyethyl cellulose (HEC), and phosphate buffer saline (PBS) were purchased from
Sigma-Aldrich. Fetal bovine serum (FBS) was purchased from Atlanta Pharmaceuticals.
Paraformaldehyde and Tween20 were purchased from ThermoFisher Scientific. Luer-Lock

connectors were purchased from Baxter.

2.2. In vitro cell culture



MC3T3-El1 cells (ATCC CRL-2593, Manassas, VA, USA), a pre-osteoblast cell line isolated from
mouse calvaria, is a model cell line used for the formulation of bioinks and the study of cell
viability and osteogenesis of cells encapsulated in 3D bioprinted scaffolds. Cells were cultured in
complete growth media containing DMEM with 10% FBS under 5% CO> at 37°C. MC3T3-El
cells were trypsinized by 0.25% trypsin solution with EDTA (Gibco, Carlsbad, CA, USA),
followed by centrifugation at 3000 rpm, 25°C for 5 min to obtain a cell pellet. Subsequently, the
cell pellet was resuspended in serum-free DMEM media and mixed with other bioink excipients

to formulate bioinks (the detailed formulation is described below).

2.3. Preparation of bioink formulations

A 3% (w/v) CS solution was prepared by stirring CS powder in 1% (v/v) aqueous acetic acid at
room temperature overnight. BGP, glycerol, and CNCs were used in their powder forms. CNCs
were synthesized using our previously reported procedure **. MC3T3-El cells were prepared
following the method mentioned in section 2.2. In-situ CS-CNCs bioinks were formulated by first
mixing the formulation excipients in three separate vials under aseptic conditions at a final volume
of 1 mL. The first vial contained a 3% w/v CS solution in 0.1 M aqueous acetic acid (667 puL). The
second vial contained 1M BGP gelling agent solution (100 pL), and the third vial contained a
solution of MC3T3-E1 cells (5 million cells), HEC, and CNCs in DMEM media (213 pL). The
first two solutions were mixed together using a luer-lock connector to create a neutral CS solution
(pH ~ 6.8), followed by centrifugation at 4000 rpm, 25°C for 5 min to remove any air bubbles

present in the formulation. Subsequently, the neutral CS solution was combined with the rest of



the components in vial three and homogenously mixed to obtain the final bioink formulation for

3D bioprinting.

2.4. Rheological properties of bioinks

DHR-3 Rheometer (TA Instruments, New Castle, DE, USA) was used to characterize the viscosity,
yield stress, storage modulus recovery, and gelling kinetics. All tests were conducted at 25°C with
a gap of 500 um. The 3% w/v CS solution was used to optimize all testing protocols (n=3).
Viscosity curves were determined by a logarithmic shear rate sweep from a shear rate of 0.1 s™'—
100 s™! with 10 points per decade. The yield stress was determined by an oscillatory shear strain
sweep from 0.1% to 2000% at a frequency of 1 Hz with 5 points per decade, and the yield stress
was defined as the shear stress at the crossover point of the storage (G”) and loss (G”’) moduli. The
storage modulus recovery was determined by three phases of oscillatory shearing at a frequency
of 1 Hz after a 5-min soak time where no stress was applied. In phase 1, materials were exposed
to a constant shear strain at 1% for 2 minutes to determine an initial storage modulus. In phase 2,
30 s of high shear strain at 2000% (above the material’s yield stress to mimic extrusion and flow
through a bioprinter nozzle) was applied; and finally, in phase 3, materials were exposed to another
constant shear strain at1% for 2 minutes. The initial storage modulus was calculated from the
average storage moduli measured in the initial 2 min of the material being exposed to 1% shear
strain (phase 1). The recovered storage modulus was determined as the storage modulus 10 s after
the shear strain transitioned from 2000% back to 1% (phase 3). The percent recovery was defined

as

Recovered storage modulus

x 100

Initial storage modulus



The bioink gelling kinetics were determined using dynamic time sweep. Briefly, a bioink
formulation (50 puL) was poured into the parallel plate instrument and the measurement was
conducted at 37°C, an angular frequency () of 10 rad/s, and a strain amplitude of 0.01%. The
gelation time was determined for each sample (n=3) as a time of crossover of storage modulus

(G’) and loss modulus (G”) for each sample.

2.5. Scanning electron microscopy (SEM) imaging

The microstructure of acellular and cell-laden casted scaffolds was analyzed using scanning
electron microscopy (SEM) imaging. To investigate the effect of CNCs and cells on scaffolds’
microstructure, samples were prepared as previously described above in section 2.3 and incubated
at 37°C in 2 mL of DMEM media for 24 h. At the end of the experiment, scaffold samples were
removed from the media, flash frozen with liquid nitrogen, and lyophilized for 24 h (SP VirTis
Advantage XL -70, Warminster, PA, USA). The lyophilized samples were subsequently cross-
sectioned, sputter-coated with gold-palladium alloy (60:40) (Hummer X Sputter Coater, Anatech
USA, Union City, CA, USA), and imaged using a Zeiss Supra 25 field emission scanning electron
microscope (Carl Zeiss Microscopy, LLC, Thornwood, NY, USA) following our previously

reported procedure 3.

2.6. 3D printing of bioinks

Key printing parameters (pressure, speed, and layer height) were optimized for all extrudable
bioink formulations selected from screening studies detailed in Supplementary Sections 1 and 2

(S1 and S2). Three (3) mL of the optimized bioink was loaded into the print-head of an extrusion
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bioprinter (BioX, Cellink, Gothenburg, Sweden) with a 20-G nozzle and printed following a
custom tool path with multiple directional changes (Figure S1). Images of the printed strands were
captured after a 3-min gelling time using a digital camera (EOS 80D, Canon, Tokyo, Japan) and

assessed for feature resolution.

2.7. Mechanical properties of 3D bioprinted scaffolds

Bioinks without and with MC3T3-E1 cells (5 million/mL) were prepared using the method detailed
in section 2.3. Subsequently, solid cylindrical scaffolds (8 mm diameter x 2 mm thickness) were
printed with optimized parameters onto a petridish using a BioAssemblyBot® (Advanced
Solutions, Louisville, KY, USA) fitted with a 20-G nozzle (Figure 1). Prior to mechanical
analysis, the bioprinted scaffolds were incubated in DMEM media in a 24-well tissue culture plate

at 37°C for 24 h.

To determine storage modulus, dynamic rheology measurements were performed using a
DHR rheometer fitted with a parallel plate geometry. The strain amplitude was set as 1% for all
measurements, which was within the linear viscoelastic region of the hydrogel formulation.
Dynamic frequency sweep testing (0.1-20 rad/s) was performed at 37°C to determine the storage
modulus of the fabricated 3D printed scaffolds (n=3). To determine Young’s modulus,
compression tests were performed using a RSAIII micro-strain analyzer (TA Instruments, New
Castle, DE, USA) fitted with a parallel plate geometry. The analyses were performed with a 35 N

load cell and a strain rate of 0.01 mm/s for 45 s.

2.8. Shrinkage properties of 3D bioprinted scaffolds

10



The degree of swelling of bioprinted scaffolds with and without MC3T3-E1 cells (5 million/mL)
was determined by measuring the weight of a sample before (Winitial) and after incubation in
DMEM media at 37°C for 24 h (W24n). Solid cylindrical bioprinted scaffolds (7.5 mm diameter x
4 mm thickness, n=4) were printed with optimized printing parameters into a 24-well tissue culture
plate using a BioAssemblyBot® fitted with a 20-G nozzle. The degree of shrinkage was calculated

using the following equation:
Degree of shrinkage (%) = [(Winitiat — W24n)/ Winitial] X 100

Additionally, the diameter (d) and thickness (h) of scaffolds after 24h incubation were measured

using a caliper, and the estimated volume was calculated using the following formula:

V=nx(d2)2xh

2.9. In vitro cell viability and proliferation in the 3D bioprinted scaffolds

Bioink formulations seeded with MC3T3-E1 cells (5 million/mL) were prepared under aseptic
condition as described in section 2.3. Subsequently, solid cylindrical scaffolds (5 mm diameter x
3 mm thickness, n=5) were printed directly into a 24-well tissue culture plate using a
BioAssemblyBot® fitted with a 20-G nozzle. The same printing parameters were applied to all
bioink formulations (pressure = 20 kPa, speed = 0.2 mm/s). For comparison and to determine the
effect of 3D bioprinting on cell viability, 3D cell-laden scaffolds were casted into a 24-well tissue
culture plate and used as controls. Cell viability in 3D bioprinted and direct casted scaffolds was
determined using Live/Dead cell staining kit (Molecular Probes, Eugene, OR, USA). After 24 h
incubation at 37°C, the cell-laden scaffolds were stained with Live/Dead assay reagent containing
1 uM Calcein AM and 2 pM ethidium homodimer (EthD) for 45 min at 37°C. Scaffolds were

11



subsequently washed thrice with pre-warmed PBS. The labeled cells were viewed simultaneously
under a laser scanning confocal microscope (Zeiss LSM700, White Plains, NY, USA) by

collecting five Z-stacks with a 5x lens for each sample.

Cell proliferation within 3D bioprinted scaffolds was determined using the Quanti-iT
PicoGreen dsDNA Assay (Molecular Probes, Eugene, OR, USA). At days 3 and 7, samples were
rinsed with PBS and exposed to 1% Triton X-100 (Sigma-Aldrich, Saint Louis, MO, USA)
followed by three freeze-thaw cycles in order to lyse the cells. Cell lysates were diluted with TE
buffer (200 mM Tris-HCL, 20 mM EDTA, pH 7.5) and mixed with PicoGreen reagent according
to the manufacturer's protocol. A BioTek Cytation 5 fluorospectrometer plate reader was utilized

to quantify the fluorescence of each sample (ex. 480 nm, em. 520 nm).

2.10. In vitro osteogenic differentiation

Bioinks seeded with MC3T3-E1 cells (5 million/mL) were used to fabricate solid cylindrical
scaffolds using the aforementioned 3D bioprinting procedure. Scaffolds (n=5) were subsequently
cultured in osteogenic media (containing 10% FBS, 1x P/S, 50 ng/mL ascorbic acid-2 phosphate,
10 nM dexamethasone). At predetermined endpoints (days 7, 14 and 21), the samples were

analyzed for alkaline phosphatase (ALP) activity, calcium mineralization, and ECM formation.

2.10.1. Alkaline phosphatase (ALP) activity

Cell-encapsulated bioprinted scaffolds (n=5) were rinsed with PBS and exposed to 1% Triton X-

100 followed by three freeze-thaw cycles in order to lyse the cells. Cell lysates were used to
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quantify the ALP activity by an Alkaline Phosphatase Assay Kit (BioVision, Milpitas, CA, USA).
In brief, 20 uL of cell lysate was combined with 50 pL of p-nitrophenyl phosphate (pNPP) solution
in the assay buffer. The mixture was incubated for 1 h at room temperature, protected from light.
The reaction was quenched by adding 20 pL of stop solution, and the absorbance of the resulting
solution was measured at 405 nm using a plate reader. 1% Triton X-100 incubated with pNPP and
the stop solution was used as a blank reference to calculate the absorbance for each sample. The
absorbance value was converted to the concentration of p-nitrophenyl (pNP) using a standard curve
of pNP (0—20 nmol/mL) generated by pNPP that was dephosphorylated by the ALP enzyme. ALP

activity was reported as pNP content normalized by DNA count.

2.10.2. Histological staining

Calcium mineralization and extracellular matrix formation were analyzed by Von Kossa and
hematoxylin and eosin (H&E) histological staining kit (Abcam, Cambridge, MA, USA). Samples
were fixed in 4% paraformaldehyde (pH 7.3), dehydrated in sucrose solutions, and embedded in
OCT fixing reagent. Samples were then cryo-sectioned at 10 um thickness. Sample sections were
stained with Von Kossa and H&E based on established manufacturer protocols and analyzed by
light microscopy (Olympus BX61, Melville, NY, USA) with 5x and 10x lenses. Percent area of
calcium mineralization and ECM formation in 3D bioprinted scaffolds were quantified using

ImagelJ software.

2.11. Statistical analysis
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All data were represented as mean + standard deviation (SD) and analyzed with GraphPad Prism
(version 8.4.2) using the one-way and two-way analysis of variance (ANOVA). The confidence

levels were set as 90% (p* <0.1), 95% (p** < 0.05) and 99% (p*** < 0.01).

3. Results and Discussion
3.1. CS-CNC:s bioink formulations for 3D bioprinting

Composition and crosslinking process of bioinks are critical parameters that dictate
biocompatibility, printability, and mechanical properties of 3D bioprinted scaffolds. In this study,
we report on a CS-based hydrogel formulation containing CNCs ** and its optimization as a bioink
for scaffold fabrication using 3D bioprinting. The physical/chemical properties of bioink
formulations were optimized to improve their compatibility with the 3D bioprinting process used
and offer a microenvironment that can support cell survival and accelerate osteogenic
differentiation. The optimized bioink formulations illustrated in Table 1 were composed of
MC3T3-E1 cells, CS, BGP, CNCs and HEC. The mechanism of CS-CNC gel formation involves
a combination of hydrophobic interactions between the CS molecules, and chemical crosslinking
via Schiff-base linkages between CS and HEC **. A seeding cell (MC3T3-E1) density of 5 million
cells/mL was selected for its relevance to bone tissue formation in vitro and in vivo ****. BGP was
used at a concentration of 100 mM to achieve optimum osmolality (~350 mOsmol/kg) for cell
encapsulation and to promote gel formation at body temperature (37°C) *** ¢ (Figure 1). HEC,
containing glyoxal groups, was incorporated in the bioink formulation at an optimized
concentration of 0.1 mg/mL to enhance shape fidelity retention of 3D bioprinted scaffolds. The

glyoxal groups in HEC act as a chemical crosslinker to covalently crosslink the CS backbone via
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a Schiff-base reaction between the CS amine groups and HEC aldehyde groups *"#’. Unlike other

26,4830 "in this study, CNCs were incorporated at

CS-based bioinks reported in the literature
concentrations ranging from 0.5-1.5% w/v and used as a reinforcing agent to enhance the
mechanical properties of 3D bioprinted scaffolds through hydrogen bonding between CS and
CNCs. CNCs concentrations ranging from 0.5%-1.5% w/v were selected based on the printability
of the resulting bioink formulations, combined with enhanced mechanical properties of the
resulting bioprinted scaffolds compared to CS only bioinks. The 1.5% w/v CNCs was the highest
concentration that allowed continuous printing without inducing any clogging during the extrusion
process. On the other hand, using concentrations of CNCs below 0.5% w/v did not result in
bioprinted scaffolds with significantly improved mechanical properties compared to CS only
formulations. Details of formulation screening process and optimization are described in
Supplementary Sections 1 and 2 (S1 and S2). The CS-CNCs bioink was transferred into a bioink

cartridge for 3D printing, then gelled by temperature stimulation at 37°C on the printing plate

(Figure 1).

Table 1. Optimized formulations of CS-CNCs bioinks used for the studies.

Hydrogel (%Cv? ) Celling agent (;)Nvgi) deﬁgir{iﬂlalilon
BGP (mM) HEC (mg/mL) cells/mL)

CS 2 100 0.1 0 0
CS+0.5%CNCs 2 100 0.1 0.5 0
CS+1.5%CNCs 2 100 0.1 1.5 0
CS-Cells 2 100 0.1 0 5
CS+0.5%CNCs-Cells 2 100 0.1 0.5 5
CS+1.5%CNCs-Cells 2 100 0.1 1.5 5
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A Deacytylated chitosan P-glycerophosphate Hydroxyethyl celloluse Cellulose nanocrystals
pKa=65 pKa =665 @ (contains glyoxal groups) (formed by acid hydrolysis)
pKa = 2.46
HOH,CH,CO
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Extrusion at 25°C

—

3D bioprinting of cell-encapsulated
Cell-encapsulated CS-CNCs bioink CS-CNCs bioink

37°C

3D bioprinting of cell-encapsulated
CS-CNCs bioink

3D bioprinted cell-encapsulated
CS-CNCs scaffold

Figure 1. Schematic illustration of the 3D bioprinting process. A) Bioink formulation consisting
of CS, BGP, HEC, and CNCs seeded with cells. B) Cell-encapsulated bioink was loaded into 3D-
bioprinter cartridges and bioprinted onto a cell-culture glass coverslip with cartridge temperature
controlled at 25°C. C) 3D bioprinted scaffold of a patient derived knee meniscus using CS-CNCs
placebo bioink. The bioprinted scaffold was spontaneously gelled on a glass printing plate by
temperature stimulation at 37°C. Part of the figure reproduced from Materialia, 100681,
Maturavongsadit, P.; Paravyan, G.; Shrivastava, R.; Benhabbour, S. R., Thermo-/pH-Responsive
Chitosan-Cellulose Nanocrystal Based Hydrogel with Tunable Mechanical Properties for Tissue

Regeneration Applications, Copyright 2020 with permission from Elsevier.
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3.2. Rheological properties of CS-CNCs bioinks

Rheological measurements were carried out to characterize the viscosity, yield stress, storage
modulus recovery, and gelling kinetics of the developed bioinks. These properties are important
parameters that determine the ability to use a bioink in 3D printing and the ability to fabricate
scaffolds that can retain their shape and size fidelity, relative to the initial CAD dimensions, post
3D printing. The ideal rheological properties targeted for bioink formulations include 1) viscosity
in the range of 30 — 6 x 10* Pa.s to support shape fidelity after printing 3!-3, 2) shear-thinning
properties to allow flow under high shear stress '3, 3) adequate storage modulus recovery to
regain the original viscoelastic properties after deformation, and 4) fast gelling kinetics to retain

the original CAD dimensions in the final 3D bioprinted structure !>

The viscosity of bioink formulations were measured to investigate the influence of CNCs and cells
presence on rheological properties of bioink formulations. The viscosity of each bioink
formulation was determined by flow sweep analysis. Results showed that all bioink formulations
exhibited a shear thinning behavior with increasing shear rates compatible with extrusion-based
3D bioprinting *>* (Figure 2A). For acellular bioinks, presence of CNCs resulted in a slightly
increased initial viscosity (106.09 £ 6.23, 117.78 + 13.61 and 136.29 + 10.52 Pa.s for CS,
CS+0.5%CNCs, and CS+1.5%CNCs bioinks respectively). For cell-laden bioinks (5 million
cells/mL), there was a significant increase in viscosity for all formulations (251.88 + 3.81, 241.49
+ 28.96, and 258.90 £ 10.93 Pa.s in CS-cells, CS+0.5%CNCs-cells, and CS+1.5%CNCs-cells
bioinks respectively) compared to their placebo bioink analogues (p < 0.1). At a frequency of 1
Hz, complex viscosity of acellular CS, CS+0.5%CNCs and CS+1.5%CNCs bioinks was
approximately 14, 18, and 16 Pa.s respectively. For cell-encapsulated bioinks, the complex

viscosity increased to 23, 32, and 42 Pa.s for CS, CS+0.5%CNCs and CS+1.5%CNCs bioinks
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respectively (Figure 2B, Table 2). These results demonstrated that the presence of cells and CNCs
in the bioink formulations resulted in a significant increase in initial viscosity likely due to

increased volume fraction °* 3°

and presence of electrostatic interactions between the CS
backbones in the bioink formulation. However, the effect imparted by cells was greater than the

effect imparted by the CNCs owing to higher volume fraction in the presence of cells >.

Yield stress of bioink formulations, defined as an applied stress at which the bioink starts
to flow as liquid, was characterized to predict the shape fidelity of scaffolds after printing. Results
showed a slight increase in yield stress in the presence of CNCs; however, this increase was not
significantly different (p > 0.1) (Figure 2C, Table 2). Likewise, incorporating cells did not change
the yield stress of the bioinks compared to their cell-free analogues. The bioinks exhibited a yield

stress in the range of 400 to 585 Pa.

The storage modulus recovery of bioink formulations was also determined as an indicator
of the ability to retain the original CAD dimensions in the final 3D printed scaffolds. After 10 s of
applied high shear strain above the material’s yield stress, all acellular bioinks (CS,
CS+0.5%CNCs, and CS+1.5%CNCs) exhibited similar high percent storage modulus recovery of
over 75% (p > 0.1) (Figure 2D, Table 2). For cell-encapsulated bioinks (5 million cells/mL), the
percent storage modulus recovery was decreased by ~20% in CS bioink (from 95.54% + 16.61%
to 71.72% = 6.55%), and by ~15% in both CS-CNCs bioinks (from 76.00% = 3.53% to 62.36% +
11.15% Pa in CS+0.5%CNCs; and from 85.27% =+ 3.26 to 69.62% =+ 14.54% Pa in
CS+1.5%CNCs); however, these differences were not statistically significant (p > 0.1). This effect
by cells could be attributed to the relatively large size of MC3T3-E1 cells (~30-40 pum) relative to

the bioink network. As a result, this can lead to hindrance or delay in the self-healing process of
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CS polymer and CS-CNCs network, limiting the ability of bioinks to recover their original

properties.

The gelling kinetics of bioinks were determined by investigating the bioink transition
between storage modulus (G’) and loss modulus (G”). When gelled at 37°C, the G’ for all bioink
formulations instantaneously increased above the transition stage (a time of crossover of G’ and
G”) within 7 s of the first detected time point, indicating fast gelation time for all formulations
(less than 7 s) (Figure 2E, Table 2). This demonstrated that the presence of cells and CNCs did
not significantly impact the gelation time of bioinks. However, it is worth noting that the impact
of cells on the properties of bioinks and scaffolds will vary depending on cell density, polymer
types and additives in the formulation %37, For example, Skardal et al. found that cell density
above 25 million cells/mL led to failure in gelation of hyaluronan-based hydrogels *¢. Similarly,
Buckley et al. showed that the addition of chondrocyte cells at 10 and 40 million cells/mL

decreased the dynamic modulus of agarose hydrogels °’.
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Figure 2. Rheological properties of CS-based bioinks containing different CNCs concentrations,

without or with cells encapsulated at 5 million cells/mL (n=3). A) Viscosity curve of bioinks
determined at a shear rate ranging from 0-100 s™\. B) Complex viscosity of bioinks determined at
a frequency of 1 Hz. Statistical analysis: ANOVA with Tukey’s multiple comparisons tests, *p <
0.1, ¥*p < 0.05, ***p < 0.01. C) Yield stress of bioinks determined by an oscillatory shear strain
sweep from 0.1% to 2000% at a frequency of 1 Hz. Statistical analysis: ANOVA with Tukey’s
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multiple comparisons tests, *p < 0.1. D) Storage modulus recovery of bioinks illustrating the
recovered storage modulus after undergoing 2000% strain for 30 s compared to their initial
modulus. E) Gelling kinetics of bioinks using dynamic time sweep conducted at 37°C, an angular

frequency (o) of 10 rad/s, and a strain amplitude of 0.01% (n=3).

Table 2. Summary of rheological properties of bioinks. The values represent the mean (n=3) with

their standard deviations.

Rheological CS CS-Cells CS+0.5%CNCs  CS+0.5%CNCs- CS+1.5%CNCs  CS+1.5%CNCs-
properties Cells Cells
Viscosity (Pa.s) 13.95 + 23.16 + 18.17+6.11 31.56£1.97 16.06 £2.10 42.45+4.54
at | HZ 2.66 4.57
Yield stress (Pa) 41235+ 403.16 = 401.93 £34.46 413.18 £50.59 536.68 + 12.86 58521 +61.77
4535 90.20
Modulus 95.54 + 71.72 76.00 £ 3.53 6236+ 11.15 85.27 £3.26 69.62 + 14.54
recovery (%) 16.61 6.55
Gelation time (s) <7 <7 <7 <7 <7 <7

3.3. 3D bioprinting of CS-CNCs bioinks

For each bioink formulation, optimal extrusion pressure, speed and needle height offset that
resulted in continuous strands with consistent width following a custom tool path were determined
(Figure 3A). A digital camera was used to capture the fidelity of printed strands after a 3-min
gelling interval at 37°C. All bioink formulations exhibited consistent printed strands without

breaking or detaching when fabricated under optimized printing conditions (Figure 3A, B).
Bioinks containing CNCs (CS+0.5%CNCs and CS+1.5%CNCs) required greater extrusion

pressure (20 kPa) to enable uniform printing of strands compared to CS-only bioinks (12 kPa).
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While presence of cells in CNCs-containing bioinks did not require greater extrusion pressure
compared to their acellular analogues (20 kPa), greater pressure (15 kPa) was required for cell-
encapsulated CS bioinks compared to their acellular counterparts (12 kPa) (Figure 3B). Notably,
it was found that using concentrations of CNCs greater than 1.5% w/v resulted in clogging of the
extrusion nozzle and inability to utilize these formulations in a continuous extrusion-bioprinting

process.

This printability data demonstrated that cell-encapsulated CS-CNCs bioinks exhibited
good printability properties. The data also demonstrate that the minimum requirement for
rheological properties of bioinks for 3D extrusion bioprinting can be different for each specific
polymer-based bioink system. Our results showed that the CS-based bioinks had viscosities
ranging between 100 and 250 Pa.s and exhibited shear-thinning properties compatible with
extrusion-based 3D bioprinting *>>°*. In addition, the bioinks exhibited a yield stress in the range
0f'400 to 585 Pa and percent storage modulus recovery above 60%, which was sufficient to support
the printability and fidelity of scaffolds post 3D bioprinting. In contrast, for hyaluronic- and
pluronic-based bioinks, the storage modulus recovery of bioinks are required to be above 85% in

order to offer a good 3D bioprinting fidelity >3-°,
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Figure 3. Printability of CS-based bioinks containing different concentrations of CNCs, without
or with cells encapsulated at 5 million cells/mL (n=3). A) Images of strands 3D printed using
different bioink formulations compared to the original CAD file. B) Optimized printing parameters

for the fabrication of 3D bioprinted strands represented in (A).

3.4. Mechanical properties

One of the key characteristics of a well-designed bioink is its ability to generate high fidelity
bioprinted scaffolds with good mechanical properties to support bone regeneration. Mechanical
properties were investigated by determining the Young’s modulus (E’) and storage modulus (G’)
of scaffolds post 3D bioprinting from the stress-strain curves (Figure 4). Results showed that the

presence of cells did not have a significant impact on the Young’s modulus for all bioprinted



scaffolds (CS, CS+0.5%CNCs, and CS+1.5%CNCs, p > 0.1). However, the storage modulus of
scaffolds containing CNCs was significantly higher in the presence of cells and was ~1.4 and 1.7
folds greater for CS+0.5%CNCs and CS+1.5%CNCs, respectively, compared to their acellular
counterparts (p < 0.01) (Figure 4B, C). Additionally, the data showed that the presence of CNCs
had a significant impact on both the Young’s modulus and storage modulus. For formulations
containing CNCs at 0.5 and 1.5% w/v, the Young’s modulus was ~1.4 and 1.5 folds higher
respectively compared to CS-only scaffolds (p <0.01) (Figure 4C). Similarly, the storage modulus
of bioprinted scaffolds was ~1.2 folds higher for CS-CNCs scaffolds compared to CS-only
scaffolds (p <0.01). These results demonstrated that the presence of CNCs significantly improved
the mechanical properties of bioprinted scaffolds owing to interactions between CNCs and CS at

37°C 34,

Cs e CS5+0.5%CNCs C5+1.5%CNCs
CS-Cells B CS+0.5%CNCs-Cells CS8+1.5%CNCs-Cells

.
= - T
o . o

0
2 . ”
@ °
[ <
= =
7] w

Figure 4. Mechanical properties of 3D bioprinted scaffolds after a 24 h incubation in tissue culture
DMEM media at 37°C. A) Young’s modulus (E”) of 3D bioprinted scaffolds without and with

MC3T3-El1 cells (5 million cells/mL) determined using compression test with a 35 N load cell and
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a strain rate of 0.01 mm/s for 45 s. B) Storage modulus (G’) of 3D bioprinted scaffolds without
and with MC3T3-E1 cells (5 million cells/mL) determined using an a 2% amplitude strain and
frequency range of 0.1-20 rad/s. C) Summary of the mechanical properties of different 3D
bioprinted scaffolds represented in (A-B). The values represent the means (n=3) and standard

deviations. Statistical analysis: ANOVA with Tukey’s multiple comparisons tests, ***p < 0.01.

3.5. Shrinkage and microstructure analyses

Physical properties of bioprinted scaffolds, including degree of shrinkage and
microstructure, are important to determine shape fidelity of bioprinted scaffolds and degree of
diffusivity of scaffolds to support cell survival. The impact of cells and CNCs presence on the
degree of shrinkage and microstructure of scaffolds were investigated after a 24h incubation in
DMEM at 37°C. The shrinkage of bioprinted scaffolds in PBS (pH 7.4) at 37°C is attributed to an
entropy-driven process of the disruption of both ionic interactions between CS and BGP and
hydrophobic interactions within the CS network **. Results showed that the presence of cells in
bioink formulations did not have a significant impact on the degree of shrinkage of the fabricated
scaffolds. The degree of shrinkage ranged between 30-34% in all scaffolds (Figure SA). The
microstructures of scaffolds fabricated with or without cells showed high porosity with similar
characteristics in all bioink formulations with no evident differences noted (Figure SB). These
results imply that the aforementioned entropy-driven process that governs the degree of shrinkage
was not influenced by the presence of CNCs and cells during the first 24 h of incubation. All
bioprinted scaffolds exhibited similar degree of shrinkage with high porosity to support the

diffusivity of nutrients and molecules.
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Figure 5. Physical properties of 3D cylindrical bioprinted scaffolds. A) Degree of shrinkage of
cylindrical bioprinted scaffolds (n=4) fabricated using different bioink formulations without and
with MC3T3-E1 cells (5 million cells/mL) determined after a 24 h incubation in DMEM at 37°C.
Statistical analysis: ANOVA with Tukey’s multiple comparisons tests, no statistical difference (p

> 0.1). B) Microstructure of casted scaffolds imaged after a 24 h incubation in DMEM at 37°C.

3.6. In vitro cell-based assays
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3.6.1. Cell viability and proliferation

Cell viability was used to assess the efficiency of the 3D bioprinting process and biocompatibility
of bioink formulations. Previously, we reported that CS-CNCs formulations were biocompatible
and supported the persistence of MC3T3-E1 cells over 7 days in complete growth media **. Herein,
cell viability was qualitatively evaluated by imaging living cells and dead cells encapsulated within
bioprinted scaffolds after 24 h incubation in complete media at 37°C. Cell viability was also
assessed in casted scaffolds as a control. Results comparing cell viability in casted scaffolds and
3D bioprinted scaffolds showed similar cell viability in both scaffolds, demonstrating that the
printing process did not impact cell viability (Figure 6A). These results demonstrate that the
extrusion pressure used during the 3D bioprinting process (12-20 kPa) was compatible with cell
survival 518, Cell proliferation was further quantified using a Quant-iT PicoGreen dsDNA assay
after 3 and 7 days incubation in complete media at 37°C. Results showed that for all scaffolds there
was no significant cell proliferation after 7 days incubation at 37°C and the presence of CNCs did
not alter cell viability and proliferation in the bioprinted scaffolds (p > 0.1) due to lack of adhesion

motifs %% (Figure 6B).

Ea CS-Cells
=1 CS+0.5%CNCs-Cells
CS+1.5%CNCs-Cells

-
o
L

]
1

DNA number (ng/mg scaffold) oo

o
L

Casted CS-Cells Bioprinted CS-Cells 3 Time (days) '

Figure 6. In vitro cell viability and proliferation assay assessing cell-encapsulated 3D bioprinted

scaffolds. A) Cell viability in 3D bioprinted CS scaffolds compared to casted scaffolds after 24 h
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incubation in complete media at 37°C using Live/Dead cell staining assay and Z-stack imaging
with a 5x lens. Living cells are depicted in green and dead cells are depicted in red. B) Proliferation
of cells encapsulated in bioprinted scaffolds fabricated using different bioink formulations (n=5).
DNA number was quantified using Quant-iT PicoGreen dsDNA assay at day 3 and 7 incubation
in complete media at 37°C. Statistical analysis: ANOVA with Tukey’s multiple comparisons tests,

no statistical difference (p > 0.1).

3.6.2. Osteogenic differentiation

To investigate the potential use of CS-CNCs bioink for bone tissue engineering applications, cell-
laden bioprinted scaffolds were cultured in osteogenic media for 21 days. Osteogenesis was first
investigated by determining alkaline phosphatase (ALP) enzyme activity as an indicator in the
early stage of osteogenic differentiation. Results showed a peak value in ALP activity at day 7 and
for all scaffolds tested (CS, CS+0.5%CNCs, CS+1.5%CNCs) with a significantly higher activity
observed for the CS+1.5%CNCs bioprinted scaffolds. In comparison, in CS and CS+0.5%CNCs
scaffolds, ALP activity reached a peak value at day 14 and this activity was retained up to day 21.
These results demonstrate that with the highest concentration of CNCs (CS+1.5%CNCs)
bioprinted scaffolds exhibited a faster onset of osteogenesis compared to CS only and

CS+0.5%CNCs scaffolds.

ECM formation was assessed using H&E staining. The extent of ECM formation (stained
in red) in all types of cell-laden scaffolds increased over time with the highest percent area of ECM
obtained with the CS+1.5%CNC:s scaffolds at day 14 and 21 (Figure 7B, D). While the extent of

ECM in CS+0.5%CNC:s scaffolds at day 14 was significantly higher than in CS scaffolds, there
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was no significant difference in ECM extent in these two scaffolds at day 21 (Figure 7D). Calcium
mineralization was further examined by Von Kossa staining to assess the impact of CNCs in
bioprinted scaffolds on osteogenesis performance. The results illustrated in Figure 7C, E and
Figure S4, show no calcium content or calcium mineralization after 7 days incubation in
osteogenic culture. Calcium deposition in cells increased at day 14 in all scaffold formulations. At
day 21, the extent of calcium deposition was significantly increased and covered larger areas in all
scaffolds. As demonstrated in Fig 7E the area of mineral deposits within the scaffold was
significantly higher in CS+1.5%CNCs scaffold at days 14 and 21 compared to CS and
CS+0.5%CNCs scaffolds (Figure 7E). The collective increase in osteogenic markers observed
with CS+1.5%CNC:s scaffolds could be attributed to the significantly higher mechanical properties

imparted by CNCs ¢’.

Collectively, this data supports the development of CS-CNCs based bioinks to engineer
3D bioprinted constructs for bone tissue engineering. The versatility of these formulations provides
the ability to fine-tune the rheological and mechanical properties for 3D bioprinting and the
mechanical and structural integrity of bioprinted scaffolds. Future studies will investigate in vivo
efficacy of the CS-CNCs scaffolds in fracture heading. In addition, we will investigate
incorporating osteoconductive and osteoinductive molecules to further improve these bioink

formulations for bone tissue engineering and regeneration applications.
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Figure 7. In vitro osteogenesis assays in 3D bioprinted scaffolds (n=5). A) ALP activity measured
using the p-nitrophenyl phosphate (pNPP) assay at day 7, 14 and 21 post-incubation in osteogenic
culture conditions. B) H&E staining of newly formed ECM in bioprinted scaffolds evaluated at
day 7, 14 and 21 post-incubation in osteogenic culture conditions. All images share the same scale
bar of 200 um. C) Von Kossa staining of calcium mineralization in bioprinted scaffolds collected

at day 7, 14 and 21 post-incubation in osteogenic culture conditions. All images share the same
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scale bar of 200 um. D) Percent area of newly formed ECM in bioprinted scaffolds quantified by
Imagel at day 7, 14 and 21 post incubation in osteogenic culture conditions. E) Percent area of
calcium mineralization in bioprinted scaffolds quantified by ImageJ at day 7, 14 and 21 post-
incubation in osteogenic culture conditions. Statistical analysis: ANOVA with Tukey’s multiple

comparisons tests, *p < 0.1, **p < 0.05, ***p <0.01.

4. Conclusion

In summary, we report for the first time the development of a CS formulation containing CNCs as
a bioink for 3D extrusion-based bioprinting. The CS-CNCs bioinks lent themselves well to
extrusion-based 3D bioprinting and effectively promoted osteogenic differentiation. The
composition and crosslinking process of bioink formulations were optimized to allow efficient
printability. The impacts of CNCs and pre-osteoblast cells on viscosity, yield stress and storage
modulus recovery of bioink formulations were investigated, to provide the ability to predict 3D
bioprinting outcomes. The mechanical properties of 3D bioprinted CS scaffolds were significantly
improved by incorporating CNCs and cells. All bioink formulations were biocompatible and
supported cell encapsulation at a high density of 5 million cells/mL. More importantly, CS-CNCs
scaffolds significantly promoted osteogenic differentiation as demonstrated by accelerated early
activity of alkaline phosphatase, calcium mineralization and collagen formation in ECM. We
envision that this bioink will support the development of biomimetic bioprinted constructs with

target properties that can match native bone tissues to effectively repair bone defects.

Supporting information
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Detail of optimization of CS-CNCs bioink formulations (S1); Details of formulation parameters
investigated for optimization (Table S1); Optimization of 3D bioprinting parameters (S2);
Computer-aided design (CAD) model used to investigate printability of CS-CNCs bioink
formulations (Figure S1); 3D bioprinted CS scaffolds using different CAD geometries (Figure S2);
Mechanical properties of bioprinted scaffolds measured after 2h incubation at 37°C (without any
media or PBS) (Figure S3); Von Kossa staining of calcium mineralization within bioprinted
scaffolds (20x magnification) analyzed at day 14 and 21 post-incubation in osteogenic culture

conditions (Figure S4).
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