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Hydrogels based on cellulose nanofibrils (CNFs) have been widely used as scaffolds for bio-
medical applications, however, the poor mechanical properties of CNF hydrogels limit their use as ink
for 3D bioprinting in order to generate scaffolds for tissue engineering applications. In this study, a dual
crosslinkable hydrogel ink composed of a poly(ethylene glycol) (PEG) star polymer and 2,2,6,
6-tetramethyl-1-piperidinyloxy (TEMPO)-oxidized nanocellulose fibers (CNFs) is presented. As the
resulting hydrogel had low structural integrity, at first crosslinking of CNFs was introduced by Ca?*.
Strong physical interactions between CNFs and Ca®" cations allowed easy regulation of the viscosity of
the inks for extrusion printing raising the solution viscosity by more than 1.5 times depending on the
amount of Ca®* added. The resulting hydrogel had high structural integrity and was further stabilized in
a second step by photo crosslinking of PEG under visible light. In only a few seconds, hydrogels with
Young's modulus between ~10 and 30 kPa were obtained just by altering the CNF and Ca®* content.
3D printed hydrogels supported fibroblasts with excellent cell viability and proliferation. The dual
crosslinkable hydrogel ink herein developed is versatile, easy to prepare, and suitable for 3D printing of
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1. Introduction

3D printing of biological materials, including cells, growth
factors, natural polymers, and other biological compounds is
increasingly explored as a means to restore tissues and organs
of a body."” Mimicking the structure and morphology of
tissues and organs with high accuracy is one of the main
advantages of 3D bioprinting compared to other fabrication
technologies used in tissue engineering.® Extrusion-based 3D
bioprinting is one of the most common techniques to print
polymer-based solutions that have cells at accurate locations.
The cells can be placed in 3D space via two common methods.
Firstly, the polymeric solution can be printed and eventually
seeded with cells following printing. Secondly, the solution
contains cells and they are entrapped during the printing
process.” The viscous polymeric solution is hereafter referred
to as ink injected from a micro-needle extrusion nozzle with the
aim to print the desired patterned scaffold, a process which can

“School of Chemistry, UNSW Sydney, NSW, 2052, Australia.
E-mail: m.stenzel@unsw.edu.au
b School of Materials Science and Engineering, UNSW Sydney, NSW, 2052,
Australia. E-mail: d. mawad@unsw.edu.au
¢ Graduate School of Biomedical Engineering, UNSW Sydney, NSW, 2052, Australia
t Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1tb00624j

This journal is © The Royal Society of Chemistry 2021

be combined with biological components to achieve suitable
cell proliferation.””” However, designing the ink is still one of
the most challenging aspects of 3D bioprinting.*® The chal-
lenge is to adjust the ink properties such as its viscosity to
achieve material properties suitable for biological systems. This
has so far limited the current number of 3D printed materials
in clinical applications.’® Hydrogels are the most prominent
class of printable materials as they provide numerous advan-
tages for tissue engineering and cell delivery applications, such
as tunable degradability, cytocompatibility, and tissue-like
elastic properties.” The attraction of hydrogels lies in their
highly swollen three-dimensional network, comparable to the
environment of the native tissue.'"

A suitable hydrogel ink must be viscous enough to maintain
its shape during printing and must be crosslinkable to retain
its 3D structure after printing.'> The hydrogel ink can be
strengthened either with viscosity-enhancing agents like
methylcellulose or reinforced materials like hydroxyapatite in
order to improve its viscosity and thus rendering it suitable for
3D printing.>'®"* Crosslinking using chemical or physical
approaches can be employed in order to maintain the struc-
tural integrity of the printed scaffold. A large variety of chemical
crosslinking approaches has been developed, enabling the
hydrogel properties to be fine-tuned. However, care needs to
be taken to avoid the production of cytotoxic intermediates and
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harmful by-products.'®'* Physical crosslinking on the other
hand produces no cytotoxic species, but it is difficult to control
the hydrogel properties.’® Furthermore, this process can only
be applied to polymers with molecular structures that allow
physical interactions such as hydrophobic interactions or
hydrogen and ionic bonding, such as alginate ionic crosslink-
ing with Ca**."® The advantage is that the dynamics of physical
crosslinks allow response to changes in the environment. Thus,
combining physical and chemical crosslinking can offer super-
ior performances not attainable by individual methods."”
Recently, nanocellulose (NC) has received significant
attention as a building block of materials as it can be obtained
from renewable sources, while it also displays exceptional
properties including high elastic modulus, low density, high
specific surface area, easy surface modification, and bio-
compatibility.'®'® This led to the development of a large
number of hydrophilic and hydrophobic composite matrices
and hybrid materials such as hydrogels and aerogels based on
nanocellulose, either in the form of cellulose nanocrystals
(CNCs) or cellulose nanofibers (CNFs).>° CNFs as the main
building block of hydrogels have been extensively used as a
scaffold material for biomedical applications due to their low
cytotoxicity and their structural similarity to the extracellular
matrix. However, their use in 3D bioprinting is limited as these
hydrogels usually display poor mechanical properties.>' More-
over, CNF hydrogels based on electrostatic interactions can be
dissociated in solutions of high ionic strength resulting in low
mechanical stability.”> To our knowledge, there have been no
attempts to print nanocellulose scaffolds with highly tunable
mechanical properties and stability in the wet state via
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combining both chemical and physical crosslinking. We
address this gap here.

In this study, we designed a hydrogel ink based on
poly(ethylene glycol) (PEG) hydrogels reinforced with cellulose
nanofibers with a wide range of viscoelastic and mechanical
properties.

We utilized a dual crosslinking approach by preparing an
interpenetrating network, which includes (i) the cellulose nano-
fiber network prepared by ionic crosslinking with calcium ions
(Ca®") before printing to enhance the viscosity of the ink, and
(ii) a PEG hydrogel formed after crosslinking by the thiol-ene
photoreaction of norbornene groups, introduced in a 4-arm
PEG star polymer, and dithiothreitol (DTT) (Fig. 1a). The
bioactive, water-soluble form of vitamin B2 (riboflavin 5'-
monophosphate, FMN) was used as the photoinitiator for the
formation of the PEG network due to its cytocompatibility and
higher water solubility compared with other chemical
photoinitiators.>® Furthermore, vitamin B2 allows crosslinking
under blue LED light making this process easier to set up
instrumentally, while visible light is also more cytocompa-
tible than UV light.”*° 2,2,6,6-Tetramethyl-1-piperidinyloxy
(TEMPO)-oxidized nanocellulose fibers (TEMPO-CNFs) or
shortly CNFs were synthesized by introducing carboxylate
groups into microcrystalline cellulose using established proce-
dures (Fig. 1b).>® The negative charge on CNFs plays a key role
in the interaction with Ca®" as the strength of the electrostatic
interaction will regulate the stiffness of the formulated inks
(Fig. 1c), therefore the viscosity was optimized by the addition
of CaCl,. After 3D printing, the PEG-CNFs were chemically
crosslinked under visible light.>” The mechanical strength,

Step 1
lonic crosslinking

Photo crosslinking

Fig. 1 Schematic for: (a) synthesis of 4-arm poly(ethylene glycol)-norbornene (4PEG-NB), (b) synthesis of cellulose nanofibers (CNFs) via
TEMPO-mediated oxidation and high energy ultrasonication treatment, and (c) 3D bioprinting process via the dual mode crosslinking of the PEG-
CNF ink. Dual crosslinking system: physical (ionic crosslinking, step 1) + chemical crosslinking (photo crosslinking, step 2).
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printability, and cytocompatibility of PEG-CNF hydrogels for 3D
bioprinting were studied.

This ink was used to print the scaffolds and the cells were
subsequently seeded on the surface; however, this ink has the
potential to be mixed with cells during the bioprinting process,
although this was not explored here.

2. Experimental
2.1. Materials

4-Arm poly(ethylene glycol) (PEG) (20 kDa) was purchased from
JenKem Technology. Fetal bovine serum (FBS) and an Alamar
blue assay kit (DAL 1025) were purchased from Invitrogen. All
other chemicals were obtained from Sigma-Aldrich. L929 fibro-
blast cells were obtained from CellBank Australia.

2.2. Methods

2.2.1. Synthesis of norbornene-functionalized 4-arm
poly(ethylene glycol) (4PEG-NB). 4PEG-NB was synthesized as
described earlier.”* 5-Norbornene-2-carboxylic acid (11.5 mmol,
1.6 g) was dissolved in dichloromethane (10 mL). N,N-
Dicyclohexylcarbodiimide (DCC) (5.8 mmol, 1.18 g) was added
to the solution and stirred for 30 min. 4-Arm PEG (0.3 mmol,
6.0 g), dimethylaminopyridine (DMAP) (0.6 mmol, 0.07 g), and
pyridine (0.058 mmol, 0.005 g) were dissolved in dichloro-
methane (10 mL) and added to the previous norbornene acid
solution. The mixture was stirred at room temperature over-
night under a N, atmosphere. The mixture was filtered, then
dialyzed (MWCO 6-8 kDa) against methanol. The polymer was
precipitated twice into diethyl ether to obtain the pure product
as a white solid. "H-NMR spectroscopy in chloroform solvent
(CDCl;) was used to determine the degree of functionalization
(> 85%, Fig. S1, ESIY).

2.2.2. Modification and characterization of cellulose with
TEMPO (CNFs). TEMPO-oxidized nanocellulose fibers (CNFs)
were produced by TEMPO/NaBr/NaOCI oxidation as shown in
Fig. 1b. Microcrystalline cellulose (2.0 g) was suspended in
200 mL of Milli-Q water and stirred for 10 min. TEMPO
(0.22 mmol, 35 mg) and sodium bromide NaBr (5.6 mmol,
580 mg) were then added to the cellulose suspension as
previously described.*® After TEMPO was completely dissolved,
sodium hypochlorite (NaOCl, 8 mL) was added dropwise.
Through the reaction, the pH of the suspension was adjusted
between 10 and 11 by adding 0.5 M NaOH. The mixture was
quenched after 24 h by adding ethanol into the suspension.
The oxidized fibers were thoroughly washed with Milli-Q water
to remove the residual unreacted chemicals. Then, the CNF
suspension in Milli-Q water with a solid content of 4.95 w/v%
was mechanically treated by ultrasonication for 80 min using a
BRANSON solid/liquid digital sonifier (amplitude = 50% at
room temperature and 20 mL of suspension was ultrasonicated
each time). The dispersity of the CNFs was observed using JEOL
1400 transmission electron microscopy (TEM) at accelerating
voltages of up to 120 kV. Samples were prepared by placing a
drop of 1 mg mL™" CNF aqueous solution on a formvar-coated
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copper grid and draining the excess using filter paper, followed
by negatively staining the samples with uranyl acetate (2%
aqueous solution) for 5 min and air-drying overnight. The
surface charge, diameter, and size distribution of CNFs were
determined using a Malvern Zetaplus particle size analyzer
(laser angle = 173°) at a neutral pH of diluted CNF solution
(0.1 w/v%) in Milli-Q water. The number of carboxyl groups
tethered on the nanocellulose fibers was determined by pH
titration.”® Three measurements were recorded to determine
the standard deviation.

2.3. Ink formulation

Inks with different formulations were prepared as listed in
Table 1. Mixtures of 1 mL were prepared by dissolving 4PEG-NB
(100 mg, 0.0049 mmol), DTT (1.5 mg, 0.0098 mmol), and FMN
(0.045 mg, 0.0001 mmol) in CNF aqueous stock solution
(4.95 wt%). The stock solution of CNFs was diluted by adding
Milli-Q water to prepare different concentrations according to
Table 1, followed by sonication for 10 min. CaCl, was added to
the previous mixtures at two different molar ratios between the
Ca®" and the carboxyl group of CNFs. The code, xNF, in Table 1
indicates the weight percentage of CNFs while the number
before Ca shows the ratio between Ca®" and the carboxyl groups
of CNFs in the ink formula. The photo reaction of all mixtures
was carried out under blue light (460 nm and 25 mW cm ™ ?).
The aqueous solution of 4PEG-NB (100 mg, 10 wt%), 1.5 mg
DTT, and 0.045 mg FMN in 1 mL Milli-Q water has been
prepared as a control (PEG-10).

2.4. PEG-CNF hydrogel fabrication

The above precursor solutions were mixed using two syringes
connected using a female-female luer lock connector. The
solution was pushed back and forth (50 times) between the
two syringes, followed by sonication for 10 min. The mixture
was kept in the dark, and covered by aluminum foil to avoid
exposure to light. CaCl, was then added to the precursor
according to Table 1 and mixed as well. For the photo hydro-
gelation, the precursor solution was poured into a polydi-
methylsiloxane (PDMS) mold (8 mm diameter and 2 mm
height) and exposed to blue light (460 nm and 25 mW cm ?)
for 3 min.

2.5. Physico-chemical hydrogel characterization

2.5.1. Rheology. The shear-thinning behavior of the pre-
cursors was investigated using a Modular Compact Rheometer
MCR 302 (Anton Paar RheoCompass) over a shear rate ramp

Table 1 Amount of CNF and Ca®* in the PEG-CNF ink formulation
containing 10 wt% 4PEG-NB, 0.1 mM FMN and 9.8 mM DTT

Precursor 2NF- 3NF- 4NF- 2NF- 3NF- 4NF- 2NF- 3NF- 4NF-
code 0Ca 0Ca 0Ca 0.5Ca 0.5Ca 0.5Ca 1Ca 1Ca 1Ca
CNFs (wt/v%) 2 3 4 2 3 4 2 3 4
ca*/coo” 0 0 0 05 05 05 1 1 1

(molar ratio)

Ca¥*mM) o0 o0 0 127 19 254 254 38.1 50.8
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from 0.001 to 1000 s~' with a gap size of 0.096 mm and a
50 mm parallel plate. The rotational recoveries were measured
to determine the material recovery behavior at a high shear rate
(100 s ) for 120 s to a near-zero shear rate for 60 s. To monitor
gelation kinetics, in situ photorheometry was conducted in a
time-sweep mode with 0.1% strain, 1 Hz frequency, and a gap
size of 1 mm with a 25 mm parallel plate.® All experiments
were done at room temperature. The precursor solution
(600 pL) was dispensed on the bottom glass plate of the rheometer
and irradiated with blue light (460 nm, 25 mW c¢cm ™) to test the
storage and loss modulus during irradiation (Fig. S2a, ESIt). A
time sweep experiment (1200 s) was carried out and blue light was
turned on for 120 s after the onset of the rheometric measure-
ments. The gel strength was determined via a frequency sweep
test at 0.2% strain over the range of 0.01-10 Hz in the oscillation
mode (Fig. S2b, ESIt).

2.5.2. Swelling, gel fraction, and mass loss of PEG-CNF
hydrogels. Immediately after fabrication, hydrogels were
weighed to determine their initial dry weight (m;), and
immersed in phosphate-buffered saline (PBS) of pH = 7.4 at
37 °C to examine their swelling behavior (n = 5). At different
time points, the samples were removed, gently dry-blotted, and
reweighed (mg). The percentage mass swelling ratio was calcu-
lated using eqn (1):

% Swelling Ratio = u x 100 (1

1

The gel fractions of the hydrogels were obtained based on their
swelling properties (n = 4).® Each hydrogel sample was lyophi-
lized before testing to obtain its initial mass (m;), and then
placed into Milli-Q water at 37 °C. After 24 h the samples were
removed, lyophilized, and reweighed (mq4). The gel fraction of
each sample was calculated using eqn (2):

% Gel Fraction = m—(_i x 100 )

i

To calculate the mass loss of the hydrogels, each dry sample
with its initial mass (m;) was immersed in PBS (n = 5) at 37 °C.
At different time points, the samples were removed, lyophi-
lized, and reweighed (mg). The percentage mass loss was
calculated using eqn (3):

% Mass Loss = % x 100 3)

2.5.3. Mechanical test. Compression tests were performed
to calculate the compressive modulus of PEG-CNF hydrogels
using an ElectroPlus E1000 Instron machine with a 250 N load
cell controlled by Bluehill Universal software (n = 6). Cylindrical
samples (height = 5 mm, diameter = 6 mm) were prepared and
hydrated in PBS at 37 °C. The compression speed was set at a
constant rate of 5 mm min~ ' at ambient temperature. The
swollen hydrogels were tested until 90% compression. The
Young’s modulus was extracted from the slope of the linear
region of the stress-strain curve ranging from 0-20% strain.
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2.6. 3D-printing

PEG-CNF printing was carried out on a customized LulzBot
mini 3D-printer through layer-by-layer deposition of ink onto a
Petri dish. 3D constructs were designed in an Autodesk fusion
360 and converted into a G-code by Slic3r software and then
uploaded into the printer SD card. The ink was loaded into a
1 mL syringe at room temperature with a stainless steel needle
(Nordson, USA). A 3D scaffold model with dimensions of
10 mm width, 10 mm length, and 4 mm height was designed
with a 2 mm filament grid. Parameters optimized during the
printing process included the needle gauge size (20-23 G) and
the printing speed (1-4 mm s~ '). The printed scaffolds were
then photo-crosslinked by exposure to blue light (460 nm and
25 mW c¢cm ) for 3 min.

2.7. Cell viability and metabolic activity

L929 fibroblast cells were cultured in phenol red-free DMEM
supplemented with 10% (v/v) fetal bovine serum (FBS) and 1%
(v/v) penicillin and streptomycin incubated at 37 °C with 5%
CO, and 95% humidity. Cytotoxicity tests were performed via
an indirect cytotoxicity test according to ISO standard 10993-5:
2009(E), by culturing L929 fibroblasts in the extract solution of
the PEG-CNF hydrogels.>® 1929 fibroblasts were seeded on a
tissue culture plate (96-well) at 3000 cells per well and in 10%
FBS containing DMEM (200 pL) for 24 h. To obtain the hydrogel
extract, the photo crosslinked hydrogel discs (10 mm diameter
and 2 mm height) were incubated in DMEM (1 mL) at 37 °C and
5% CO, for 24 h using sterile cell culture plates. After 24 h, the
cell culture medium of the cells was replaced with this hydrogel
extract solution, followed by 24 and 48 h incubation. The cells
were cultured in media and media containing 20% DMSO,
considered as the negative and positive controls, respectively.
The metabolic activity was measured by Sulforhodamine B
(SRB) assay using a Bio-rad BenchmarkTM microplate reader
at an absorption wavelength of 570 nm. The experiments were
repeated 3 times, with 4 samples tested in each experiment. An
Alamar blue assay was conducted to study the metabolic activity
of cells seeded on the photo crosslinked hydrogels. Using a
pipette, L929 cells were seeded on top of both the disc shape
hydrogel formed in the PDMS mold and the grid shaped
hydrogel printed in the 3D printer (n = 3). The cell density
was 0.04 x 10° and 0.12 x 10° cells per disc and grid scaffold
respectively and unseeded structures (disc and scaffold) were
used as controls. Gelatin (0.5 wt%) was incorporated into the
ink to support cell interactions. The metabolic activity of the
cells was analyzed at 1, 3, 6, 10, and 14 d after culture. The discs
and square block bioprinted structures were incubated in
12-well plates for 5 h with 10% Alamar blue. After incubation,
the printed scaffolds were moved to a fresh 12-well plate with
new media and the Alamar blue solution was aliquoted into a
non-binding 96-well black plate, read for fluorescence at excita-
tion 540/35 and emission 600/40, using a Synergy™ HTX Multi-
Mode Microplate Reader (BioTek Instruments, USA).

On day 3 and day 14 of culture, the bioprinted structures
were removed from media, washed gently with PBS, and
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incubated in 2 mL of 2 uM Calcein AM for 15 minutes at 37 °C
with 5% CO,. Samples were washed with PBS twice and imaged
using a Leica TCS SP2 Confocal Microscope, with excitation at
488 nm and emission at 505-535 nm. A z-stack of approxi-
mately 800 um was created from a random area of the scaffold
with a stack of every 10 um and averaged to create a single
image using Image]J.

2.8. Scanning electron microscopy (SEM)

The morphological structure of PEG-CNF hydrogels was
observed using a field-emission scanning electron microscope
(FE-SEM). Samples were washed using PBS and immersed in
fixing solutions of 2.5% glutaraldehyde (GA) in 0.1 M sodium
cacodylate buffer (SCB) for 1 hour at room temperature. Sam-
ples were washed with 0.1 M SCB and transferred to 1%
osmium tetroxide solution, following dehydration using a
graded ethanol series in steps of 30%, 50%, 70%, 80%, 90%,
95%, 100%, 100%, and 100% ethanol. Each immersion step
was performed for 15 min to allow for ethanol diffusion into
the gels. All washing steps were performed in Pelco Biowave™
Pro+. The samples were then dried using a Tousimis Autosam-
dri®-815 critical point dryer. The dried samples were cut using
a razor blade and mounted onto the 25 mm SEM stubs with
carbon tape, sputter-coated with platinum, and imaged using
NanoSEM 230 at an accelerating voltage of 5 kV to evaluate the
morphology and microstructure. The 3D bioprinted samples at
day 3 and day 14 of culture were used for SEM analysis.

2.9. Statistical analyses

All data are expressed as mean =+ standard deviation (SD)
unless stated otherwise. Statistical analyses were performed
using GraphPad Prism. The statistically significant differences
were determined by one- or two-way analysis of variance
(ANOVA), and the Tukey or Sidak’s post-test (ns = nonsignifi-
cant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
Statistical significance was accepted at p < 0.05.

200 nm
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3. Results and discussion
3.1. Synthesis and characterization of CNFs

CNFs were prepared by TEMPO-mediated oxidation of micro-
crystalline cellulose followed by ultrasonication treatment.”®
The amount of carboxylate groups on CNFs was determined by
pH titration and found to be 1.27 mmol per gram of CNFs
(Fig. S3a, ESIt). Visual observation of the CNF aqueous solution
showed a significant improvement in the transparency of the
solution after ultrasonication (Fig. S3c-e, ESIt), indicating that
the CNFs are well dispersed. TEM confirmed the formation of
nano-sized fibers disintegrated from microcrystalline cellulose
(nanofiber diameter, ¢J ~ 10 nm) (Fig. 2a and b). The hydro-
dynamic diameter Dy, in aqueous solution as obtained with DLS
results was measured to be 115.8 & 2.3 nm at pH 7.1, with a size
distribution (PDI = 0.4) from three repeated experiments
(Fig. S3b, ESIf). DLS can only provide some information on
aggregation or the absence thereof, but cannot be used as a
technique to measure the size of the fibers with their high
aspect ratio.>® In this case, DLS confirmed that the CNFs are in
discrete nano form and are not significantly agglomerated. The
zeta potential of —32.9 + 1.8 mV confirmed the abundance of
negatively charged carboxyl groups on the surface of CNFs,
which assist dispersion and electrostatic interactions with
positively charged Ca®>*. Although binding in carboxylated
glucose (logK ~ 2) is lower than that of the strongly citrate
one (logK ~ 3.5), the close vicinity of several carboxyl groups
can increase the binding constant.*’ It needs however to be
considered that the mixture will always contain Ca®>" ions that
are bound to one CNF (acting as a counterion), to two CNFs

(acting as a crosslinker), as well as free Ca**.**

3.2. Rheological evaluation

During the 3D printing process, the ink is subject to shear
stress. Thus evaluation of the rheological properties can give
insight into the flow behavior of the material under extrusion,*
which is important when considering that nanocellulose is

100nm
wmwecmmes b

Fig. 2 (aand b) TEM images of cellulose nanofiber dispersion after TEMPO-mediated oxidation and ultra-sonication. The fibers are highlighted by yellow

arrows.
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anisotropic and can potentially align during flow.>**> The
precursors, which are the mixture before thiol-ene crosslink-
ing, containing 4PEG-NB, DTT, RF, CNFs and CaCl,, were
prepared according to Table 1. The physical crosslinking of
CNFs via ionic interactions with Ca*>" was utilized as the first
gelation step in the ink preparation, to increase the viscosity
and improve the shape fidelity of the PEG-CNFs. The shear-
thinning behavior of PEG-CNF precursors as traced over a shear
rate of 0.001-1000 s ' is shown in Fig. 3(a-d) (for better
visibility the shear thinning results of all hydrogel mixtures
were separated into different graphs). The PEG-10 solution and
all PEG-CNF groups showed a shear-thinning behavior that is
typical for disentangling networks in response to the action of
the shear stress.*® Shear-thinning, defined as a non-Newtonian
behavior, causes the ink viscosity to decrease as the shear rate
increases and enables its extrusion through the nozzle with
applied pressure.”” The behavior of the 4.95 wt% CNF aqueous
solution (Fig. 3a) is similar to the shear thinning behavior
previously reported for nanocellulose.*® A shoulder is visible at
a low shear rate (<0.003 s ') in all diagrams (Fig. 3a-d), and is
attributed to the static yield stress. This is an important para-
meter in defining a suitable ink for extrusion-based printing, as
it is the stress required to make the ink flow from rest.'®?”
Fig. 3a-d and Fig. S4 (ESIf) show that the zero shear
viscosity increased after adding CNFs to the PEG solution, as
2NF-0Ca, 3NF-0Ca and 4NF-0Ca groups showed higher values
(~1.2-1.5 x 10* Pa s) than PEG-10 (~0.5 x 10" Pa s), confirm-
ing the reinforcing effect of CNFs. Furthermore, samples with
higher content of CNFs had a higher viscosity, for example
4NF-0Ca exhibited a ~ 1.3 times increase in viscosity compared
to 2NF-0Ca. Introducing Ca** into the PEG-CNF solutions
resulted in a further increase in the zero shear viscosity as

108 108
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2NF-0.5Ca, 3NF-0.5Ca, and 4NF-0.5Ca showed ~1.5-2 times
higher viscosity compared to the samples without Ca*, ie.
2NF-0Ca, 3NF-0Ca, and 4NF-0Ca. However, increasing the ratio
of Ca** to CNFs from 0.5 to 1 did not appear to have a
significant effect on the viscosity. A similar trend was observed
at higher shear rates. The rheology data highlight the impor-
tance of CNFs and Ca®>* concentration in increasing the viscos-
ity of the formulated inks and can therefore be used to dial-in
the most suitable rheological behavior.

It is worth noting though that shear thinning by itself does
not define the printability, as other parameters will affect it too.
Examples of these parameters include ink viscosity, composi-
tion/concentration, nozzle variables, filament dimensions,
printing speed, and printing angles.*® For example, Jia et al.
showed that the optimal viscosity range for oxidized alginate
bioink printability is 400-3000 mm?® s~ %;*® while Markstedt
et al. found that in their system the viscosity for high structure
fidelity needs to be 1 x 10°-2 x 10° Pa s, which was achieved by
incorporating nanocellulose into alginate.'” In another work,
Duan et al. found that hydrogels with viscosity values lower than
100 Pa s, such as methacrylated hyaluronic acid and methacrylated
gelatin, are too watery to hold the printed shape.”' Here, we
observed that all mixtures without Ca** ie. 2NF-0Ca, 3NF-0Ca,
and 4NF-0Ca have viscosities lower than ~1.5 x 10" Pa s and they
are therefore too watery to be used for printing.

The elastic recovery is an important property for the ink as it
shows the ability to recover to its initial shape after being
relieved from the high shear stress caused by the extrusion
from the nozzle tip. The recoverability of the inks was investi-
gated by applying alternating high shear rates (100 s~ ') for
120 s (to simulate the force applied to the ink in the syringe
nozzle tip during extrusion) and near-zero shear rates for 60 s
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Fig. 3 Viscosity and recoverability of formulated inks. Variation of PEG-CNF hydrogel viscosity over the shear rate for (a) PEG- and CNF solution, (b)
groups without any Ca®*, (c) groups with a half molar ratio of Ca2* to the carboxyl group of CNFs, and (d) groups with an equal molar ratio of Ca®* and the
carboxyl group of CNFs. Recoverability behavior of hydrogel precursor groups over 4 cyclic shear rates, groups with (e) a half molar ratio of Ca®* to the
carboxyl group of CNFs and PEG-10 control and (f) an equal molar ratio of Ca®* and the carboxyl group of CNFs.
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(to simulate the low shear rate when ink extruded out from the control, measurements using PEG-10 solution without CNFs
syringe nozzle tip). As shown in Fig. 3e and f, all inks showed and Ca** were performed.
fast and excellent recovery over four repeated cycles. We Before photo crosslinking, the samples containing CNFs
excluded the samples without any Ca®" in their mixture from without any Ca*" (2NF-0Ca, 3NF-0Ca, and 4NF-0Ca) exhibited
the recovery experiment as the previous viscosity tests revealed a higher storage modulus than PEG-10, in agreement with the
that they are not suitable for extrusion printing. observations made from the shear thinning data. Interestingly
Our ink design involves crosslinking of the PEG star polymer upon photo crosslinking, these samples appear to have a lower
by blue light-initiated thiol-ene chemistry once the precursor storage modulus than PEG-10, although no significant differ-
mixture has been printed. To understand the speed of this ence was detected. This indicates that the presence of CNFs
reaction, the gelation kinetics of the inks were measured via without any ionic interactions can impact the crosslinking
in situ rheometry recorded over a time window of 20 min after density of the PEG matrix and decrease the strength of the
blue light has been switched on at a time point of 120 s. The hydrogel network.
gelation curves for all samples showed a fast increase in storage By introducing Ca*" into the PEG solution, the storage
modulus as soon as the light was turned on, reaching a flat modulus increased as 2NF-0.5Ca, 3NF-0.5Ca, and 4NF-0.5Ca
linear plateau in less than 3 min (Fig. 4a). Furthermore, inks showed almost 4.5-, 7.5-, and 8-times higher storage moduli
containing Ca®" exhibited a storage modulus higher than the than PEG-10, respectively. Additionally, increasing the Ca**
loss modulus (Fig. S5a, ESIT) even before light irradiation. This concentration in the precursor mixture improved the storage
indicates that these inks show more gel-like than solution-like moduli further, as the storage moduli of 2NF-1Ca, 3NF-1Ca,
behavior which is due to the ionic gelation with Ca®'. As a and 4NF-1Ca were enhanced by almost 6.5, 11, and 13
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Fig. 4 Rheological and mechanical properties of different PEG-CNF hydrogel inks. (a) Change of storage moduli of the PEG-CNF hydrogels after blue
light irradiation under oscillatory analysis. The light was switched on at the 120th second and continued until 1000 s. (b) Frequency sweep test of
PEG-CNF hydrogels with different contents of CNFs and CaCl, (0.2% shear strain, 0.01-10 Hz frequency). (c) Storage moduli of the PEG-CNF hydrogels
at the 12th minute after blue light irradiation under oscillatory analysis. (d) Effect of CNF content and different concentrations of CaCl, on the
compression strength of PEG-CNF hydrogels. Statistical analysis was based on one-way ANOVA, Tukey's post-test: ns = nonsignificant, *p < 0.05,
**p < 0.01, **p < 0.001, and ****p < 0.0001.
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compared to the PEG-10 sample, respectively. These findings
confirmed the reinforcement effect of CNFs and further the
positive effect of Ca®>" on the shear strength of PEG-CNF inks.
For better comparison, the storage and loss moduli of just one
point of time sweep curves (the 12th minute of light exposure)
are shown in Fig. 4c and Fig. S5b (ESIT).

These results also revealed how the mechanical properties of
hydrogels are easily tunable by altering the CNF content and
the crosslinking condition, creating hydrogels with a stiffness
range from 1-45 kPa. To date, the narrow range of the mechan-
ical properties of nanocellulose fiber-based inks has limited
their application to specific tissue engineering uses such as
dermal or cartilage applications.”'*?* Our approach resulted in
tunable CNF based hydrogels, which has great potential to
broaden the use of CNFs for different tissue engineering
applications such as stem cell differentiation that can be directed
by the surface stiffness towards neurogenic (0.1-1 kPa), myogenic
(8-17 kPa), and osteogenic (25-40 kPa) cells. Moreover, the
interaction with chondrocytes and dermal fibroblasts for cartilage
and skin tissue applications can be influenced.”***>43

3.3. Mechanical properties

The mechanical strength of the scaffold plays a significant role
in its interaction with cells as it controls cell adhesion, pro-
liferation, migration, differentiation, and apoptosis.** Thus,
the fabrication of scaffolds with desired mechanical properties
is essential for biomedical applications. CNFs, modified with
carboxyl groups can undergo ionic interactions; however, they
can dissociate in high ionic strength aqueous media.*> As
discussed above, the complexation between carboxyl groups
and Ca®" is relatively strong, but pH changes, and the presence
of other ions or low concentration of the Ca®*" can disrupt the
interaction resulting in loss of strength of the physical network.
In this study, the double mode -crosslinking approach
employed to improve the mechanical strength of the printed
scaffolds was able to achieve a wide variety of strengths in
comparison with previous studies in the literature.”'>>?

To compare the mechanical properties of PEG-CNF hydro-
gels with different ratios of CNFs and Ca®’, the compressive
strength and storage modulus were evaluated using compres-
sion and frequency sweep tests. The mechanical properties of
the formulated hydrogels were evaluated by compression tests
on cylindrical samples (Fig. S6, ESI{) after swelling to equili-
brium. Fig. 4d shows the correlation of bulk compressive
Young’s modulus with CNFs and Ca®" content. The compres-
sion test could not be performed on 2NF-0Ca samples because
they were not strong enough to be handled for compression
testing. 3NF-0Ca and 4NF-0Ca exhibited a lower compressive
Young’s modulus in comparison to the PEG-10 control. This is
in agreement with the trend observed in the storage moduli
measured by photo rheology (Fig. 4a and c). It appears that
introducing CNFs into PEG without ionic crosslinking lowers
the crosslinking efficiency of the network as will be shown by
the gel fraction study. This will in turn result in scaffolds with a
lower crosslinking density and a reduction in mechanical
properties.
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The addition of Ca®" led to increased hydrogel stiffness as
the samples 3NF-0.5Ca and 4NF-0.5Ca had noticeably higher
compression moduli than 3NF-0Ca and 4NF-0Ca, respectively.
Also, increasing the Ca®>* concentration had a positive effect on
the hydrogel strength, especially at higher amounts of CNFs,
which is evident when comparing the modulus of 4NF-1Ca with
4CNF-0.5Ca (p < 0.0001). This could be attributed to the
reinforcement effect of CNFs, which provided the constructive
body of the composite ink,** and assisted by the physical
crosslinking with Ca®>*. A similar conclusion could be drawn
from the frequency test presented in Fig. 4b. The storage
moduli gradually increased over the frequency sweep in the
presence of CaCl,, confirming that physical crosslinking
improves the strength of PEG-CNF hydrogels. These results
are also in agreement with data obtained from photo rheology
and compression tests in which the samples without any Ca*"
(2NF-0Ca, 3NF-0Ca, and 4NF-0Ca) had much lower storage and
Young’s moduli than PEG-10 (Fig. 4a and d).

Of note, we found that the Young’s modulus of the samples
can be simply tuned (~10-30 kPa) by altering the CNFs (2 to 4 wt%)
and Ca®" (0.5 to 1 molar ratio) content. This range of mechanical
properties has not been previously achieved by similar CNF based
systems. Markstedt et al. observed that the mechanical properties of
CNF-alginate ink, which were developed for cartilage tissue engi-
neering applications, can be varied by changing alginate and CNF
concentration (~23-33 kPa).'> Wallace and co-workers also
increased the strength of CNF hydrogels (3-8 kPa) by adding Ca”*,
then crosslinking to make the material suitable for skin tissue
engineering applications.” In subsequent work, the group altered
the Young’s modulus of CNF-gelatin methacrylate (GelMA)
(~2-4.5 kPa) by adjusting GeIMA and CNF concentration in order
to make the ink formulation suitable for wound healing
applications.” The advantage of our system is that by relatively
small changes in CNF content, we achieve a wider range of
mechanical strengths in comparison with previous reports. This
makes our system highly versatile and allows it to be used in
different tissue engineering and biomaterial applications such as
cartilage tissue engineering scaffolds with defined interactions with
chondrocytes and fibroblasts and as material for wound healing
applications as well as stem cell differentiation.”*24243

3.4. Swelling properties

The swelling ratio of a hydrogel is an important parameter in
determining the hydrogel capacity for water uptake which
determines the diffusion rate for oxygen, the nutrition transfer
to cells, and metabolic waste removal. Also, gels with high
water content can mimic more closely the extracellular matrix
(ECM).'° Fig. 5a—c and Fig. S8 (ESIT) show the swelling behavior
and % mass loss of all fabricated hydrogels at different time
points, respectively. All hydrogels reached equilibrium after 2 h
incubation in PBS, increasing substantially in volume (Fig. S7,
ESIT). Once equilibrium was reached, the hydrogels retained
their shape and no mass loss was observed over the 6 week
incubation period. The equilibrated swelling ratio of PEG-10
is significantly higher than all other PEG-CNF hydrogels
(p < 0.0001). This is because the CNFs can fill the free space
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Fig. 5 Water uptake of different PEG-CNF hydrogel inks. Equilibrium mass swelling ratios of PEG-CNF hydrogels formed with various contents of CNFs
or Ca®" (n = 5, mean = SD) after (a) 2 h, (b) 9 h, and (c) 24 h incubation in PBS. (d) Gel fractions of PEG-CNF hydrogels after 24 h incubation in water

(p < 0.001, one-way ANOVA, Tukey's post-test).

in the PEG hydrogel network and limit the absorption capacity
of the PEG matrix."®"® SEM images confirmed that the PEG
hydrogel (Fig. 6a and Fig. S9a, ESIt) had an internal wide-
open morphology in comparison with the fine 3D network of
cellulose nanofibrils containing PEG-CNFs and Ca”" (Fig. 6b
and Fig. S9b, ESIt). In the samples without Ca** (2NF-0Ca,
3NF-0Ca, and 4NF-0Ca), the presence of CNFs didn’t signifi-
cantly affect the water uptake capacity. On the other hand,
Ca”" ions resulted in reduction in the swelling ratio of the
hydrogels. For example 4NF-0.5Ca exhibited a swelling ratio
of ~1000%, in comparison to ~1600% for 4NF-0Ca. Similar
trends were observed for the samples based on 2NF and 3NF.
Although samples with higher Ca®" concentration (4NF-1Ca,
3NF-1Ca, and 2NF-1Ca) displayed a lower swelling ratio, the
difference is not significant. The swelling experiments con-
firm that adding Ca®* in the formulation results in a more
crosslinked network, thus hydrogels cannot expand easily as
the network is bound more tightly.*® The gel fractions of the
different PEG-CNF hydrogel inks are shown in Fig. 5d. The gel
fraction (%) of the samples without any Ca®" (2NF-0Ca, 3NF-0Ca,
and 4NF-0Ca) is lower than those of all the other groups.

This journal is © The Royal Society of Chemistry 2021

This indicates that un-crosslinked polymer chains might
have leached out of the network. We speculate that the CNFs
hinder the crosslinking efficiency of the PEG chains, resulting
in a higher % of PEG polymers that are not bound in the
network. This would also explain the lower storage moduli and
compressive Young’s moduli recorded for these samples. All
these results taken together highlight the role of the first
crosslinking step in improving the stability and mechanical
strength of the ink networks.

3.5. Quantitative cell viability SRB assay

The cytocompatibility of different concentrations of the photo-
initiator (FMN) was assessed and no cytotoxicity was observed
on 1929 cells (Fig. S10, ESIt). To assess the cytocompatibility of
the PEG-CNF scaffolds, an indirect cytotoxicity test was per-
formed according to ISO standard 10993-5:2009(E). The cyto-
toxicity results revealed no indications of adverse effects of the
ink. As shown in Fig. 7a, the cell viability percentage of the
ink hydrogel and negative control was (90.3 + 9.5%) and
(100 + 8.8%) after 24 h, and (109.2 + 6.1%) and (100 £ 14.9%)
after 48 h, respectively, so this system can be classified as a
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Fig. 7 (a) Comparison of cell viability at 24, and 48 h in the extract of ink
3NF-0.5Ca via SRB assay. (Two-way ANOVA, Sidaks's post-test, p <
0.0001.) The lattice-structure printed scaffolds: (b) scaffolds after printing
and before photo crosslinking, (c) photo crosslinked scaffolds after swel-
ling in culture media for 48 h, and (d) scaffolds with fibroblasts seeded on
top after 1 week in culture media.

noncytotoxic material as a high cell viability was achieved (more
than 70%)."> Furthermore, the positive control containing
20% DMSO led to almost complete cell death of (6.2 + 0.9%)
and (7.4+ 5.9%) for 24 and 48 h. These results need to be seen in
context with the swelling and gel fraction experiments where it
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was shown that some material will leach out of the hydrogel.
However, the small fraction of unbound PEG, CNFs and Ca>" that
was washed out during the swelling experiments has no influence
on the cell proliferation.

3.6. Printability of the PEG-CNF ink

To optimize the printing parameters, precursor solutions were
printed at different speeds (1, 2, 3, and 4 mm s ') and with
different needle sizes (20, 21, 22, and 23 G). Although the
smaller nozzle size improves the printability, the nozzle size
of 21 G was determined to be optimal because the ink led to
clogging of the smaller nozzle sizes. Increased printing speed
led to an increased likelihood of the filament to be cut off, so a
speed of 2 mm s~ * was found to be the optimal choice. After
initial printing tests, it was observed that the inks 3NF-0.5Ca,
4NF-0.5Ca, 3NF-1Ca, and 4NF-1Ca could be printed precisely
and with good resolution in comparison with the other mix-
tures ie. 2NF-0.5Ca and 2NF-1Ca, which only displayed low
resolution after the initial printing. These formulations were
able to maintain the printed shape without any collapse. This is
an attractive design property that enables the fabrication of
millimeter high grid structures that could subsequently be
further stabilized under blue light (Fig. S11a and b, ESIf). By
comparing the shear strength, compression strength, and
swelling, we have found that the difference between the ink
properties of 3NF-0.5Ca and other compositions is not signifi-
cant. This ink formulation was therefore chosen for further
scaffold printing and cell study as it also has the lowest
concentration of the components among them. The combi-
nation of low solid content and high mechanical stability is
highly desirable,””*® as it has been suggested that ink with a
high concentration of solid content might restrict the prolifera-
tion of cells.>*’

We employed our two-step strategy for printing this formu-
lation: the precursor was first physically crosslinked via ionic
interactions between CNFs and Ca** to obtain the printable gel.
After printing, the photo-crosslinking was conducted by expos-
ing the printed structure to blue light. 3D scaffolds that are
10 mm in width, 10 mm in length, and 4 mm in height with a
2 mm filament grid were printed. Fig. 7b shows the top view of
the scaffolds after printing and before photo crosslinking. The
structure was sufficiently stable after printing, allowing enough
time for post photo crosslinking without any collapse. Fig. 7c
shows, after 48 h of soaking in the media, the printed structure
expanded (~12 mm X 12 mm x 5.1 mm) due to a high swelling
ratio of the hydrogel, but the integrity of the layers and stability
of the scaffold remained intact. Of note, the stability of the
photo crosslinked printed scaffold was retained following
incubation in cell media over the tested period of 2 weeks.

3.7. Cell interactions with hydrogel scaffolds

Cell interactions with PEG-CNF hydrogels were studied using
L929 fibroblasts. As detailed in the experiment section, L929
cells were seeded on both the disc shaped hydrogel formed in
the PDMS mold, and grid scaffolds printed in a 3D printer.
Gelatin is commonly used to enhance cell spreading and
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Fig. 8 Cell interactions with PEG-CNF hydrogels. Calcein AM (live cells green) staining of L9292 fibroblast cell distribution seeded on the printed
scaffolds at (a) 3 days and (b) 14 days post-seeding. The scale bar is 200 um. SEM images of the (c) printed scaffold from the top view, and (d and e) L929
fibroblast cells on the scaffold on day 14 post seeding. The scale bar from (c—e) is 1000, 100, and 50, respectively. (f) Relative fibroblast cell proliferation
(compared to day 1 for each disc and printed scaffold) over 14 days quantified using Alamar blue cell metabolic assay (two-way ANOVA, Sidaks's post-

test, p < 0.0001).

improve cell attachment,> therefore 0.5 wt% gelatin was added
to the mixture of 3NF-0.5Ca ink. We showed that the gelatin
had no effect on the printability and crosslinking of the ink
(Fig. S11, ESIt), nor did it alter the shear thinning and gelation
kinetics (Fig. S12, ESIt). Furthermore, no significant effect was
detected on the physical properties and strength of the hydro-
gels containing gelatin (Fig. S13, ESIY).

Fig. 7d shows the structural integrity of the printed scaffold
of 3NF-0.5Ca ink containing 0.5 wt% gelatin after a week post-
seeding with L1929 cells. The L929 cells attached and prolifer-
ated on top of both discs and grid shaped scaffolds over a
14 day period post-seeding according to the Alamar blue cell
metabolic assay (Fig. 8f). Both materials, disc and grid struc-
tures, displayed a similar trend when monitoring the fluores-
cence intensity, which translates to a similar relative
proliferation rate (Fig. 8f), suggesting that the PEG-CNF printed
hydrogel grid enables the same cell proliferation as the bulk
disc. The absolute fluorescence intensity results are presented
in Fig. S14 (ESIY).

On day 3 and day 14 post-seeding, printed scaffolds were
stained with Calcein AM (live cells stained green) and imaged to
assess the cell distribution on the scaffold. Visual observation
showed a significant increase in the live cell number on day
14 compared to day 3 (Fig. 8a and b) with even cell distribution
and uniform cell proliferation over the 3D printed grids. Fig. 8c
shows the SEM visualization of the printed scaffold from the
top view. The cross-section view of the scaffold is shown in
Fig. S15a (ESIt). The printed scaffolds at day 14 of post-seeding

This journal is © The Royal Society of Chemistry 2021

were further analyzed using SEM to evaluate the morphology of
the cells and their adhesion on the hydrogel scaffold. SEM
analysis revealed an elongated cell structure and the even
spread of the cells, which indicates good cell attachment and
proliferation on the hydrogel surface (Fig. 8d, e and Fig. S15b-d,
ESIF).>"** Thus, cytocompatibility and proliferation activity of
L1929 fibroblasts on the PEG-CNF scaffolds open up opportunities
for their safe applications in tissue engineering applications such
as wound healing therapy, as these dermal fibroblasts have a key
role in ECM deposition, wound healing, and tissue engineered
skin substitution.”®

4. Conclusions

In this study, novel dual-crosslinked PEG-CNF hydrogel inks
were successfully fabricated via a two-step strategy based initi-
ally on ionic interactions to increase the viscosity, followed by a
visible light photoreaction to generate a covalent interpenetrat-
ing network. The advantage of the binary crosslinking system is
the ability to adjust the hydrogel properties towards the 3D
printing process. In order to optimize the mixture for extrusion
printing, the initial mixture containing CNFs was crosslinked
by ionic interactions of TEMPO-oxidized cellulose nanofibers
with Ca®', while PEG star polymers were not yet crosslinked.
The viscosity could be adjusted not only by the concentration of
Ca>", but also that of CNFs. The printed scaffolds were able to
maintain their structural integrity due to the initial physical
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crosslinking, but the stability could be further enhanced by
post photo crosslinking. Chemical crosslinking of the hydrogel
ink was achieved via the thiol-ene photo click reaction of 4-arm
PEG-NB. The mechanical properties of PEG-CNF hydrogels were
varied according to the ink composition as it dictated the
hydrogel crosslinking density. By easily tuning the composi-
tional ratio between CNF and Ca®", the compressive Young’s
modulus and shear storage modulus could be well tuned over a
wide range (~10-30 kPa). Furthermore, the composition
affected the gel fraction and swelling properties of the hydro-
gels. The pore size and widths of grids of the printed scaffolds
were easily controlled by modifying the printing parameters.
The developed ink formulations are noncytotoxic and cytocom-
patible with L929 fibroblasts, which promotes excellent cell
viability and proliferation. This study optimized the ink for-
mulation, which in the future could be explored to embed cells
directly into the ink prior to printing the scaffold.

In summary, our dual mode crosslinking system is not only
versatile and easy to prepare, but it can also be used as an ink
for 3D printing of bioscaffolds with tailored viscoelastic and
mechanical properties applicable in regenerative medicine.
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