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A B S T R A C T

3D printing has significantly progressed in the past decade and become a potentially powerful biomanufacturing
approach for tissue and organ printing. Availability of diverse hydrogel-based bioink formulations, particularly
bioinks allowing biochemical functionalization, stimuli responsiveness, and control over mechanical and degra-
dation properties are crucial for bioprinting to reach its full potential. In this study, we report two novel bioink
platforms from norbornene modified cellulose-based macromers, either with an amide, norbornene CMC
(NorCMC), or an ester linker, carbic (norbornene) functionalized CMC (cCMC). Both of the bioink formulations
show autogelation in the absence of UV light, which allow us to adjust the viscosity of the ink formulation. Bioinks
rapidly form cell-laden hydrogels when exposed to UV light due to photoinduced thiol-ene crosslinking mecha-
nism. Bioink viscosity and printability as well as bioprinted construct mechanics are controlled by bioink con-
centration and thiol to norbornene (T:NB) ratio. Human mesenchymal stem cells (hMSCs), NIH 3T3 fibroblasts,
and human umbilical vein endothelial cells (HUVECs) are successfully bioprinted using our novel bioink for-
mulations. Considering the high abundance, low cost, ability to selectively tether molecules or control cross-
linking properties, norbornene modified cellulose-based bioink platforms have a significant potential to enable 3D
bioprinted constructs with increased complexity.
1. Introduction

Three-dimensional (3D) bioprinting is an emerging field with a sig-
nificant potential to create custom-designed and patient-specific “living”
constructs using a patient’s own medical images and cells [1–4]. 3D
bioprinting could potentially eliminate organ shortage [5–8] and enable
development of patient-specific tissue models for personalized drug
screening [9–13]. A recent frontier is in situ bioprinting for reparative or
regenerative therapy, in which a living tissue is printed directly at the site
of an injury or a defect [14–16]. Despite the strong potential of bio-
printing and recent advancements in the bioprinting technology, there is
a notable lack of diversity in bioinks which significantly hinders the
widespread use of bioprinting.

3D bioprinting enables layer-by-layer manufacturing of a living
construct from bioinks, which are bioprintable formulations composed of
cells that are usually supported with a hydrogel [17]. The requirement
for live cell printing significantly limits the number of additive
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manufacturing technologies that are suitable for bioprinting [18]. Bio-
printing technologies include extrusion-based direct ink writing (DIW),
droplet-based inkjet printing, and light-based approaches, including
projection stereolithography and laser-induced forward transfer (LIFT)
[18–20]. DIW is the most commonly used technique due to its avail-
ability, affordability, and ease of use. In DIW, a bioink formulation is
extruded through a blunt needle to form a self-supporting structure. In
this process, the bioink should meet the basic requirements for
extrusion-based bioprinting [21–23], such that it should (i) have a suit-
able viscosity, i.e., low enough for easy extrusion yet high enough for
formation of self-supporting layers post-printing to minimize sagging,
usually in the range of 30 to 6 � 107 mPa s, and (ii) allow printing of
living cells and support high viability (>90%) [17,21,22]. In addition,
the bioink and its degradation products should be cytocompatible and
should not induce an inflammatory response when implanted [22,24].

Most commonly used bioinks are formulated from cell-laden hydro-
gels due to their high water content and properties mimicking native
eering, New Jersey Institute of Technology, 161 Warren Street, 150 Tiernan Hall,
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tissue microenvironment [25,26]. A variety of hydrogel-based bioinks
have been developed from synthetic (such as Pluronic [27,28] and
poly(ethylene glycol) [29]), or natural (gelatin [30–32], hyaluronic acid
[33,34], alginate [33,35], chitosan [36], collagen [37,38], fibrin [39],
and silk [40,41]) polymers/macromers, or decellularized tissue materials
(e.g., heart, bone, liver, pancreas, etc.) [42,43]. The building blocks of
these formulations are usually modified to allow tunable viscosity and
shape fidelity during printing process. Although innovative approaches
have been developed to control printability including pre-crosslinking to
control flow [29] or rapid crosslinking during or after-printing [44,45],
or designing shear thinning formulations [34,46], novel bioink formu-
lations are still needed to broaden the currently available bioink “library”
and to develop stimuli responsive bioinks enabling control of bioprinted
construct properties post-printing.

In this study, we focused on carboxymethyl cellulose (CMC), a
commonly used cellulose derivative. Cellulose is one of the most abun-
dant and renewable natural polymers [47,48]. As a natural polymer,
cellulose is inherently bioactive, biodegradable, and biocompatible [47].
The hydroxyl groups on its backbone structure allows functionalization
of cellulose to tune its properties [49]. When compared to cellulose, CMC
is highly soluble in water due to its carboxyl groups [50] making it an
attractive building block for hydrogels. CMC-based hydrogels have been
developed utilizing a wide range of crosslink mechanisms including
physical and chemical crosslinking [13]. For instance, Nie et al. reported
CMC-based hydrogels by crosslinking sodium CMC with AlCl3, and
studied the effects of crosslinker, CMC concentration and temperature on
hydrogel stiffness and degradation [16]. Chemically crosslinked
CMC-based hydrogels have been developed using irradiation-initiated
[17–19], photo-initiated radical [20,21], enzymatic [22], and
epoxide-opening reactions [23]. For instance, methacrylated CMC is
synthesized to allow photo-initiated radical reaction to fabricate
CMC-based hydrogels. These hydrogels were used to facilitate chondro-
genic differentiation of encapsulated human mesenchymal stem cells
(hMSCs) encapsulated within the hydrogels [21].

Cellulose has been used as a filler, or as a component, in ink formula-
tions [51–54]. Majority of the studies focused on cellulose/alginate based
ink formulations, utilizing a range of cellulose derivatives (nanofibrillated
cellulose, nanocellulose, and methylcellulose) and taking advantage of
physical crosslinking ability of alginate with CaCl2 [55–60]. For instance,
nanocellulose-alginate based bioinks were developed for 3D bioprinting of
human chondrocyte-laden hydrogels for cartilage regeneration [55,61].
Muller et al. developed alginate sulfate/nanocellulose bioinks but reported
significantly compromised proliferation ability of chondrocytes during
printing process [58]. Markstedt et al. developed bioinks from cellulose
nanofibrils mixed with xylan for crosslinking [62]. Most recently, meth-
ylcellulose (MC)-based hydrogels were printed utilizing the sol-gel tran-
sition, or lower critical solution temperature (LCST), allowing printing of
MC-based hydrogels at 21 �C with high cell survival (80%) post-printing
[63]. Li et al. developed highly thixotropic inks from alginate/me-
thylcellulose blend hydrogels, and showed that the treatment of the prin-
ted constructs with trisodium citrate (TSC) significantly enhanced the
interfacial bonding between printed layers [64]. Finally, Lewis group
developed hydrogel composite inks composed of soft acrylamide matrix
supported with cellulose fibrils, and crosslinked with clay [51]. They were
able to selectively align cellulose nanofibrils during the printing process to
develop 3d printed structures with anisotropic stiffness, which led to shape
change on immersion in water. In this study, we develop novel photoc-
urable bioink formulations directly from carboxymethyl cellulose (CMC)
eliminating the need for alginate or other additives/components.

Light-induced free radical polymerization of methacrylates or acrylates
is a widely used approach in designing photoreactive bioinks, yet this re-
action is not specific and leads to formation of a heterogenous network
composed of kinetic chains. Thiol-norbornene photo-click chemistry is
specific to norbornene and thiyl radicals (i.e., radicals from thiols) as
compared to norbornene radicals (its own radicals) or nonradical thiols
[65,66]. This is important to achieve selectivity in crosslinking
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(crosslinkers containing multi-thiols) and tethering of biomolecules (con-
taining mono-thiols). This mechanism ensures a more homogeneous
crosslinking in a controllable manner [65,67,68]. Natural (such as alginate
[69], hyaluronic acid [68,70], and gelatin [71,72]) and synthetic polymers
(such as poly(ethylene glycol) [67,72,73]) have been modified with nor-
bornene group to fabricate photocurable, cell-laden hydrogels. Recently,
CMC has been modified with norbornene groups [50,74] to develop
renewable hydrogels. Gramlich group recently demonstrated high cell
viability of encapsulated stem cells within norbornene functionalized CMC
[75]. Motivated by these recent results, we focused on developing novel
bioink formulations from norbornene functionalized CMC.

In this study, we report two novel stimuli responsive bioink platforms
from CMC for extrusion based bioprinting. CMC is functionalized with
thiol-ene reactive norbornene (Nor) with an amide, norbornene CMC
(NorCMC), or an ester linker, carbic (norbornene) functionalized CMC
(cCMC). CMC was chosen as the building block for both of our bioink
platforms due to its high availability and low cost, and high solubility in
water. Light-induced thiol-ene click chemistry enabling norbornene was
selected as the functional group to achieve selective crosslinking and
selective tethering of biomolecules. Printability of the bioink platforms
was determined by the thiol-Nor ratio for each macromer concentration.
CMC-based bioink platform allows tunable printability, stiffness and high
viability of bioprinted cells, and broadens the range of currently available
bioink platforms.

2. Materials and methods

2.1. Polymer synthesis

The macromers, cCMC and NorCMC, were synthesized according to
methods developed previously for cCMC [74] and NorCMC [75]. To
synthesize cCMC, CMC (90KDa, 0.7 carboxymethyl groups per anhy-
droglucose unit, Sigma) was dissolved in reverse osmosis (RO) water at
1% (w/v). Then, 7.26 g of cis-endo-5-norbornene-2,3-dicarboxylic an-
hydride (carbic anhydride, TCI) was added to the CMC solution (per
gram of CMC). The reaction was maintained for 2 h while the pH of the
reaction was adjusted at the range of 9.0–10.5 by dropwise adding 10M
NaOH. Subsequently, 10-fold volume of the reaction solution of ice-cold
acetone was used to precipitate the reaction solution. The precipitate was
collected by suction filtration and dissolved in RO water at 1% (w/v) and
dialyzed (6–8 kDa) against RO water for 3 days followed by lyophiliza-
tion. For NorCMC, sodium CMC (90KDa, Sigma) was dissolved in RO
water at 1% (w/v), and 0.592 g of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC HCl), 0.356 g of N-hydrox-
ysuccinamide (NHS), and 0.4 mL of 5-norbornene- 2-ethylamine (NA)
were added (per gram of sodium CMC). The reaction solution was stirred
and maintained at room temperature for 18 h. NaCl was added to the
reaction solution, stirred at room temperature for 30 min, and the reac-
tion solution was precipitated in 10-fold ice-cold acetone. The precipitate
was dissolved in RO water at 1% (w/v) and dialyzed (6–8 kDa) against
RO water for 3 days followed by lyophilization. The extent of the
modification for both polymers was characterized using 1H NMR spec-
troscopy using a Bruker Avance Neo 500 MHz spectrometer (NorCMC)
and a Varian Inova 400 MHz spectrometer (cCMC).

2.2. Cell culture and maintenance

Human mesenchymal stem cells (hMSCs, passage 4, Lonza) were
cultured in the growth media (MEM-α (Gibco), supplemented with 10%
fetal bovine serum (FBS, Gibco) and 1% penicillin-streptomycin (pen-
strep, Gibco)) at 37 �C and 5% CO2. Growth media was refreshed every 3
days. Human umbilical vein endothelial cells (HUVECs, passage 5,
Lonza) were cultured in EGM-2 media (EGM-2 Bullet Kit, Lonza). Media
was changed every two days to ensure a proper cell proliferation. NIH
3T3 fibroblasts were cultured in DMEM (Gibco) supplemented with 10%
FBS (Gibco) and 1% pen-strep (Gibco). Media was refreshed every 3 days.
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2.3. Ink preparation

Ink formulations contained norbornene modified CMC (15% (w/v)
for cCMC and 10% (w/v) for NorCMC) and 0.05% (w/v) lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP, Allevi) in growth media. For
instance, to prepare a 10% NorCMC, 100 mg of NorCMCwas dissolved in
1 ml of 0.05% LAP stock solution in growth media in a glass vial, covered
with an aluminum foil. The solution was stirred overnight at room
temperature. To adjust the pH of the cCMC solution to pH ¼ 7.5, 20 μl of
triethylamine (Sigma Aldrich) was added to the cCMC solution.

To prepare a bioink, 900 μl of LAP stock solution was used to dissolve
the polymer. Then, the solution was mixed with 100 μl of cell suspension
(hMSC, 3T3, or HUVEC; 1 � 107 cells/mL) using a magnetic stirrer,
leading to a final ink concentration of 15% cCMC (or 10% NorCMC).
Each ink formulation was transferred into a BD Luer-Lok™ 10-mL syringe
prior to printing. Prior to printing process, pre-calculated amount of the
crosslinker (DL-dithiothreitol (DTT), Sigma) was added to the bioink
formulation and stirred gently for 1 min.

2.4. Rheological characterization of the ink formulations

Malvern Ultra þ Rheometer (flat plate geometry, 20 mm, 1 mm gap)
was used to analyze the rheological properties of the ink formulations. To
investigate the crosslinking process in the absence of light exposure, time
sweep tests were performed at a frequency of 1 Hz and an oscillatory
strain of 0.05%. Elastic modulus (G0), viscous modulus (G00), viscosity (γ)
and phase angle (φ) values were recorded. To investigate the photo-
crosslinking process, inks were casted on to the lower plate of the
rheometer, and time sweep tests were performed using an optical kit
(Malvern) connected to a UV light source (Omnicure S2000, 356 nm, 5
mW/cm2). Light intensity was adjusted to represent the intensity during
printing process (405 nm, 40 mW/cm2) according to the molar absorp-
tivity spectrum of the photoinitiator (LAP) [76]. The UV light was turned
on for 4 min after 1 min of equilibrium time during time sweep tests.
Initial viscosity values refer to mean of the viscosity values measured for
the first 1 min prior to UV exposure.

2.5. Mechanical properties of the crosslinked ink formulations

Malvern Ultra þ Rheometer (flat plate geometry, 8 mm) was used to
measure the compressive modulus (Young’s modulus, E) of the samples.
Two sets of disc-shaped hydrogel samples (1 mm in thickness and ~25
mm in diameter) were prepared via direct casting followed by UV
exposure and bioprinting process. Samples were kept in DPBS for 24 h to
ensure equilibrium swelling. The compression test was performed by
applying a compressive normal force to the hydrogel sample using the
upper flat plate geometry while monitoring the gap distance (where
strain is equal to the gap - sample thickness). To ensure initial contact, an
initial compressive force equal to 0.05 N was applied. The compressive
force was increased continuously (0.1 mm/s) up to 2 N. The compressive
modulus (E) was obtained by calculating the slope of stress-strain curve
(using the linear range within 10% strain).

2.6. Scaffold design

3D scaffold designs were created by Autodesk® Fusion 360™ and the
3D models were sliced with Slic3r in Repetier-Host to generate G-code
files. A 15mm� 15mm grid-like 2-layer scaffold and a 12mm� 8mm3-
layer cuboid were designed for printability tests and cell viability tests.

2.7. Line test

Ink formulations were used to print individual struts (lines) on a glass
slide at different print pressures and speeds. The images of the printed
struts were captured by a microscope. Three random parts of each strut
(from three samples per each group) were captured for analysis. The strut
3

diameter was measured using ImageJ). 10% Methacrylated hyaluronic
acid (MeHA) was used as a control group.

2.8. Printability test

In this study, an Allevi 2 (Allevi) bioprinter was used to perform all
the printing processes. After mixing with DTT, the bioink formulations
were immediately transferred to a 10-mL syringe, and the syringe was
mounted on the printer. To test the printability, the bioink was used to
print a 15 mm � 15 mm grid-like 2-layer scaffold on a methacrylated
glass slide (following the surface treatment protocol described previously
[77]). The elapsed time was also recorded after mixing DTT in bioink
formulation. Printing parameters were optimized with respect to this
elapsed time to print uniform grids. Methacrylated hyaluronic acid
(MeHA) was used as a control group. To print thick hydrogel scaffolds
(>3 mm), 30% Pluronic F-127 was used as a support ink. After cross-
linking process, the scaffolds were immersed in DPBS at 4 �C to remove
Pluronic support. To print multi-material scaffolds, cCMC 1:4 and
NorCMC 1:2 were prepared as mentioned. To distinguish different inks,
100 μl of food color was added to cCMC 1:4.

2.9. 3D bioprinting of cell-laden hydrogels

Cell-laden bioink (15%cCMC or 10%NorCMC) was printed on
methacrylated glass slides at optimized parameters obtained from
printability tests. The printed cell-laden scaffolds were immediately
transferred into non-treated 6-well plates and 5 mL of growth media was
added into each well. Methacrylated hyaluronic acid (MeHA)was used as
a control group.

2.10. Cell viability tests

Cell-laden hydrogels were cultured for 7 days, and live-dead staining
was performed at day 1, 4, and 7 to characterize the viability of the
encapsulated cells. Cell-laden hydrogels were washed with DPBS and
then stained with calcein-AM (“live”, 0.5 μL/mL) and ethidium homo-
dimer (“dead”, 2 μL/mL) for 15 min. Samples were washed with DPBS
and transferred to confocal laser scanning microscope (confocal and 2-
photon scanning microscope, Leica) to capture fluorescent images of
the cells. Two samples per group was prepared for each time point, and 3
random regions of the gel were scanned. The viability was calculated by
counting cells using ImageJ.

2.11. Statistical methods

If not stated specifically we used three samples per each group for all
studies. The data were analyzed using KaleidaGraph. Data are presented
as mean � standard deviation. ANOVA with Tukeys HSD post hoc test of
means was used to make comparisons between sample groups.

3. Results

3.1. Bioink formulations

In this study, two distinct bioink formulations were developed from
norbornene functionalized CMC (Fig. 1), either with an amide, NorCMC,
or an ester linker, cCMC. 1H NMR results confirmed 30% and 20%
functionalization for cCMC and NorCMC, respectively (Supplementary
Fig. S1). The compositions of the bioink formulations are given in
Table 1. Bioinks were formulated at 15% cCMC and 10% NorCMC, with
thiol to norbornene ratio (T:NB) equal to (1:4), (1:2), and (1:1).

3.2. Rheological test results

The initial shear viscosities of the bioink formulations were in the
range of 0.8–2.8 Pa�s (Table 1). The gelation behavior of the



Fig. 1. Chemical structure, modification reaction, and crosslink mechanism of NorCMC (A) and cCMC (B).

Table 1
Composition, corresponding viscosities, and autogelation time of tested ink
formulations.

Ink
formulation

Polymer
concentration

(T:NB) Initial viscosity
(Pa�s)

Gelation time
(min)

cCMC (1:4) 15% (1:4) 0.8 � 0.10 91
cCMC (1:2) 15% (1:2) 1.2 � 0.10 57
cCMC (1:1) 15% (1:1) 1.5 � 0.03 29
NorCMC
(1:4)

10% (1:4) 0.8 � 0.09 >180

NorCMC
(1:2)

10% (1:2) 1.2 � 0.09 49

NorCMC
(1:1)

10% (1:1) 2.8 � 0.03 26
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formulations were characterized with time sweep experiments, in which
the elastic modulus (G0), viscous modulus (G00), and phase angle (Φ)
values were recorded (Fig. 2). For all of the formulations, autogelation
behavior is observed within 3 h in the absence of UV light. The gel point,
i.e., onset of gelation, and the elapsed time for equilibrium for each
formulation are summarized in Table 1. The gel point decreased with
increasing T:NB, or increasing crosslinker concentration. For cCMC,
gelation time significantly increased from 29 min (1:1) to 91 min (1:4).
For NorCMC, gelation time values were 26, 40, and greater than 180min,
for (1:1), (1:2), and (1:4), respectively.

To investigate the gelation under light exposure, samples were
exposed to UV light during time sweep tests (Fig. 3, Supplementary
Fig. S2). For cCMC, independent from T:NB, gel point was equal to ~18 s,
and it took approximately 120 s for crosslinking reaction to reach equi-
librium. For NorCMC, the gelation time and equilibrium time were equal
to ~5 s and ~60 s, respectively. The magnitude of the equilibrium shear
modulus (G0) was determined by the composition of the ink formulation,
such that a higher (T:NB) resulted in a higher G’. For cCMC formulations,
the equilibrium values for G0 were equal to ~3200 Pa for (1:4) and
~9300 Pa for (1:2). For NorCMC, the equilibrium values for G’ were
equal to ~4600 Pa for (1:4) and ~8700 Pa for (1:2).
4

3.3. Mechanical tests results

To probe the mechanical properties, the compression moduli were
measured using 3D printed samples from all of the ink formulations. As
shown in Fig. 4, for the samemacromers, higher (T:NB) resulted in higher
compressive moduli. For 15% cCMC, the compressive modulus increased
by ~7-fold (from 46 to 316 kPa) when the (T:NB) increased from (1:4) to
(1:2). The same trend was observed for 10% NorCMC, but the increment
was less than 3.3-fold (from 40 to 133 kPa).

3.4. Swelling tests results

Swelling tests were conducted on 3D printed samples (Fig. 4B). Our
results showed that increasing (T:NB) resulted in a 1.8 fold decrease in
the swelling ratio (from 26 to 14) for cCMC, and a 1.6 fold decrease in the
swelling ratio (from 24 to 15) for NorCMC.

3.5. Line test results

Fig. 5 shows the line test results for 15% cCMC and 10% NorCMC.
MeHA (10%) was used as a control group. In general, strut size increased
with increasing print pressure and decreasing print speed. For instance,
at 10 mm/s, the line width increased from 920 to 1390 μm for cCMC,
from 850 to 1790 μm for NorCMC, and from 1110 to 1720 μm for MeHA,
when the pressure was increased from 138 kPa (20 psi) to 276 kPa (40
psi). When printed at 20mm/s and 138 kPa print pressure, it was possible
to achieve 630 μm for cCMC, 620 μm for cCMC, and 800 μm for MeHA.

3.6. Printability test results

Ink formulations from cCMC and NorCMC (both formulations with
(T:NB) equal to (1:4) and (1:2)), were used to print grid-like scaffolds
(Fig. 5) to investigate printability. The pressure was set at 138 kPa (20
psi) at the beginning (for 30 min delay time) and gradually increased to
276 kPa (40 psi, for 60min delay time) and 345 kPa for (50psi, for 90min
delay time) to compensate the increment of the ink viscosity due to



Fig. 2. Time sweep test of ink formulations without light exposure. (A-C) 10% NorCMC with thiol to norbornene ratio, (T:NB) equal to (1:4) (A), (1:2) (B), and 1:1 (C).
(D-F) 15% cCMC with (T:NB) ¼ 1:4 (D), 1:2 (E), and 1:1 (F).

Fig. 3. Time sweep test of ink formulations under light exposure for: (A) NorCMC (1:4) and (B) cCMC (1:4). Green area denotes the UV exposure period. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. (A) Compressive modulus (E) values of the 3D printed hydrogels from bioink formulations. αp<0.005 for cCMC (1:2), as compared to the rest of the sample
groups, and for NorCMC (1:2), as compared to the other groups. (B) The equilibrium swelling ratios values of the 3D printed hydrogels. ap<0.005 for cCMC (1:4) and
for NorCMC (1:2), as compared to cCMC (1:2) and NorCMC (1:2).
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autogelation. The print speed was controlled between 5 mm/s and 10
mm/s to print the gel with a uniform shape. Due to autogelation, ink
formulations were not extrudable after a certain time for each formula-
tion that was marked with a cross sign in Fig. 5. Dual material printing
was used to bioprint thick hydrogel scaffolds (NorCMC (1:2)) supported
with sacrificial Pluronic, and NorCMC (1:2) scaffolds with fast degrading
cCMC (1:4) patterns (Fig. 6).
5

3.7. Bioprinting test results

Fig. 7A shows the cell viability data (in percentage) for hMSCs, 3T3
cells, and HUVECs. Note that cCMC sample group degraded in the me-
dium after day 4. Fig. 7B shows the confocal images of the stained cells,
in which the green indicates live cells and the red indicates dead cells. In
the side view images, the range of cells in the vertical direction was
different due to the different swelling properties for each ink
formulation.



Fig. 5. (A) Line test results for 15% cCMC, 10% NorCMC and 10% MeHA bioinks. Error bars denote standard deviation for n � 5. (B) Printability tests for 15% cCMC
and 10% NorCMC for different (T:NB). The x-axis shows the elapsed time after mixing the crosslinker (DTT) with the ink formulation. Printability test result for 10%
MeHA is given as a control.

Fig. 6. Pictures showing multi-material printing of thick (>3 mm in height) scaffolds. (A-B) Top (A) and side (B) views of NorCMC (1:2) scaffold printed with Pluronic
(red). (C-D) Scaffold after Pluronic is dissolved in PBS. (E-F) NorCMC (1:2) scaffolds printed with fast degrading cCMC (1:4) (red). Scale bars are 5 mm. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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4. Discussion

Here, we report novel bioink formulations from norbornenemodified,
cellulose-based macromers for the first time. Cellulose-based materials
are promising candidates as bioinks due to their inherent bioactivity,
abundance and low cost. In this study, two distinct macromers were
developed by functionalizing CMC with an amide (NorCMC) or an ester
6

linker (cCMC) with 30% and 20% functionalization for cCMC and
NorCMC, respectively. These degrees of functionalization were selected
because hydrogels at the same thiol to norbornene ratio and low solids
content (4 wt% polymer) yielded similar compression modulus values
[74,75]. Our previous studies (utilizing the same extrusion-based
printer) revealed that an initial viscosity in a range of 1–10 Pa�s was
ideal for a non-shear-thinning hydrogel when a 27-gauge needle was



Fig. 7. (A) Plots showing % cell viability with culture time for cells (hMSCs, NIH 3T3 cells and HUVECs) cultured within bioprinted cCMC, NorCMC and MeHA
hydrogels. * indicates the cCMC (1:4) sample group that degraded before day 7. (B) Confocal fluorescent images of cells (hMSCs, NIH 3T3 cells and HUVECs) within
bioprinted cCMC, NorCMC and MeHA hydrogels (green indicating live cells and red indicating dead cells). (Scale bars are 200 μm) For hMSC, α p < 0.005 cell viability
for MeHA at day 1 vs. at day 4 and at day 7, and at day 4 vs. at day 7.; cell viability for cCMC (1:4) as compared to NorCMC (1:4) at day 1; cell viability for NorCMC
(1:2) as compared to MeHA at day 7; β p < 0.0001 NorCMC (1:4) vs. MeHA at day 7. For NIH 3T3 cell line, α p < 0.005 cell viability for MeHA at day 1 vs. day 4 and
day 7; cell viability of MeHA as compared to NorCMC (1:2) and (1:4) ay day 1 and at day 7; γ p 0.005 � for NorCMC at day 1 vs. day 7. For HUVECs, α p < 0.005 cell
viability for NorCMC (1:4) and (1:2) at day 1 vs. day 7; cell viability for MeHA as compared to NorCMC (1:2) and (1:4) at day 1. For all groups n ¼ 6. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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used [33]. To adjust the viscosity of the inks within this range, polymer
concentrations were set to 15% for cCMC and 10% for NorCMC, due to
differences in solubilities of the macromers. A higher concentration of
cCMC was used as compared to NorCMC to yield similar bioink initial
viscosities. The cCMC polymer is significantly easier to dissolve than
NorCMC because additional carboxylic acid groups are introduced
through the functionalization reaction (Fig. 1). This behavior translated
into similar bioink viscosities at different polymer concentrations.
Additionally, since the norbornenes are connected to the CMC with
different functional groups, degradation behavior was expected to be
different with the ester linkages of cCMC degrading earlier than the
amides of NorCMC.

Crosslinker, or thiol, to norbornene ratio (T:NB) was systematically
increased, from (1:4), (1:2) and to (1:1), to investigate the effect of
(T:NB) on bioink properties. For cCMC, the viscosity values did not
change significantly with (T:NB). However, for NorCMC, we observe a
significant increase in viscosity with increasing (T:NB), such that a 2-fold
increase in viscosity is observed when (T:NB) increased from (1:4) (0.8
Pa s) to (1:1) (2.8 Pa s). This we believe is due to the spontaneous
crosslinking of the macromers in the absence of UV light, i.e., autogela-
tion process. Rheological evaluation of the formulations revealed auto-
gelation in all formulations, but the gel point (onset of gelation)
decreased significantly with increasing (T:NB). The mechanism of this
phenomena has not been understood yet, but it is previously reported
that the autogelation accelerates with increasing thiol and norbornene
concentrations, increasing temperature, dissolved oxygen, and acidic
conditions [50]. Previous chemical characterization of the autogelation
has indicated that it is still a thiol-norbornene reaction, which must be
initiated through radicals spontaneously produced in the solution [50].
Future work aims to understand the origin of these radicals. Note that
cCMC is acidic when directly dissolved in the growth media or PBS (pH
reaching to ~4) due to the presence of carboxylic acid units in the carbic
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groups. Therefore, we adjusted the pH to 7.6 (as described in the
experimental section) to mainly eliminate cell viability issues. We found
that cCMC could form a gel within few minutes when the pH is not
adjusted (Supplementary Fig. S3). Considering the autogelation behavior
of our macromers, the gelation time (gel point) is considered as a critical
parameter for planning the printing process, since these hydrogels were
not extrudable when gelled. Considering the time required for
pre-printing process, we decided to eliminate the macromer formulations
with gel point below 1 h (Table 1 and Fig. 5). Thus, macromer formu-
lations with highest (T:NB), (1:1), for both macromers were eliminated.

Norbornene groups allowed the macromers to be photoresponsive
which can lead to crosslinking in the presence of a photoinitiator (LAP)
and a crosslinker (DTT) when exposed to light. Rheological tests in the
presence of a UV light source allowed us to determine the photo-
crosslinking parameters to be used during the bioprinting process. For
cCMC, it required ~18 s to gel and ~120 s to completely crosslink, which
directed us to set the partial crosslink time to be 30 s and the post-print
crosslinking time to be 120 s (Fig. 3). The crosslink setting for NorCMC
was also set as 10 s for partial crosslinking and 90s for post-print cross-
linking. The printability tests were conducted to evaluate the printability
and to optimize the print parameters (print speed, print pressure, layer
height, blue light exposure time). In the printing phase, some deviations
between the rheological data (Fig. 2) and printing results (Fig. 5) were
observed. In Fig. 2E, the gelation time of cCMC 1:2 was 57 min, which
means that the available time for printing should be around 1 h. How-
ever, as shown in Fig. 5, cCMC 1:2 was not printable after 30 min. We
believe that this is caused by the undermixing of the gel solution and the
crosslinker leading to localized gelation in the syringe due to increased
thiol concentration. Vigorous mixing such as vortex is not suitable for
viscous ink formulations, and ink can gel during gentle, but longer,
mixing process. Due to these concerns, cCMC 1:2 was eliminated from
further study.
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Our results indicate that the thiol to norbornene ratio (T:NB) of the
bioink formulation, controlled by the crosslinker concentration, also af-
fects the mechanical properties of the hydrogel (Fig. 4A). Normally, at
the molecular level, increasing crosslinker concentration leads to an in-
crease in the compressive modulus (Young’s modulus, E). Thus, as ex-
pected the E values increased significantly with increase in (T:NB) from
(1:4) to (1:2) for both cCMC and NorCMC.

For each bioink formulation, we compared the cell viability with
culture time for each cell line. For instance, hMSC viability decreased
from 96% at day 1–90% at day 4, and to 84% at day 7 for MeHA control
group. Note that MeHA is not degradable, and this could potentially
eliminate the ability of the hMSCs to spread and proliferate. However,
hMSC viability was not significantly different for other degradable for-
mulations, such that cell viability remained stable within 92–93% in-
terval for cCMC (1:4), 95–97% interval for NorCMC (1:4), and 97-93%
interval for NorCMC (1:2). When NIH 3T3 cells are considered, cell
viability decreased for NorCMC (1:2) from 92% at day 1–83% at day 7,
and for MeHA from 97% at day 1, to 88% at day 4, and to 87% at day 7.
Cell viability did not show a significant change, and remained constant
within 93-83% for cCMC (1:4) and within 91%–83% for NorCMC (1:4).
For HUVECs, cell viability decreased from 93% at day 1–86% at day 7 for
NorCMC (1:4) and from 91% at day 1–86% at day 7, whereas the changes
were not significant between day 1 and day 4 (including cCMC group),
and day 4 and day 7. Cell viability for MeHA group remained within 97-
93%. Our results showed that the decrease in cell viability for the
NorCMC and cCMC formulations is not trivial, and dependent on the cell
type and culture period. As we did not use any commonly used cell-
adhesive peptides (such as RGD), we believe that cell variability could
potentially be further enhanced, if needed. We also compared the cell
viability between sample groups (bioink formulations) for each cell line
at each culture day. For hMSCs, cell viability for cCMC (92%) was lower
than that for NorCMC (1:4) (97%) at day 1. No significant difference was
observed between sample groups at day 4. However, cell viability for
MeHA (84%) was lower than that for NorCMC (1:2) (93%) and for
NorCMC (1:4) (97%) at day 7. For 3T3 cell line, cell viability for MeHA
(97% at day 1, 87% at day 7) was higher than that for NorCMC (1:2)
(92% at day 1, 83% at day 7) and NorCMC (1:4) (91% at day 1, 83% at
day 7) at day 1 and day 7. When HUVECs are considered, cell viability for
MeHA (98%) was higher than cell viability for NorCMC (1:2) (91%) and
NorCMC (1:4) (93%) at day 1. No significant difference was observed
between sample groups at day 4 and day 7. We believe that a lower cell
viability at day 1 could potentially indicate issues during printing pro-
cess, such as cell damage due to shear or light exposure. One way to avoid
this is to increase the bioink viscosity to protect the cells. For instance,
MeHA bioinks were much viscous leading to higher cell viability at day 1.

The 15% cCMC (1:4) sample degraded and disintegrated by day-7
while the similar NorCMC (1:4) did not because of the reduced degra-
dation afforded by the amide connectivity versus the ester groups con-
necting the norbornenes to the CMC. Hydrolytic degradation of the cCMC
bulk hydrogels was previously reported, such that for 4% cCMC with
(T:NB) equal to (1:4), 30% mass loss was reported within 24 h incuba-
tion, which increased to ~50% after 7days [74]. This behavior was not
observed for NorCMC hydrogels [75]. In good agreement with the
swelling data (see above), we observed differences in the confocal side
view images (Fig. 7B) of the 3D printed samples. For instance, vertical
distribution of the cells within NorCMC (1:4) was about twice thicker
than NorCMC (1:2), which corresponded to the difference in the swelling
ratio (23.4 for NorCMC (1:4), 12 for NorCMC (1:2)). For cCMC (1:4), cells
distributed more sparsely when compared to that for NorCMC. We
believe that this was due to hydrogel degradation as discussed above.

5. Conclusions

In conclusion, we report a two norbornene-modified cellulose-based
macromers as novel bioink materials. Polymer concentration and thio-
l:norbornene ratio (T:NB) were optimized to prepare printable bioink
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formulations from cCMC (with (T:NB) ¼ (1:2) and (1:4)) and NorCMC
(with (T:NB) ¼ (1:4)). All of the ink formulations were able to encap-
sulate cells (hMSCs, NIH 3T3 fibroblasts, and HUVECs), and to be printed
as cell-laden scaffolds. We believe that these two cellulose-based mac-
romers broaden the bioink library and could be further modified to
render more desired properties in further practice and applications.
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