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Abstract

Layer-by-layer bioprinting is a logical choice for the fabrication of stratified tissues like
articular cartilage. Printing of viable organ replacements, however, is dependent on bioinks
with appropriate rheological and cytocompatible properties. In cartilage engineering,
photocrosslinkable glycosaminoglycan-based hydrogels are chondrogenic, but alone have
generally poor printing properties. By blending the thermoresponsive polymer poly(N-
isopropylacrylamide) grafted hyaluronan (HA-pNIPAAM) with methacrylated hyaluronan

(HAMA), high-resolution scaffolds with good viability were printed. HA-pNIPAAM provided
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fast gelation and immediate post-printing structural fidelity, while HAMA ensured long-term
mechanical stability upon photocrosslinking. The bioink was evaluated for rheological
properties, swelling behavior, printability, and biocompatibility of encapsulated bovine
chondrocytes. Elution of HA-pNIPAAM from the scaffold was necessary to obtain good
viability. HA-pNIPAAM can therefore be used to support extrusion of a range of biopolymers
which undergo tandem gelation, thereby facilitating the printing of cell-ladened, stratified

cartilage constructs with zonally-varying composition and stiffness.

1. Introduction

Healthy articular cartilage allows almost frictionless movement of the synovial joints. Focal lesions in
the tissue resulting from high impact mechanical loading from sports injuries or trauma will not be
repaired spontaneously due to the limited healing capabilities of cartilage and may progress to
include degeneration of the surrounding tissue [1, 2]. Hence, surgical interventions are necessary to
repair damage of the articular cartilage surface. One clinical treatment for large cartilage defects is
osteochondral transplantation or mosaicplasty, where the cartilage lesion is filled with an array of
tightly-packed cylinders of osteochondral grafts. Although this technique may allow increased
weight bearing [3, 4], it is hampered by several disadvantages including scarcity of tissue, donor site
morbidity (for autologous grafts), potential transfer of disease (for allogenic grafts), and poor
integration with the host tissue and between cylinders. Another main disadvantage is the
unavoidable mismatch in thickness and curvature between the donor cylinders and implantation site.
The fabrication of individual cell-ladened osteochondral grafts whose geometry is obtained from MRI

data would have enormous advantages over the current clinical option.

Bioprinting is a natural fabrication method given the stratified nature of articular cartilage, and could
improve the functionality tissue engineered scaffolds by allowing the placement of cells [5-7],

biomaterials [8-10] and bioactive cues [11-13] in three dimensional space to mimic the native tissue.



However the search for bioinks for use in tissue printing applications [14, 15] which has both good
biocompatibility and tailored viscosity transitions for effective printing and handling continues [16,
17]. For an extrusion based process, the bioink should show shear thinning to allow extrusion
through a needle and also immediate cessation of flow upon deposition on the substrate to retain its
plotted shape. Such a material would allow the fabrication of complex structures with high resolution
[18, 19]. The final mechanical properties of the printed construct should also be sufficient for
manipulation. The different stages of a biofabrication process and the viscosity requirements for an
ideal bioink are shown in Fig. 1b. Bioinks such as alginate-gelatin blends [20, 21] or pure alginate [20]
have been used to generate 3D scaffold structures. These materials have the advantage of good
biocompatibility and cell friendly ionic/thermal crosslinking without further chemical modifications of
the biopolymers. However, these materials are usually soft and their mechanical properites decrease
over time due to the reversibility of the non-covalent crosslink. It has been reported that the initial
modulus of alginate-gelatin (10 kPa) scaffolds decreased over 60% in 7 days in culture [20]. Due to
the limitation of these materials, interest in covalently crosslinked hydrogels has been increasing.
Bioinks comprising of polymers modified with (meth-)acrylates or diacetate have been extensively
studied for biofabrication purposes. These modifications have been conjugated to both natural and
synthetic polymers to create methacrylated gelatin (GelMA) [18, 22] and acrylated versions of
polymers such as poloxamer [23] and poly (ethylene glycol) [24]. The biggest advantage of the GelMA
based bioinks is the good biocompatibility and improved mechanical properties with a compression
modulus around 180 kPa after 30min of UV exposure [22]. For a more extensive review on the

subject, the reader is referred to the recent review from Malda et al. [25].

As natural components of articular cartilage, hyaluronan and chondroitin sulfate are logical material
choices for cartilage tissue engineering [26-29]. Both are used clinically as injections or food
supplements and have purported anti-inflammatory [30-32] and/or immunomodulatory effects [33].

Bioprinting of glycosaminoglycan-based hydrogels, however, is challenging as the precursor solutions



of these materials often have low viscosity and slow gelation kinetics which result in flow before
gelation. The goal of this study was to investigate the possibility of utilising natural cartilage
components hyaluronan and chondroitin sulfate in bioprinting. We hypothesized that a fast,
reversible gelling component could be added to methacrylated hyaluronan and chondroitin sulfate to
enhance their printing. Poly(N-isopropylacrylamide) (pNIPAAM) conjugated to hyaluronan (HA) was
chosen as a thermoresponsive polymer as good cytocompatibility has been reported with nucleus
pulposus cells [34], mesenchymal stromal cells [35] and a fibroblast cell line [36]. By grafting
pNIPAAM onto the HA backbone (Fig. 1c), thermoresponsive hydrogels were created that are liquid
at room temperature and gel at body temperature [37, 38]. The basis of this gelation is the lower
critical solution temperature (LCST) of pNIPAAM which is around 32°C [39]. The liquid state allows
easy loading of the cartridges of the bioprinter and simplifies the mixing of cells, additional polymers
and growth factors, whereas rapid gelation upon deposition onto a heated substrate ensured the
maintenance of the shape of the printed 3D structure until the further crosslinking (Fig. 2). After
stabilization of the biopolymer with free radical polymerization of the HAMA, the HA-pNIPAAM can

be eluted leaving a glycosaminoglycan-based scaffold (Fig. 2).

2. Materials and Methods

2.1 Materials
2,2-azobisisobutyronitrile (AIBN), N-isopropylacrylamide (NIPAAM) monomer, N, N-

dimethylformamide (DMF), 2-aminoethanethiol hydrochloride, diethyl ether, Dowex Resin M-31,
tetrabutylammonium hydroxide (TBA-OH), dimethyl sulfoxide (DMSQO), carbonyl diimidazole (CDI),
sodium bromide (NaBr), pronase, collagenase, methacrylic anhydride, L-ascorbic acid, sodium
hydroxide (NaOH) were all purchased from Sigma Aldrich (Buchs, Switzerland). Chondroitin sulfate
(CS, DSs (degree of substitution (sulfate groups)) = 0.9, Mw = 20 kDa, polydispersion index My,/M, =
1.55) was purchased from Kraeber (Ellerbek, Germany). Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) was prepared following the procedure reported by Fairbanks et

al. [40]. Dulbecco’s modified Eagle’s media (DMEM), phosphate buffered saline (PBS), fetal bovine
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serum (FBS), antibiotic-antimycotic, Live/Dead Assay, and trypsin/EDTA were all purchased from Life
Technologies (Zug, Switzerland). High molecular weight hyaluronan sodium salt (HANa, 1506 kDa,
Mw/M; = 1.53) and low molecular weight HANa (293 kDa, M./M, = 1.86) was obtained from Contipro
Biotech s.r.o (Dolni Dobrouc, Czech Republic). All dialysis membranes used were from SpectrumLabs
(Breda, Netherlands) and the 3-(trimethylsilyl)-1-propanesulfonic acid sodium salt (MTS) assay was
from Promega (Madison, USA). Methanesulfonic acid was obtained from Fluka (Buchs, Switzerland).

Alginate (ProNova UP-LVG) was purchased from NovaMatrix (Sandvika, Norway).

All concentrations are given in percentages weight/volume (% w/v) unless indicated otherwise.

2.2 Synthesis of polymers

2.2.1 pNIPAAM-NHZ synthesis
Amino-terminated pNIPAAM (pNIPAAM-NH2) was synthesized by radical polymerization using AIBN

as a radical initiator [41]. Briefly, NIPAAM monomer (1.13 g) was dissolved in degassed DMF together
with AIBN (1.6 mg) and 2-aminoethanethiol hydrochloride (11.4 mg). The polymerization was carried
out at 70°C for 6 h under argon atmosphere. The reactant was precipitated in an excess of diethyl
ether and dried under vacuum at room temperature. The precipitate was dissolved in ultrapure
water and dialyzed for 48 h (Spectra/Por 7, MWCO 8000 Da) in ultrapure water. The dialyzed product

was then lyophilized, characterized and stored until further use.

The molecular weight of the synthesized pNIPAAM was determined using a multi-detector
chromatographic system (GPCV 2000, Waters, Milford, USA) equipped with three online detectors: a
differential viscometer, a differential refractometer and a multi-angle light scattering (MALS) Dawn
DSP-F photometer (Wyatt, Santa Barbara, USA). The mobile phase was DMF + 0.1 M LiCl with a flow
rate of 0.8 mL/min, 50°C and an injection volume of 218.5 uL. The sample concentration was 2

mg/mL. Evaluation of the molecular weight of the synthesized polymer was 24 kDa for the pNIPAAM.



2.2.2 HA-pNIPAAM synthesis

15 g of HANa was dissolved in 1.1 L of ultrapure water under constant stirring. Dowex Resin M-31
(120 g) was washed with ultrapure water until the washing solutions were clear and further soaked
overnight in ultrapure water. Water was then removed from the resin and covered with 70 g of a
40% TBA-OH water solution. The solution with the resin was placed on an orbital shaker for 1 h, after
which the supernatant was removed and replaced with 80 g of fresh TBA-OH solution and placed
overnight on an orbital shaker. After that, the resin was rinsed with large amounts of ultrapure water
until the flow through was clear and the pH was below 10. The resin was then moved into a gooch
filter (N°2) and water was removed without drying out the resin. The filter containing the resin was
then filled with the HANa solution. The solution was left to flow through the resin and finally
collected and frozen at -20°C. The product was freeze dried and subsequently further dried at 42°C

under vacuum.

2 g of HA-TBA was then dissolved in 160 ml of DMSO. pNIPAAM-NH2 (3.5 g) was dissolved in 40 mL
of DMSO. First, 230 pL of methanesulfonic acid and then 540 mg of CDI were added to the dissolved
HA-TBA and stirred at 42°C for 1 h. After that, the pNIPAAM-NH2 solution was added and the mixture
was cooled down to room temperature and the reaction was let to proceed for 48 h under constant
stirring. Then 20 mL of saturated NaBr solution was added dropwise until the reaction mixture
turned cloudy and stirred for another 2 h at room temperature. The solution was then transferred
into dialysis tubing (Spectra/Por 6 RC, MWCO 50 kDa) and dialyzed against cold (< 13°C) tap water
which was changed every 30 min within the first 4 h. The dialysis was continued against ultrapure
water for 24 h with changing the water twice daily and then for another 3 days with daily changes of

water. The polymer was freeze-dried and further dried at 42°C under vacuum for 3 days.

The molecular weight of HA was evaluated by utilizing the same setup as for the pNIPAAM-NH2
(Section2.2.1). The mobile phase was 0.2 M NaCl with a flow rate of 0.4 mL/min, 35°C and an
injection volume of 150 pL. The sample concentration was 0.1 mg/mL. The molecular weight found

was 1506 kDa for the HA. Using this value and the molecular weight of pNIPAAM, the grafting density
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of pNIPAAM on HA was estimated by integrating the peak of the methyl groups of pNIPAAM at 1.14
ppm and dividing the integrated value of the peaks of HA at 3.00 - 3.77 ppm. The calculated grafting

density was 4.6 % which is comparable to values in the literature [38].

2.2.3 HA methacrylation

1% low molecular weight HA was dissolved into ultrapure water with gentle agitation. The pH was
adjusted to 8 with NaOH. A 20 fold molar excess (per disaccharide unit) of methacrylic anhydride was
added under vigorous stirring and the reaction was allowed to proceed in an ice bath for 24 h. The
pH was kept constant during the first three hours of the reaction by adding 5M NaOH drop wise.
After 24 h the reactant was precipitated into an excess of ethanol and the precipitate was collected
by vacuum filtration. The dried precipitate was dissolved in ultrapure water and dialyzed for three
days against ultrapure water (Spectra/Por 5, MWCO 12-14 kDa). The water was changed every 24 h.
The product was freeze-dried and further dried at 42°C under vacuum for 24 h and stored at -20°C
before use. NMR spectroscopy revealed successful methacrylation of the hyaluronan. The degree of
substitution (DSma) was calculated by the ratio of the integrals of the vinyl protons at 5.6 ppm and 6.1
ppm to the protons from the methyl groups of both, HA and the methacryl residues at 1.9 ppm. The

calculated degree of substitution was 0.3 (out of 4 hydroxyl group per disaccharide repeat unit).

2.2.4 CS methacrylation

2% CS was dissolved in borate buffer (pH = 8.5) and reacted with a 15-fold excess methacrylic
anhydride per disaccharide repeating unit at 5°C. The pH was constantly adjusted to 8 with NaOH.
After a reaction time of 24 h the solution was precipitated into an excess of acetone and the
precipitate was collected by vacuum filtration. The dried precipitate was dissolved in water and
dialyzed (MWCO 3 kDa) against water. The water was changed 2 — 3 times per day. The product was
isolated by lyophilization and further dried at 40°C under vacuum for 8 h. The degree of substitution

(DSma) was determined from the ratio of the proton signals at 5.7 ppm and 6.1 ppm (vinyl protons),



and 1.9 ppm (methyl groups) in *H-NMR to be 0.5 (out of 3 hydroxyl group per disaccharide repeat

unit).

2.3 Material characterization

2.3.1 Rheology

An Anton Paar MCR 301 (Anton Paar, Zofingen, Switzerland) rheometer equipped with a Peltier
element for temperature control, a thermostatic hood and a UV Source (Omnicure Series 1000, 365
nm wavelength, 9.55 mW/cm?) (Lumen Dynamics, Mississauga, Canada) was used. All
measurements were performed with a cone-plate geometry (diameter 50 mm, angle 1°) under water
vapor saturated atmosphere. The shear recovery experiments were performed by measuring G’ and
G’ at a frequency of 1 rad/s and 1% strain (which was established to be within the linear viscoelastic
range), then shearing the sample for 1 second at 100 s* before returning to the oscillatory
measurement. For the temperature gelation experiments, oscillatory measurements were performed
at a frequency of 1 rad/s and 1% strain. The samples were first equilibrated at 4°C for 5 min and then
heated at a rate of 0.5°C/min from 4°C to 40°C in case of the pure HA-pNIPAAM samples and from
4°C to 45°C in case of the two bioinks HAMA-HA-pNIPAAM and CSMA-HA-pNIPAAM. The gelation
temperature was taken as the temperature where the storage modulus G’ and the loss modulus G”
are equal. UV crosslinking was performed subsequently for 5 min at 37°C (after 5 min equilibration

time) with 50% maximum intensity and 3.5 cm distance between the source and the sample.

2.3.2 Swelling

For the equilibrium swelling experiments, gels of 50 uL (n=5) were created for the two different
bioinks. The gels were immersed in 1 mL of PBS at either 4°C or 37°C and incubated for 0.5, 1, 4, 24
and 48 h. After all incubation periods, PBS was removed and the gels were weighed (Mswoiien). The
gels were then subsequently lyophilized and weighed again (mpor,). The swelling ratio Q was then

calculated as



_ Mgwollen — Mpry

Q=

mDry

2.4 Cell culture

Bovine chondrocytes were harvested from full thickness articular cartilage from the lateral and
medial femoral condyle of 6 month old calves obtained from the local butcher. The cartilage slices
were minced with a surgical blade and the tissue slices were digested for 4h with 0.2% pronase in
DMEM supplemented with 1% antibiotic-antimycotic in an incubator (37°C, 5% CO;) under gentle
stirring. Following this first digestion step, the tissue was further digested for 6h with 0.03%
collagenase in DMEM supplemented with 1% antibiotic-antimycotic under gentle stirring. The tissue
was then filtered first through a 100 um cell strainer and subsequently through a 40 um cell strainer.
Cell viability was found to be above 90%. Passage O cells were seeded at 10’000 cells/cm? in DMEM
containing 10% fetal bovine serum, 1% antibiotic-antimycotic and 50 pg/mL L-ascorbic acid. This
media formulation was used in all further experiments. Cells were passaged until passage 4 before
encapsulation. Each passage was done at 80% confluency utilizing trypsin/EDTA and reseeded at

5000 cells/cm?. The media was changed every 3 days.

2.4.1 Top culture of hydrogels

HA-pNIPAAM was dissolved in PBS and mixed together with chondroitin sulfate (CSMA) methacrylate
or hyaluronan methacrylate (HAMA). The mixing was done at 4°C to avoid gelation of the HA-
pNIPAAM. As a photoinitiator for the UV crosslinking, lithium  phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) was added at a concentration of 0.05%. Hydrogel solutions of
200 pL volume were placed at the bottom of a 24-well plates and crosslinked for 15 min in an
incubator (37°C, 5% CO,) prior to further crosslinking by utilizing a hand held UV source (365 nm
wavelength, 22 mW/cm?, Blak-Ray B-100AP, UVP, United States) for 5 min. Passage 4 bovine
chondrocytes were seeded on top of the hydrogels at 2 x 10* cells/well. Chondrocytes were left to

adhere for 2 h in the incubator before additional media was added. 1% alginate gels were prepared



with the CaCl, gelation method as a positive control according to established methods [42, 43].

Media was changed every 3 days.

2.4.2 Cell encapsulation and printing

Bioprinting of the scaffolds was performed using a BioFactory (regenHU, Villaz-St-Pierre, Switzerland)
equipped with a needle with an inner diameter of 300 um. Temperature of the cartridges was
controlled with a syringe heating pad and a temperature control unit (New Era Pump Systems,
Farmingdale, USA). All printing was performed onto a heated substrate with a surface temperature
between 35°C and 38°C. The printer was also equipped with a UV-PEN (wavelength 365 nm, 6.09
mW/cm?) that was used to crosslink each printed layer for 10 s. The spacing between the center of
the printed strands was 2 mm. Printing parameters were optimized by changing the pressure and
writing speed to minimize strand diameter. The scaffolds were drawn with the BioCAD software

(regenHU, Villaz-St-Pierre, Switzerland) and converted into ISO code for the printing process.

Materials were prepared as described in Section 2.4.1 at a concentration of 15% HA-pNIPAAM and
2% HAMA. The bioink was stirred gently and mixed with the 0.05% LAP solution prior to cell
encapsulation. Passage 4 bovine chondrocytes were mixed with the bioink at a concentration of
6x10° cells/ml at 4°C to avoid gelation of HA-pNIPAAM. The cell-containing bioink was then
transferred into the printing cartridge and scaffolds printed (n=3). Printing was performed in the
BioFactorys in-built biosafety cabinet and all parts involved in the printing process were sterilized
with 70% ethanol prior to the cell printing. A pressure of 1.5 Bar and a feed rate of 500 mm/min were
used for the printing of the scaffolds. The thickness of a single layer was 200 um when no cells were
added and 210 um with the addition of cells. When cells were encapsulated in the bioinks, five
consecutive layers were printed resulting in 1.05 mm thick scaffolds. The total volume of each
construct was calculated to be 77 L containing 4.6 x 10° cells. The scaffolds were transferred into
culture media either at 37°C or, to elute the HA-pNIPAAM, at 4°C. The scaffolds at 4°C were kept at
this temperature for 30 min while changing the media every 10 min. After washing, the scaffolds

were incubated in the same conditions as the other scaffolds (37°C, 5% CO,). 1% alginate gels of the
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same volume and cell concentration as the printed constructs were prepared with the CaCl; gelation
method and used as the positive control. Media was changed after 3 days. Cell viability was assessed

after 4 days culture.

2.4.3 Cell viability analysis

Cell viability was assessed using a Live/Dead with viable cells stained green and dead cells stained red
fluorescent. Staining was performed with a 2 uM Calcein AM-4 uM ethidium homodimer solution for
25 min for the top culture and 1 h for the encapsulated cells. The cells were imaged with a
fluorescent microscope (Zeiss Axio Observer, Zeiss, Switzerland) and images were evaluated with
Image J software. Each condition was done in triplicate and 3 images were taken from each sample.
In addition, cell viability was further investigated using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS) assay according to the

manufacturer’s protocol.

2.5 Statistical analysis

Data from the MTS viability assays is expressed as mean * standard deviation. Statistical analysis of
the MTS data was performed using a one-way ANOVA and Bonferroni post-hoc testing (OriginPro 8.5,

OriginLab) and significance was determined at p < 0.05.

3. Results

3.1 Bioink characterization

3.1.1 Rheological characterization

To determine the HA-pNIPAAM concentration most suitable for blending with the two methacrylated
biopolymers CSMA and HAMA, HA-pNIPAAM solutions of 10%, 15% and 20% were examined with
rheometry. The viscoelastic moduli of different concentrations of pure HA-pNIPAAM (Fig. 3a) as a
function of temperature show that the gelation temperatures for all concentrations were between

25.7°C and 29.7°C. This is lower than the LCST of pure pNIPAAM (32°C), however, the maximal
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increase in G’ for all three concentrations still takes place around the LCST of pure pNIPAAM. The
10% HA-pNIPAAM shows the lowest final storage modulus from all three tested concentrations with
G’ being 134 Pa. The storage modulus of the two higher concentrated HA-pNIPAAM solutions are
both one order of magnitude higher than 10% HA-pNIPAAM, namely 3000 Pa for the 15% HA-
pNIPAAM and 4450 Pa for the 20% HA-pNIPAAM solution. Although the storage moduli of the two
higher concentrated HA-pNIPAAM solutions are of the same order of magnitude, we chose the 15%
HA-pNIPAAM solution as the concentration in our bioinks as its gelation temperature is higher (20%
solution G’ = G” at 25.7°C and 15% solution G’ = G” at 29.7°C). With the gelation temperature further
away from room temperature, the risk of undesired gelation is minimized. Furthermore, its lower
viscosity below the gelation temperature allows easier handling than with the 20% HA-pNIPAAM

solution.

To further investigate if the 15% HA-pNIPAAM solution would be suitable as a base material for a
bioink, the solution was tested at three different temperatures for its ability to quickly recover after
shear. The shear recovery simulates the shear forces the bioink experiences when extruded through
the needle during the printing process. Immediate recovery after exiting the needle is necessary to
avoid flow of the bioink and ensure accurate printing. Fig. 3b shows the recovery of 15% HA-
pNIPAAM after shear, with the storage modulus normalized to the initial storage modulus (before
shear) at three different temperatures. At 4°C, below the gelation temperature, the HA-pNIPAAM
solution is a liquid and the G’ value recovers quickly after shear to its initial value (5 Pa). When
performing the shear recovery experiment at elevated temperatures below and above the LCST,
namely 23°C and 37°C, the storage modulus does not recover as completely as in the case of the HA-
pNIPAAM at 4°C. For HA-pNIPAAM at 37°C, the storage modulus G’ only recovers to 8.5% of its initial
value of 2131 Pa. When the temperature is lowered to 23°C (approximately 6°C below the gelation
temperature), the liquid recovers quickly to 88% of its initial value of 8 Pa. After this initial rise in G/,

the modulus keeps increasing over time, reaching 120% of its initial value after 1000 seconds. We
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therefore decided to use 23°C as the printing temperature for the bioprinter components, except for

the heated stage (35°C - 38°C).

Tandem gelation behavior was analyzed with and without the addition of cells to the different HA-
pNIPAAM biopolymer blends. The term tandem gelation refers to the initial physical temperature
gelation followed by chemical crosslinking utilizing a UV source. 5% chondroitin sulfate methacrylate
(CSMA-HA-pNIPAAM bioink) was added whereas hyaluronan methacrylate (HAMA-HA-pNIPAAM
bioink) was added at 2% as larger amounts did not dissolve well or increased the viscosity of the
solution to an extent where pipetting was no longer possible. The bioinks were tested for their
gelation temperature and UV crosslinking behavior. In both cases, the addition of the biopolymers
led to an increase in both G’ and G”’ compared to pure 15% HA-pNIPAAM at temperatures below the
LCST. At low temperatures, the biopolymers caused the G’ value of both blends to be larger than the
G” value, which is normally attributed to gel-like materials. However, we observed that the bioinks
were still liquid at 4°C. We believe that the additional polymer content shifted the frequency spectra
of the bioink to lower frequencies compared to pure HA-pNIPAAM i.e. the crossover of G’ and G” in
the frequency spectra is found at frequencies < 1 rad/s. It is therefore no longer possible to define a
clear gelation temperature according to G’ = G”, but an increase in G’ indicates that crosslinking of
the pNIPAAM chains still takes place. We thus compared the maximum increase of G’ of the bioinks,
rather than the gelation temperature. In the CSMA-HA-pNIPAAM bioink, the addition of the
biopolymer lowers the storage as well as the loss modulus achieved after the temperature gelation
whereas the maximum increase of the modulus appears at a slightly earlier time point (58.48 min or
at 30.5°C) than for the pure HA-pNIPAAM sample (61.48 min or at 32.0°C Fig. 3c). In case of the
HAMA-HA-pNIPAAM bioink, the maximum increase of the modulus appears at slightly later time
(62.05 min or at 32.3°C). The values for G’ and G” are reduced in comparison to the pure HA-
pNIPAAM with a G’ value of 6.32 Pa for the CSMA bioink after temperature crosslinking instead of

3220 Pa. At 10% CSMA addition, the ability of HA-pNIPAAM to form a gel is completely lost (data not
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shown). A similar effect is observed for the HAMA-HA-pNIPAAM bioink, however, the decrease in the

G’ value (1210 Pa) is not as large as in the case of CSMA-HA-pNIPAAM bioink.

As the final bioinks will contain cells, we also investigated the influence of cells on the gelation
behavior of our bioinks. When cells (6x10%/ml) are embedded into the bioinks, the G’ and G” values
of the CSMA-HA-pNIPAAM bioink at temperatures below the LCST decreased whereas for the HAMA-
HA-pNIPAAM bioink the G’ and G” values increased. The sharp increase in G’ appears at a later time
point for CSMA-HA-pNIPAAM when cells are added, namely 1.6 min later (60 min, 31.3°C) than the
blend without any cells, which corresponds to a temperature difference of 0.8°C. In the case of the
HAMA-HA-pNIPAAM bioink, the maximum increase in G’ and G” takes place at an earlier time point
with added cells (60 min or at 31.3°C). The final values of G’ and G”’ after temperature gelation are
lowered upon the addition of cells. The UV crosslinking procedure was not inhibited by the cells and
the final storage moduli after crosslinking exhibited no large changes in case of the CSMA-HA-
pNIPAAM with a G’ of 3165 Pa compared to 2750 Pa when the cells were added. The storage
modulus of the HAMA-HA-pNIPAAM blend after UV crosslinking (2532 Pa) was increased when the

cells were added (8370 Pa).

3.1.2 Swelling

Swelling of both bioinks was investigated in PBS at 4°C and 37°C i.e. below and above the LCST of
pNIPAAM. Swelling at 4°C led in both bioinks to an initial increase of the gel weight within the first 4
h of the swelling experiment as shown in Fig. 4. The HAMA-HA-pNIPAAM bioink increased from a
swelling ratio of 11.4 up to a maximum of 22.7 after 24 h, after which time the swelling stayed
constant (Fig. 4a). The same behavior is seen in the CSMA-HA-pNIPAAM bioink where the swelling
ratio changed from 17.8 after 0.5 h to a maximum of 29.1 after 24 h (Fig. 4b). As with the HAMA-HA-
pNIPAAM bioink, the swelling ratio did not change after this. When the samples are swollen at 37°C,
neither of the bioinks shows a weight gain within the first 4 h like observed at 4°C. As HA-pNIPAAM

is leaving the gels at 4°C, water can enter and the swelling ratio increases. This effect is not seen at

14



37°C as HA-pNIPAAM is in its gelled state and not able to be eluted. At both temperatures, the

CSMA-HA-pNIPAAM bioinks show a larger swelling ratio than the HAMA-HA-pNIPAAM bioinks.

3.2 3D printing of constructs

Scaffolds were printed with the HAMA-HA-pNIPAAM bioink as it showed a higher storage modulus
after temperature gelation compared to CSMA-HA-pNIPAAM. We expected therefore the best
printing properties from this bioink as it was the most likely to show complete cessation of flow upon
deposition onto the heated substrate. The high storage modulus was important for the material to
withstand the printing of additional layers. To evaluate the influence of the writing speed and the
printing pressure on the strand diameter, single lines were printed onto a heated substrate with
different combinations of writing speed and pressure and subsequently evaluated with a microscope.
The strand diameter is preferably as thin as possible as thick strands limit the diffusion of nutrients
and oxygen to the cells embedded within. The thinnest strand which could be continuously extruded
had a width of 620 um and was achieved with a writing speed of 500 mm/min at a printing pressure
of 1.5 bar. These parameters were then further utilized for the printing of the scaffolds. The layer
thickness was determined empirically by printing lines on top of each other and visually observing
the position of the needle at the start of every new line: a needle found to be above the lines
indicated that the layer thickness was chosen too big whereas if the needle was printing within the
previously printed line, the layer thickness was increased. For the printing parameters indicated
above, we found that the strands produced had a layer thickness of 200 um (210 um with the
addition of cells). We were able to produce scaffolds such as the ones shown in Fig. 5, with a
diameter of 10 mm and a height of 2.8 mm, which represents the printing of 14 subsequent layers.
Thinner scaffolds of 1.05 mm were printed for the cell-containing scaffolds to minimize production
time and avoid drying effects. The initial thermal gelation in combination with the UV-crosslinking
produced mechanically stable scaffolds that could be easily handled with a spatula (Fig. 5¢) without

breaking.
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3.3 Cell viability

3.3.1 Cell viability in top culture

Bovine chondrocytes were cultured for seven days on top of the bioink hydrogels prior to Live/Dead
and the MTS assays. Fig. 6a shows a viability of 98% in the Live/Dead assay for the 15% HA-pNIPAAM
samples and therefore confirms earlier findings by other groups employing this hydrogel [34, 35].
Chondrocytes were not distributed evenly over the substrate but instead formed clusters on top of
the HA-pNIPAAM. Cluster formation was also observed when the cells were cultured on top of the
HAMA-HA-pNIPAAM bioink (Fig. 6b) but to a lesser extent. The cell viability on top of this bioink was
lower than on top of pure HA-pNIPAAM. In the case of the CSMA-HA-pNIPAAM bioink only a few of
the cells initially seeded were still attached after seven days (Fig. 6¢c). The observations from the
Live/Dead assay were confirmed by the MTS assay where a 1% alginate gel was used as a positive
control. The assay shows a low absorbance for the CSMA-HA-pNIPAAM bioink which reflects the low
cell attachment. For the 15% HA-pNIPAAM, the absorbance was at a similar level to the alginate
control. The HAMA-HA-pNIPAAM bioink showed a lower absorbance which is in agreement with the

lower viability seen in the Live/Dead assay.

3.3.2 Viability of cells encapsulated within bioink hydrogels

To test the viability of the chondrocytes in the hydrogels after printing, cells were encapsulated in
the HAMA-HA-pNIPAAM bioink and scaffolds were printed. The control group of chondrocytes
encapsulated in alginate had excellent viability (Supplementary Figure S1) and showed no toxicity
upon exposure to equivalent amounts of ultraviolet light used in the printing process (Supplementary
Figure S2). After 4 days, the MTS assay (Fig. 7a) of the printed constructs (before removal of HA-
pNIPAAM at 4°C) revealed a very low viability. However, after washing the printed constructs, the

viability of the chondrocytes improved dramatically (Fig. 7a). The cells were mostly viable throughout
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the printed structure (Fig. 7b and c), however, there was increased cell death around the pores of the

construct (Fig 7b).

When washed with cold PBS, the constructs lost their opaque appearance (Fig. 7d), indicating the
HA-pNIPAAM was no longer in its gelled state and could therefore diffuse out of the scaffold. The
final scaffold therefore consisted mainly of the UV-crosslinked biopolymer. In this regard, the HA-
pNIPAAM serves as a temporary support matrix that can be sacrificed after UV-crosslinking of the

second component of the bioink.

4. Discussion

Bioprinting is a technique which can be used to create biomimetic layered constructs for cartilage
engineering through its ability to spatially distribute hydrogels, cells and bioactive molecules at pre-
defined sites. However, the need for different viscosities at different stages of the printing process
has limited the choice of materials suitable for bioprinting. In 3D printing the required viscosity
changes can be achieved by a transition from melts to solids or by evaporation of an organic solvent,
however, these approaches cannot be used in the presence of cells and biological materials. Fast
thermal gelation of certain biocompatible polymers on the other hand can be achieved by deposition
of small volumes onto heated or cooled substrates [18, 44]. Gelatin is such a material, but requires
temperatures above 37°C to maintain the liquid state. Gelatin methacrylate has excellent printing
properties [16, 18, 22], however, it is not reversible at physiological temperatures and contains
denatured animal protein. The inverse thermoresponsive polymer HA-pNIPAAM has the advantage
of an LCST around body temperature and its gelation is reversible by simple cooling. HA-pNIPAAM is
easy to handle at room temperature while gelling instantaneously when deposited onto a heated
(37°C) substrate. Here we employed HA-pNIPAAM as a transient matrix to ensure cessation of flow
upon co-deposition with photocrosslinkable biopolymers. Although tandem gelation has been used
for injectable or printable hydrogels [44, 45], this is one of the first applications of tandem gelation in

bioprinting based on a reverse thermoresponsive polymer.
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It is important to consider the rheological behavior of inks for bioprinting due to the fact that they
are exposed to a shear field when being extruded from the cartridge to the substrate. After the
exposure to the shear forces in the needle during printing, the bioink should recover quickly. It is
therefore necessary that any structure that is present in the ink at printing temperature quickly be
rebuilt when the ink arrives on the substrate. This is normally valid for non-crosslinked polymer
solutions [46]. In the case of HA-pNIPAAM, this seems to be the case for the printing temperatures
(temperature of the cartridge and the needle) of 4°C and 23°C, but not for the printing at 37°C (Fig.
3b). At the latter temperature, structures that are present prior to extrusion are not present after the
printing process, which is seen in the low recovery of the moduli after exposure to shear. The
network formed by the interaction between the pNIPAAM chains at 37°C is fully developed and
broken under shear. At 37°C, the pNIPAAM chains are hydrophobic and therefore collapse on
themselves in the aqueous environment. As a consequence of this, individual pNIPAAM chains can no
longer interact with each other and the reestablishment of the network is no longer possible. We
suspect that the remaining 8% (Fig. 3b) of the initial storage modulus originate from chain
entanglements and pNIPAAM chains that were not separated from each other upon shear. When the
solution, on the other hand, is sheared at 4°C, the hydrated HA-pNIPAAM polymers do not interact
when aligning themselves in the shear field. After shear, the molecules relax back to a coiled
structure and the moduli return to the original values. The situation is again different at 23°C, where
some of the pNIPAAM chains interact as indicated by the start of the increase of G’ (Fig. 3a). We
assume that this leads to the formation of small domains where several HA-pNIPAAM molecules
interact with each other. These domains take longer to relax into the same state present before the
exposure to shear, but are still able to align along the shear field without disrupting the pNIPAAM
interactions. The continuous increase in the storage modulus up to 120% of the initial value could be
either caused by shear induced structures that form slowly over time when the solution is at rest or
the continuous formation of pNIPAAM crosslinks. As a saturated atmosphere was present in

measuring chamber at all times, we can exclude drying effects. Although there was incomplete initial
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recovery after shear at 23°C, this temperature was chosen as the printing temperature. If printed at
4°C, the sample would flow for too long before the temperature gelation was reached, thus reducing
the resolution of the printing process. Even when printed at 23°C, some flow before complete
gelation of the strands was still present as revealed by the difference in strand width (620 um) and

strand height (200 um).

Ideal bioinks for 3D bioprinting should not only maintain their shape when at rest (i.e. possess a yield
point), but should also be mechanically stable. In the case of HA-pNIPAAM, the gels are strong
enough to maintain their shape after thermal gelation but do not withstand mechanical compression.
The addition of a second polymer that can be covalently crosslinked to form a network within the
HA-pNIPAAM gel is an elegant solution to create a mechanically stable gel. The addition of the two
biopolymers used in this study, HAMA and CSMA, influenced the gelation temperature as our results
demonstrate (Fig. 3c). Both biopolymers lower the storage modulus of the bioink after the thermal
gelation process which is most probable due to steric hindrance between the pNIPAAM chains
caused by the biopolymers. In addition, specific chemical interactions between the biopolymers and
the pNIPAAM side chains might also play a role. The partial inhibit of pNIPAAM crosslink formation
by the biopolymer addition effectively sets a limit to the amount of biopolymer the bioink can
contain. The drop in the storage modulus of HA-pNIPAAM after temperature gelation might be
proportional to the biopolymer content, as we found a larger decrease in the G’ value for the 5%
CSMA-15% HA-pNIPAAM bioink compared to the bioink based on 2% HAMA. Smaller molecular
weight biopolymers might allow for an even higher biopolymer content while still maintaining good
mechanical integrity of the bioink after thermal gelation, however, differences in polymer structure
and solubility also play a role. Biopolymers have been shown to influence the gelation temperature
of other thermo-gelling materials [47], however, the gelation temperature is normally increased
instead of decreased as in the case of CSMA-HA-pNIPAAM. It has been found that salts disrupt the
hydration structure surrounding pNIPAAM and therefore decreasing the LCST with increasing salt

concentration [48]. The most effective kosmotrop according to the Hofmeister series is the sulfate
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ion [49, 50]. Although not present in their ionic form, sulfate groups are abundant in CSMA and
therefore might influence the gelation temperature of HA-pNIPAAM in a similar manner (Fig. 3c). The
negative charge of HAMA did not seem to influence the gelation temperature to a similar extent at
the concentration we used in this study as the carboxylic acid groups on the HA might not be strong
enough to disturb the water structure around pNIPAAM. The overall higher charge density of

chondroitin sulfate might also contribute to stronger decrease in the LCST.

Although many bioprinting approaches use bioinks which contain cells, the effect of the cells on the
rheological properties is not often studied and can impact the viscosity and moduli to an unexpected
extent [18]. As such the addition of cells could influence final strand diameters and printing fidelity.
In the case of our bioinks, the cells changed the moduli after temperature gelation as shown in Fig.
3d. In general, we expected that the inclusion of cells would lead to a lower overall network density
and a reduction of the storage modulus, as was the case for both bioinks. In case of the HAMA-HA-
pNIPAAM, the storage modulus decreased from 285 to 117 Pa with the addition of cells. The way
how cells influence the moduli after UV crosslinking is currently unclear. The modulus of CSMA-HA-
pNIPAAM after UV crosslinking was not affected by cells, leading to the conclusion that the overall
network density is only slightly lowered by the cells. For the HAMA-HA-pNIPAAM, however, the post-
UV modulus is higher with cells than without. Specific interactions between the cells and the

biopolymer could be a possible explanation.

Because resolution is important in bioprinting to achieve accurate spatial distribution of materials
and cells, the swelling ratio of hydrogels needs to be considered. If hydrogels swell too much, the
intended spatial organization might be lost. For the two bioinks presented here, the CSMA-HA-
pNIPAAM bioink swelled more than the HAMA-HA-pNIPAAM (Fig. 4). The reason for this is likely due
to the presence of the sulfate groups in the CSMA which leads to higher ingress of water into the
hydrogel. At 4°C, the swelling of both bioinks increased over the course of the first 24 h as the HA-
pNIPAAM diffuses out of the hydrogel, creating an open porous structure. The stability of swelling

ratio after 24 h indicates that HA-pNIPAAM has diffused completely out of the hydrogel network by
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this time. As the HAMA-based bioink swelled less than the CSMA one, it was chosen for the printing

experiments.

When viability of cells cultured on top of the hydrogels was studied, we observed cluster formation
in all samples indicating poor cell adhesion to the substrate. This was rather surprising as the
chondrocytes should be able to interact with HA via CD44 receptors. The MTS assay (Fig. 6d) in
conjunction with the live/dead staining lead us, however, to conclude that the drop in viability for
the surface cells is caused by the detachment of cells rather than actual toxicity of the materials. We
suspect that, due to the swelling exhibited by CSMA-HA-pNIPAAM and to a lesser extent HAMA-HA-
pNIPAAM, the cells became mechanically detached from the substrate and were then removed from
the surface during media exchange or the staining process (Fig. 6b and c). Contrary to top culture
viability, cells did not survive over 4 days when cultured within the HAMA-HA-pNIPAAM bioink. As we
suspected that the low viability was caused by limited diffusion in the highly concentrated hydrogels
(Fig. 7a), HA-pNIPAAM was intentionally removed from the hydrogels by short culture at 4°C. This
washing, which was visualized by a rapid increase in transparency of the scaffolds, increased the cell
viability from 34% to 91% at day seven with respect to the positive control (Fig. 7a). The only regions
showing cell death in the printed constructs was at the edge of the strands, which might have dried
out during the printing. A humidified atmosphere during the printing process could solve this
problem. The fact that the printed constructs were still mechanically stable after the elution of the
HA-pNIPAAM confirms that the formation of two interpenetrated networks took place during the
tandem gelation and that the second, chemically crosslinked network is alone stable enough to

maintain the structure of the 3D printed constructs.

Most hydrogels used in cartilage engineering have a modulus approximately an order of magnitude
lower than native cartilage [51]. For cartilage engineering, where the goal is often to trigger the
repair process, one has to balance the mechanical stiffness requirements against the need for a
permeable open network which promotes exchange of nutrients and oxygen. HAMA is an interesting

material from this perspective because its long term in vitro and in vivo longevity can be widely
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tuned by adjusting the crosslinking density of the scaffolds [52, 53]. The ability to print pure HAMA

gels as demonstrated in this manuscript further extends the versatility of this class of materials.

5. Conclusion

A novel concept for 3D bioprinting with good resolution and high cell viability is introduced, based on
the extrusion of a blend of a thermoresponsive polymer and a photocrosslinkable biopolymer. The
two polymer system was composed of HA-pNIPAAM, which has a LCST between 25.7°C - 29.7°C, and
hyaluronan methacrylate (HAMA) or chondroitin sulfate methacrylate (CSMA), which gelled in the
presence of a photoinitiator and UV light. The blend showed rapid gelation upon contact with a 37°C
heated substrate giving the printed construct its immediate structural fidelity, while the secondary
chemical crosslinking of the co-extruded HAMA or CSMA component gave it its long-term mechanical
stiffness (Fig. 2). We showed that the charge and concentration of the additional biopolymers and
the presence of cells all influenced the gelation temperature and final storage modulus of the
construct, but still allowed for a highly printable system. We demonstrated that the materials used
for the bioinks have no direct toxicity to cells cultured on their surface. On the contrary, embedding
the cells in the bioink led to high cell death most probably due to diffusion limitations of the highly
crosslinked system. By removing the HA-pNIPAAM in a brief 4°C washing step (Fig. 2c), we could
fabricate 3D constructs with 7 day viability which was 91% of the positive control. The great
improvement in cell viability was likely due to the creation of a more open, porous network which
enhanced diffusion. To conclude, HA-pNIPAAM can be used as a transient support polymer to
facilitate 3D printing at physiologic temperature of a range of biopolymer solutions which would

otherwise not be printable.
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Figure Captions
Figure 1. a) The variation in G’/G” is schematically illustrated for the different stages of bioprinting
with a thermoresponsive polymer. b) The gelation mechanism in which HA-pNIPAAM forms a

physical gel (only the isopropyl groups of pNIPAAM are depicted).

Figure 2. Schematic illustration of the fabrication of 3D constructs for cartilage engineering: a)
Thermal crosslinking of the bioink maintains the printed shape b) Establishment of a mechanically
stable secondary network with UV crosslinking c) Elution of the transient matrix d) Implantation into

a cartilage lesion.

Figure 3. a) HA-pNIPAAM was crosslinked by increasing the temperature by 0.5°C/min. Closed
symbols represent G’ (storage modulus) and open symbols G (loss modulus). b) Shear recovery of
15% HA-pNIPAAM at different temperatures b). In ¢) and d) the temperature and UV-crosslinking
behavior of the bioinks HAMA-HA-pNIPAAM and CSMA-HA-pNIPAAM are shown without (c) and with
(d) the addition of cells. The temperature was increased by 0.5°C/min from 4°C to 45°C during the
first 92.5min. Samples were then cooled to 37°C and maintained at that temperature until the end of

the measurement. All the measurements were performed in duplicate.

Figure 4. Swelling behavior of the two bioinks in PBS over 48 h. The bioinks contain 15% HA-
pNIPAAM and either 2% HAMA (a) or 5% CSMA (b). The swelling of the UV crosslinked bioinks was

measured at 4°C and 37°C. Error bars indicate standard deviation (n=5).
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Figure 5. a) Top view and b) angled view of the HAMA-HA-pNIPAAM printed scaffolds. The height of
the printed scaffolds was 2.8 mm from 14 printed layers. The crosslinked constructs were stable
enough be picked up from the substrate and handled with a spatula c). The scaffold is opaque at 37°C

and becomes transparent at room temperature.

Figure 6. Chondrocyte viability after 7 days of culture on top of bioink hydrogels. a) 15% HA-
pNIPAAM (HAp). Cells are present in clusters, which can also be seen on HAMA-HA-pNIPAAM (HAMA
HAp) b). c) CSMA-HA-pNIPAAM (CSMA HAp) showed mostly detached cells. An MTS assay after 7
days with cells cultured on top of different hydrogels is shown in d) with 1% alginate (1% Alg) as a
positive control and measurements were performed in duplicate. *p<0.01 and **p<0.001, Scale bar =

200 pm.

Figure 7. a) Chondrocyte viability after 14 days of culture within printed HAMA-HA-pNIPAAM
scaffolds with unwashed (before HAp removal 7 days) and washed (after HAp removal 4-14 days)
conditions. 70% ethanol and 1% alginate (1% Alg) were used as negative and positive controls and all
measurements were performed in duplicate. b) and c) Low and high magnification of Live/Dead
staining of the printed and washed HAMA-HA-pNIPAAM scaffolds after 4 days. Increased cell death
around the pores is visible. d) The unwashed scaffolds have an opaque appearance at 37°C indicating
the presence of gelled HA-pNIPAAM (left image) while washed scaffolds were transparent (right).

Scale bars are 1 mm (b) and 200 um (c). *<0.05, **<0.001

Supplementary Figure S1. Live dead image of cells encapsulated in 1% alginate after 4 days in

culture.

Supplementary Figure S2. MTS viability data from chondrocytes encapsulated in alginate. UV

exposure for 90 seconds did not have any influence on the viability of the cells.
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