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ABSTRACT: The development of 3D bioprinting technology highly depends upon the
availability of suitable bioinks and biomaterial inks. In this study, an advanced hybrid
hydrogel ink was developed, based on a poly(2-oxazoline)s/poly(2-oxazine)s diblock
copolymer, alginate and clay i.e. Laponite XLG. The reversible thermogelling and
shear thinning properties of the poly(2-oxazoline)-based diblock copolymer, acting as
a fugitive material on the (macro)molecular level, facilitated the cell-laden extrusion
based bioprinting process with high printability, shape fidelity and cell viability.
Various three-dimensional constructs, including suspended filaments, were printed
successfully with high shape fidelity and excellent stackability. Subsequent ionic
crosslinking of alginate, fixates the printed scaffolds, which exhibit good mechanical
stability, flexibility and structural integrity after extracting the fugitive print-support
from the hydrogels by exhaustive washing. Finally, cell-laden printing and culture
over 5 days demonstrated the cytocompatibility and feasibility of the novel hybrid
hydrogels for 3D bioprinting. We believe that the developed material could be
interesting for a wide range of bioprinting applications including tissue engineering
and drug screening, potentially enabling also other biological bioinks such as collagen,

hyaluronic acid, decellularized extracellular matrix or cellulose based bioinks.
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INTRODUCTION

Additive manufacturing and extrusion-based 3D bioprinting have emerged as
transformative technologies in tissue engineering and regenerative medicine to allow
the rapid fabrication of customized complex 3D functional and cell-laden scaffolds.!
Apart from the considerable attention focused on developing methods and strategies
for 3D printing of materials, specialized biomaterials (i.e., (bio)inks) are a crucial
component of any bioprinting technology.®'°® Among the many biomaterials available,
the natural polysaccharide alginate and its hydrogel is one of the most widely used
material in 3D bioprinting.!"13 Its tailorable degradation kinetics, ease of gelation,
and favorable cyto- and biocompatibility that support cell survival and differentiation
in culture are among its positive aspects. However, plain alginate formulations
notoriously suffer from poor printability due to their limiting rheological properties.
Therefore, many different approaches have been proposed to improve the
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rheological characteristics or printing methodology to enable “real” 3D printing of
alginate based (bio)inks.” % For example, the printing of alginate or
pre-/semi-crosslinked alginate/CaCl, (CaCOs) in solutions or in the presence of small
droplets (mist) containing CaCl,,'>'” the modification of commercially available 3D
printer nozzles (coaxial nozzle-assisted system),’®'° and the use of rheology
modifiers such as clay,?%2! graphene oxide,?>?* and nanocellulose,?*?° etc. have been
proposed. In addition, support baths have been used to overcome the rheological
limitations of alginate (bio)inks, and allow the fabrication of complex structures by
providing an additional support for the ink during printing process.?®?” Despite these
advances, more advanced alginate-based (bio)inks that meet certain rheological
properties and biological characteristics to realize the cell-friendly fabrication of
complex 3D structures with high printability and shape fidelity while maintaining high
cell viability and structural integrity during cultivation still represents a significant
challenge for the bioprinting community.

Poly(2-oxazoline)s (POx) and poly(2-oxazine)s (POzi) are a diverse family of

polymers easily accessible via living cationic ring opening polymerization



(LCROP).?%30 |n the last few decades, their synthesis has flourished, and come into
the focus of biomaterials research as an alternative to the established PEG systems
due to their pseudo-polypeptide structure, tunable physico-chemical versatility and
cyto/biocompatibility.313> Apart from many other biomedical applications, the recent
developments on the thermogelling POx/POzi-based materials suggest their
potential as 3D (bio)printable material.3¢3® In particular in 2017, Lorson et al.
reported a thermogelling supramolecular hydrogel of a AB-type diblock copolymer
comprising poly(2-methyl-2-oxazoline) (PMeOx) (A-block) and
poly(2-n-propyl-2-oxazine) (PnPrOzi) (B-block) as a cytocompatible bioink for 3D
bioprinting, but shape fidelity and stackability was not ideal for high-resolution 3D
printing.3® This could be significantly improved by addition of clay as rheological
modifiers.3® Very recently, Haider et al. introduced an alternative in with the PMeOx
block was exchanged with an poly(2-ethyl-2-oxazoline).*® However, the lacking
long-term stability of the printed constructs remains a major drawback — upon
addition of excess cell culture media necessary for longer-term cell culture, these
constructs will simply dissolve. Hahn et al. reported on cytocompatible ABA-type
triblock copolymers comprising the same PMeOx as the hydrophilic blocks (A) and
poly(2-phenyl-2-oxazine), poly(2-phenethyl-2-oxazoline) or
poly(2-benzhydryl-2-oxazine), respectively, as the hydrophobic block (B).**** The one
with poly(2-phenyl-2-oxazine) allowed for a significantly improved 3D printability and
scaffolds stability after blending with alginate. However, the gelation process of this
system revealed limitations, such as slow gelation kinetics, which may not be ideal
for bioprinting. This problem was overcome when using
poly(2-phenethyl-2-oxazoline) as the central hydrophobic block, but these systems
need cooling for gelation, which may not be ideal or suitable in all contexts.
Therefore, to combine the advantages and offset the drawbacks of the individual
components, a novel PMeOx-b-PnPrOzi/alginate/clay (POx-b-POzi/Alg/clay) hybrid
hydrogel bioink was developed in this study, with the clay Laponite XLG as additive

for rheological and mechanical improvements during and after printing.



In this advanced POx-b-POzi/Alg/clay hybrid hydrogel system, the thermogelling
POx-b-POzi copolymer ensures good printability and acts as transient physically
cross-linked hydrogel that instantly forms post processing also in the presence of Alg,
thereby temporarily maintaining the integrity of printed scaffolds. Subsequently,
exposure of the printed construct to Ca?* solution initiates the ionotropic crosslinking
of Alg to result in an interpenetrating network structure. Distinct from other fugitive
ink materials used for fabricating of microvascular/channel networks or hierarchically
structured porous hydrogels which are normally printed as bulk separately and
removed later on,***® we print a complete structure out of the material directly and
then dissolve the fugitive POx-b-POzi from the hydrogel blend on the
macromolecular level. After dissolution of the temperature sensitive fugitive
POx-b-POzi network, the ionotropically gelated Alg hydrogel remains and ensures
long-term shape stability of the printed constructs. The rheological properties of the
hydrogel precursor solutions for printability assessment, mechanical properties of
the hydrogels after the ionotropic crosslinking step, as well as the swelling and
degradation behavior of the hydrogels were systemically investigated. Accordingly, a
variety of three-dimensional constructs, especially the challenging suspended
structures were printed successfully with high shape fidelity, stackability and
mechanical flexibility, as well as long-term constructs stability. Furthermore, the
cell-laden printing and culture with the hydrogels suggests their cytocompatibility
and feasibility of the hydrogels as a bioink for 3D bioprinting. We believe that the
developed hydrogel in this study will facilitate the potential application of POx-based
hydrogels in 3D biofabrication fields, and could be interesting for a wide range of

applications including tissue engineering and drug screening.
MATERIALS AND METHODS

Materials. All substances and reagents were obtained from Sigma-Aldrich
(Steinheim, Germany) or Acros (Geel, Belgium) and were used as received unless
otherwise stated. Reagents used for synthesis of PMeOx-b-PnPrOzi (POx-b-PQOzi)

diblock copolymer, specifically the initiator methyl trifluoromethylsulfonate (MeOTf),
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monomer 2-methyl-2-oxazoline (MeOx), and solvent benzonitrile (PhCN) were dried
by refluxing over CaH, under dry argon atmosphere followed by subsequent
distillation. The monomer 2-n-propyl-2-oxazine (nPrOzi), was synthesized by an
adapted standard procedure,*’ distilled over CaH, and stored under dry argon.
Laponite XLG ([Mgs.3aLio.66Si8020(0H)4] Nages) was purchased from BYK-Chemical
GmbH (Wesel, Germany) and used as received. VIVAPHARM® Alginate PH176 (Alg) is
extracted from brown algae, approved as a pharmaceutical excipient, and obtained
from JRS PHARMA GmbH & Co KG (Rosenberg, Germany). Deionized (DI) water was
used throughout the experiments. Murine NIH 3T3 fibroblast (ATTC-Number
CRL-1658) were purchased from ATTCC (Manassas, VA, USA). Dulbecco’s Modified
Eagle Medium (DMEM) was from Sigma-Aldrich (Schnelldorf, Germany),
Water-soluble tetrazolium (WST-1) was from Roche (Basel, Switzerland), Fetal bovine
serum (FBS) was from Gibco (Darmstadt, Germany) and Penicillin and streptomycin
(P/s) solution were purchased from Biochrom AG (Berlin, Germany).

Synthesis and Characterization of POx-b-POzi Diblock Copolymer. The POx-b-POzi
diblock copolymer was synthesized using MeOTf to initiate a cationic ring-opening
polymerization of monomers MeOx followed by nPrOzi, as previously described.3% 3°
Specifically, under dry and inert conditions, 0.48 g (2.92 mmol, 1 eq.) MeOTf and
24.81 g (291.5 mmol, 100 eq.) of MeOx were added to 56.58 mL of dry PhCN in a
dried flask and polymerized at 120 °C for 4 h. Full monomer conversion was verified
by *H NMR before the addition of the monomer for the second block. After the
reaction mixture cooled to ambient temperature, 37.65 g nPrOzi (296.0 mmol, 101
eg.) dissolved in 70.02 mL of dry PhCN was added, kept under continuous stirring at
140 °C overnight. Subsequently, the mixture was cooled again to room temperature,
and 1.63 g (8.76 mmol, 3 eq.) of 1-Boc-piperazine was added as terminating agent.
The reaction mixture was stirred overnight at 40 °C. After cooling to room
temperature, 0.40 g potassium carbonate (2.92 mmol, 1 eq.) was added and the
mixture was again stirred for 5 h. Thereafter, the solvent was removed under
reduced pressure, the resultant solid polymer mass was dissolved in deionized water,

and dialyzed against deionized water using a dialysis membrane with a molecular
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weight cut-off (MWCO) of 10 kDa for 2 days. The product was obtained after
lyophilization, and named shortly as POx-b-POzi (58.3 g, 83.8% yield).

The chemical structure of POx-b-POzi was confirmed by 'H NMR on Fourier 300
(300.12 MHz) Bruker BioSpin (Rheinstetten, Germany) at 298 K with CDCls as solvent.
Gel permeation chromatography (GPC) was performed on an Agilent 1260 Infinity,
System Polymer Standards Service (Mainz, Germany) with hexafluoroisopropanol
(HFIP) containing 3 g L™ potassium trifluoroacetate (KTFA) as eluent; precolumn: 50
mm x 8 mm PSS PFG linear M; 2 columns: 300 mm x 8 mm PSS PFG linear M (particle
size 7 um; pore size 0.1-1000 kDa). The columns were kept at 40 °C and flow rate was
0.7 mL min~%, Prior to GPC measurement, sample was filtered through a 0.2 um
Teflon filter (Thermo Scientific) to remove particles, if any.

POx-b-POzi/Alg/clay Hydrogel Preparation. The POx-b-POzi/Alg/clay
nanocomposite hydrogel was prepared via thermogelation of the initial blend
solutions consisting of POx-b-POzi, Alg and clay, followed by ionic crosslinking step.
Specifically the preparation of POx-b-POzi/Alg/clay hydrogel (20 : 1 : 1.5 wt%) was
performed as follows. Initially, 0.015 g clay and 0.01 g Alg were dispersed in 0.775 g
DI water with continuous stirring for few minutes. Subsequently, 0.2 g lyophilized
POx-b-POzi copolymer was added into the mixture, and then stored at 7 °C (for at
least 24 h) to allow complete polymer dissolution and to obtain a homogeneous
dispersion. The dispersion was then transferred to a defined mould in cold state, and
kept at room temperature for ten minutes to trigger the thermogelation process of
POx-b-POzi/Alg/clay solution. Successively, the mould was immersed into 1 wt%
CaCl; aqueous solution overnight to complete the further curing step of ionic
crosslinking with Ca?*. The final POx-b-POzi/Alg/clay hydrogels were obtained
followed by washing twice with DI water. For comparison, different POx-b-POzi/Alg
hydrogels without clay were also prepared. In addition, the ionic crosslinking
diversity of the hydrogels was also confirmed by replacing the CaCl, solution for ionic

crosslinking step with FeCls-6H,0 (0.3 mol L) or TbCl3-6H20 (0.3 mol L) solution.



Hydrogel Characterizations.

Solid content. Solid content (Gel content) of the hydrogels was calculated using
formula M1/Mo (n=3), where Mo and M are the weight of the swollen hydrogels and
the corresponding weight of lyophilized swollen hydrogels after incubation for
regular intervals in DI water at room temperature, respectively. The DI water was
replaced every day.

Swelling ratio (SR). The SR of the hydrogel was assessed using a gravimetric
method. Initially, the dry weight (W4) of hydrogels was noted, followed by immersion
in DI water at room temperature. At predefined time points, the wet hydrogels were
taken, the excess surface liquid was cleared using blotting paper, and the swelled
weight (W:) was recorded. The study was conducted under identical conditions in
triplicates, and the SR was calculated using the equation SR = (W - Wg)/Wa.

Scanning electron microscopy (SEM). The hydrogels were frozen with liquid
nitrogen and lyophilized afterwards. The dried hydrogel samples were mounted on
aluminum sample holders with conductive carbon tape and sputtered with platinum
in a sputter coater Leica Microsystems ACE 400 (Wetzlar, Germany). The morphology
of the samples was subsequently analyzed using a Crossbeam 340 field emission
scanning electron microscope Carl Zeiss Microscopy (Oberkochen, Germany) by
setting the acceleration voltage ETH to 2.0 kV.

Rheological Property Measurements. Rheological measurements were performed
using the MCR 301 rheometer from Anton Paar (Ostfildern, Germany) employing a
25 mm diameter parallel-plate geometry. A Peltier system was employed for
temperature control. Under a constant angular frequency and strain of 10 rad s and
0.5% respectively, the temperature sweeps from 5 to 45 °C were carried out at a
heating rate of 0.05 °C s to study the thermogelling behavior. Then, amplitude
sweeps in the oscillation strain range of 0.01-500% was performed at a constant
angular frequency of 10 rad s, from which the linear viscoelastic (LVE) range was
determined. The frequency sweep was performed in an angular frequency range of
0.1-100 rad s at a certain strain of 0.1% (within the LVE range obtained from the

amplitude sweep). To evaluate the vyield stress/yield point of a hydrogel system,
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dynamic oscillatory stress sweep and steady stress sweep were performed. In
dynamic oscillatory stress sweep, vyield stress was evaluated using onset
determination, and the flow point is determined as the crossing of storage and loss
modulus (G’ = G”) by definition. In steady stress sweep, the corresponding shear
stress where the viscosity starts decreasing by several orders of magnitude is
referred to as yield stress. What’s more, steady-state shear flow from 0.01 to 1000 s!
of shear rate were performed to characterize the shear thinning behavior. The
obtained viscosity n decrease was fitted using the power-law expression n = K-(y)"*
established by Ostwald-de Waele, where K is the consistency index, n is the flow
index, and y is the applied shear rate. Finally, to investigate recovery properties, time
sweeps of shear flow with alternating shear rate of 0.1 s and 100 s were
performed. Except for the temperature sweep, all tests were performed at 37 °C. An
aqueous solvent trap was utilized in all experiments to mitigate drying effects.

Mechanical Compression Tests. Mechanical compression was tested by
universal testing machine Zwick Roell Z010 (Ulm, Germany) with a force sensor of
100 N at room temperature. Cylindrical hydrogel discs (10 mm diameter, 6 mm
height) were prepared and tested at a constant compression speed of 1 mm min.
Young’s modulus was determined in the 0-20% initial linear strain region. Each
measurement was performed in triplicate and results are reported as the mean #
standard deviation.

3D Printing. An extrusion-based 3D bioprinter CELLINK BIO X (Gothenburg,
Sweden) was used for 3D printing of hydrogel constructs. The prepared hydrogel
precursor solution was loaded as the ink material into a printing cartridge in liquid
(cooled) form conveniently because of its thermogelling property, and then kept in
7 °C fridge to eliminate bubbles before printing. For printing, the ink loaded
pneumatic syringe dispenser was equipped with a 0.33 mm inner diameter precision
needle (23G), and then driven pneumatically through the nozzle to extrude the
hydrogel onto the preheated 37 °C print-bed in a layer-by-layer deposition mode. The
printing speed was fixed at 4 mm s in all printing experiments. The extrusion

pressure was controlled and varied from 70 to 110 kPa according to different
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user-defined printing structures which are programmed by G-code. Immediately
after printing, the printed structures were physically cured by immersing into CaCl,
(or FeCl3-6H20, TbCl3-6H,0) aqueous solution to complete the Alg crosslinking
followed by washing twice with DI water.

Cell culture and cytocompatibility of bioink. The murine-derived NIH 3T3
fibroblast were maintained under standard culture conditions (37 °C and 5% CO3) in
DMEM supplemented with 10% FBS and 1% P/s. The WST-1 assay was performed to
evaluate the compatibility of bioink via treatment of different concentration of bioink
in growth media and encapsulation of cells in bioink. Briefly, 1 x 10° fibroblasts were
cultured overnight in 96 well plate. Next day, POx-b-POzi (20 wt%), POx-b-POzi/Alg
(20 : 1 wt%), and POx-b-POzi/Alg/clay (20 : 1 : 1.5 wt%) hydrogel precursor solutions
(ink materials) prepared in filtered-sterile DI water were further sterilized under UV
light for 1h and diluted into 10, 5, 1.5, and 1 wt% in ice-cold fresh growth media.
About 100 pL of each diluted polymer in growth media was added to their assigned
cell groups (n=4) and incubated for 24 h under standard culture conditions.
Thereafter, treated media was carefully removed and cells were washed with PBS.
Subsequently, cells were treated with freshly prepared WST-1 reagent solution for 1 h
according to manufacturer’s instruction and absorbance values were recorded at 450
nm using Spark 20M multimode microplate reader (Tecan, Germany). Further,
fibroblasts, with density of 1 x 10° cell per mL, were incorporated into hydrogel
precursor solutions (POx-b-POzi (20 wt%), POx-b-POzi/Alg (20 : 1 wt%), and
POx-b-POzi/Alg/clay (20 : 1 : 1.5 wt%)) and were thoroughly mixed on ice bath. Then,
100 pL of cell-laden hydrogel solutions were added into specified wells of each group
(n=4) in pre-warmed 96 well plate. While POx-b-POzi/Alg and POx-b-POzi/Alg/clay
groups were followed by ionic crosslinking for 10 min with 1 wt% CaCl, aqueous
solution filtered through a sterile 0.2 um membrane. Thereafter, CaCl; solution was
removed and crosslinked hydrogels were washed thrice in PBS. About 100 pL of fresh
media was added into each well and cell-laden hydrogels were incubated under
standard culture conditions. Finally, WST-1 assay was performed at day 1 and day 3

as described before.



Cells proliferation and viability in 3D bioprinted constructs. To investigate the
proliferation and viability of cells in bioprinted construct, fibroblast (1 x 10° cells per
mL) were incorporated into POx-b-POzi/Alg (20 : 1 wt%) and POx-b-POzi/Alg/clay (20 :
1 : 1.5 wt%) hydrogel precursor solutions (ink materials) as discussed earlier.
Thereafter, the bioinks were transferred into the pneumatic syringe dispenser
equipped with the needle of 23 G, and then printed as the previously described.
Subsequently, bioprinted constructs were treated with pre-sterile CaCl, solution (1
wt%) for 10 min for ionic crosslinking following 3-time washing in PBS. About 3 mL of
growth media was added into each sample and media was changed on every
alternative day and cell distribution in bioprinted constructs was analyzed at day 1
and day 5 using optical microscope. The DNA assay was performed to assess the
proliferation of cells in each group (n=6) at day 1, 3, and 5. Briefly, samples were
collected on each interval of times, washed thrice in PBS, and treated with 300 uL of
RIPA buffers (150 mm Trizma-base, 150 nm NaCl, 1% sodium deoxycholate, 0.1% SDS,
and 1% Triton X - 100 in distilled water). The samples were chopped in RIPA buffers
and supernatants were collected after centrifugation at 12.000 rpm for 10 min. Then,
DNA assay was performed using with Quant-iT PicoGreen dsDNA assay kits
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer's guidelines. The Live
and Dead assay was performed to visualize the viability of cells in
POx-b-POzi/Alg/clay bioprinted construct at day 1 and day 5. Briefly, bioprinted
constructs were incubated a working solution of ethidium homodimer (1:500) and
calcein-AM (1:1000) prepared in DPBS for 30 min. Finally, images of live and dead
cells were acquired through a fluorescent microscope (Zeiss Axioimager Z1

microscope).
RESULTS AND DISCUSSION

Polymer Synthesis and Characterization. The diblock copolymer PMeOx-b-PnPrOzi
was synthesized by LCROP of the monomers MeOx and nPrOzi as previously reported
and characterized accordingly (Figure S1, Supporting Information).3® 3° From the

signals in the 'H NMR spectrum with chemical shifts at 2.10 ppm (CHs; of PMeOx) and
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0.94 ppm (CHs of PnPrOzi), the relative block lengths and diblock copolymer
composition was determined to be PMeOxi10-b-PnPrOzii1; (hereafter noted as
POx-b-POzi) with a number-average molar mass (M») of around 24 kg mol? via end
group analysis. A dispersity of D = 1.3 obtained from GPC analysis indicating that the
diblock copolymer was obtained with reasonable control and definition.
POx-b-POzi/Alg/clay Hydrogel Preparation. In preliminary experiments, hydrogels
with different compositions were prepared and analyzed with respect to their
thermogelling behavior (Table S1 and Figures S2a, Supporting Information).
Specifically, 20 wt% POx-b-POzi were combined with 1, 2 and 3 wt% sodium alginate.
Also, a ternary mixture of 20 wt% POx-b-POzi, 1 wt% sodium alginate and 1.5 wt%
clay was prepared. This screening showed that higher weight concentrations of Alg
make the precursor mixture solution highly viscous, increased the loss factor tan 6
(G"/G’), and weakened thermogelling property. Therefore, we chose to only
investigate 1 wt% sodium alginate in more detail. Unless otherwise noted, the
precursor mixtures of POx-b-POzi/Alg/clay (POx-b-POzi/Alg/ clay = 20/1/1.5; w/w)
and POx-b-POzi/Alg (POx-b-POzi/ Alg = 20/ 1; w/w) were investigated in this study.
Specifically, the POx-b-POzi/Alg/clay hydrogel was prepared using a simple two-step
approach (Figure 1a). In the first step, the dry components (POx-b-POzi, Alg and clay)
were mixed in the desired ratios and dissolved at 7 °C in DI water to obtain a
homogeneous solution. Subsequently, when the mixture is allowed to warm to room
temperature for few minutes, thermogelation will take place. It should be noted that
the thermogelation is completely reversible upon cooling (Figure 1b, Video S1 in
Supporting Information). In the second step, the hydrogel was immersed at room
temperature in a 1 wt% (0.09 M) CaCl; solution overnight, to allow the ionotropic
crosslinking of Alg, resulting in a stable and mechanical flexible POx-b-POzi/Alg/clay
hydrogel. During this process, Ca®* ions diffused into the hydrogel network and
crosslinked the sodium alginate through coordination with -COO™ groups.
Concomitantly, the POx-b-POzi diblock copolymer can gradually diffuse out of the
hydrogel network and dissolve, especially in the first 2 h, as demonstrated by a step

decrease in the gel content (Figure S2b, Supporting Information).
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Figure 1. (a) Schematic illustration for the preparation of POx-b-POzi/Alg/clay hydrogel via the strategy

of thermogelation and subsequent ionic crosslinking of Alg with Ca%*. (b) Photographs demonstrating
the thermo-reversible sol-gel transition of POx-b-POzi/Alg and POx-b-POzi/Alg/clay hydrogel precursor

solutions before ionic crosslinking (dyed by carmine).

Subsequently, the long-term stability of the hydrogels in DI water was assessed
over a one-month period by measuring the solid/gel content over time (Figure 2a).
Both POx-b-POzi/Alg and POx-b-POzi/Alg/clay hydrogel underwent a decrease of gel
content, especially in the first day, and reached a plateau after 7 d. Finally, solid
contents of around 6.6 wt% for POx-b-POzi/Alg hydrogel and 4.1 wt% for
POx-b-POzi/Alg/clay hydrogel were obtained. At this point, we assume that
predominantly the POx-b-POzi diblock copolymer is leached from the hydrogel
networks while the ionically crosslinked alginate and clay nanoparticles remain
behind. However, some diblock copolymer must remain trapped in the alginate
hydrogel to explain the final solid content. Important to note, the shape and volume
of the hydrogels did not undergo any visible change, which is very favorable as this
avoids the need for complex calculations for swelling or shrinkage of 3D printed

constructs (the insert photographs in Figure 2a).
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Figure 2. (a) Determination of gel content of the hydrogels after Ca?* crosslinking in DI water at 37 °C.
Insert photographs represented the corresponding hydrogel appearance at different stages, the
background is 5 x 5 mm grid. (b) Swelling behavior of the hydrogels in water at room temperature. (c)
SEM images of the hydrogels before and after thoroughly washing (the yellow arrow added as a guide
for the eye to thick patches of hydrogel pore walls). Scale bar: 100 um.

Furthermore, the dried (lyophilized) materials were also studied with respect to
their swelling kinetics in DI water until equilibrium was reached (Figure 2b). Both
hydrogels presented a fast swelling rate in an initial stage, and then plateaued off at
an equilibrium swelling ratio of 480% for the POx-b-POzi/Alg hydrogel, and 840% for
the POx-b-POzi/Alg/clay hydrogel, which may be due to the presence of highly
hydrophilic clay Laponite XLG. SEM images of the hydrogels after 7 days extraction
(POx-b-POzi/Alg extr. and POx-b-POzi/Alg/clay extr.) suggest that the hydrogel
networks become more uniform with thinner pore walls in comparison to the freshly
prepared samples (yellow arrows in Figure 2c). Interestingly, for POx-b-POzi/Alg/clay

hydrogel, it appears that the typical layered house-of-cards structure of clay can be
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observed after 7 days of thorough washing/extraction.® As the majority of
POx-b-POzi diblock copolymer is extracted, the remaining clay appears to dominant
hydrogel network morphology, presumably both alginate and remaining POx bind to
the clay nanoplatelets via electrostatic and H-bonding interaction, respectively
(Figure 2c).

Rheological Properties of POx-b-POzi/Alg/clay Hydrogel Precursor Solution.
Rheological measurements were carried out to understand the viscoelastic behavior
and estimate the printability of the hydrogel precursor solutions.*> Initially, the
thermogelling behavior was investigated using a dynamic oscillation temperature
sweep, wherein the intersection of storage modulus (G') and loss modulus (G")
defines the gel point, and the corresponding temperature as the gel temperature (Tgel)
(Figure 3a). Both POx-b-POzi/Alg/clay and POx-b-POzi/Alg mixtures maintained and
exhibited typical thermogelling behavior of the pristine POx-b-POzi hydrogel (Tgel =
17 °C and G’max = 3.3 kPa).3® 3% POx-b-POzi/Alg and POx-b-POzi/Alg/clay exhibited a
comparable thermogelling behavior with slightly increased moduli (G’, G”) with a
G’'max = 4.5 kPa. Addition of Alg lead to minor increase in Tgel (19 °C). In contrast,
when also clay was added, a small decrease in Tg (15 °C) was observed. Such
remarkable thermoresponsive transition between liquid-like and solid-like of the
mixtures will not only facilitate the effective mixing of the hydrogel ink with cells and
other substances, but also avoid undesired cells aggregation and settlement at the
same time, and is generally highly beneficial for sample handling. An amplitude
sweep was conducted to assess the LVE range, which appears as the onset of the
decrease of G’ (and increase in G”) and indicates the beginning of the collapse of the
hydrogel’s inner structure (Figure 3b). The clay addition leads to an extension of the
LVE, which is in line with observations for the plain POx-b-POzi thermogelling
system.3® A subsequent dynamic frequency sweep under a strain of 0.1% within the
LVE range showed a dominating G’ value over G’ in the entire investigated frequency
range (0.1-100 rad s?), indicating their stable gel-like character (Figure 3c). While the
G’ were rather stable, the values for G”” went through a minimum at around 10 rad

s L,
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Figure 3. Rheological characterization of the POx-b-POzi/Alg and POx-b-POzi/Alg/clay hydrogel
precursor solutions. (a) A plot of the temperature sweep from 5 to 45 °C. (b) Amplitude sweep at an
angular frequency of 10 rad/s to determine the LVE range. (c) Frequency sweep at an applied strain of
0.1%. (d) Development of storage (G') and loss (G") modulus with increasing shear stresses. (e) Shear

thinning behavior. (f) Recovery property under alternative applied shear rate of 0.1 s and 100 5.

The vyield stress is a critical parameter for printability. It defines the hydrogel’s
resistance against deformation from gravity or surface tension, and therefore, is a
potential predictor of how well an ink keeps its shape fidelity after extrusion.**->°
From the dynamic oscillatory stress sweep, a well improved yield stress of around
210 Pa was observed for POx-b-POzi/Alg/clay mixture, compared to only 80 Pa for
POx-b-POzi/Alg mixture (Figure 3d). Such yield stress improvement was corroborated
in a rotational steady stress sweep, which yielded 180 Pa for POx-b-POzi/Alg/clay and
90 Pa for POx-b-POzi/Alg (Figure S3, Supporting Information). The yield stress of plain
POx-b-POzi hydrogel was 140 Pa, as determined in a steady stress sweep, while
addition of clay increased the yield stress to 240 Pa.3? Therefore, it appears that the
addition of 1 wt% alginate generally decreases the yield stress of the POx-b-POzi
thermogel while addition of clay increases it and overcompensates the loss from
alginate addition. Furthermore, another parameter important for 3D printing is the
shear-thinning of the material. Here, the viscosity of the different mixtures decreased
rather markedly over five orders of magnitude along with the increasing shear rate

from 0.01 to 1000 s*, indicating their pronounced shear-thinning behavior (Figure
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3e). By fitting the shear rate-viscosity rheology profile using a power-law expression,
the flow index n and the consistency index K were obtained. Not surprisingly, the clay
addition lead to an enhanced shear-thinning character (POx-b-POzi/Alg/clay; n = 0.07
and K = 368.4 vs POx-b-POzi/Alg; n = 0.14 and K = 246.5). Important to note, the
addition of alginate does lead to a slightly increased viscosity of the mixtures,
irrespective of temperature and shear, which is relevant for e.g., dispersing cells into
the hydrogel.

Finally, very rapid structure recovery was observed for both mixtures (Figure 3f).
Such almost instantaneously viscosity recovery after changing from high (100 s?) to
low (0.1 s) shear rates is highly desirable for materials used for extrusion-based 3D
bioprinting. This, together with the shear-thinning character, can facilitate an
efficient dispensing of the bioink through fine nozzles without affecting the cell
viability, and subsequently retain the shape of the printed objects with
high-resolution and high-fidelity. In summary, the rheological measurements
revealed that both POx-b-POzi/Alg and POx-b-POzi/Alg/clay systems exhibited
thermogelling property with pronounced shear thinning character and rapid viscosity
recovery property, suggesting their great potential as ink material for 3D bioprinting.
However, in comparison, POx-b-POzi/Alg/clay might be considered a better bioink
candidate, not only because of the reported bioactivity of clay in biological study,>'>3
but also due to the comprehensively improved rheological properties from clay
addition, in specific the shear thinning character, yield stress and viscosity, which are
all crucial parameters for high printing performance prediction. The fast
thermogelation, shear-thinning and structure recovery of the mixtures is excellently
suited to temporarily maintain the printed shapes. However, any additional
mechanical stress after printing or addition of excess water/aqueous media would
destroy or dissolve any printed structure easily. To prevent this, the influence of the
ionically crosslinked alginate component in the present composite material is studied

in this study.
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Mechanical Properties of POx-b-POzi/Alg/clay Hydrogel. After Ca?* curing, the
mechanical properties of the hydrogel were evaluated by frequency sweep and
compression tests. Initially, dependence of average G' on angular frequency (25 mm
diameter x 5 mm height) after different Ca?* crosslinking times was investigated
(Figure 4a, Figure S4 in Supporting Information). During the incubation with CaCl;
solution, Ca?* ions gradually diffuse into the hydrogel network and crosslinked the
Alg, resulting in a stiffening of the hydrogel, as reflected in the continuous increasing
of G'. In both POx-b-POzi/Alg and POx-b-POzi/Alg/clay hydrogels, the G' plateau at
about 4 h, and reached the maximum G' of 32.4 + 3.3 kPa and 29.2 + 2.6 kP3,
respectively, corresponding to a more than 6-fold increase over the non-crosslinked
samples. Of course, the required crosslinking time will increase when the thickness
of sample increases, and vice versa. After 23 h soaking in CaCl; solution, we observed
a minor decrease of G', which may be attributed to a continuous extraction and
elution of POx-b-POzi diblock copolymer from the hydrogels (Figure S2b, Supporting

Information).

(@) (b)
50 mmm POx-b-POzi/Alg 300 — POx-b-POzi/Alg

Hm POx-56-POzi/Alg/clay 25(04— POx-b6-POzi/Alg extr

40+ < — POx-b-POzilAlg/clay
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Ub) 100+
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Figure 4. (a) Development of storage moduli (G’) of POx-b-POzi/Alg and POx-b-POzi/Alg/clay hydrogels
over time after addition of Ca?* as a crosslinker. Storage moduli after extensive washing/extraction are
shown for comparison. (b) Stress-strain curve under compression for various hydrogel samples before
and after extensive washing/extraction. (c) Photographs during the compression test of
POx-b-POzi/Alg hydrogel.
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Table 1: Compression
testing of the hydrogels.#  Young’s modulus (kPa)  strength (kPa)  breaking strain (%)

hydrogels
POx-b-POzi/Alg 35.0+£0.6 20414 72.2+43
POx-b-POzi/Alg extr.# 30.5+0.9 139.4+2.8 72.4+£0.8
POx-b-POzi/Alg/clay 94659 238+13 619+1.1
POx-b-POzi/Alg/clay extr.# 65.5+£9.1 131.3+3.8 57.8+25

#The compression testing of hydrogels was carried out after immersion in DI water for 7 d. The DI
water was exchanged daily.

In fact, after 7 days of exhaustive extraction, the hydrogels reached a swelling
equilibrium whereby the values for G' decreased slightly to 21.8 = 1.4 kPa for
POx-b-POzi/Alg and 24.3 + 1.2 kPa for POx-b-POzi/Alg/clay. No significant differences
between G' values between Ca?* crosslinked hydrogels were found. Subsequently,
compression tests were carried out on the hydrogels after Ca?* crosslinking (Figure
4b-c, Table 1). The compressive stress at break for POx-b-POzi/Alg/clay hydrogel (238
+ 13 kPa) was slightly higher but comparable to POx-b-POzi/Alg hydrogel (204 + 14
kPa). In contrast, the compressive Young’s modulus of POx-b-POzi/Alg/clay hydrogel
(94.6 = 9.1 kPa) was significantly improved due to the incorporation of clay, and
found around 3 times higher than the value for POx-b-POzi/Alg hydrogel (35.0 = 0.6
kPa). After allowing the hydrogels swell to equilibrium in DI water, both compressive
strength and Young’s modulus decreased to 131.3 + 3.8 kPa and 65.5 = 9.1 kPa for
POx-b-POzi/Alg/clay, and 139.4 + 2.8 kPa and 30.5 + 0.9 kPa for POx-b-POzi/Alg,
respectively. Interestingly, the decrease in compressive Young’s modulus was
somewhat more pronounced in case of POx-b-POzi/Alg compared to
POx-b-POzi/Alg/clay, which may be attributed to the higher swelling degree of the
latter. Additionally, there was no significant difference in the breaking strain before
and after exhaustive extraction (Table 1).

3D Printing. The hydrogels inks were processed by an extrusion-based 3D printer
to investigate their 3D printability (Figure S5a, Supporting Information). Initially, a
12-layer hollow five-pointed star (7.28 x 7.28 mm) and a 12-layer 5 x 5 line grid (20 x

20 mm) were printed using POx-b-POzi/Alg hydrogel under an extrusion pressure of
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80 kPa. Thereafter, the constructs were crosslinked by immersion in a CaCl; solution
for 6h. The final scaffolds proved to be mechanically flexible and rather robust with
respect to manual handling and compression (Figure 5a-b). The highly shear-thinning
character of the POx-b-POzi/Alg mixture allows extrusion of smooth filaments
through the fine needle (23 G). At the same time, the hydrogel properties allow
printing at room temperature or, as performed here, at physiological temperature on
a heated (37 °C) print bed. More importantly, the 3D structures remained
geometrical stable without obvious collapse and volumetric swelling after 7 days
incubation in DI water (Figure 5b). Alternatively, the printed structures can also be
cured using other multivalent cations, as demonstrated by Fe3* and Tb3*, by simply
exchanging the CaCl, (aq.) to FeCl3.6H,0 or TbCl3.6H,0 (aq.). Consequently, the Fe3*
crosslinked printed structures appeared as yellow and the Tb3* crosslinked printed

structures were photoluminescent (Figure 5c-d).
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Figure 5. Extrusion-based 3D printing of POx-b-POzi/Alg hydrogel ink. (a-b) Illustration of the CAD
models of a 12-layer five-point star and a 12-layer 5 x 5 line grid and the 3D printing process. After
printing, the structures were cured by immersion into a CaClz solution by which removed the fugitive
support ink concomitantly. The obtained structures were mechanical flexible under compressing, and
remained stable after equilibrium swelling. Hydrogels dyed using carmine. As crosslinkers, also
FeCls-6H20 (c) and TbCls-6H20 (d) were employed. Crosslinking using TbCls-6H20 imparts
photoluminescent (excitation under UV light) properties in the scaffolds. The photo background is 5 x

5 mm grid.
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Although we did not investigate this aspect in any detail, it should be clear that
different crosslinking ions should also allow for tuning the mechanical properties.The
successful printing of designed 3D constructs with high shape fidelity demonstrated
that POx-b-POzi/Alg hydrogel are a suitable ink material for extrusion-based 3D
printing technology. Subsequently, the printing performance of three different
hydrogel inks (POx-b-POzi, POx-b-POzi/Alg and POx-b-POzi/Alg/clay) were
investigated in more detail.>* Firstly, a serrated mold with a stepwise increasing gap
from 1, 2, 4, 8 to 16 mm was used for filament collapse test under a constant
extrusion pressure of 110 kPa (Figure 6a, Video S2 in Supporting Information). When
using POx-b-POzi/Alg/clay, the printed strand could hang on the mold relatively
stably (for several minutes) even for a gap of up to 16 mm. The filament did sag
significantly and after extended time will eventually give in to gravity. In contrast, the
POx-b-POzi and POx-b-POzi/Alg hydrogel were much weaker and broken off
immediately at a smaller gap of only 4 and 8 mm, respectively. In the filament fusion
test, 2D patterns with stepwise increasing strand distances varying from 0.5 to 0.75,
1, 1.25 and 1.5 mm were printed for assessment of filament fusion and the minimal
strand-to-strand distance (Figure 6b). Obviously, this test is also highly dependent on
printing parameters such as nozzle size, printing speed and extrusion pressure. Here,
all these experiments were carried out with a 23G needle (inner diameter of 0.33
mm) at a fixed printing speed of 4 mm s and an extrusion pressure of 70 kPa. Again,
printability in the order of POx-b-POzi/Alg/clay > POx-b-POzi/Alg > POx-b-POzi was
observed. For POx-b-POzi and POx-b-POzi/Alg, filament fusion was observed at
strand-to-strand distances below 1.25 and 1 mm, respectively. Using
POx-b-POzi/Alg/clay, the same grid was printed without notable strand fusion or
collapse. The printed strands remained excellently defined even at strand-to-strand
distances below 0.75 mm. Again, the rheological benefit of the addition of clay is
clear and can be attributed specifically to the improved viscosity and yield stress in
combination with an increased shear-thinning character resulting in this significant

improvement in the stackability and shape fidelity during printing process.
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Accordingly, we extended the height of printed 3D structures to a 24-layer 5 x 5
line grid and a hollow 20-layer five-point star (Figure 6c), and even a 60-layer hollow
cube successfully (Figure S5b, Supporting Information). Even such high construct did
not buckle noticeably under their own weight. The intersections of the grid and
sharp corners of the star were excellently resolved. Again, after curing by Ca?,
mechanically flexible hydrogel scaffolds were obtained, which can be readily
manipulated using tweezers.
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Figure 6. (a) Filament collapse test of various hydrogel inks with a stepwise increase in gap from 1, 2, 4,
8 to 16 mm. Addition of alginate and clay both improve filament stability. (b) Filament fusion test of
various hydrogel inks with a stepwise increase in strand-to-strand distance from 0.5, 0.75, 1.0, 1.25 to
1.5 mm. (c) 3D printing and ionic crosslinking of a 24-layer 5 x 5 line grid and a 20-layer five-point star
with POx-b-POzi/Alg/clay hydrogel ink. (d) 3D printing of 4-layer numeral with POx-b-POzi/Alg/clay
hydrogel ink. (e) 3D printing of different 20-layer constructs line-grids with suspended filaments able
to hold molecular sieves granules. The extrusion pressure is 110 kPa in figure 6c-e. Scaffolds dyed

using carmine. The photo background is 5 x 5 mm grid.
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Just as with printed hydrogel without clay, the constructs containing clay were
stable after 7 days incubation in DI water, and still exhibited remarkable mechanical
flexibility upon compression deformation. For demonstration purposes, several
4-layer Arabic numerals were also printed. Finally, very challenging constructs
containing filaments suspended over 10 mm were also printed successfully with high
shape fidelity, without the need of any additional sacrificial support material. This
demonstrates the extraordinary printability design freedom possible when using
POx-b-POzi/Alg/clay hydrogel (Figure 6d-e, Video S3 in Supporting Information).

Cytocompatibility and 3D Cell-laden Printing. In order to be considered as a
suitable bioink, the novel hybrid materials must be cytocompatible. Using the WST-1
assay, no significant reduction in metabolic activity of NIH 3T3 cells were observed
when incubated with 1, 1.5, 5, and 10 wt% solutions of POx-b-POzi, POx-b-POzi/Alg,
and POx-b-POzi/Alg/clay in growth media over 24 h (Figure S6a, Supporting
Information). In fact, cell-laden hydrogel revealed a significant increase in cell
number from day 1 to day 3. Optical microscopy analysis revealed a throughout
homogenous distribution of cells in POx-b-POzi/Alg and POx-b-POzi/Alg/clay groups
with distinct increase in cell number on day 3 (Figure S6b, Supporting Information).
In contrast, cells in POx-b-POzi hydrogel started aggregation at day 1 and formed
relatively large aggregates at day 3. This observation can be attributed to the gradual
dissolution of POx-b-POzi in media to form a viscous solution, which facilitated cell
aggregation, settlement and attachment of aggregates at bottom of the well plates.
Therefore, we excluded plain POx-b-POzi from further studies. Corroborating the
impression from optical microscopy, WST-1 assay showed a significant increase in
metabolic activity at day 3 in POx-b-POzi/Alg and POx-b-POzi/Alg/clay indicating
proliferation of fibroblasts in hydrogels with no significant difference between the
groups (Figure Séc, Supporting Information).

Further, we analyzed the distribution, proliferation, and viability of fibroblasts in
3D bioprinted construct. Important to note cells were homogenously distributed in
3D bioprinted construct (5 x 5 line grid, 8-layer; 12 x 12 mm) of POx-b-POzi/Alg and

POx-b-POzi/Alg/clay (Figure 7a). The ionically crosslinked constructs printed using
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both bioinks showed a good structural stability over 5 days of cell culture.
Corroborating results from cell-free printing, the POx-b-POzi/Alg/clay bioink
exhibited a better printability. We should point out that the presence of cells and cell
culture media was not detrimental to the 3D printability, which is likely to be
connected to the fact that our main bioink component relies on non-ionic polymer
amphiphile. Again, optical images suggest a significant increase in cell number from
day 1 to day 5. Consistently, DNA content in POx-b-POzi/Alg and POx-b-POzi/Alg/clay
bioprinted samples were significantly increased from day 1 to day 5 (Figure 7b). The
DNA content increased 1.6- fold at day 3 and about 2-fold at day 5 in POx-b-POzi/Alg
and POx-b-POzi/Alg/clay. POx-b-POzi/Alg/clay exhibited a minor but statistically
significant increase in DNA contents compared to POx-b-POzi/Alg group at day 5.
Additionally, we evaluated viability of cells in POx-b-POzi/Alg/clay bioprinted samples
at day 1 and day 5 using live/dead staining (Figure 7c). It is clearly apparent that the
vast majority of cells were viable. In summary, the novel hybrid hydrogel bioink
exhibited excellent cytocompatibility, bioprintability and structural stability, which
may be opening new and improve paths to fabricate complex architectures whilst
maintaining a cell-permissive environment. Although demonstrated at this point only
for alginate, it should be obvious that this hybrid approach would be rather
interesting for other bioink materials which may suffer from a less than optimal

printability on their own.
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Figure 7. Cell (NIH 3T3 fibroblasts) distribution, proliferation, and viability in 3D bioprinted constructs.
(a) Optical microscope images to visualize cell distribution at day 1 and day 5 in cell-laden 3D
bioprinted 8-layer 5 x 5 line grids (12 x 12 mm) using POx-b-POzi/Alg and POx-b-POzi/Alg/clay bioinks,
respectively. (b) DNA quantification within POx-b-POzi/Alg and POx-b-POzi/Alg/clay bioprinted
construct (n=6) demonstrating cells proliferation at day 1, day 3, and day 5. (c) Live and dead staining
in bioprinted constructs using POx-b-POzi/Alg/clay at day 1 and day 5. * indicate p < 0.05. All printing

were carried out under an extrusion pressure of 100 kPa. Scale bar 200 um in all images.

CONCLUSIONS

In this study, a novel advanced POx-b-POzi/Alg/clay hybrid hydrogel was introduced
as a bioink for extrusion-based 3D bioprinting: A dual-step crosslinking approach was

presented that exploited a primary thermogelling of the diblock copolymer
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POx-b-POzi to achieve an improvement in rheological profiles beneficial for extrusion
printing, while secondary ionic crosslinking with Ca%* ions provided the long-term
construct stabilization and mechanical flexibility. The excellent printability was
demonstrated by various constructs printing with high stackability and shape fidelity
and supported by a detailed rheological characterization. The post-printing ionic
crosslinking of Alg polymer could also be realized by other di/trivalent cations, as
exemplified by Fe3* and Tb3*. Additionally, the cell-laden printing and post-printing
crosslinking process using Ca?* ions was well tolerated by the embedded cells
highlighting the feasibility of the novel hybrid hydrogels for 3D bioprinting. The
presented hybrid approach, utilizing the beneficial properties of the POx-b-POzi base
material should help to open new opportunities for the fabrication of complex

architectures needed in the fields of tissue engineering and drug delivery.
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Figure S1: (a) Synthesis of the diblock copolymer POx-b-POzi via living cationic ring
opening polymerization of 2-n-propyl-oxazine (nPrOzi) and 2-methyl-2-oxazoline
(MeOx) monomers. Methyl triflate (MeOTf) was used as initiator and
1-Boc-piperazine as terminating agent. (b) Chemical structure of the synthesized
diblock copolymer POx-b-POzi and the corresponding *H NMR spectrum (CDCls; 300
MHz; 298 K). From the signals in the 'H NMR spectrum with chemical shifts at 2.10
ppm (CHsz of PMeOx) and 0.94 ppm (CHs of PnPrOzi), the relative block lengths and
diblock copolymer composition was determined to be POxi10-b-POzi112. (c) GPC
profile of the diblock POx-b-POzi diblock copolymer (with HFIP as eluent).

Table S1: Compositions of the hydrogels studied in this work.*

sample compositions (% w/w)
........................................................... P OXbPOZl A|g day
.............. POXbPOZI/AIg 20 1
POXbPOZI/AIg .......................... 2 0 2 ...................... ..........
POXbPOZI/AIg .......................... 2 0 3 ...................... ..........

POx-b-POzi/Alg/clay 20 1 1.5

* Post-crosslinking by 1 wt% (0.09 mol L) CaCl,, or 0.3 mol L FeCI3-6H,0 or 0.3 mol L?
TbCl3-6H,0 accordingly. Dyed by carmine in where needed.

* Unless otherwise noted, the POx-b-POzi/Alg (20/1 wt%) and POx-b-POzi/Alg/clay (20/1/1.5 wt%)
hydrogels which were marked in bold were used for further study.
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Figure S2: (a) Thermogelling property of the POx-b-POzi/Alg hydrogel precursor
solutions with a constant POx-b-POzi concentration of 20 wt% and various Alg

concentration from 1 to 3 wt%. (b) lonic crosslinking time dependent gel content of
the hydrogels.
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Figure S3: Applied shear stress dependent viscosity of the hydrogel precursor

solutions at 37 °C. The intersection of dashed lines is commonly referred to as the
yield point.
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Figure S4: Dependence of G' and G" on angular frequency for POx-b-POzi/Alg (a) and
POx-b-POzi/Alg/clay (b) hydrogels under different Ca%* cross-linking time.
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(b)

Figure S5: (a) Extrusion-based printer used in this study. (b) 3D printing of a 60-layer
hollow cube with POx-b-POzi/Alg/clay hydrogel ink.
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Figure S6: Cytocompatibility of bioink. (a) WST-1 assay of fibroblast treated with
different concentrations of POx-b-POzi, POx-b-POzi/Alg and POx-b-POzi/Alg/clay in
growth media (n=4). (b) Optical microscope images of cell-laden POx-b-POzi,
POx-b-POzi/Alg, and POx-b-POzi/Alg/clay hydrogels. (c) WST-1 assay of cell-laden
POx-b-POzi/Alg and POx-b-POzi/Alg/clay (n=4). * and 1 indicates P< 0.05 compared to
POx-b-POzi/Alg at day 1 and POx-b-POzi/Alg/clay at day 1, respectively.

Video S1: The reversible sol-gel transition of the hydrogels (AVI)
Video S2: Printability testing of the hydrogels (AVI)
Video S3: 3D printing of the POx-b-POzi/Alg/clay hybrid hydrogel (AVI)
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