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Abstract

Double-network (DN) hydrogels are fabricated from poly(2-ethyl-2-oxazoline) (PEOXA)-peptide
conjugates, which can be enzymatically crosslinked in the presence of Sortase A (SA), and
physical networks of alginate (Alg), yielding matrices with improved mechanical properties with
respect to the corresponding PEOXA and Alg single networks, and excellent biocompatibility
towards encapsulated human auricular chondrocytes (hACs). The addition of a low content of
cellulose nanofibrils (CNF) within DN hydrogel formulations provides to these the rheological
properties that ensure their subsequent extrusion-based 3D printing, generating constructs with
good shape fidelity. In the presence of hACs, PEOXA-Alg-CNF pre-hydrogel mixtures can be
bioprinted, finally generating 3D structured DN hydrogel supports showing cell viability > 90%.
Enlarging the application of poly(2-alkyl-2-oxazoline) (PAOXA)-based formulations in the
designing of tissue engineering constructs, this study further demonstrates how SA-mediated
enzymatic crosslinking represents a suitable and fully orthogonal method to generate

biocompatible hydrogels with fast kinetics.



Introduction

Synthetic hydrogels represent a widespread platform for the fabrication of tissue engineering
constructs, and in addition, they are extremely versatile supports for studying cellular behavior in
the three dimensions (3D).!™* The application of synthetic polymers in hydrogel formulations
ensures a full control over the molecular weight, topology and chemical functionality of the
components of the network, and enables an extremely broad tuning potential for physicochemical
properties that are of relevance in the designing of biomaterials, including chemical composition,
degradability, and mechanical properties.® Despite these attractive properties, most of synthetic
hydrogels that are formed through covalent crosslinks are characterized by “static” properties,
which cannot recapitulate the dynamic nature of the native extracellular matrix (ECM).* Hence,
hydrogels exhibiting time-dependent properties, which better match natural physiological
environments have been progressively introduced.!® These encompassed synthetic polymer
components that undergo proteolytic'' or hydrolytic'? degradation, stress-relaxation'® or reversibly
crosslinking moieties.'*!®> Besides matrices built up from a single polymeric component, hydrogels
featuring broadly tunable and dynamic properties were obtained through the formation of double
networks (DN), where two differently crosslinked polymers are intimately mixed. One of the two
networks is typically densely and covalently crosslinked, while a secondary network is infused in
the former, and includes sparsely and non-covalently crosslinked functions.'®!” Usually, the
primary, covalently crosslinked network provides elasticity but suffers from brittleness, whereas
the secondary, non-covalently crosslinked network provides reversibility and ductility to the entire
material.'® The resulting interpenetrating DN result in a mechanically reinforced matrix with
improved strength and toughness, which is mainly due to strong network entanglement'® and the

large strain hysteresis effect.?’



In this work, we develop a DN hydrogel based on enzymatically crosslinked poly(2-alkyl-2-
oxazoline) (PAOXA) coupled to alginate, which is crosslinked through ionic interactions. Within
the obtained matrix human articular chondrocytes can be encapsulated with excellent viability, and
the DN formulation can be further used as bioink to fabricate 3D structured, cell-loaded scaffolds
by extrusion-based rapid prototyping.

The choice of PAOXA as component of the DN is particularly strategic, since this polymer class
has been increasingly applied in a variety of formulations for biomaterials and medical devices,
and PAOXAs are progressively emerging as biocompatible and chemically versatile alternatives
to poly(ethylene glycol) (PEG) and its derivatives.* 33334552

Random copolymers featuring poly(2-ethyl-2-oxazoline) (PEOXA) with 15 mol% of pendant
peptide units were synthesized by cationic ring opening polymerization (CROP) followed by post
functionalization, and subsequently applied as precursors for the formation of the covalent
network, which was obtained by enzymatic crosslinking in the presence of transpeptidase Sortase
A (SA). SA covalently reacts proteins with an LPXTG (X = any alpha L-amino acid except L-
proline) C-terminal recognition motif to N-terminal oligoglycines (G)a (n > 3), which are present
on cell walls of Gram-positive bacteria.** In particular, SA cleaves the amide bond between
threonine and glycine fragments within LPXTG sequences, and forms a new amide linkage
between the amino terminal group of (G), and the threonine fragment on the LPXTG recognition
motif.* When applied to polymer-peptide conjugates, this enzymatic reaction generates hydrogels

with faster gelation kinetics under physiological conditions*®3*

with respect to the more
commonly used transglutaminase activated factor XII1.>**! In addition, SA-catalyzed crosslinking

is characterized by high specificity and bio-orthogonality,** and does not require the presence of

strong nucleophiles or electrophiles, such as in the case of Michael addition-based reactions,* or



UV light and photoinitiators, which show a more pronounced cross-reactivity towards
biomolecules and can affect cell viability.*+*

The enzymatically crosslinked PEOXA network was combined with an alginate hydrogel, yielding
a DN with a broader tuning potential of mechanical properties and increased cytocompatibility.
Ionically crosslinked alginate was previously applied to mechanically reinforce a covalently
crosslinked polyacrylamide (PAAm) network, resulting in a DN matrix with increased fracture
energy and stretchability.*® Addition of cellulose nanofibrils (CNF) to the DN formulation
enhances the shear thinning and shear recovery properties of the pre-hydrogel mixture,*’*® finally
enabling successful 3D printing in the presence of human auricular chondrocytes (hACs). These
hydrogel scaffolds were characterized by high shape fidelity and excellent cell viability,

highlighting the proposed DN hydrogels as suitable materials for the fabrication of tissue

engineering supports, and enlarging the applicability of PAOXAs in the designing of biomaterials.

Experimental Section

Materials

Hydrazine monohydrate, 2-ethyl-2-oxazoline (EOXA), methyl para-toluenesulfonate (MeOTs), 2-
chloroethylammonium chloride, sodium sulfate anhydrous, sodium carbonate anhydrous,
potassium hydroxide (KOH), 2,2'-(ethylenedioxy)diethanethiol (EDDT), trifluoroacetic acid
(TFA), triethanolamine (TEOA), barium oxide, tri(hydroxymethyl)amino methane (TRIS), and (4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) sodium salt were purchased from
Sigma Aldrich. Dimethyl 3,3'-dithiodipropionate was purchased from TCI chemicals. Methanol
(MeOH), hydrochloric acid (HCI), glacial acetic acid, and triethylamine (TEA) were purchased

from Merck Millipore. Dichloromethance (DCM, extra dry), acetonitrile (ACN, extra dry over



molecular sieves), triisopropylsilane (TIPS), and methyl succinyl chloride were purchased from
Acros Organics. 2-Morpholinoethanesulfonic acid hydrate (MES hydrate), tris-(2-carboxyethyl)-
phosphine  hydrochloride = (TCEP-HCI), divinyl sulfone (DVS), 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide hydrochloride (EDC-HCI) and ethyl isonipecotate were
purchased form Fluorochem. EOXA and TEA were distilled over KOH under nitrogen prior to use
and stored under argon. MeOTs and ethyl isonipecotate were distilled under high vacuum over
CaH: and stored under argon. All the other chemicals were used as received. Sodium alginate
PRONOVA UP-MVG was purchased from NovaMatrix. Cellulose nanofibrils (CNF),
(SUPPORT™) were purchased from (CELLINK, Gothenberg, Sweden). Sortase A (SA) was

produced and purified as previously reported by our group.*’

3,3 -Dithiobis(propanoic dihydrazide) (DTPHY)*>°

Dimethyl 3,3'-dithiodipropionate (25g, 104.9 mmol) was dissolved in 400 mL MeOH and
hydrazine monohydrate (30.5 mL, 629.4 mmol, 6 equiv) was added dropwise at 0° C during 1
hour, and later on stirred overnight. The reaction mixture was subsequently cooled down with an
ice bath and then the solid product was filtered under vacuum, and later on washed with cold
methanol (2 x 20mL) and water (20 mL). The white precipitate was recrystallized once in MeOH
and subsequently dried under high vacuum, yielding white crystals (21.25 g, 89.2 mmol, 85%).
'H NMR (400 MHz, D>0) § = 9.05 (s, 2H), 4.21 (s, 4H), 2.88 (t, 4H), 2.40 (t, 4H).

BC NMR (76 MHz, D,;0) & = 173.10, 33.06, 33.00. The 'H NMR and '*C NMR spectra are

reported in in the Supporting Information in Figure S1 and S2, respectively.



Methyl-7-chloro-4-oxo-5-azaheptanoate

Methyl succinyl chloride (25.0 g, 166 mmol, 1 eq.) and 2-chloroethylamm>onium chloride (19.3
g, 166 mmol, 1 eq.) were suspended in dry DCM (200 mL), cooled down to 0 °C with an ice bath,
following dropwise addition of TEA (53 mL, 380 mmol, 2.2 eq.) over a period of 1h. The
suspension was then allowed to warm to ambient temperature and stirred overnight before water
(100 mL) was added. The organic phase was subsequently washed with 1 M HCI, water and brine
(each 100 mL) and finally dried over anhydrous sodium sulfate. After filtration and solvent
removal, the residual oil was purified on a plug of neutral alumina gel (8§ cm) eluting with
DCM:MeOH (99:1). The product was obtained as a light yellow oil (26.48 g, 136.8 mmol, 83.3%).
'"H NMR (400 MHz, CDCls) § = 6.33 (s, 1H), 3.65 (s, 3H), 3.61 — 3.49 (m, 4H), 2.64 (t, ] = 6.8
Hz, 2H), 2.49 (t, ] = 6.7 Hz, 2H). >°C NMR (76 MHz, CDCl;) & = 173.45, 171.78, 51.94, 43.91,

41.36, 30.89, 29.30 ppm.

2-methoxycarboxyethyl-2-oxazoline (MestOXA)>!

Methyl 4-(2-chloroethyl)amino-4-oxobutanoate (26.48 g, 136.8 mmol, 1 eq.) and anhydrous
sodium carbonate (11.6 g, 109.4 mmol, 0.8 eq.) were reacted (neat) in a 250 mL round-bottom
flask (RBF) mounted on a rotary evaporator (40° C, 20 mbar) for 2 days until the formation of
CO; stopped, indicating full completion of the reaction. Subsequently, the reaction mixture was
dissolved with 100 mL of DCM and the salts were filtered off. After removal of the solvent, the
crude product was obtained as a yellow oil that was further purified by distillation from barium
oxide under reduced pressure (2.3 x 10”2 mbar, 92°C), yielding a colorless oil (14.81 g, 94.4 mmol,

69%).



'"H NMR (400 MHz, CDCl3): & = 4.24 ppm (t, ] = 9.73 Hz, 2 H), 3.82 (t, ] =9.16 Hz, 2 H), 3.70
(s, 3H), 2.68 (t, ] = 7.44 Hz, 2 H), 2.58 (t, ] = 7.44 Hz, 2 H); '3C NMR (76 MHz, CDCl;): § =
172.8,167.0, 67.5, 54.4, 51.8, 30.1, 23.1 ppm. The "H NMR and '*C NMR spectra are reported in

in the Supporting Information in Figure S3 and S4, respectively.

PEOXA-COOCH;

15 mL of dry ACN, EOXA (9.23 g, 93.1 mmol, 170 eq.) and MestOXA (2.58 g, 16.4 mmol, 30
eq.) was added to an oven-dried two-neck RB flask under N,. After stirring the reaction mixture
for 10 min at 0°C, MeOTs (102 mg, 0.55 mmol, 1 eq.) was added on ice and stirred for another 10
min. Then the reaction mixture was heated to 80 °C and stirred for 48 h under argon. After this
time, the polymerization was terminated by adding an excess of ethyl isonipecotate (800 uL, 5
mmol, 10 eq.) at room temperature, and left stirring for another 48 h under argon. The solvent was
removed under reduced pressure, and the crude polymer dissolved in 100 mL of deionized water
and purified by dialysis against ultrapure water using 1 kDa molecular weight cut-off (MWCO)
dialysis membranes (Spectra-Por) for two days. The PEOXA-COOCH3 (9.45 g, 80 % yield) was
obtained after lyophilization as a white powder. The chemical structure and the purity of the
synthesized polymer were determined by 'H-NMR (400 MHz) (Figure S5) and the molecular
weight measured by gel permeation chromatography (GPC) as reported in the Supporting

Information (Table S1).

PEOXA-COOH
The methyl and ethyl ester of the side chains and the end groups of the synthesized PEOXA-

COOCH;3 copolymers were hydrolyzed with 1 M NaOH for 24 h at room temperature. Glacial



acetic acid was added until pH 6 was reached before the polymer was purified by dialysis in the

same way as before and finally lyophilized to yield a white powder (8.5 g, 90% yield).

PEOXA-VS

In a typical reaction, PEOXA-COOH (2g, n(-COOH) = 2.8 mmol, 1 eq., 15% substitution degree
of —-COOH) was solubilized in 20 mL MES buffer (150 mM) while the pH of the resulting solution
was 4.5. Later on, DTPHY (1.33 g, 5.6 mmol, 2 eq.) and EDC-HCI (1.6 g, 8.4 mmol, 3 eq.,
predissolved in 5 mL of H,O) were sequentially added while stirring the solution, and this mixture
was left reacting for 4 h. TCEP-HCI (2.4 g, 8.4 mmol, 3 eq.) was subsequently added and the
mixture was reacted overnight. The obtained polymer was purified by dialysis against acidified
ultrapure water (pH 3) for 2 days, yielding thiolated PEOXA-SH. The purified solution of
PEOXA-SH was transferred to a dropping funnel, and later on added dropwise to a DVS solution
(16.5 g, 140 mmol, 50 eq.) in 100 mL TEOA (300mM, pH 8.0) buffer, which was previously
subjected to N2 bubbling for 10 min. Following this addition, the mixture was left reacting for 1 h
under stirring, and then dialyzed against ultrapure water for 2 days. PEOXA-VS (2.35 g, 75 %
yield) was obtained after freeze-drying as a white powder. Chemical identity and purity of

PEOXA-VS were determined by 'H-NMR (400 MHz) (Figure S6).

Peptide synthesis

Peptides were synthesized by Fmoc solid phase-supported synthesis (SPPS), on an automated
peptide synthesizer (Prelude, Protein Gyros Technologies) using Rink amide resin. Cleavage of
peptides from the resin, and removal of the protecting groups was performed manually using 2.5

% EDDT, 2.5% TIPS, 2.5% H>0, 92.5% TFA solution. The cleavage was performed for 2 h at



room temperature. The peptides were precipitated in cold diethyl ether twice before purification
through preparative RP-HPLC, using C18 column with 50-90% ACN/HO linear gradient over 20
min. The purity of the peptides was confirmed by analytical RP-HPLC using an Agilent 1260
infinity equipped with a Poroshell EC-C18, 2.7 um bead size, and 4.6 x 100 mm column with 10-
90% ACN/H;O0 linear gradient, while monitoring the absorbance at 214 nm. The identity of the
peptides was confirmed by electrospray ionization mass spectroscopy (ESI-MS) using a Water
instrument equipped with a single quadrupole detector SQ 2.

LC-MS (ESI-TOF): for GCRELPETGG [M + H]+ calculated: 1017.47, found: 1017.8; for

GGGGLERCL calculated: 860.43, found: 860.7.

PEOXA-peptide conjugates

PEOXA-GGGG. PEOXA-VS (400 mg, n(-VS) = 0.4 mmol, 1 eq.) was dissolved in 10 mL TEOA
buffer (300 mM, pH 8) and the solution was de-oxygenated by N> bubbling. Later on, 10 mL
solution of GGGGLERCL (My 860 g/mol, 520 mg, 0.6 mmol, 1.5 eq.) in H2O was added dropwise
during 30 min under stirring, and left reacting overnight at room temperature under N». Finally,
the resulting mixture was purified by dialysis against ultrapure water using 3.5 kDa MWCO
dialysis membranes for two days. The chemical structure and the purity of the PEOXA-GGGG
were determined by 'H-NMR (400 MHz), as reported in Figure S7.

PEOXA-LPETG. PEOXA-VS (380 mg, n(-VS) =0.38 mmol, 1 eq.) was dissolved in 10 mL TEOA
buffer (300 mM, pH 8), and the mixture was subsequently degassed by N> bubbling for 10 min. A
10 mL solution of GCRELPETGG (My 1017 g/mol, 580 mg, 0.57 mmol, 1.5 eq.) in H2O was later
on added dropwise during 30 min, and left reacting overnight at room temperature under N». After

that, the solution was purified by dialysis against ultrapure water employing 3.5 kDa MWCO
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dialysis membranes for 2 days. The chemical structure and the purity of the PEOXA-LPETG were

determined by 'H-NMR (400 MHz), as reported in Figure S8.

NMR Spectroscopy
H'! NMR spectra were recorded on a Bruker Avance DRX-400 at room temperature, using CDCls

and D,O as solvents.

Size Exclusion Chromatography (SEC)

An Agilent 1100 GPC/SEC unit was used equipped with two PFG linear M columns (PSS)
connected in series with an Agilent 1100 VWD/UV detector operated at 230 nm, as well as a
DAWN HELEOS 8 multi-angle laser light scattering (MALS) detector followed by an Optilab T-
rEX RI detector, both from Wyatt. Samples were eluted in hexafluoroisopropanol (HFIP) with
0.02 M K-TFAc at 1 mL min™! at room temperature. Absolute molecular weights were evaluated
with Wyatt ASTRA software and dn/dc values based on our analytical setup (dn/dc proxa = 0.2283

mL g!).

Hydrogel Preparation

PEOXA-based single networks were prepared by dissolving PEOXA-peptide conjugates
(PEOXA-LPETG and PEOXA-GGGG) in Tris buffered saline (TBS, 50 mM of Tris, 150 mM of
NaCl, adjusted to pH = 7.4), obtaining polymer solution with 5% (w/v) of PEOXA-LPETG and
PEOXA-GGGG. After addition of 10 uM SA, covalent networks of PEOXA were obtained

thought enzymatic crosslinking of PEOXA -peptide conjugates.
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A 5% (w/v) alginate stock solution was prepared by dissolving sodium alginate (Alg) (PRONOVA
UP-MVG) in 150 mM HEPES buffer at 90°C. This temperature enabled a faster dissolution of
alginate and ensured sterilization of the solution. The single network Alg hydrogels were prepared
by casting a 1% (w/v) Alg solution within PDMS rings (6 mm of external and 4 mm of internal
diameter), then the casted Alg solutions were covered with filter paper, and finally crosslinked by
adding 100 mM CacCl; solutions.

Double network hydrogels (DN-PEOXA-Alg) were obtained by combining pre-hydrogel mixtures
of PEOXA with those containing Alg and subsequently adding a solution of 10 pM SA, and later
on 100 mM CaCl..

DN-PEOXA-AIlg were additionally complemented with cellulose nanofibrils (CNF) (yielding DN-
PEOXA-Alg-CNF), by following a similar preparation protocol while adding different

concentrations of CNF to the pre-hydrogel mixtures, that is 0.5, 1.0, 1.5 and 2.0 % (w/v).

Rheological Measurements

Gelation kinetics were measured using an Anton Paar MCR 301 Rheometer with a 20 mm plate-
plate geometry and a base floor maintained at 25°C. Time sweep was performed to measure the
storage modulus with 2 % strain at 1 Hz frequency during 20 s steps for 60 min, with a gap between
plates maintained at 0.2 mm. The storage and loss moduli of single and double networks were
obtained from these measurements. Shear thinning and shear recovery measurements were
additionally performed on the different pre-hydrogel mixtures. Shear thinning experiments were
performed to calculate the viscosity of the hydrogels at a frequency 1 rad s with logarithmic
increase in shear rate, and keeping a gap between plates of 0.2 mm. In order to measure the shear

recovery, pre-hydrogel mixtures were exposed to 0.5% strain for 200 s, 1000% strain for 10s, 0.5%

12



strain for 600 s, 1000% strain for 10s, and 0.5% strain for 600 s, while maintaining a gap of 0.6
mm between the rheometer plates.

Mechanical Testing

Compression tests were performed using a texture analyzer (TA.XT plus, Texture Analyzer, Stable
Micro Systems), where 15 pul of pre-hydrogel solutions were casted within PDMS rings (6 mm of
external and 4 mm of internal diameter) and then crosslinked by adding a solution containing 100
mM CaCly and 10uM SA. Unconfined compression was applied to the specimens using a 500 g
load cell, reaching a final strain of up to 15% at the rate of 0.01 mm s!. The Young’s moduli (E)

were calculated form the slope of the linear region of the stress-strain curves.

Cell Studies

Human auricular chondrocytes (hACs) were isolated from biopsies with approval of the local
ethics committee (BASEC Nr. 2017-02101) and patient consent. Cartilage pieces were first
washed with PBS containing 50 ug mL! gentamycin and cut into smaller pieces (1-2 mm?). The
minced cartilage was then enzymatically digested with collagenase (0.12% w/v, C6885) in DMEM
expansion media for 5—6 h at 37 °C. The obtained chondrocyte suspension was then filtered with
100 um cell strainers to remove undissolved cartilage pieces. The cells were pelleted, re-suspended
in recovery medium at 2.5x 10° cells mL' and frozen at passage 1 until further use. For cell
viability experiments, the cells were cultured in Falcon™ 5 layered flasks for about 2 weeks before
they were trypsinised and encapsulated in the hydrogels. The viability of the cells before
encapsulation was measured using trypan blue exclusion. For cell encapsulation experiments 300
ul of pre-hydrogel mixtures loaded with 107 cells ml' were homogeneously mixed before

crosslinking. The crosslinking was initiated by quickly adding SA into the hACs-containing pre-
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hydrogel mixture. After crosslinking was initiated, 15 pl of the mixture was quickly casted into
cylindrical PDMS rings. Then the mixtures were incubated for 1 hour at 37 °C, adding 100 mM
CaCl, solution to complete the crosslinking process, and they were finally incubated in
chondrogenic medium (DMEM supplemented with 10 ng mL™! transforming growth factor B3
(TGF-B3, Peprotech), 100 nM dexamethasone, 50 ug mL™! L-ascorbate-2-phosphate, 40 ug mL!
proline, 1% penicillin—streptomycin, and 1% ITS+ Premix).

hACs-loaded hydrogels and bioprinted grids were imaged for cell viability using Leica SP8
Multiphoton Microscopy with (25x water immersion objective). The samples were stained using
calcein AM 2uM and propidum iodide (PI) 6.6 png ml! dissolved in DMEM, incubated for 1 hour
at 37 °C with 5% CO> and washed with fresh DMEM medium. The images shown in this study
were at 50 um from the sample’s surface and were imaged for a total z-stack size of 100um for all
the samples. To image the whole bioprinted grid structure, tiles were stitched together using Zen
software on an Axio Observer with Apatome, Carl Zeiss, Oberkochen, Germany). Finally, the raw
images were processed using Image] and Maximum Intensity Projection (MIP) stacks were

combined and live/dead cells were counted for cell viability.

3D Printing and bioprinting

DN hydrogel grids were designed using Autodesk Fusion 360, and G-codes were generated using
Slicer software for designing 3D structures. 3D printing of grids was performed using an extrusion-
based printer (Cellink, INKREDIBLE. Gothenburg, Sweden). The printing pressure was in the
range 18-21 kPa and the diameter of the needle was 410 pm.

107 cells ml! were added to the pre-hydrogels for bioprinting. Initially, hACs were cultured for 14

days, trypsinised and centrifuged at 500 rcf for 5 min. The pre-hydrogel mixture was directly

14



pipetted into sterile 5 mL Eppendorf tubes containing hACs, and mixed until the cells were evenly
distributed. This mixture was then loaded into a 3 mL sterile syringe (BD Life Sciences) and
mounted on the INKREDIBLE printer, while maintaining the same printing conditions as indicated
above, with the exception of the printing pressure, which was set to 28 kPa in the presence of
hACs. The printed grids were then crosslinked by immersing them in a solution containing 100mM
CaCl; and 10 uM SA for one hour, after which the constructs were finally incubated in cell culture

medium (DMEM with10% v/v FBS, 2 mM L-glutamine, and 10 ug mL™' gentamycin).

Statistical Analysis

Three samples for each hydrogel type were analyzed, including cell viability analysis, whereby 3
measurements were done on each sample (n=3). The statistics and plotting were done using
OriginPro 8 software. Multiple samples were checked for significance using one-way ANOVA

and Tukey’s multiple comparison post-hoc test.

RESULTS AND DISCUSSION

Synthesis and Characterization of PEOXA-peptide Conjugates

PEOXA-peptide conjugates that were used as substrates for the subsequent SA-assisted enzymatic
crosslinking were synthesized by CROP of 85 mol% of 2-ethyl-2-oxazoline (EOXA) and 15 mol%
of 2-methoxycarboxyethyl-2-oxazoline (MestOXA), followed by post-functionalization. p-
toluenesulfonate (MeOTs) was used as electrophilic initiator, and an excess of ethyl isonipecotate
was employed for terminating the polymerization (Scheme 11), yielding copolymers with a random
distribution of methyl ester side chains and an ethyl ester on one chain end, abbreviated as

PEOXA-COOCH;3 (Scheme 1i). The composition of PEOXA-COOCH; was confirmed by 'H-
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NMR spectroscopy (Figure S5), while size exclusion chromatography (SEC) indicated a number
average molecular weight (M) of 16.9 kDa and a polydispersity index (PDI) of 1.14, suggesting
a controlled co-polymerization process (Figure S9 and Table S1). The methyl ester side chains, as
well as the ethyl ester chain ends were hydrolyzed under alkaline conditions, yielding free
carboxylic acids-bearing PEOXA (PEOXA-COOH) (Scheme 1ii). 3,3’-dithiobis(propanoic
dihydrazide) (DTPHY) was coupled to the COOH moieties, through EDC/hydrazide-mediated
coupling, followed by reduction of the disulfide moieties within DTPHY, yielding thiolated
PEOXA (PEOXA-SH) (Scheme 1iii). Thiol-Michael addition was subsequently employed to
functionalize PEOXA-SH with vinyl sulfonate, yielding PEOXA-VS (Scheme 1iv, Figure S6).
Finally, thiol-bearing oligopeptide fragments reactive towards SA were coupled to PEOXA-VS by
thiol-Michael addition. In particular, two different PEOXA conjugates were obtained, one
featuring SA donor peptides GCRE-LPETGG-NH; (NH: refers to amidated C-terminus), which
includes the recognition sequence LPETG, and were indicated as PEOXA-LPETG, and one
containing SA acceptor peptides GGGG-LERCL-NHo, including the nucleophilic oligoglycine
GGGQG, and which were indicated as PEOXA-GGGG and (Scheme 1v and Figure S7 and S8). The
quantitative functionalization of PEOXA-VS with the different oligopeptides was confirmed by
'H-NMR, which highlighted the complete disappearance of the proton peaks corresponding to the
VS functions upon conjugation with the peptide fragments, as reported in Figure S7 and S8.

Mixtures of PEOXA-LPETG and PEOXA-GGGG were subsequently reacted in the presence of

SA, yielding a covalently crosslinked network, as reported in Scheme 1vi.

Scheme 1. Synthesis of PEOXA-peptide conjugates and their SA-catalysed crosslinking reaction.
(i) Copolymerization of EOXA (in pink) with 15 mol% of MestOXA (in red) by CROP was
performed in dry ACN at 80°C for 48 h. The polymerization was initiated by MeOTs, and
termination was carried out in the presence of an excess of ethyl isonipecotate at room temperature

16



for 24 h, resulting in PEOXA-COOCHs3. (ii) The hydrolysis of ester side chains and chain ends
was performed in 1 M NaOH for 24 h at room temperature, yielding PEOXA-COOH. (iii)
PEOXA-SH was obtained by reacting PEOXA-COOH with EDC-HCI and DTPHY at pH 4.5 for
4 h, followed by reduction of disulfide groups by TCEP-HCI for 16 h at room temperature. (iv)
PEOXA-VS was synthesized by reacting PEOXA-SH with DVS in aqueous TEOA buffer at pH 8
for 30 min. (v) The PEOXA-peptide conjugates, namely PEOXA-LPETG and PEOXA-GGGG
were finally synthesized from PEOXA-VS via Michael-thiol addition, specifically by reacting the
cysteine’s thiol group of GCRELPETGG-NH> and GGGGLERCL-NH,, respectively with vinyl
sulfones of the PEOXA-VS. (vi) SA-mediated ligation of the two SA-recognition peptides
(LPETG and GGGG) coupled to PEOXA resulting in crosslinking of the PEOXA chains and
eventually hydrogel formation in the presence of hACs under physiological conditions.
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Synthesis and Characterization of DN Hydrogels
The formation of all the different hydrogels, including enzymatically crosslinked PEOXA, alginate
(Alg), PEOXA-Alg DN hydrogels, and DN hydrogel supplemented with CNF (DN-CNF), was

monitored by rheology (Figure 1a). SA-mediated crosslinking of 1:1 solutions of PEOXA-LPETG
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and PEOXA-GGGG PEOXA with a total polymer concentration of 5 % (w/v), and employing 10
UM SA resulted in the formation of a soft hydrogel reaching an equilibrium storage modulus (G’)
of around 300 Pa in 30 min. The low recorded G’ was probably due to the reversibility of the SA-
catalyzed transpeptidation reaction, leading to incomplete crosslinking of the network.’>> Ionic
crosslinking of a 1 % (w/v) solution of Alg through Ca®" led to an hydrogel matrix with an order
of magnitude higher G’, which at equilibrium reached 3 kPa (Figure 1b). The combination of
PEOXA and Alg hydrogels yieldled a DN with improved mechanical properties and
viscoelasticity.”* DN PEOXA-Alg hydrogels showed a G’ at equilibrium of 8 kPa, which is more
than twofold higher than the combined values of G’ for the single networks (Figure 1b), and
indicated that chain entanglement between the two polymer types within the DN'% significantly
strengthened the mechanical properties of the obtained matrix. It is also important to emphasize
that SA-mediated crosslinking of PEOXA-peptide conjugates did not seem affected by the
presence of the Alg-based physical network, as it was suggested by the similar gelation kinetics
observed for the DN compared that recorded in pure PEOXA hydrogels.

Similar results were obtained when the mechanical properties of PEOXA, Alg and DN PEOXA-
Alg hydrogels were compared by unconfined compression testing (Figure 1c and 1d). The DN
hydrogel reached a compressive modulus of ~ 30 kPa, which was three and ten times higher than
those recorded for the Alg and PEOXA hydrogels, respectively (Figure 1d).

Finally, the addition of CNF to the DN PEOXA-Alg hydrogel (DN PEOXA-Alg-CNF), which
improved the printability of the matrix (vide infra), resulted in an additional increment of G’, which
reached 14 kPa at equilibrium. However, after the addition of CNF, no further increase in the

compressive modulus was observed.

18



4] (a b) =
10* (@) (b)
16000 | "
-
E 103_ é‘; 12000 e
W ©  gooo| ==
2 | p— g
1071 ——Alg = 4000
~——— DN
‘ | DN-CNF ol
0 1000 2000 3000
Time (s)
5000~ (€) & 50000,
—— PE T”’ 1
4000{ A /’ 2 40000
=
= | DN-CNF B
£ 3000 / 3 so600
@ 2000 ;-
£ @ 20000
@ 1000 g
Q.
0. £ 10000
(<]
-1000 < o

0,00 0,03 006 009 0,12 0,15
Strain

Figure 1. Gelation kinetics and compressive stiffness for PEOXA, Alg, DN PEOXA-Alg and DN
PEOXA-Alg-CNF hydrogels. (a) Representative gelling curves for the different hydrogels
showing the build-up of G’ over time. (b) Mean G’ at equilibrium (recorded after 60 min) for the
different hydrogels. (c) Stress-strain curves of the different hydrogels. (d) Compressive modulus
recorded as the slope of the linear region of the stress-strain curve.

3D Printing of DN Hydrogels

A precursor hydrogel bioink requires shear thinning and shear recoverable properties in order to
be efficiently extruded, and to retain its structured shape after the 3D printing process.>*>® Hence,
the rheological properties of the different polymer mixtures used as precursor formulations for the
hydrogels investigated prior to the 3D bioprinting experiments. As reported in Figure 2a, pure
PEOXA solutions (5% w/v) showed very low viscosity at room temperature. Pure Alg solutions
(1 % w/v) showed an increment in viscosity, although the recorded zero-shear viscosity was still
rather low, and these pre-hydrogel mixtures did not display shear thinning behaviour (that is, a

decrease in viscosity with increasingly applied shear rate).
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Figure 2. Rheological properties of the different polymer mixtures used as bioprinting materials.
(a) Flow curves showing the change in viscosity with applied shear rate. (b) Flow curves of DN
hydrogel alone and supplemented with different concentrations of CNF. (¢) Shear recovery of inks
(c), shear recovery of various concentrations of CNF within DN (d).

Addition of 5% PEOXA (w/v) to 1% Alg solution (w/v) gave a slight increment in zero-shear
viscosity, probably due to the increase in the total polymer concentration within the pre-hydrogel
solution. However, the mixture used for the formation of DN hydrogel did not display shear
thinning (Figure 2a, blue curve), and thus was not ideal for successful bioprinting. In order to
enhance the printability of DN hydrogels, different amounts of CNF were added to PEOXA-Alg
mixtures (Figure 2a and 2b). An increment in the CNF content from 0.5 to 2.0 % (w/v) was
mirrored by a concomitant increase in the zero-shear viscosity from 35 to 2600 Pa s, and resulted

in a shear thinning solution, when compared to the DN pre-hydrogel mixture alone (Figure 2b).
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Moreover, the addition of CNF to PEOXA-Alg solutions resulted in mixtures characterized by a
fast shear recovery behaviour, reaching more than 80 % of the initial storage modulus after two
high-strain phases (Figure 2¢). The observed shear recovery could be additionally adjusted by
varying the CNF content within DN ink, as shown in Figure 2d.

PEOXA-Alg-CNF mixtures could be efficiently 3D printed to yield a grid of pre-hydrogel solution
displaying good shape fidelity, also prior to crosslinking (Figure 3a). Subsequent incubation in a
buffer containing CaCl» and SA for one hour resulted in the formation of 3D printed DN hydrogel
(Figure 3b). It is important to emphasize that the spaces within the printed construct remained
intact without rupture or closure, probably as a direct consequence of the shear recovery character
of PEOXA-Alg-CNF pre-hydrogel solutions. In addition, the 3D printed DN hydrogels showed a
good structural stability and resistance to tensile stress, as demonstrated in Figure 3c where a

manual stretching test was reported.

Figure 3: 3D printing with the DN-CNF ink. (a) 3D printed grids (20 x 20 x 0.4 mm?) after the
extrusion process, before crosslinking. (b) The same printed grid after one-hour incubation with
crosslinking solution. (c) Stretching of the printed DN-CNF hydrogel.

Biocompatibility and 3D Bioprinting
The cytocompatibility of PEOXA and Alg hydrogels, and that of DN PEOXA-Alg and PEOXA-

Alg-CNF hydrogels was subsequently tested in the presence of hACs, which were encapsulated
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within the polymer networks during SA-mediated enzymatic and ionic crosslinking. Generally,
high cell viability of ~ 90 % at 1, 7, and 21 days post-encapsulation was measured for all the
hydrogels, with the exception of PEOXA, which showed a significantly lower cell viability of 74
+ 3% after 24 hours after encapsulation, although this increased to 89 + 2 % following one week
of culture (Figure 4a and 4b). PEOXA-Alg DN hydrogels also showed a cell viability higher than
90%, even after 21 days of encapsulation, while the incorporation of CNF into the DN formulation

did not adversely affect hACs.>*%
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Figure 4. Cytocompatibility of encapsulated hACs in hydrogels. (a) Two-photon microscopy
imaging of live cells in green (calcein AM stains cytoplasm of viable cells) and dead cells in red
(propidium iodide stains nuclei of dead cells) 1, 7 and 21 days post-encapsulation, as maximum
intensity projections over 100 um. Scale bars: 100 um. (b) Quantifications of the hAC viability at
1,7, and 21 days (d1, d7 and d21) post-encapsulation for the different gels. SD n=3.

The pre-hydrogel mixture including PEOXA, Alg and CNF was subsequently printed in the

presence of hACs, following the procedures summarized in Scheme 2.
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The presence of hACs within the printable formulation only slightly affected the 3D printing
parameters, with the printing pressure being increased from 20 to 28 kPa, in order to compensate
for the higher viscosity of the bioink with respect to the cell-free pre-hydrogel mixture.

Printing the DN hydrogels in the presence of hACs did not affect the structural stability of the
obtained grid constructs, and maintained the shape fidelity of the process (Figure 5a and 5b),
suggesting a good shear recovery behaviour even in the presence of cells. Although 3D bioprinting
processes were previously reported to have detrimental effects on cells’ survival, mainly due to
the shear forces exerted on cells during extrusion,®! bioprinting of hACs with PEOXA-Alg-CNF

resulted in excellent cell viability (90 + 2%) both after 1 and 7 days (Figure 5c and 5d).

23



1. Gel Precusor Solution

—=

2. Bicink

3. Bioprinting

= EE

Bioprinted Grid in
crosslinking solution

Crosslinking Mechanism

-

d &
T
L.

PEOXA Network

Hydrogel after crosslinking

Alginate Network

R

O
St

2T

PEOXA-LPETG HN~NH

N R.E-L-P-E.T-
H

1 . - Sortase

H,N- _RE-L-GGGG-H ._ 2+
PEOXA-GGGG l\glu Ca

O——D-CNF @& -hACs %- Alginate

G-NH,

Scheme 2. 3D bioprinting process using PEOXA-Alg-CNF mixture and hACs. (1) The hydrogel
precursor solution contains PEOXA-LPETG and PEOXA-GGGG, both at 2.5 % (w/v), and thus
included a total POEXA concentration of 5%. Alg concentration was set to 1 % (w/v) and CNF
content was 2 % (w/v) in Tris buffer. (2) The bioink used for printing featured PEOXA-Alg-CNF

complemented with hACs. (3) The fabrication of 3D-printed hydrogel grids was carried out by
first extruding the pre-hydrogel mixture with hACs, and subsequently crosslinking the printed
bioink via incubation with SA and Ca*" solutions.
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Figure 5. (a) Wide-field fluorescence micrographs depicting hACs stained with calcein/propidium
iodide encapsulated within PEOXA-Alg-CNF DN hydrogels after 3D bioprinting. (b) Optical
micrographs of 3D bioprinted grids highlight the presence CNF. (c) Two-photon microscopy
images highlighting hACs within 3D printed constructs after 1 day and (d) after 7 days post-
printing. (e) Quantification of hAC viability within 3D bioprinted grids after 1 and 7 days (d1 and
d7) post-printing; SD n=3 for all conditions.

Conclusions

The fabrication of DN hydrogels including enzymatically crosslinked PEOXAs and Alg-based
physical networks generated matrices with improved mechanical properties with respect to the
corresponding single-network PEOXA- and Alg-based hydrogels. Incorporation of hACs within

DN hydrogels resulted in excellent cell viability after three weeks since encapsulation, highlighting

these materials as suitable supports for 3D cell culture and tissue engineering.
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When CNF are added to PEOXA-Alg pre-hydrogel mixtures, the viscosity of the solutions
significantly increased, while the shear thinning and recovery properties were substantially
enhanced, making these formulations applicable for extrusion-based 3D printing. PEOXA-Alg-
CNF mixtures could thus be printed to yield 3D structures featuring good shape fidelity, which
were later on quickly crosslinked by incubation in SA/Ca®" solutions, generating 3D DN
hydrogels. Pre-hydrogel formulations were finally complemented with hACs, and subsequently
bioprinted to yield 3D DN grids incorporating cells, which showed a viability higher than 90%
over one week after printing.

The proposed formulations extend the applicability of PAOXAs in designing tissue engineered
scaffolds, and additionally demonstrate that SA-mediated enzymatic crosslinking is a versatile and
extremely fast method not only to generate DN hydrogels, but also to rapidly crosslink 3D printed
structures. Relevantly, this crosslinking method also ensures significantly high viability for cells
encapsulated within PAOXA-based networks, if compared to other non-bio-orthogonal
crosslinking methods, thus enabling the generation of PAOXA hydrogels showing the highest

biocompatibility among compositionally similar materials.3*%2%4
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