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Poly(2-alkyl-2-oxazoline)s (PAOXAs) have been rapidly emerging as starting materials in the design of
tissue engineering supports and for the generation of platforms for cell cultures, especially in the form of
hydrogels. Thanks to their biocompatibility, chemical versatility and robustness, PAOXAs now represent a
valid alternative to poly(ethylene glycol)s (PEGs) and their derivatives in these applications, and in the for-
mulation of bioinks for three-dimensional (3D) bioprinting. In this review, we summarize the recent litera-
ture where PAOXAs have been used as main components for hydrogels and biofabrication mixtures,
especially highlighting how their easily tunable composition could be exploited to fabricate multifunc-
tional biomaterials with an extremely broad spectrum of properties.
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Introduction

During the last decade, poly(2-alkyl-2-oxazoline)s (PAOXAs)
have emerged as starting materials for a variety of different
biomedical applications,"™ including the generation of drug
delivery systems,’ tissue engineering constructs, biofabrica-
tion, and the design of synthetic biointerfaces.®** In particu-
lar, water-soluble PAOXAs such as poly(2-methyl-2-oxazoline)
(PMOXA) and poly(2-ethyl-2-oxazoline) (PEOXA) have been
increasingly applied in different biomedical formulations.
This is due to their in vitro cytocompatibility’>*® and excellent
biocompatibility in vivo,">>' coupled with their antifouling
and stealth properties,'*>* which significantly reduce unspeci-
fic interactions of PAOXA-functionalized supports with bio-
molecules and cells.>"*"

Besides these positive aspects, PMOXA, PEOXA, and their
derivatives applied in biomaterials also appear to be advan-
tageous compared to the use of poly(ethylene glycol) (PEG)-
based analogues. Increasing evidence suggests that PEGs are
potentially immunogenic in patients,**>® while PEG itself is
susceptible to oxidative degradation within physiological
environments, leading to the generation of toxic by-
products.””?® In contrast, although PMOXA and PEOXA
feature similar physicochemical properties to PEGs, they
present tertiary amide groups along their backbone, which are

“Tissue Engineering + Biofabrication Laboratory, Department of Health Sciences and
Technology, ETH Ziirich, 8093 Ziirich, Switzerland

bLaboratory for Surface Science and Technology, Department of Materials, ETH
Ziirich, Vladimir-Prelog-Weg 5, 8093 Ziirich, Switzerland.

E-mail: edmondo.benetti@mat.ethz.ch

‘Biointerfaces, Swiss Federal Laboratories for Materials Science and Technology
(Empa), Lerchenfeldstrasse 5, CH-9014 St. Gallen, Switzerland

2874 | Bjomater. Sci, 2021, 9, 2874-2886

less susceptible to fast hydrolytic degradation within physio-
logical media with respect to ether functions.'*>%°

By exploiting cationic ring-opening polymerization (CROP),
multifunctional PAOXAs can be synthesized in a controlled
fashion and under relatively mild and accessible conditions,
providing polymers with different functionalities, or copoly-
mers with diverse structural properties. The chemical versati-
lity and synthetic accessibility of PAOXAs thus represent major
advantages over PEGs, whose availability in the form of func-
tional (co)polymers is intrinsically limited.*"**

The unique physicochemical properties of PAOXAs, coupled
to their biocompatibility, chemical robustness and multifunc-
tional character have recently triggered their increasing use as
precursors for the generation of hydrogels. Especially in the
field of tissue engineering, PAOXA-based networks were
applied as supports for cell cultures, as multifunctional
matrices for the encapsulation of mammalian cells and as syn-
thetic components within bio-inks in three-dimensional (3D)
bioprinting. In this short, comprehensive review paper, we aim
to highlight the most prominent and recent examples of
PAOXA-based hydrogel formulations, paying particular atten-
tion to how the compositional versatility of this emerging class
of polymers has enabled a variety of cross-linking strategies
and the design of bioactive supports.

PAOXA hydrogels for cell cultures and
tissue engineering

In 2013, Farrugia and coworkers reported the first example of
PMOXA-based hydrogels applied as supports for 3D cell cul-

tures.”” The starting polymers for generating PMOXA networks
were based on statistical copolymers including 2-methyl-2-oxa-
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zoline (MOXA) and 2-(dec-9-enyl)-2-oxazoline (DecEnOXA),
which contained a long aliphatic side chain with a terminal
alkene group (Fig. 1a). Using the UV-mediated thiol-ene reac-
tion, RGD peptides featuring a thiol group were subsequently
coupled to the alkene groups of the P(MOXA-ran-DecEnOXA)
precursors. A second thiol-ene reaction using dithiothreitol
(DTT) as cross-linking agent and Irgacure 2959 as photo-
initiator enabled the formation of P(MOXA-ran-DecEnOXA)-
RGD hydrogels. Interestingly, an increment in RGD loading
within the networks did not translate to a significant increase
in the number of cells adhering to their surface. In contrast,
an increase in the concentration of adhesive peptides mark-
edly influenced cell morphology and orientation of actin

fibres, which became more aligned (Fig. 1b). Besides seeding
cells onto the P(MOXA-ran-DecEnOXA)-RGD supports, fibro-
blasts were encapsulated within the network structure by
including them in the precursor solutions, which were sub-
sequently cured using bis-cysteine RGD peptide and DTT as
cross-linking agents. High cell viability was finally demon-
strated, providing the first evidence of the excellent cytocom-
patibility of PMOXA-based networks.?

Analogous cross-linking strategies were applied in several
other studies aiming to fabricate PAOXA hydrogels from copo-
lymer precursors including alkene groups in their side
chains.**” For example, Hickey et al. encapsulated cells
within porous PAOXA hydrogels to create artificial female
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Fig. 1 (a) CROP of MOXA and DecEnOXA, using methyl para-toluenesulfonate as the initiator and water as the terminating agent to yield P(MOXA-
ran-DecEnOXA). (b) Effect of an increasing amount of the incorporated RGD peptide into PMOXA hydrogels on fibroblast attachment and mor-
phology; (A, D) 5% CRGDSG, (B, E) 10% CRGDSG, and (C, F) 25% CRGDSG. (A—C) Immunofluorescence micrographs showing the cells seeded onto
PMOXA hydrogels, following staining with phalloidin and DAPI to visualize actin cytoskeleton fibres and cell nuclei, respectively. (D—F)
Immunofluorescence micrographs showing the actin fibres. Scale bar = 50 pm. (G-1) Quantification of the actin orientation of fibroblasts adhered to
the surface of PAOXA hydrogels with an increasing amount of RGD. Reproduced with permission from Farrugia et al.>* Copyright 2013 American
Chemical Society.
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reproductive tract tissue, which was intended as a model
system for studying infection.*® Specifically, hydrogels com-
posed of cross-linked P(MOXA-ran-DecEnOXA) were frozen and
lyophilized to introduce pores with typical areas in the range
200-3200 pm®. The porous character of the hydrogels enabled
the cells that were seeded on top of the supports to infiltrate
into their bulk structure, thus avoiding exposure to UV
irradiation necessary for cross-linking, which could lead to cell
damage.

Groll and coworkers recently proposed alternative strategies
to covalently cross-link PAOXA precursors, while focusing on
the development of a biosynthetic hydrogel adhesive for the
treatment of articular cartilage defects.”® In particular, cate-
chol-bearing PAOXA precursors readily formed tissue-adhesive
hydrogels through the oxidation of catechols to quinones fol-
lowed by their polymerization or reaction with fibrinogen,
which was added to the pre-hydrogel mixtures. Interestingly,
push-out tests revealed strong adhesion by the PAOXA hydro-
gels on the native cartilage tissue, with adhesive strength
values of up to 20 kPa, significantly higher than the values
commonly recorded with the sealant fibrin or even surgical
glue. In addition, when degradable ester bonds were incorpor-
ated within the polymer networks, lateral cartilage integration
studied using an in vitro disc/ring model showed augmented
cell invasion and stronger deposition of the cartilaginous
matrix at the defect site, without compromising the bond
strength to the cartilage rings.

The first in vivo biocompatibility data on PAOXA-based
hydrogels came from a very recent study by You et al.,*® who
fabricated cell-degradable hydrogels based on P(EOXA-ran-2-
butenyl-2-oxazoline) (P(EOXA-ran-ButenOXA)) cross-linked via
thiol-ene chemistry. The authors first found that by tuning the
mechanical and cell-degradable properties of PAOXA hydro-
gels, the morphology of encapsulated mesenchymal stromal
cells (MSCs) could be regulated, subsequently influencing the
expression and secretion of pro-angiogenic cytokines and
growth factors. In addition, exploiting their excellent tissue
adhesiveness, pre-hydrogel mixtures including MSCs were
applied directly onto the epicardium of the heart in a rat myo-
cardial infarction (MI) model, and subsequently photo-cross-
linked yielding cell-loaded hydrogels. Immunostaining of the
epicardium for micro-capillary-specific markers (isolectin B4)
indicated that the MSC-loaded PAOXA hydrogels promoted
neovascularization in the infarcted cardiac tissue and at the
epicardium-hydrogel interface, confirming the pro-angiogenic
phenotype observed in vitro (Fig. 2a-c). Gene expression ana-
lysis revealed a significant upregulation of cardiac reparative
factors (VCAM-1 and VEGF) in the infarcted epicardium
treated with the MSC-loaded PAOXAs, compared to an
untreated infarcted cardiac tissue (Fig. 2d). Moreover, echocar-
diographic imaging of the rat hearts 28 days after inducing MI
demonstrated that the epicardial placement of the MSC-loaded
PAOXA hydrogels enhanced the cardiac function, while histo-
logical analysis showed reduced collagen deposition and inter-
stitial fibrosis, both associated with scar formation in the
infarcted area.
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Despite the variety of efficient methods for the generation
of hydrogels from PAOXA-based precursors, the application of
strong nucleophiles or electrophiles, such as in Michael
addition-based crosslinking reactions,”* coupled with free-
radical processes involving UV light and photoinitiators
(which often lack chemospecificity and bio-orthogonality*?)
can be detrimental to cell viability.**** To overcome these
limitations, enzymatic cross-linking has emerged as a particu-
larly suitable method for forming hydrogels in the presence of
cells, due to its fast kinetics, excellent specificity in aqueous
environments, and tolerance to oxygen and biocompatibility.*>
Following this strategy, Trachsel and coworkers fabricated
PMOXA and PEOXA-based hydrogels using Sortase A (SA),*® a
bacterial transpeptidase which enables bio-orthogonal cross-
linking reactions.””"*® Statistical copolymers based on PMOXA
and PEOXA presenting carboxylic acid side chains were syn-
thesized using CROP, and derivatised with peptide sequences
acting as substrates for SA-mediated cross-linking. Enzymatic
ligation reactions could be subsequently performed under
physiological conditions (Fig. 3), yielding hydrogels with
storage moduli (G') between a few tens of Pa to ~1 kPa,
depending on the concentration of SA employed. Relevantly,
the encapsulation of human articular chondrocytes (hACs)
during network formation produced hydrogels with cell viabi-
lity higher than 90% after three weeks of culturing in the
absence of any cell-adhesive cues.

PAOXA hydrogels for the
incorporation and release of bioactive
compounds

PAOXA hydrogels have also been applied by Hartlieb et al. for
the reversible binding of DNA and its subsequent release. In
particular, amine-containing PAOXAs were first obtained by
the random co-polymerization of 2-ethyl-2-oxazoline (EOXA)
with 2-(4-((tert-butoxycarbonyl Jamino)butyl )-2-oxazoline
(BocABuOXA), which bears tert-butyloxycarbonyl (Boc)-pro-
tected amino groups at its side chains, followed by de-
protection.*® Hydrogels were subsequently formed by reacting
a fraction of the amino groups with epichlorohydrin in
aqueous sodium hydroxide solution, whereas the remaining
NH, groups on the PAOXA segments were used to immobilize
negatively charged DNA within the network. DNA release was
then triggered by the addition of polyanionic heparin.

Interestingly, similar PAOXA hydrogels were formed within
porous polyethylene (PE) and polypropylene (PP) matrices,
generating hydrogel microstructures with tunable pore sizes.”®
DNA was bound to the generated hybrid materials and sub-
sequently released by exploiting different stimuli including
temperature and pH.

As an alternative starting polymer, poly(ethylene imine)
(PEI) obtained from the complete hydrolysis of PEOXA has
been recently used by Englert and coworkers to generate pre-
cursor mixtures for the fabrication of PAOXA hydrogels.

This journal is © The Royal Society of Chemistry 2021
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(a) Isolectin B4 staining demonstrated increased capillary density in the border area of myocardial infarction (MI) induction followed by

PAOXA hydrogel placement (Ml + Gel) and MI induction followed by MSC-loaded PAOXA hydrogel (Ml + Gel + cell) treatment groups compared to
the Ml only group; scale bar = 50 pm. (b) Capillaries formed inside the PAOXA hydrogel layer. Red, CM-Dil labelled MSCs; blue, DAPI; green, isolectin
B4; scale bar = 50 pm. (c) Corresponding quantification of capillary densities. Ml group (n = 3), Ml + Gel group (n = 4) and Ml + Gel + cell group (n =
4). (d) Quantification of VCAM-1 and VEGF gene expression in different Ml groups (n = 3 for each group). *p < 0.05; **P < 0.01; ****p < 0.0001.

Reproduced with permission from You et al.*® Copyright 2021 Elsevier.

Specifically, the PEI segments were derivatized with 3-butenyl
side chains, yielding random copolymers poly(2-(3-butenyl)-2-
oxazoline-ran-ethylene imine) that feature reactive double-
bonds at their side chains. Hydrogel formation was achieved
by thiol-ene photo-addition reaction, using difunctional thiols
as cross-linkers and by applying UV-irradiation, yielding net-
works with swelling properties that could be finely tuned by
varying the relative content of double bond-bearing butenyl
functions and ethylene imine units along the copolymer back-
bone.>® The PEI-PAOXA hydrogels were finally applied for
binding and releasing DNA, a process which could be modu-
lated by varying the concentration of free amines along the
copolymer segments and their protonation.

Biofabrication using PAOXA-based
hydrogels

While an increasing interest has been shown to developing
PAOXA-based formulations for biomaterials, the application of

This journal is © The Royal Society of Chemistry 2021

this class of polymers has simultaneously become significant
for several biofabrication methods. The fully tunable compo-
sition of PAOXAs and their biocompatible character have
especially triggered their use in extrusion-based 3D bioprint-
ing, an additive manufacturing technique that uses a printable
bioink composed of polymer precursors and cells to generate
3D cellularized tissue-like hydrogels with a predefined
architecture.

In 2017, Lorsen and coworkers proposed the first example
of extrusion-based 3D bioprinting of PAOXAs, also introducing
poly(2-alkyl-2-oxazine)s (PAOZIs) in their formulation—poly-
mers strictly related to PAOXAs, although obtained from the
CROP of six-membered cyclic imino ethers.>*>*™> In particular,
the bioink was based on amphiphilic diblock copolymers,
including a hydrophilic PMOXA and a thermoresponsive poly
(2-n-propyl-2-oxazine) (PnPrOZI) block, yielding PnPrOZI-b-
PMOXA.>® PnPrOZI shows a lower critical solution temperature
(LCST) at approximately 12 °C,*” and thus its relative content
within PnPrOZI-b-PMOXA species could be adjusted to modu-
late the thermogelling properties of the entire bioink, which

Biomater. Sci,, 2021, 9, 2874-2886 | 2877
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Fig. 3 Synthesis of PAOXA—-peptide conjugates and their cross-linking via SA in the presence of hACs. (i) CROP of MOXA (R=CHs) or EOXA
(R=CH,CHs) with a methyl—ester containing a comonomer, 2-methoxycarbonylethyl-2-oxazoline (MCEOXA), using methyl tosylate as an initiator
and ethyl isonipecotate as a terminating agent, yielding statistical PAOXA copolymers, containing 12—-15 mol% methyl ester side chains (x). (ii—iv)
First, hydrolysis of the methyl ester side chains, then coupling of the carboxylic acid side chains with a disulfide-containing compound, and sub-
sequent reduction to thiol groups, yielding PAOXA-SH. (v) Vinylsulfonation (VS) via the thiol-Michael addition of thiol moieties on the side chains
with divinyl sulfone, yielding PAOXA-VS. (vi) Coupling of SA-substrate peptides via thiol-Michael addition, yielding PAOXA—peptide conjugates (vii)
SA-mediated ligation of the coupled peptides resulting in the cross-linking of the polymers (PAOXA—-SA) in the presence of hACs under physiological

pH conditions and at 37° C. Reproduced with permission from Trachsel et a

featured LCST values between 15 °C and 35 °C. In particular,
at 37 °C the thermogelling bioink showed isothermal shear
thinning and rapid shear recovery behaviors, two rheological
properties that are crucial for extrusion-based 3D printing
(Fig. 4a and b). The reduction of the temperature to 25 °C trig-
gered the gelation of the copolymer mixture, providing trans-
parent hydrogels with G’ values more than 1 kPa. Relevantly,
bioinks based on PnPrOZI-b-PMOXA enabled printing in the
presence of fibroblasts, obtaining 3D cell-loaded hydrogel
grids that showed exceptional cell viability 24 hours after print-
ing (Fig. 4c-e), although with relatively modest shape fidelity
and low printing resolution.

Despite the relatively high PnPrOZI-b>-PMOXA concentration
(20 wt%) used during printing, complex 3D shapes could not
be obtained, primarily due to the relatively low yield point of
the bioink, which caused the deposited material to flow after
the extrusion process and compromised the shape fidelity of
the resulting printed grids (Fig. 4c and d). It is also important
to emphasize that a high polymer content within bioinks
might induce clogging of the nozzle tip during extrusion,
leading to a more confined environment for the encapsulated

2878 | Biomater. Sci, 2021, 9, 2874-2886
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cells as a result of macromolecular crowding.’®>° Relevantly,

this phenomenon could adversely affect cell viability, prolifer-
ation and migration.

In order to overcome this inconvenience, in a subsequent
work the same authors complemented the PnPrOZI-h-PMOXA
with clay minerals with the aim of improving the printability
and viscoelastic properties of the entire bioink.®® The addition
of LAPONITE® XLG in the form of disk-shaped platelets did
not critically affect the thermoresponsive properties and cyto-
compatibility of the copolymer mixture. However, it signifi-
cantly improved its rheological properties, including shear
thinning, zero-shear viscosity, G’ and yield stress, finally pro-
moting the printability of the bioink.

Interestingly, upon replacing PnPrOZI-b-PMOXA with an
ABA triblock copolymer including PMOXA (A) and poly(2-
phenyl-2-oxazine) (PPhOZI) (B), the bioink underwent an
inverse and reversible gelation below a critical temperature,
forming a reversible nanoscale wormlike network.>* The result-
ing hydrogel could reach G’ values of up to 110 kPa, while
retaining shear thinning and rapid self-healing properties, and
it could be efficiently 3D printed. The reversible gelation of

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) Flow curves obtained from shear rate sweep tests of 20 wt% diblock copolymer solutions at 37 °C, revealing the shear thinning nature of
PnPrOZIso-b-PMOXAso (50_B) and PnPrOZl;g0-b-PMOXA;00 (100_B). (b) Oscillatory time sweep tests of 20 wt% PnPrOZlso-b-PMOXAs, (50_B) solu-
tion at 37 °C and at an angular frequency of 10 rad s~* under alternating strains (a low strain of 0.5% and a high strain of 150% that simulate the large
shear deformation during the extrusion process), showing a rapid and complete shear recovery. (c) Light microscopy image of a 3D printed grid
composed of orthogonal stacks of hydrogel strands with a base area of 12 x 12 mm?. (d) Cell-loaded constructs. (e) Quantification of cell viability by
FACS analysis to reveal the influence of the printing process on the viability of fibroblasts. “Untreated” represents the cells just in the medium, and
“control” corresponds to the cells that were re-dispersed in the bioink but not printed. "Print” refers to the cell viability measured 24 h post printing.

Reproduced with permission from Lorson et al.>®

PMOXA-b-PPhOZI-h-PMOXA was exploited to generate sacrifi-
cial supports to assist the 3D printing of polymeric matrices
that are intrinsically difficult to create with sufficient resolu-
tion, such as alginate structures. A mixture of PMOXA-b-
PPhOZI-h-PMOXA and alginate underwent gelation when sub-
jected to relatively low temperature, enabling 3D printing with
excellent shape fidelity. The subsequent incubation of the
printed hybrid structure in CaCl, led to alginate cross-linking.
Final heating up to 37 °C resulted in the dissolution of the
sacrificial triblock-copolymer matrix, and the formation of an
intact alginate scaffold with the desired structure.

Alternative bioinks characterized by superior mechanical
properties relied on the formation of double-network (DN)
hydrogels, comprising an enzymatically cross-linked PEOXA
network and an alginate hydrogel, which is cross-linked
through reversible, ionic interactions (Fig. 5a and ¢).°" In par-
ticular, the primary, PEOXA-based network was densely and
covalently cross-linked, providing elasticity to the entire
material, while the secondary, alginate-based hydrogel was

This journal is © The Royal Society of Chemistry 2021

Copyright 2017 American Chemical Society.

embedded in the former, and contained sparsely non-covalent
cross-links that granted reversible and dissipative properties.®>

PEOXA/alginate DNs showed G’ values of up to 8 kPa, reach-
ing values more than twofold higher than the combined
values of G’ obtained on the single constituting networks
(Fig. 5d). Following the addition of a relatively low content of
cellulose nanofibres (CNF), the DN-hydrogel formulations
became shear thinning and shear-recoverable bioinks, gaining
the rheological properties necessary for bioprinting. The
resulting 3D printed constructs featured dimensionally stable
grids with good shape fidelity, while human auricular chon-
drocytes loaded into the bioink showed excellent viability (90 +
2%) both 1 and 7 days after printing (Fig. 5e and f).

In addition to extrusion-based 3D bioprinting, PAOXA-
based formulations have recently been employed as inks in
other 3D-printing techniques. In 2014, Groll and coworkers
applied PEOXA as a starting material to fabricate 3D fibrous
scaffolds by melt electrowriting (MEW).®® This technique has
recently gained increasing attention, and represents a hybrid

Biomater. Sci,, 2021, 9, 2874-2886 | 2879
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Fig. 5 (a) Bioink components, including PEOXA-peptide conjugates, alginate, Sortase A (SA), Ca®* ions, and hACs. (b) Extrusion-based 3D bioprint-
ing process. (c) SA-mediated and ionic crosslinking mechanism to form PEOXA and alginate networks, respectively. (d) Mean G’ at equilibrium
(recorded after 60 min) for different hydrogels. (e) Two-photon microscopy image showing hACs stained with calcein AM (live cells in green) and
propidium iodide (dead cells in red) encapsulated in 3D bioprinted constructs 1 day post-bioprinting, as maximum intensity projections over 100 pm.
Scale bar = 100 pm. (f) Quantification of hAC viability within 3D bioprinted grids 1 day (d1) and 7 days (d7) post-printing; SD n = 3 for all conditions.

Reproduced with permission from Trachsel et al.®*

fabrication technology, having features in common with solu-
tion electrospinning and extrusion-based 3D printing.***® MEW
is a solvent-free technique that enables the fabrication of 3D
fibrous structures with typical fibre diameters ranging from
800 nm to 150 pm, which are much lower than those achievable
by extrusion-based bioprinting. Unlike bioprinting, MEW is a
cell-free manufacturing process, where cells are typically seeded
onto the hydrated fibrous material following manufacturing.
Groll et al. systematically investigated the key parameters for
MEW, such as heating temperature, feeding pressure, accelera-
tion voltage, and collector distance (Fig. 6b). By heating PEOXA
to 220 °C (well above its T,), and by applying an acceleration
voltage of up to 7 kV, a sufficient flow of the molten polymer
was attained, generating fibres with diameters ranging from 8

2880 | Biomater. Sci, 2021, 9, 2874-2886
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to ~140 um. Digital control over the translating collector finally
enabled the precise positioning of the fibres, generating micro-
structured 3D scaffolds with excellent resolution.

Nahm and coworkers recently expanded the functional
character of the materials fabricated using MEW by exploiting
the cross-linking of the polymers that constitute the fibres,
yielding porous hydrogel-based structures.®® Poly(2-ethyl-2-
oxazine) PEOZI—a hydrophilic polymer with a relatively low
T,—was partially hydrolyzed to obtain statistical copolymers
poly(2-ethyl-2-oxazine-ran-propylene imine) (P(EOZI-ran-PI))
presenting functionalisable propylene imine units, which were
derivatised with furan and maleimide moieties prior to the
MEW process (Fig. 6a). The molten, electrified jet was liquid at
high temperature but spontaneously cross-linked via Diels—

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (a) The CROP of 2-ethyl-2-oxazine initiated with methyl trifluoromethanesulfonate and terminated with an excess of KOH in methanol to
yield poly(2-ethyl-2-oxazine) (PEOzi) homopolymers. Subsequently, the partial acid hydrolysis of PEOzi affords statistical poly(2-ethyl-2-oxazine-
co-propylene imine) copolymers followed by the reaction of furan or maleimide moieties with the secondary amines yielding furan and maleimide
functionalized PEOzi, i.e., PEOzi-F and PEOzi-M, respectively. (DCC: dicyclohexylcarbodiimide, AN: acetonitrile, and BN: benzonitrile). (b) Schematic
illustration of the MEW setup, processing conditions and the reversible DA equilibrium, allowing liquefaction and melt processing at elevated temp-
eratures followed by chemical crosslinking upon cooling. (c) Stereomicroscopic image of the MEW printed scaffold in the dry state and (d) swollen
state, which was hydrated and stained with DY-647P1-maleimide for improved visualization. Insets show the scaffolds from a tilted angle to better
visualize the fibre morphology and stacking. (e) Confocal microscopy image of a fluorescently labelled hydrogel scaffold with 500 pm fibre spacing.
(f) Human embryonic kidney cells were grown on hydrogel scaffolds functionalized with the RGD adhesion peptide (NH,—~CGGGRGDS-COOH).
Following four days of growth at the scaffold, the cells were stained with cytoskeletal marker protein p-actin (red) and DAPI (nucleus in blue), which
allowed the 3D surface-reconstruction of human embryonic kidney cells attached to the scaffold. Reproduced with permission from Nahm et al.®®

Copyright 2020 Royal Society of Chemistry.

Alder (DA) reaction between the functional side chains during
cooling while leaving the nozzle (Fig. 6b). This MEW process
enabled the fabrication of micro-periodic fibrous structures
with a well-defined diameter, spacing, and number of layers.
The DA click reactions enabled cross-linking between fibres
from different layers at their junctions, obtaining dimensionally
stable scaffolds that could be hydrated in aqueous or cell
culture media without dissolving or distorting the entire archi-
tecture (Fig. 6¢c and d). Moreover, the obtained hydrogels
retained unreacted furan and maleimide groups available for
further functionalization, as was demonstrated by linking
different fluorophores and/or peptide units. Preliminary experi-
ments to assess the biological compatibility of arginine-
glycine-aspartic acid (RGD)-bearing PEOZI constructs revealed a
rapid settlement by human embryonic kidney cells, and an
overall low cytotoxicity of the polymeric support (Fig. 6e and f).
MEW could be additionally applied to fabricate a sacrificial
template based on structured fibres, which could be exploited

This journal is © The Royal Society of Chemistry 2021

to generate micro-channels with a controlled structure
within a hydrogel. This approach was exploited by the group
of Dargaville, who used 3D printed poly(e-caprolactone)
(PCL) fibres obtained by MEW to fabricate micro-sized chan-
nels within the hydrogels based on P(EOXA-ran-
ButenOXA).%” Relevantly, this strategy could be exploited to
fabricate microfluidic devices showing a precisely tunable
structure and morphology, or generate hydrogel supports
with interconnected channels to mimic tissues with orga-
nized vasculature.

Following simpler although still robust approaches, fibrous
supports based on the PAOXA hydrogels were fabricated by
Sanyal and coworkers, exploiting solution electrospinning.®® In
particular, the P(EOXA-ran-ButenOXA) mixed with a tetra-func-
tional thiol cross-linker and photoinitiator was electrospun
and simultaneously irradiated with UV light. This produced
cross-linked fibrous structures that could retain their shapes
when swollen within aqueous environments.

Biomater. Sci,, 2021, 9, 2874-2886 | 2881


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0bm02217a

Open Access Article. Published on 22 February 2021. Downloaded on 12/26/2025 4:17:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Minireview

View Article Online

Biomaterials Science

Table 1 Summary of the different hydrogel formulations and biofabrication techniques that included PAOXAs or PAOZIs

Fabrication/
Polymer composition Type of crosslinking processing Application Ref.
P(MOXA-ran-DecEnOXA) Thiol-ene reaction using DTT and UV irradiation Human dermal fibroblasts 3D 33
Oy CRGDSCG for cross-linking culture
N
JNAbiE
L0
S
P(MOXA-ran-DecEnOXA) Thiol-ene reaction using DTT for cross- UV irradiation Human primary stromal cell 3D 38
Oy~ linking and to couple CRGDSG peptide culture
N
LD
S
P(MOXA-ran-ButenOXA) and NalO4-mediated oxidation of catechols =~ — Injectable tissue adhesive 39
P(EOXA-ran-ButenOXA) to quinones that react with each other hydrogel for articular cartilage
forming crosslinks defect treatment
Oﬁ,R
N
R 0™
o
R = Me or Et
functionalized with catechol groups
P(EOXA-ran-BocABuOXA), The addition of epichlorohydrin that — Cationic hydrogels for reversible 49
subsequently deprotected to reacts with the amines on the polymer DNA complexing
P(EOXA-ran-ABuOXA) resulting in crosslinking
0.
N
’{} \/-)"\LN,\J"ﬂ'stat
oY
H,N
P(EOXA-ran-BocABuOXA), Supported structures were generated by =~ Thermal treatment Matrix supported hydrogels for 50
subsequently deprotected to P(EOXA-  soaking porous PE or PP filter materials DNA binding and release upon
ran-ABuOXA) in a copolymer/epichlorhydrin solution change in the temperature or pH
that cross-linked upon heating
0.
N
et
o
H,N
P(ButenOXA-ran-EI) Hydrogels formed by thiol-ene cross- UV irradiation DNA binding and release 51
H linking using dithiols
N
JRAbet
o
P(EOXA-ran-ButenOXA) Hydrogels formed by thiol-ene cross- UV irradiation Epicardial placement of 40
linking mesenchymal stem cells for
[ myocardial repair
N
/[’(, \/-)"\LN/\)"T]rstat
o
functionalized with di-cysteine cell-
degradable and -adhesive peptides
P(MOXA-ran-MCEOXA) and Hydrogels formed by enzyme (SA)- — Injectable hydrogel for 3D cell 46
P(EOXA-ran-MCEOXA) mediated cross-linking culture of human articular
chondrocytes
Oﬁ,R
N
AR,
o
R = Me or Et 3
functionalized with SA-substrate
peptides
PrnPrOZI-b-PMOXA Thermogelation after extrusion yields Extrusion-based 3D 3D bioprinting of fibroblast- 56

r SO
A

(o)

hydrogels
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Table 1 (Contd.)
Fabrication/
Polymer composition Type of crosslinking processing Application Ref.
PnPrOZI-b-PMOXA Thermogelation after extrusion yields Extrusion-based 3D Improving the printability of the 60
hydrogels printing thermoresponsive ink by the
o addition of clay minerals
LAPONITE® XL
AN~ (LAPONITE® XLG)
o~
PMOXA-b-PPhOZI-b-PMOXA Inverse thermogelation of the Extrusion-based 3D Sacrificial support material by 3D 54
oy amphiphilic triblock copolymers printing printing of alginate
R S &
T
P(EOXA-ran-MCEOXA) SA-mediated and ionic cross-linking of ~ Extrusion-based 3D 3D bioprinting of human 61
functionalized with SA-substrate PEOXA and alginate, respectively, post printing auricular chondrocytes-loaded
peptides extrusion forming hydrogels constructs
0.
N
’[’(, J”'\LNI\J'ﬂ;tat
Oi(
0\
(o}
P(EOZI-ran-PI) functionalized with Spontaneous cross-linking via dynamic =~ MEW Fabrication of micro-periodic 66
furan and maleimide moieties DA reaction post processing fibrous scaffolds for human
embryonic kidney cells
f‘u“/’ﬁg\j/‘.’;lsm
O
P(EOXA-ran-ButenOXA) MEW of PCL fibres acting as a UV irradiation Fabrication of hydrogel supports 67
sacrificial template within photo-cross- with interconnected channels that
O linked PEOXA hydrogels mimic organized vasculature
N
’[/L \/7"\(§N/\/)'ﬂ'stat
o
P(EOXA-ran-ButenOXA) Thiol-ene cross-linking during Solution Hydrogels from cross-linked 68
electrospinning electrospinning and  fibrous structures
[ UV irradiation
N
JNAte
o
P(EOXA-ran-EI) functionalized with  Formation of diselenide bonds between  Solution Degradable diselenide-cross- 70
selenol groups selenol-modified P(EOXA-ran-EI) electrospinning linked nanofibres
H
’{’(, N\/j"\LE\/ mlstat
O
P(EOXA-ran-El) functionalized with  Radical addition of benzophenone to Solution Fabrication of water-stable 71
benzophenone groups neighboring polymer chains forming electrospinning UV nanofibres using temporally
H cross-links irradiation controlled UV crosslinking
/L‘"Wn\‘gv e
O
PEOXA-DA telechelic 2PP Near-infrared laser 3D micro-structured PEOXA 73
macromonomers irradiation hydrogels
O,
| MW
HTO{/\N«)Y\,(N\/%‘OH
(o] OJ\/

Abbreviations: MOXA: 2-methyl-2-oxazoline, DecEnOXA: 2-(dec-9-enyl)-2-oxazoline, DTT: dithiothreitol, ButenOXA: 2-butenyl-2-oxazoline,
BocABUOXA: 2-(4-((tert-butoxycarbonyl)amino)butyl)-2-oxazoline, ABUOXA: 2-aminobutyl-2-oxazoline, PE: polyethylene, PP: polypropylene, EI:
ethylene imine, MCEOXA: 2-methylcarboxyethyl-2-oxazoline, SA: sortase A, PnPrOZI: poly(2-n-propyl-2-oxazine), PPhOZI: poly(2-phenyl-2-oxazine),
EOZI: 2-ethyl-2-oxazine, PI: propylene imine, MEW: melt electrowriting, DA: Diels-Alder, and PCL: poly(e-caprolactone).

When compared to MEW, solution electrospinning only
enables the fabrication of structures with randomly distributed
fibres. Stubbe et al. performed electrospinning of PEOXA
fibres starting from aqueous solutions, and systematically
investigated the effect of molar mass, dispersity (D) and con-

This journal is © The Royal Society of Chemistry 2021

centration of the polymer on the morphology and dimensions
of the obtained constructs.®® The cross-linking of the electro-
spun PEOXA fibres could be achieved by applying selenol-
modified PEOXA, and triggering the formation of dynamic dis-
elenide bonds.”® Alternatively, the application of benzophe-
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none-modified PEOXA enabled temporal control over the
cross-linking process by exploiting UV irradiation.”" In another
report, random copolymers poly(EOXA-ran-ethylenimine),
obtained by the partial hydrolysis of PEOXA, were used for
aqueous electrospinning, subsequently functionalised with
glutaraldehyde vapor, and finally cross-linked to yield structu-
rally stable fibrous constructs.””

Finally, it is worth mentioning two-photon polymerization
(2PP) as an emerging additive manufacturing method which has
recently enabled the precise fabrication of structured PAOXA
hydrogels. 2PP exploits a near-infrared ultrashort-pulsed laser to
excite photoinitiators in a precise way and in a confined space to
a two-photon state that triggers the polymerization of monomers
in solution. This enables spatiotemporal control over the 3D
structuring of scaffolds, also in the presence of cells.”*”>

Wloka et al. have recently performed 2PP of PEOXA bis(acry-
lates) (PEOXA-DA) combined with a newly synthesized water-
soluble photoinitiator, successfully achieving the formation of
3D-structured PEOXA hydrogels with very high spatial resolu-
tion and accuracy.”® These preliminary experiments revealed
the great potential of 2PP in the fabrication of supports for
tissue engineering.

Conclusions

During the past two decades, the application of PAOXAs has
been extended to a variety of bio-related processes, including
the design of drug carriers,®*’® polymer-protein conju-
gates,”” polymer-drug conjugates,”® and the fabrication of
coatings for biomaterials and sensors.>””?"®! More recently,
PAOZIs have been successfully introduced in similar appli-
cations, especially as components for drug delivery formu-
lations® and as surface modifiers with excellent bioinert pro-
perties,® emerging as alternative or complementary materials
to PAOXAs. However, the use of these polymers in the formu-
lations of hydrogels and carrier materials for biofabrication is
still limited, although the pioneering examples reported in
this short review and summarized in Table 1 prove that it
holds great potential.

In all of these applications, PAOXAs and PAOZIs show
several advantages in relation to PEG and its derivatives, such
as an easily tunable chemical composition and an improved
stability within physiological environments. In addition,
according to a variety of data obtained from in vivo experi-
ments, PAOXAs show good biocompatibility when dissolved in
solutions and in the form of nanoparticles (NPs),*>%* while
in vitro biocompatibility was demonstrated for polymer net-
works and coatings.?%°

Despite increasing interest and promising studies, the suc-
cessful translation of PAOXA (or PAOZI)-based formulations
into clinical therapies has not yet been accomplished. We
believe that the access to PAOXA-based materials in clinics
would certainly boost their application in materials science
and would trigger the interest of more researchers in including
this class of polymers in their formulations.
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