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Abstract

Abstract
Poly(2-alkyl-2-oxazoline)s (PAOXAs) offer a plethora of attractive features, such as broad
chemical versatility, biocompatibility, hydrolytic and oxidative stability, and tuneable physical
properties. In the biomedical field, these characteristics have been exploited for numerous
potential applications, such as for the generation of self-assembling nanoparticles, polymerdrug conjugates, hydrogels, carrier materials for additive manufacturing and bioinert surface
coatings.
This doctoral thesis aimed to molecularly engineer PAOXA building blocks for the fabrication
of biomaterials and biointerfaces. In the first part of the thesis, I exploited the broad synthetic
flexibility and biocompatibility of PAOXA to generate enzymatically crosslinked hydrogels for
3D cell culture of human chondrocytes and bioinks for 3D bioprinting. In the second part,
functional cyclic polymers based on PAOXA were synthesized to yield topologically unique
hydrogels and nanoassemblies on surfaces.
Synthetic hydrogels can be engineered to mimic the natural extracellular matrix (ECM) by
providing an adequate mechanical and biochemical environment for the encapsulated cells. The
type of crosslinking used to form such hydrogels in the presence of cells is particularly critical
to ensure a high cell viability. Since enzymate-mediated crosslinking is known to be a highly
cell-friendly approach, I synthesized PAOXA-peptide conjugates that were crosslinked by a
bacterial enzyme, sortase A (SA), in the presence of human chondrocytes, generating hydrogels
with tuneable mechanical properties and crosslinking kinetics and excellent cell viability.
The lack of mechanical strength and toughness is a common issue of biocompatible hydrogels
designed for load-bearing applications such as for articular cartilage. To mechanically reinforce
the enzymatically crosslinked single network PAOXA hydrogel, a double network (DN)
hydrogel was formed by introducing ionically crosslinked alginate into the PAOXA hydrogel.
The resulting DN hydrogel featured significantly higher storage and compressive moduli while
still maintaining high cell viability. Moreover, a DN hydrogel bioink was developed enabling
3D bioprinting in the presence of human chondrocytes to yield printed DN hydrogel structures
with good shape fidelity and cell viability.
The second part of the thesis focused on the synthesis of functional cyclic macromolecules
based on PAOXA to exploit the unique intrinsic characteristics of cyclic polymers and the
distinct physicochemical and interfacial properties of surfaces that were coated with cyclic
I
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adsorbates. I hypothesized that the enhanced intramolecular steric repulsion generated within
cyclic polymers would lead to stiffer and tougher gels with respect to gels made from their
linear analogs. In theory, the crosslinking of cyclic macromolecules would provide a polymer
network topology without structural defects such as dangling chain ends. Hence, I synthesized
crosslinkable functional cyclic copolymer based on poly(2-ethyl-2-oxazoline) (PEOXA),
yielding hydrogels that are solely composed of crosslinked cyclic PEOXA. Remarkably, these
“cyclic” gels exhibited up to 42% higher stiffness and larger mesh size at a concomitant higher
swelling ratio, with respect to hydrogels formed from their linear analogs with identical
molecular weight and composition.
Finally, motivated by previous studies that showed enhanced physicochemical and interfacial
properties of surfaces that were grafted with chemically inert, cyclic PAOXA adsorbates, I
advanced to grafting functional cyclic adsorbates based on PAOXA, forming cyclic
nanoassemblies that featured a functional character. Relevantly, these nanoassemblies of cyclic
PAOXA-based polyacid brushes showed an amplified pH responsiveness and cyclic
glycopolymer brushes derived from polyacids displayed an increased lectin-binding ability with
respect to their linear counterparts. These findings indicate that the functional groups within
cyclic glycopolymers are more exposed and available when compared to those within linearbrush analogues. As a result, the functional moiteties along cyclic grafts tended to interact more
favorably with sourrounding lectin proteins instead of coiling or associating with neighboring
functions.
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Zusammenfassung
Poly(2-alkyl-2-oxazoline) (PAOXA) bieten eine Vielzahl attraktiver Eigenschaften wie
umfangreiche chemische Vielseitigkeit, Biokompatibilität, hydrolytische und oxidative
Stabilität sowie einstellbare physikalische Eigenschaften. Im biomedizinischen Bereich wurden
diese Eigenschaften für zahlreiche potenzielle Anwendungen genutzt, beispielsweise zur
Erzeugung von selbstorganisierender Nanopartikel, Polymer-Wirkstoff-Konjugate, Hydrogele,
Trägermaterialien für additive Fertigungsverfahren und bioinerte Oberflächenbeschichtungen.
Diese Doktorarbeit zielte darauf ab, makromolekulare PAOXA-Bausteine für die Herstellung
von Biomaterialien und Biogrenzflächen molekular zu konstruieren. Insbesondere im ersten
Teil der Arbeit nutze ich die breite synthetische Flexibilität und Biokompatibilität von PAOXA,
um enzymatisch vernetzte Hydrogele für die 3D-Zellkultur menschlicher Chondrozyten und
eine Bio-Tinte für das 3D-Bioprinting zu erzeugen. Im zweiten Teil wurden funktionelle
ringförmige Polymere auf PAOXA-Basis synthetisiert, um topologisch einzigartige Hydrogele
und Nanoanordnungen auf Oberflächen zu erhalten.
Synthetische Hydrogele können so konstruiert werden, dass sie die natürliche extrazelluläre
Matrix (ECM) nachahmen, indem sie eine geeignete mechanische und biochemische
Umgebung für die eingekapselten Zellen bieten. Dabei ist die Art der Vernetzung, die zur
Bildung solcher Hydrogele in Gegenwart von Zellen verwendet wird, besonders kritisch, um
eine hohe Lebensfähigkeit der Zellen sicherzustellen. Da die enzymatisch vermittelte
Vernetzung bekanntermaßen ein sehr zellfreundlicher Ansatz ist, synthetisierte ich PAOXAPeptidkonjugate, die durch ein bakterielles Enzym, Sortase A (SA), in Gegenwart menschlicher
Chondrozyten vernetzt wurden, wobei Hydrogele mit

einstellbaren mechanischen

Eigenschaften, anpassbarer Vernetzungskinetik und ausgezeichneter Lebensfähigkeit der
Zellen erzeugt wurden.
Mangelnde mechanischer Festigkeit und Zähigkeit ist ein häufiges Problem bei biokompatiblen
Hydrogelen, die für tragende Anwendungen wie Gelenkknorpel entwickelt wurden. Zur
mechanischen Verstärkung des enzymatisch vernetzten PAOXA-Hydrogels wurde durch
Einbringen von ionisch vernetztem Alginat in das PAOXA-Hydrogel ein Hydrogel mit
doppeltem Netzwerk (DN) gebildet. Das resultierende DN-Hydrogel wies signifikant höhere
Speicher- und Druckmodule auf, während dennoch eine hohe Lebensfähigkeit der Zellen
erhalten blieb. Darüber hinaus wurde eine Bio-Tinte aus dem DN-Hydrogel entwickelt, die in
III
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Gegenwart menschlicher Chondrozyten mit einem 3D-Biodrucker extrudiert werden konnte,
um Hydrogel Strukturen mit guter Formtreue und Lebensfähigkeit der Zellen zu erhalten.
Der zweite Teil der Arbeit befasste sich mit der Synthese funktioneller cyclischer
Makromoleküle auf PAOXA-Basis, um die einzigartigen intrinsischen Eigenschaften
cyclischer Polymere und die unterschiedlichen physikalisch-chemischen und Grenzflächen
Eigenschaften von Oberflächen, die mit cyclischen Adsorbaten beschichtet sind, zu nutzen. Ich
vermutete, dass die verstärkte intramolekulare sterische Abstossung, die innerhalb der
cyclischen Polymere erzeugt wird, zu steiferen und härteren Gelen führen würde im Gegensatz
zu Gelen, die aus ihren linearen Analoga gebildet wurden. Theoretisch würde nämlich die
Vernetzung von cyclischen Makromolekülen eine Polymernetzwerk-Topologie ohne
strukturelle Defekte wie baumelnde Kettenenden liefern. Daher synthetisierte ich vernetzbare
funktionelle cyclische Copolymere auf der Basis von Poly(2-ethyl-2-oxazolin) (PEOXA),
wobei Hydrogele erhalten wurden, die ausschließlich aus vernetztem cyclischem PEOXA
bestanden. Bemerkenswerterweise zeigten diese "cyclischen" Gele eine bis zu 42% höhere
Steifheit und größere Maschengröße auf bei gleichzeitig höherem Quellverhältnis in Bezug auf
Hydrogele, die aus ihren linearen Analoga mit identischem Molekulargewicht und identischer
Zusammensetzung gebildet wurden.
Aufgrund früherer Studien, die verbesserte physikalisch-chemische und Grenzflächen
Eigenschaften von Oberflächen zeigten, die mit chemisch inerten, cyclischen PAOXAAdsorbaten gepfropft wurden, entwickelte ich funktionelle cyclische Adsorbate auf PAOXABasis, die cyclische Nanoanordnungen mit funktionellem Charakter bilden konnten. Wichtig
ist, dass Nanoanordnungen von cyclischen PAOXA-basierten Polysäurebürsten eine erhöhte
pH-Empfindlichkeit präsentierten und cyclische Glycopolymerbürsten, die von Polysäuren
abgeleitet waren, eine erhöhte Bindungskapazität von Lektinen in Gegensatz zu ihren linearen
Analoga aufwiesen. Diese Befunde zeigen, dass die funktionellen Gruppen in cyclischen
Glycopolymeren, im Vergleich zu denen in linearen Bürstenanaloga, exponierter und
verfügbarer sind. Infolgedessen neigten die funktionellen Einheiten entlang cyclischer
Nanoanordnungen dazu, günstiger mit umgebenden Lektinproteinen zu interagieren, anstatt
sich zu wickeln oder mit benachbarten Funktionen zu assoziieren.
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Chapter 1

Chapter 1
1 INTRODUCTION*
1.1 SYNTHESIS AND FUNCTIONALIZATION OF POLY(2ALKYL-2-OXAZOLINE)S
More than 50 years have passed since the discovery of the first ‘living’ polymerization by
Szwarc that paved the way for the field of ‘living’ and controlled polymerizations.1 ‘Living’
polymerizations, such as living anionic polymerizations,2 living cationic polymerizations3 and
reversible-deactivation radical polymerizations (RDRP), formerly called controlled radical
polymerization (CRP)4,5 have enabled the synthesis of polymers with excellent control of molar
mass, dispersity (Ɖ), composition, and architecture.6 Ten years after the first publication on
‘living’ polymerization by Szwarc, four independent research groups reported on the ‘living’
cationic ring-opening polymerization (CROP) of 2-alkyl-2-oxazolines (referred to as 2oxazoline herein, Figure 1.1a) and the resulting poly(2-alkyl-2-oxazoline)s (PAOXAs), or in
short poly(2-oxazoline)s.7–10 Bearing a tertiary amide group within the repeat unit, PAOXAs
can be regarded as pseudo-polypeptides because of their structural analogy to peptides (Figure
1.1b & 1.1c).

Figure 1.1. (a) Chemical structure of a generic 2-oxazoline monomer with numbering and
substituent R at the two position of the 5-membered oxazoline ring. (b) PAOXA with side chain
R defined by the R substituent in the monomer. (c) polypeptide and (d) poly(ethylene glycol)
(PEG).

*Parts of this chapter will be published in: Trachsel, L., M., Zenobi-Wong, M., and Benetti, E.
M., The Role of Poly(2-alkyl-2-oxazoline)s in Hydrogels and Biofabrication. Biomaterials
Science, 2021, accepted.
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2-Oxazoline monomers are 5-membered cyclic imino-ethers that can be polymerized in a living
manner by CROP, which follows the typical steps of a chain-growth polymerization
mechanism, i.e. initiation, propagation, and termination (Figure 1.2).

Figure 1.2. Mechanism of the cationic ring-opening polymerization (CROP) of 2-R-2oxazolines showing the initiation, propagation, and termination steps with their rate constants
ki, kp, and kt, respectively. R can be alkyl, alkenyl, alkynyl, aryl or any non-nucleophilic
functional group that does not interfere with the CROP mechanism.

Typically, the CROP is initiated by an exothermic nucleophilic attack of the nitrogen’s lone
pair of the 2-oxazoline monomer onto the electrophilic initiator, resulting in the formation of a
cationic oxazolinium species (Figure 1.2). Initiators used are mostly strong alkylating agent
such as alkyl/aryl halides11,12 or alkyl sulfonates,13 including p-toluenesulfonates (tosylates),14
p-nitrobenzenesulfonates (nosylates),15 and trifluoromethanesulfonates (triflates).16 In an ideal
case, the initiation reaction is much faster than the propagation reaction (ki >> kp), resulting in
polymers with narrow Ɖ and high chain-end fidelity.
In the propagation step, the formed electrophilic oxazolinium cation is prone to the ring opening
by the nucleophilic attack of 2-oxazoline monomers on the carbon atom adjacent to the ether
oxygen (i.e., position 5 of the 2-oxazoline ring) (Figure 1.2). The ring opening leads to the
PAOXA backbone with its highly reactive and living oxazolinium chain-end that proceeds
2
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growing until all the monomer is consumed. The driving force for this ring opening is the
isomerization of the cyclic imino-ether into a more thermodynamically stable tertiary amide.
When nearly all the monomer is consumed (towards full conversion), another batch of monomer
can be added and polymerized, providing access to well-defined block copolymers.17,18 This
eliminates intermediate purification steps, and results in a one-pot procedure that is more
difficult to achieve with other ‘living’ polymerizations for instance RDRP. Under ideal
polymerization conditions that requires thorough purification and drying of all the reagents
used, the CROP of 2-oxazolines proceeds in a living or quasi-living manner, which implies that
no chain transfer nor undesired termination occurs during the polymerization. However, chain
transfer and chain coupling reactions impairing the livingness of the CROP of 2-oxazolines
have been reported, which become especially important when targeting a high degree of
polymerization (DPn).19 The CROP of 2-oxazolines in often conducted at elevated temperatures
(typically at 80 °C for 2-ethyl-2-oxazoline) requiring up to several days for full conversion,
while the use of microwave irradiation usually at 140 °C reduces the polymerization time to
several minutes.20–22 Conversely, lower reaction temperature of 40-50 °C lowers the probability
of chain transfer processes, facilitating the synthesis of high molar mass PAOXA.23–25
Finally, the termination of the CROP of 2-oxazolines can be accomplished by adding an excess
of terminating agent that attacks the living cationic chain-end (Figure 1.2). Usually, strong
nucleophiles such as amines, carboxylates, and methanolic potassium hydroxide are employed
to terminate the polymerization on the 5-position of the propagating oxazolinium. Using weaker
nucleophiles, in particular water, leads to termination occurring primarily on the 2-position,
where the side-chain is located.26,27 For a detailed description of the mechanism of the CROP
of 2-oxazolines and the chemistry of PAOXA, the interested the reader is referred to a
comprehensive review by Verbraeken et al. on this topic.28
Chemical functionalities can be introduced during all three steps of the CROP by judicious
choice of appropriate functional initiators and terminating agents, and functional 2-substituted
2-oxazolines that define the α- and ω-chain ends, and side-chain functionalities of the resulting
PAOXA respectively. Importantly, functional initiators and monomers containing nucleophilic
groups, such as hydroxyls, amines, aldehydes, thiols, and carboxylic acids are incompatible
with the CROP of 2-oxazolines and therefore require appropriate protecting groups. Moreover,
post-polymerization modification provides an additional possibility to access highly functional
(co)polymers. In addition to the statistical copolymerization with suitable functional
monomers,29 partial hydrolysis of the side-chains followed by re-acylation of the obtained

3

Chapter 1
secondary amine units with acyl chlorides is another strategy for side-chain functionalization.30–
32

1.2 PHYSICAL PROPERTIES OF PAOXA
The length and branching of the alkyl chain define the solution properties of PAOXAs (Figure
1.3). Poly(2-methyl-2-oxazoline) (PMOXA) and poly(2-ethyl-2-oxazoline) (PEOXA) having
methyl and ethyl side chains, respectively, are hydrophilic, water-soluble polymers with
bioinert properties. PAOXAs with medium-sized side chains such as PEOXA, poly(2isopropyl-2-oxazoline) (PiPrOXA),33 poly(2-cyclopropyl-2-oxazoline) (PcPrOXA),34 and
poly(2-n-propyl-2-oxazoline) (PnPrOXA)35 are amphiphilic, and exhibit lower critical solution
temperatures (LCST), enabling the synthesis of thermoresponsive materials (Figure 1.3).36,37

Figure 1.3. Series of PAOXA featuring different hydrocarbon side-chains with increasing
hydrophobicity (from left to right), influencing the water solubility of PAOXA, in particular
the lower critical solution temperature (LCST).

Interestingly, the LCST behavior of PEOXA has been exploited in a process called cloud point
grafting,38 where the adsorption of polymers is conducted under cloud-point conditions,
resulting in the collapse of the polymer chains, effectively leading to higher grafting densities
of the resultant polymer brushes.39 Increasing the side-chain length of the polymer to at least
four carbons, as for instance in poly(2-butyl-2-oxazoline) (PBuOXA), results in water
insolubility, which is often exploited to make the hydrophobic blocks of an amphiphilic block
or a gradient copolymer. These amphiphilic di- or triblock copolymers can self-assemble in an
aqueous environment into polymeric micelles with a core-shell structure that have been
extensively investigated as drug delivery vehicles to incorporate small molecular drugs.40–43 A
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recent progress report by Sedlacek and Hoogenboom nicely summarizes drug delivery systems
based on PAOXA.44
Moreover, the side chain character of the PAOXA also dictates its thermal behavior.45 Linear
hydrocarbon side chains with up to three carbons (PMOXA, PEOXA and PnPrOXA) afford
amorphous polymers, while four and more carbons in the side chain give semicrystalline
polymers with a melting point (Tm) at around 150 °C. The glass transition temperature (Tg) is
inversely proportional to side chain length and branching.

1.3 PAOXA FOR BIOMEDICAL APPLICATIONS
During the last decade, PAOXAs have emerged as a promising synthetic polymers for
biomedical applications,46,47 such as drug delivery,48 tissue engineering, biofabrication, and the
fabrication of biointerfaces.49 In particular, the highly water soluble types, PMOXA and
PEOXA are suitable for biomedical applications, since they are generally considered
biocompatible, non-toxic and non-immunogenic.50 Many studies have demonstrated good in
vitro cytocompatibility of PMOXA and PEOXA against various cell lines,51–54 as well as
excellent biocompatibility in vivo.55–57 Additionally, PMOXA and PEOXA display excellent
antifouling or stealth properties,58,59 i.e. they reduce interactions with biomolecules, cells, and
microorganisms. These features are crucial for the design of drug delivery systems and the
fabrication of implantable materials, as biological inertness prevents immune system
recognition. Importantly, several studies have demonstrated that PMOXA grafted onto surfaces,
referred to as PMOXA brushes, reveal superior antifouling character when compared to
surfaces grafted with poly(ethylene glycol) (PEG) (Figure 1.1d). Furthermore, PMOXA and
PEOXA have similar desirable physicochemical properties to PEG but having tertiary amides
within their backbone, they are much more stable in physiological environment than PEG,
which is susceptible to oxidative main-chain degradation with possible formation of toxic byproducts.60,61 These attractive properties make PAOXAs promising alternatives to PEG and its
derivatives.51,62,63 In particular, it is believed that PEG is potentially immunogenic for humans
as several reports have detected the formation of antibodies against PEG and complement
system activation. Therefore, increasing efforts have been devoted in finding suitable synthetic
polymers in order to replace PEG.64–66
Finally, PAOXA offer a higher synthetic versatility and structural modularity than PEG, which
can only be functionalized at its chain end groups, leading for instance to low drug loadings in
5
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drug delivery vehicles. In this context, the covalent attachment of hydrophilic PAOXA chains
to pharmaceutical drugs, including small molecules, peptides or proteins, is termed
P(A)Oxylation.67 Notably, Serina Therapeutics has achieved the most promising PAOXAbased drug delivery system with their conjugate SER-214 against Parkinson ’s disease that is
currently undergoing Phase I clinical trials.68

1.4 PAOXA-BASED HYDROGELS*
Crosslinking of hydrophilic polymer chains in an aqueous environment leads to threedimensional (3D) polymeric networks, termed hydrogels, that are soft and highly hydrated
materials with a water content of up to 90 %, presenting broadly tunable physicochemical and
biological properties.69–71 A variety of naturally derived72 and synthetic polymers73,74 have been
processed into hydrogels, using different crosslinking strategies,75 such as physical
entanglement, electrostatic interactions, hydrogen bonding and covalent bond formation, that
can be either reversible and dynamic76,77 or permanent.78 Incorporating biochemically active
recognition moieties such as cell-adhesion peptides, stimuli-responsive molecules, and growth
factors into hydrogels fine-tunes and enhances their functionality.69
Because of their physical, chemical and biological versatility, hydrogels have become an
invaluable tool for a number of emerging applications, including soft electronics,79,80
sensors,81,82 actuators83,84 and most frequently biomedicine.70,71 Within the biomedical field,
hydrogels have found widespread use in drug delivery,85,86 tissue engineering,87,88 and
biofabrication.89
In particular, hydrogels have been engineered to mimic the extracellular matrix (ECM), a
dynamic bioactive environment that constantly provides physicochemical, mechanical and
biological cues to surrounding cells to enable their proliferation, migration and differentiation.90
Because of their high water content, porosity and inherent mechanical tuneability, hydrogels
are particularly suitable to recapitulate the native ECM, providing mechanical support for
embedded cells, and permitting facile diffusion of metabolites, oxygen, cytokines, and growth
factors.91
PAOXA, and especially PMOXA and PEOXA feature exceptional synthetic versatility, tunable
physicochemical properties, and excellent biocompatibility, that make them ideal candidates as
hydrogel-forming polymers. This section will provide the most important developments in the
fabrication of PAOXA-based hydrogel in the context of biomaterials. A detailed overview of
6
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PAOXA based hydrogels is given in two recent comprehensive reviews.92,93 For a general
coverage of covalently cross-linked PAOXA materials, the interested reader is referred to a
review by Hartlieb et al.94
In 2013, Farrugia and coworkers reported the first example of PMOXA-based hydrogels
applied as supports for 3D cell cultures.95 The starting polymers for generating the PMOXA
networks were based on statistical co-polymers including 2-methyl-2-oxazoline (MOXA) and
2-(dec-9-enyl)-2-oxazoline (DecEnOXA), which contained a long aliphatic side chain with a
terminal alkene group (Figure 1.4a). Using UV-mediated thiol-ene reaction, RGD peptides
featuring a thiol group were subsequently coupled to the alkene groups of the P(MOXA-ranDecEnOXA) precursors. A second thiol-ene reaction using dithiothreitol (DTT) as crosslinking agent and Irgacure 2959 as photoinitiator enabled the formation of P(MOXA-ranDecEnOXA)-RGD hydrogels. Interestingly, an increment in RGD loading within the networks
did not translate into a significant increase in the number of cells adhering to their surface. In
contrast, an increase in the concentration of adhesive peptides markedly influenced cell
morphology and the orientation of actin fibres, which became more aligned (Figure 1.4b).
Besides seeding cells onto P(MOXA-ran-DecEnOXA)-RGD supports, fibroblasts were
encapsulated within the network structure, by including them within precursor solutions, which
were subsequently cured by using bis-cysteine RGD peptide and DTT as cross-linking agents.
High cell viability was finally demonstrated, providing a first evidence of the excellent
cytocompatibility of PMOXA-based networks.
In a similar study, epithelial cells seeded onto PAOXA hydrogels that do not contain RGD
demonstrated little cell adhesion, whereas in the presence of RGD they adhered and formed
epithelial colonies.96
By applying a similar cross-linking strategy, Hickey et al. encapsulated cells within porous
PAOXA hydrogels to create artificial female reproductive tract tissue, which was intended as a
model system for studying infection.97 Specifically, hydrogels composed of cross-linked
P(MOXA-ran-DecEnOXA) were frozen and lyophilized to introduce pores with typical areas
in the range 200-3200 µm2. The porous character of the hydrogels enabled 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.

7
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Figure 1.4. (a) CROP of MOXA and DecEnOXA, using methyl para-toluenesulfonate as
initiator and water as terminating agent to yield P(MOXA-ran-DecEnOXA). (b) Effect of
increasing amount of incorporated RGD peptide into PMOXA hydrogels on fibroblast
attachment and morphology; (A, D) 5% CRGDSG, (B, E) 10% CRGDSG, (C, F) 25%
CRGDSG. (A-C) Immunofluorescence micrographs reporting cells seeded on PMOXA
hydrogels, following staining with phalloidin and DAPI to visualize actin cytoskeleton fibres
and cell nuclei, respectively. (D-F) Immunofluorescence micrographs showing actin fibres.
Scale bar = 50 µm. (G-I) Quantification of the actin orientation of fibroblasts adhered to the
surface of PAOXA hydrogels with increasing amount of RGD. Reproduced with permission
from Farrugia et al.95 Copyright 2013 American Chemical Society.

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.98 In particular, catechol-bearing PAOXA precursors
readily formed tissue-adhesive hydrogels through oxidation of catechols to quinones followed
by their polymerization or reaction with fibrinogen, which was added to the pre-hydrogel
8
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mixtures. Interestingly, push-out tests revealed a significantly strong adhesion by PAOXA
hydrogels on native cartilage tissue, with adhesive strength values of up to 20 kPa, significantly
higher than the values commonly recorded with sealant fibrin or even surgical glue. In addition,
when degradable ester bonds were incorporated within the polymer networks, lateral cartilage
integration studied using an in vitro disc/ring model showed augmented cell invasion and
stronger deposition of cartilaginous matrix at the defect site, without compromising bond
strength to the cartilage rings.
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
random

co-polymerization

of

2-ethyl-2-oxazoline

(EOXA)

with

2-(4-((tert-

butoxycarbonyl)amino)butyl)-2-oxazoline (BocABuOXA), which bears tert-butyloxycarbonyl
(Boc)-protected amino groups at their side chains, followed by deprotection.99 Hydrogels were
subsequently formed by reacting a fraction of the amino groups with epichlorohydrin in
aqueous sodium hydroxide solution, whereas the remaining amino (NH2) functions on PAOXA
segments were used to immobilize negatively charged DNA within the network. DNA release
was then triggered by the addition of the polyanionic heparin.
Interestingly, similar PAOXA hydrogels were formed within porous polyethylene (PE) and
polypropylene (PP) matrices, generating hydrogel microstructures with tunable pore sizes.100
Scanning electron microscopy revealed the presence of the PAOXA hydrogel within the host
PE or PP material. Exploiting the LCST behavior of the precursor polymer solutions and the
resulting phase separation during hydrogel formation provided access to hydrogel
microstructures with tuneable pore sizes. Finally, microscopy and spectroscopic techniques
revealed efficient DNA binding to the porous PAOXA hydrogel. Yet, sufficient DNA release
from the hydrogel exploting different stimuli such as temperature and pH changes could not be
detected.
As an alternative starting polymer, poly(ethylene imine) (PEI) obtained from the complete
hydrolysis of PEOXA was recently used by Englert and coworkers to generate precursor
mixtures for the fabrication of PAOXA hydrogels.101 Specifically, PEI segments were
derivatized with 3-butenyl side chains, yielding random co-polymers poly(2-(3-butenyl)-2oxazoline-ran-ethylene imine) P(ButenOXA-ran-EI) 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 applying UV-irradiation, yielding networks with
swelling properties that could be finely tuned by varying the relative content of double bonds9
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bearing butenyl functions and ethylene imine units along the co-polymer backbone. PEIPAOXA hydrogels were finally applied for binding and releasing DNA, a process which could
be modulated by varying the concentration of free amines along the co-polymer segments and
their protonation.
The first in vivo biocompatibility data on PAOXA-based hydrogels came from a very recent
study by You et al.,[102] who fabricated cell-degradable hydrogels based on P(EOXA-ran-2butenyl-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
hydrogels, 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 hearts in a rat
myocardial infarction (MI) model, and subsequently photo-crosslinked yielding cell-loaded
hydrogels. Immunostaining of the epicardium for micro-capillary-specific markers (isolectin
B4) indicated that MSC-loaded PAOXA hydrogels promoted neovascularization in the
infarcted cardiac tissue and at the epicardium-hydrogel interface, confirming the proangiogenic phenotype observed in vitro (Figure 1.5a – 1.5c). Gene expression analysis revealed
a significant upregulation of cardiac reparative factors (VCAM-1 and VEGF) in the infarcted
epicardium treated with the MSCs-loaded PAOXAs, compared to an untreated infarcted cardiac
(Figure 1.5d). Moreover, echocardiographic imaging of rat hearts 28 days after induced MI
demonstrated that epicardial placement of MSC-loaded PAOXA hydrogels enhanced cardiac
function, while histological analysis showed reduced collagen deposition and interstitial
fibrosis, both associated with scar formation in the infarcted area.
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Figure 1.5. (a) Isolectin B4 staining demonstrated increased capillary density in the border area
of myocardial infarction (MI) induction followed by PAOXA hydrogel placement (MI + Gel)
and MI induction followed by MSC-loaded PAOXA hydrogel (MI + Gel + Cell) treatment
groups compared to the MI only group; scale bar = 50 μm. (b) Capillaries formed inside of the
PAOXA hydrogel layer. Red, CM-Dil labelled MSCs; blue, DAPI; green, Isolectin B4; scale
bar = 50 μm. (c) Corresponding quantification of capillary densities. MI group (n = 3), MI +
Gel group (n = 4) and MI + Gel + Cell group (n = 4). (d) Quantification of VCAM-1 and VEGF
gene expression in different MI groups (n = 3 for each group). *p < 0.05; **P < 0.01; ****p <
0.0001. Reproduced with permission from You et al.[102]

1.5 BIOFABRICATION TECHNIQUES USING PAOXABASED CARRIER MATERIALS
Combining the principles of engineering, biology, and material science, biofabrication is a
rapidly growing field that holds great potential for tissue engineering and regenerative
medicine. Instead of just making cell-hydrogel constructs manually, as described in the previous
section, biofabrication uses an automated bioprinting or bioassembly technique to translate
predefined digital input signals into biologically functional products with structural
organization from living cells, bioactive molecules, and biomaterials. This section will
11
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summarize recent developments on the use of PAOXA for different biofabricaiton techniques,
in particular 3D bioprining, solution electrospinning, melt electrowriting (MEW), and two
photon polymerization (2PP).
Extrusion-based 3D bioprinting is an additive manufacturing type of biofabrication that uses a
bioink, (i.e. polymer precursor + cells) that can be 3D printed and later crosslinked, finally
yielding 3D cellularized tissue-like hydrogels with a predefined architecture. Generally, the
technological challenge lies in the development of the bioink that requires shear thinning and
shear recovery behavior while at the same time being non-toxic and ideally bioinstructive to
cells.[103,104]
In 2017, Lorsen and coworkers proposed the first PAOXA-based bioink for extrusion-based
bioprinting. They developed a bioink based on a thermoresponsive polymer platform, which
comprises an amphiphilic diblock copolymer, containing a hydrophilic PMOXA and a
thermoresponsive

poly(2-n-propyl-2-oxazine)

(PnPrOzi)

block,

yielding

PnPrOZI-b-

PMOXA.[105] Poly(2-alkyl-2-oxazine)s (PAOZIs) have only gained increased attention in the
past few years for biomedical applications.[44,106,107] PAOZIs are synthesized by CROP of 2substituted-2-oxazines, i.e. 6-membered cyclic imino ethers, generating polymers with an
additional methylene group (CH2) in their repeating unit with respect to PAOXA.[108,109] The
thermogelling behavior of the bioink originates from the thermoresponsiveness of PnPrOzi,
which presents a LCST at approximately 12 °C.[110] The gelation temperature could be tuned
from 15 °C to 35 °C, depending on the polymer chain-length and the ratio of hydrophilic
PMOXA and thermoresponsive nPrOzi block. At 37 °C, the thermogelling bioink shows
isothermal shear-thinning and rapid shear recovery behavior, two rheological properties of
bioinks that are crucial for extrusion-based 3D printing (Figure 1.6a & 1.6b). By reducing the
temperature to 25 °C, thermogelation was induced, forming transparent hydrogels with storage
moduli of more than 1 kPa. Importantly, this thermoreversible bioink enabled 3D printing in
the presence of fibroblasts, which showed exceptional cell viability within printed grids 24 h
post-printing (Figure. 1.6c - e), although with rather unsatisfying shape fidelity and resolution.
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Figure 1.6. (a) Flow curves obtained from shear rate sweep tests of 20 wt% diblock copolymer
solutions at 37 °C, revealing the shear-thinning nature of PnPrOzi50-b-PMOXA50 (50_B) and
PnPrOzi100-b-PMOXA100 (100_B). (b) Oscillatory time sweep tests of 20 wt% of PnPrOzi50-bPMOXA50 (50_B) solution at 37 °C and angular frequency of 10 rad∙s-1 under alternating strains
(low strain of 0.5% and high strain of 150% that simulates the large shear deformation during
the extrusion process), showing rapid and complete shear recovery. (c) Light microscope image
of a 3D printed grid composed of orthogonal stacks of hydrogel strands with a base area of
12∙12 mm2. (d) cell-loaded constructs. (e) Quantification of cell viability as determined by
FACS analysis to reveal the influence of the printing process on the viability of fibroblasts.
“Untreated” represents cells just in medium, the control means cells that were redispersed in
the bioink but not printed. “Print” means cell viability measured 24h post printing. Reprinted
with permission from Lorson et al.[105] Copyright 2017 American Chemical Society.

Although using relatively high polymer concentration (20 wt%), Lorsen and coworkers did not
print any complex 3D shapes as for instance an ear, because of the suboptimal rheological
properties of their bioink. In particular, the low yield point, which permits multilayers to flow
more easily upon deposition post printing, resulted in fusion of the layers and ultimately poor
shape fidelity and resolution (Figure 1.6c & 1.6d). In addition, such a high polymer content is
known to be problematic for 3D printing in the presence of cells, as it might induce clogging of
the nozzle tip during extrusion and result in a more restrictive environment for the encapsulated
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cells as a result of macromolecular crowding.[111,112] This can adversely affect cell viability,
proliferation and migration.
Recently, the same group has addressed these suboptimal rheological properties in a follow up
study, by adding clay minerals to the thermoresponsive diblock copolymer PnPrOzi100-bPMOXA100 based bioink to improve printability and viscoelastic properties.[113] The addition of
clay minerals in the form of disk-shaped platelets did not critically affect the
thermoresponsibility and cytocompatibility of the composite bioink but significantly improved
its rheological properties in terms of shear-thinning, zero-shear viscosity, storage modulus and
yield stress. For extrusion-based 3D (bio)printing these effects were highly desirable and
resulted in a markedly improved printability.
Moreover, the same research group has expanded the repertoire of PAOXA or PAOZI based
thermoresponsive block copolymers for potential use in bioprinting.[114] They synthesized a
library of ABA-type triblock copolymers, featuring PMOXA as the hydrophilic shell A and
aromatic PAOXA or PAOZI as the hydrophobic core B and investigated their thermogelling
behavior in aqueous solutions with varying polymer concentration and temperature. For
instance, they found that aqueous solutions of PMOXA-b-poly(2-phenyl-2-oxazine)-bPMOXA undergo inverse and reversible thermogelation below a critical temperature by
forming a reversible nanoscale wormlike network. The resulting gel featured tunable
viscoelastic properties as a function of the polymer concentration and composition.
Additionally, the gel reached storage moduli of up to 110 kPa, while retaining shear-thinning
and rapid self-healing properties that enabled 3D printing of the material. By exploiting the
inverse thermogelation behavior of the ink, the authors demonstrated its application as a
sacrificial support material to assist in 3D printing of polymers, which by themselves are
difficult to print with good shape fidelity, such as the biopolymer alginate. By simply mixing a
solution of alginate with a solution of the triblock copolymer, and then cooling down the mixed
solution, gelation occurred, enabling 3D printing with excellent shape fidelity. Subsequent
incubation of the printed hybrid structure in CaCl2 led to alginate crosslinking. Final heating up
to 37°C resulted in the dissolution of the sacrificial triblock copolymer, and the formation of an
intact alginate scaffold. In addition, preliminary cytotoxicity experiments with human
embryonic kidney cells demonstrated good cytocompatibility of the material highlighting its
application potential in the field of biofabriaction.
Melt electrowriting (MEW) is another biofabrication technique that has recently gained
increasing attention as a hybrid fabrication technology between solution electrospinning and
14
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extrusion-based 3D printing.[115,116] MEW enables the fabrication of 3D fibrous structures with
fiber diameters ranging from 800 nm to 150 µm that are typically much lower than can be
achieved with extrusion-based bioprinting. Additionally, excellent control of fiber placement
can be obtained with MEW, which cannot be achieved in solution electrospinning. Unlike
bioprinting, MEW is a cell-free manufacturing process, where cells are seeded onto the
hydrated fibrous material after processing. Traditionally, MEW has been used with
thermoplastic polyesters and polyolefins that are mostly hydrophobic and non-crosslinked,
requiring for instance UV-crosslinking after MEW processing to yield stable hydrogel
scaffolds.
In 2014, Groll et al. introduced MEW processing to PEOXA, taking advantage of its high Tm,
to manufacture 3D fibrous scaffolds.[117] They systematically investigated key instrument
parameters, namely the heating temperature, feeding pressure, acceleration voltage, and
collector distance (Figure 1.7b). Specifically, by heating PEOXA well above its Tg to 220 °C
and applying a high acceleration voltage of up to 7 kV to charge the polymer, the authors
obtained sufficient flow of the molten PEOXA to achieve electrospun fibers with tunable
diameter from 8-140 µm. Moreover, by digitally controlling the translating collector, precise
positioning of the fibers was achieved, resulting in microstructured 3D scaffolds. Although not
mentioned in their work, functionalization of the polymer with appropriate moieties to crosslink
and stabilize the printed fibers after the fabrication process, would have enabled to swell and
hydrate the porous structures in water to make porous hydrogels.
This idea was very recently realized by Nahm and coworkers, who identified poly(2-ethyl-2oxazine) PEOZI as a suitable hydrophilic polymer for MEW given its lower Tg with respect to
PEOXA, which allowed to apply a lower heating temperature to the polymer to reduce
thermally induced side reaction during printing.[118] Using living CROP, the authors synthesized
PEOZI homopolymers that were subsequently partially hydrolyzed to yield statistical
copolymers poly(2-ethyl-2-oxazine-ran-propylene imine) (P(EOZI-ran-PI)) presenting
functionalisable propylene imine units (Figure 1.7a). Furan or maleimide moieties were than
coupled quantitatively to the secondary amines to afford furan or maleimide functionalized
PEOZI that together constitute the biomaterial ink (Figure 1.7a). After MEW processing, the
biomaterial ink spontaneously crosslinked via dynamic Diels–Alder reaction of the furan and
maleimide moieties coupled to the polymer. Thus, the hydrophilic polymer material is liquid at
high temperature but crosslinks during the cooling of the molten electrified jet when leaving
the nozzle (Figure 1.7b). This MEW process provided microperiodic fiber structures with welldefined diameter, spacing and number of layers. Using Diels-Alder reaction to chemically
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crosslink the fibers at their junctions enabled the fabrication of stable scaffolds that could be
hydrated post-processing without dissolving and distorting its architecture (Figure 1.7c & d).
Moreover, these hydrogels retained unreacted furan and maleimide groups for further
functionalization, as was demonstrated using fluorophores and peptides. Preliminary
experiments to assess biological compatibility revealed cell attachment to RGD-functionalized
fibers already four hours after seeding human embryonic kidney cells onto PEOZI hydrogel
scaffolds, showing an overall low cytotoxicity of the polymeric biomaterial ink (Figure 1.7e &
f).

Figure 1.7. (a) The CROP of 2-ethyl-2-oxazine initiated with methyl trifluoromethanesulfonate
and terminated with an excess of KOH in methanol to yield PEOZI homopolymers.
Subsequently, partial acidic hydrolysis of PEOZI affords statistical poly(2-ethyl-2-oxazine-ranpropylene imine) copolymers followed by reaction of furan or maleimide moieties to the
secondary amines yielding furan and maleimide functionalized PEOZI, i.e. PEOZI-F and
PEOZI-M, respectively. (DCC: dicyclohexylcarbodiimide, AN: acetonitrile, BN: benzonitrile).
(b) Schematic illustration of the MEW setup, processing conditions and the reversible DA
equilibrium, allowing liquefaction and melt processing at elevated temperatures followed by
the chemically 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-647P1maleimide for improved visualization. Insets show the scaffolds from a tilted angle to better
visualize the fiber morphology and stacking. (e) Confocal microscopy image of a fluorescently
labelled hydrogel scaffold with 500 µm fiber spacing. (f) Human embryonic kidney cells were
grown on hydrogel scaffolds functionalized with RGD adhesion peptide (NH2-CGGGRGDSCO2H). Following four days of growth at the scaffold, cells were stained with cytoskeletal
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marker protein β-actin (red) and DAPI (nucleus in blue), which allowed 3D surfacereconstruction of human embryonic kidney cells attached to scaffold. Reproduced with
permission from Nahm et al.[118] Copyright 2020 Royal Society of Chemistry.

Following simpler although still robust approaches, fibrous supports based on PAOXA
hydrogels were fabricated by Sanyal and coworkers, exploiting solution electrospinning.[119] In
particular, P(EOXA-ran-ButenOXA) mixed with a tetra-functional thiol cross-linker and
photoinitiator were electrospun and simultaneously irradiated by UV light. This produced
cross-linked fibrous structures that could retain their shapes when swollen within aqueous
environments.
When compared to MEW, solution electrospinning only enables 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 (Ɖ)
and concentration of the polymer on the morphology and dimensions of the obtained
constructs.[120] Building on this initial protocol, the same group used aqueous electrospinning
of selenol-modified PEOXA to fabricate in situ crosslinked water-stable nanofibers through the
dynamic formation of diselenide covalent bonds. These bonds can dynamically exchange under
mild conditions, providing nanofibres with tuneable and reversible water solubility.[121]
Similarly, the same research group has synthesized benzophenone-modified PEOXA for
aqueous electrospinning to produce nanofibers with enhanced stability in water compared to
the earlier diselenide crosslinking approach.[122] In contrast to using the reversible diselenide
chemistry for crosslinking, the UV mediated photocrosslinking of benzophenone enables
temporal control of the crosslinking process. As in the aforementioned studies, partially
hydrolyzed PEOXA, P(EOXA-ran-EI), was again used for aqueous electrospinning but this
time the authors exploited glutaraldehyde vapor, as a readily available, low-cost crosslinking
agent to form stable electrospun nanofibers.[123] In the same study, the authors have
demonstrated for the first time fused deposition modeling (FDM) printing of PEOXA. FDM is
another additive manufacturing technique that is compatible with a wide range of thermoplastic
materials, producing 3D printed scaffolds with substantially larger fiber diameters, pore sizes
and higher mechanical strengths compared to solution electrospinning.[124] Combining the two
complimentary techniques provides a promising approach to fabricate bimodal scaffolds with
hierarchical structures at the macro-, micro- and nanoscale.[125]
Sacrificial templating is an alternative to MEW and solution electrospinning to create structured
PAOXA hydrogels. Dargaville and coworkers used a 3D printed sacrificial poly(ε17
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caprolactone) fibrous structure created by MEW to fabricate precisely controlled microsized
channels within PEOXA-ButenOXA hydrogels.[126] Interestingly, this method could be used to
make hydrogel-based microfluidic devices or tissue engineered hydrogels with interconnected
channels to mimic the native vasculature.
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 3D structuring of scaffolds,
also in the presence of cells.[127–129]
Wloka et al. have recently introduced a 2PP system based on bis(acrylate) functionalized
PEOXA combined with a newly synthesized water-soluble photoinitiator that enabled the
fabrication of 3D structured hydrogels.[130] Specifically, bis(acrylate) functionalized PEOXA
macromonomers were obtained using a bifunctional CROP initiator producing two living
PAOXA chain-ends that were subsequently terminated with acrylic acid and triethylamine,
yielding two acrylate end groups available for free radical 2PP. Preliminary 2PP experiments
revealed the spatial resolution, processability and structural accuracy was superior to
comparable PEG-based telechelics. Overall, this 2PP system based on PEOXA
macromonomers holds great promise for biomedical applications and future work will
hopefully include cells, exploring its potential for biomedical applications.

1.6 CONCLUSIONS AND FUTURE PERSPECTIVES
In the last couple of decades, the synthesis of PAOXA has flourished, leading to tremendous
interest in using PAOXA for self-assembling nanoparticles, drug reservoirs, polymer-drug
conjugates, and surface coatings. However, their use in hydrogels or as carrier materials for
biofabrication is underrepresented and still to be fully realized. This is despite the
unprecedented broad chemical versatility and readily tuneability of physical properties of
PAOXA, as well as its vast advantages over PEG. Moreover, it is widely accepted it the field
that PAOXA are generally biocompatible based on many favorable in vivo data for soluble or
nanoparticle forms of the polymer, and in vitro data on networks and coatings. What is still
missing, however, is a successfully translated therapy or device based on PAOXA to the clinics,
which would certainly inspire more research groups to explore this polymer class. Finally, the
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growing number of literature on synthetic methods for the preparation of functional PAOXA
and the increasing commercial availability of 2-oxazoline monomers and tailor-made PAOXA
from Ultroxa® (Gent, Belgium) make hydrogels and bioinks based on PAOXA a fascinating
and promising choice of biomaterial.

1.7 AIM OF THE THESIS
This PhD thesis focuses on the synthesis of PAOXA-based building blocks for the fabrication
of biomaterials and biointerfaces. The first part of the thesis, including chapters 2 and 3,
describes the molecular engineering of PAOXA to generate hydrogels and bioinks, enabling
the 3D cell culture and bioprinting of human chondrocytes, respectively. The second part
focuses on the synthesis of functional, cyclic macromolecules based on PAOXA to study
topologically different hydrogels (chapter 5) and surface modifiers (chapter 7).
Chapter 2 introduces enzymatically crosslinked PMOXA and PEOXA hydrogels featuring in
situ encapsulation of human articular chondrocytes with exceptional cell viability of around
90% and tuneable mechanical properties and gelation kinetics. Notably, this was the first study
on PAOXA hydrogels that implemented enzyme-mediated crosslinking for its gel formation,
offering potential application as an injectable and cell-friendly hydrogel for cartilage
regeneration.
The aim of chapter 3 was to mechanically reinforce the initially developed single network
hydrogel, described in chapter 2, by introducing a second polymer network to form a double
network (DN) hydrogel. The resulting DN hydrogel, comprising enzymatically, covalently
crosslinked PAOXA and physically crosslinked alginate featured superior mechanical strength
with respect to the single networks while still maintaining high cell viability. Furthermore, the
DN hydrogel was supplemented with cellulose nanofibers to improve its printability, allowing
3D bioprinting of the resulting bioink in the presence of human auricular chondrocytes, yielding
stable, printed DN hydrogel structures with good shape fidelity and excellent cell viability.
Chapter 4 summarizes recent progresses in multidimensional materials that have incorporated
cyclic polymers and highlights how the unique topology of cyclic macromolecules influences
the physicochemical and interfacial properties of surface coatings, the mechanical
characteristics of polymer networks and the stability of drug delivery vehicles.
Chapter 5 describes for the first time the synthesis of water-soluble cyclic polymers and their
linear analogs based on PEOXA, containing functional handles for further modification with
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crosslinkable moieties. Subsequent crosslinking of the linear or cyclic precursor polymers using
thiol-Michael addition afforded hydrogels having a unique (macro-)molecular topology.
Remarkably, hydrogels formed from cyclic polymers featured considerably higher storage and
compressive moduli with respect to those formed from their linear counterparts. These findings
indicate that polymer network properties are profoundly influenced not only by the crosslinking
density and the connectivity of the polymers within the network but also by the (macro-)
molecular topology of the network constituents.
Chapter 6 highlights the most prominent surface-modification strategies involving the graftingto of PAOXA-based adsorbates, particularly focusing on the physicochemical and interfacial
properties of topologically distinct polymer brushes.
Motivated by previous studies on the grafting of chemically inert, cyclic polymers onto
surfaces, yielding cyclic polymer brushes with enhanced biopassivity and lubrication, in chapter
7, cyclic brush assemblies that featured a functional character were synthesized. Relevantly,
these functional nanoassemblies of cyclic PAOXA-based polyacid brushes showed an
amplified pH responsiveness and cyclic glycopolymer brushes derived from polyacids
displayed an increased lectin-binding ability with respect to their linear counterparts, suggesting
an enhanced exposure/availability of galactose units at the surface.
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Chapter 2
2 ENZYMATICALLY CROSSLINKED POLY(2-ALKYL-2OXAZOLINE) NETWORKS FOR 3D CELL CULTURE

Sortase (SA)-based crosslinking of poly(2-methyl-2-oxazoline) (PMOXA) and poly(2-ethyl-2oxazoline) (PEOXA) peptide conjugates enables the fabrication of polymer networks with
tunable mechanical properties, while encapsulating human articular chondrocytes (hACs) with
extremely high viability. Random copolymers of PMOXA and PEOXA including carboxylic
acid-bearing comonomers were synthesized by cationic ring opening polymerization (CROP),
and subsequently derivatised with peptide sequences amenable to enzymatic coupling reactions
in the presence of SA. The gelation kinetics and the mechanical properties of the obtained
hydrogels could be finely tuned by varying the concentration of SA during crosslinking, yielding
storage moduli (G’) that spanned between few tens of Pa to ~ 1 kPa, well within the range
typically desirable for 3D cell culture. Encapsulation of hACs produced cellular networks with
> 90% of cell viability after several weeks of culture, even in the absence of any cell-adhesive
cues. SA crosslinked PMOXA and PEOXA hydrogels thus enlarge the applicability of poly-(2alkyl-2-oxazoline)s (PAOXAs) in tissue engineering, paving the way for the designing of
biocompatible and chemically versatile injectable formulations for regenerative medicine.
This chapter was published in: Trachsel, L., Broguiere, N., Rosenboom, J.G., Zenobi-Wong,
M., and Benetti, E.M., Journal of Materials Chemistry B, 2018, 6, 7568.

2.1 INTRODUCTION
The fabrication of hydrogels exploiting enzymatic crosslinking has progressively become a
popular approach to design synthetic extracellular matrices (ECMs) supporting cell cultures.[1–
3]

Due to their fast kinetics, excellent specificity under physiological, aqueous environments,

and tolerance to oxygen, enzymatic reactions are particularly effective in the presence of cells,
enabling the formation of cellularized polymer networks through a fully biocompatible
process.[1] The application of bio-orthogonal enzymatic reactions to yield hydrogels from
peptide-modified precursors further circumvents the use of strong nucleophiles or electrophiles,
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such as in Michael addition-based crosslinking,[4] or free-radical processes involving UV light
and photoinitiators, which are less chemically specific and can be detrimental to cell survival.[5]
Besides macromolecules of biological origin, such as hyaluronic acid (HA),[6–8] chitosan,[9]
alginate,[10,11] and cellulose,[12] opportunely modified, completely synthetic polymers represent
particularly suitable precursors for generating hydrogel matrices through enzymatic
crosslinking. In most cases, their molecular weight and chain topology can be precisely tuned,
while the controlled introduction of chemical functions along their structure enables the
coupling of specific peptide sequences amenable to enzymatic reactions in the desired amount,
as well as the conjugation of other molecular cues or growth factors directing cells’ fate. In this
way, the physicochemical properties of hydrogels produced via enzymatic reactions can be fully
controlled and precisely tuned to yield fully customized ECM environments.
Of particular interest in these fabrications are synthetic polymers that can support cell growth
and proliferation, while simultaneously resist unspecific interaction with biomolecules present
in the medium, which could lead to an unwanted immune response.[13] Poly(ethylene glycol)
(PEG), the “gold standard” for synthetic hydrogels, features some of these desirable
properties.[14] However, several drawbacks of PEG have emerged over the last decade, such as
its oxidative degradation, leading to toxic side-products,[15,16] its immunogenicity,[17] and the
generation of antibodies against its derivatives.[18] In addition, the synthesis of PEGs allows for
limited versatility of functionalizable moieties available for bioconjugation, which are usually
restricted to the polymer chain ends. Hence, there is increasing interest in finding non-ionic,
synthetic alternatives to PEG, which are biocompatible, feature enhanced chemical stability and
have a higher degree of possible functionalization.
Poly(2-alkyl-2-oxazoline)s (PAOXAs), especially the hydrophilic poly(2-methyl-2-oxazoline)
(PMOXA) and poly(2-ethyl-2-oxazoline) (PEOXA), have been recognized as promising
alternatives to PEG in the fabrication and modification of a variety of biomedical
devices.[19,20,29–32,21–28] While both PEG and PAOXAs show similar “stealth” properties within
biological environments,[15,33–36]the latter polymers feature higher resistance towards
oxidation[37–39] and a broader chemical tailorability with respect to PEGs.[40,41] The preparation
of multifunctional PAOXAs can be accomplished through homo- or copolymerization with
various functional monomers and/or by choosing chemically diverse initiator and/or
terminating agents.[40]
Motivated by the versatility and attractive properties of PAOXAs, we have developed a new
class of biocompatible PAOXA-peptide conjugates that could be enzymatically crosslinked in
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the presence of primary human articular chondrocytes, and tested the properties of the
subsequently formed, cellularized hydrogels.
We specifically focused on Sortase A (SA) as enzymatic source for crosslinking PAOXA
bioconjugates. SA is a prokaryotic transpeptidase that covalently anchors proteins with an
LPXTG (X = any alpha L-amino acid except L-proline) C-terminal recognition motif to Nterminal oligoglycines Gn (n ≥ 3) present on cell walls of Gram-positive bacteria.[42]
Mechanistically, SA cleaves the amide bond between the threonine and glycine in the LPXTG
sequence while forming a new amide bond between the nucleophilic amino-terminus of the
oligoglycine, and the threonine of the LPXT recognition motif.[42] These enzymatic reactions
have been successfully applied in post-translational protein modification, leading to the
conjugation of small-molecule drugs to proteins with high specificity and fast kinetics.[43–45]
However, similar SA-mediated reactions have been also used in the post-modification of PEGbased supports,[46] such as the on-demand dissolution of hydrogels under mild conditions,[47] or
to control the stiffening of similar polymer networks over time.[48] In our group, it was recently
demonstrated that crosslinking of hyaluronic acid derivatives (HA) mediated by SA follows
faster gelation kinetics and superior stability when compared to the more commonly used
transglutaminase activated factor XIII (FXIIIa).[7,8,49–51] In addition, the obtained hydrogel
formulations feature high cytocompatibility and, most importantly do not show any
immunogenicity within in vivo mice models.[51]
In this study, this enzymatic process was applied to PMOXA and PEOXA-based bioconjugates
yielding biocompatible, cell-laden hydrogels that can be potentially injected in the body and
employed in tissue engineering. The results obtained expand the applicability of PAOXA
derivatives within biomaterial formulations, and further demonstrate how their superior
physicochemical properties and chemical versatility can be exploited to replace PEG analogues
in different fields of biotechnology.

2.2 CONCLUSIONS
SA-based enzymatic crosslinking of PMOXA- and PEOXA-peptide copolymer conjugates
produced cellularized hydrogels with tunable mechanical properties, which show high human
chondrocyte viability for up to three weeks of culture. The versatility of CROP enabled the
synthesis of PMOXA and PEOXA copolymer precursors with controlled loading of
enzymatically crosslinkable peptides. The concentration of SA could be subsequently tuned in
29

Chapter 2
order to modulate the gelation kinetics, and vary the mechanical properties of the polymer
networks, with G’ values ranging from few tens of Pa to ~1 kPa, which are optimal for 3D cell
culture applications. Within these networks, encapsulated chondrocytes showed more than 90%
viability after three weeks of culture, even in the absence of any biological cue.
The chemical versatility of PAOXA, coupled to the effective SA-mediated crosslinking thus
translated into a very efficient and biocompatible fabrication that could be further extended
towards the designing of injectable formulations for tissue engineering. Especially in this
particular application, the highly tunable degree of substitution offered by designed PAOXAs
would easily enable the incorporation of growth factors or degradable peptides, which would
further enrich the function of the formed networks and ease their integration within
physiological environments.

2.3 RESULTS AND DISCUSSION
Synthesis and Characterization of PAOXA-Peptide Conjugates
The synthesis of the PAOXA-peptide conjugates was carried out in four steps. First, random
PMOXA and PEOXA copolymers presenting functionalizable carboxylic acid side-groups
were synthesised by CROP, copolymerizing MOXA and EOXA, with 15 mol% of 2methoxycarboxyethyl-2-oxazoline (MestOXA) (finally yielding PMOXA-CO2CH3 and
PEOXA-CO2CH3, as depicted in Scheme 2.1, step i). The final concentration of MestOXA
comonomer within the obtained copolymers was 12 and 15 mol% for PMOXA-CO2CH3 and
PEOXA-CO2CH3, respectively, as estimated by proton nuclear magnetic resonance (1H-NMR)
spectroscopy (Figure S2.1 and Figure S2.2, respectively). The number average molecular
weight (Mn) values were 11.8 and 16.9 kDa for PMOXA-CO2CH3 and PEOXA-CO2CH3,
respectively, as measured by size exclusion chromatography (SEC). The values of the dispersity
(Ɖ) were relatively low between 1.10 and 1.14 for both polymers, suggesting a controlled
copolymerization process (Table S2.1 and Figure S2.9).
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Scheme 2.1. Synthesis of PAOXA-peptide conjugates and their crosslinking via SA in the
presence of cells. i) CROP of 2-methyl-2-oxazoline (R = methyl) or 2-ethyl-2-oxazoline (R =
ethyl) with MestOXA comonomer, initiated with methyl tosylate (MeOTs) and terminated with
ethyl isonipecotate to yield random PAOXA copolymer with 12-15 mol% of methyl ester (x)
and methyl or ethyl side groups (y). ii) Alkaline hydrolysis of the ester to carboxylic groups.
iii) EDC coupling of the free carboxyl groups with disulfide containing dihydrazide. iv)
Reduction of the disulfide groups to free thiol groups. v) Thiol-Michael addition of free thiols
with DVS to yield vinyl sulfone functionalized PAOXAs (PAOXA-VS). vi) Coupling of
peptides to VS via Thiol-Michael addition. vii) SA-mediated ligation of the coupled peptides
resulting in crosslinking of the polymers in the presence of cells under physiological pH and at
37° C.

The methyl ester side groups of MestOXA, as well as the ethyl ester functions introduced as
chain ends from the terminator agent (Scheme 2.1, step ii), were hydrolysed under basic
conditions, yielding PMOXA-O2H and PEOXA-CO2H copolymers featuring free carboxylic
acid moieties available for further modification. Thiol-groups were subsequently introduced
along the PAOXA backbone by using EDC/hydrazide chemistry. Through EDC activation of
the free carboxylic acids 3,3’-dithiobis(propanoic dihydrazide) (DTPHY) was first introduced
(Scheme 2.1, step iii), followed by reduction of the disulphide moieties with tris-(2carboxyethyl)-phosphine hydrochloride (TCEP-HCl) to yield PAOXAs with thiol-bearing side
groups (PAOXA-SH, Scheme 2.1, step iv). The thiol groups were then reacted with an excess
of divinyl sulfone (DVS) via thiol-Michael addition, yielding vinyl sulfone-functionalized
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PAOXAs (PAOXA-VS) (Scheme 2.1, step v). Quantitative PAOXA substitution with VS
groups was confirmed by 1H-NMR (Figure S2.3 and S2.4).
Finally, peptide sequences specifically recognized by SA were coupled to PMOXA- and
PEOXA-VS, obtaining the functional copolymer precursors for hydrogels fabrication. In
particular, the donor peptide GCRE-LPETGG-NH2 (NH2 refers to amidated C-terminus),
containing the recognition sequence LPXTG, and the acceptor peptide GGGG-LERCL-NH2,
including the nucleophilic oligoglycine GGGG, were reacted to the vinyl sulfone groups on
PAOXA-VS species through Michael addition of the thiol functionalities on the cysteine
groups, resulting in PAOXA substituted with GGGG-LERCL-NH2 (PAOXA-GGGG) and
GCRE-LPETGG-NH2 (PAOXA-LPETG). A cysteine cassette was chosen in accordance to the
previous studies by Lutolf et al.,[52] where a positively charged arginine amino acid
neighbouring the cysteine function facilitates the deprotonation and increases the reactivity of
the thiol moiety towards VS. 1H-NMR revealed the complete disappearance of the proton peaks
corresponding to the VS groups of PAOXA-VS upon peptide conjugation, indicating the full
substitution of PAOXAs with peptides, as shown in Figures S2.5-S2.8.
Gelation Kinetics of PAOXA-SA
PAOXA hydrogels were obtained from 5% (w/v) equimolar mixtures of PAOXA-GGGG and
PAOXA-LPETG by adding different concentrations of SA (see Experimental Section for
details). Rheometry was simultaneously used to monitor hydrogel formation, as reported in
Figure 2.1a and 2.1b for PEOXA and PMOXA, respectively. For enzyme concentrations above
15 µM, hydrogel formation was very quick, and thus gelation kinetics could not be recorded on
the rheometer. At 15 µM of SA, the maximum concentration of SA studied, a gelation onset at
~ 1 min was observed, and a plateau in the storage modulus (G’) was reached after ~ 10 min,
for both PMOXA and PEOXA. However, the value of G’ at equilibrium was around 3 times
higher for PEOXA hydrogels (600 Pa) with respect to PMOXA analogues (200 Pa), as
summarized in Figure 2.1c. The observed difference in mechanical properties was presumably
due to the more amphiphilic character of PEOXA, which determined the formation of a less
hydrated and stiffer network if compared to PMOXA-based counterparts.
Only in a previous work by Lorson et al. the formation of cellularized PAOXA hydrogels was
investigated.[53] In particular, block copolymers composed of a hydrophilic PMOXA block and
a thermoresponsive poly(2-n-propyl-2-oxazine) (PnPrOXA) were applied to form hydrogels
through temperature-induced gelation, yielding networks with G’ ~ 4 kPa, a magnitude higher
than the values obtained in the present study.[53] The higher storage modulus recorded for
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PMOXA-b-PnPrOXA block copolymers was presumably due to the relatively high polymer
concentration used, i.e. 20-30% (w/v), which could adversely affect cell viability and restrict
cell proliferation, migration, and, eventually, tissue formation.[54–56]

Figure 2.1. Mechanical properties of the PAOXA hydrogels as monitored by rheometry.
Representative gelling curves for PEOXA (a) and PMOXA (b) hydrogels showing the build-up
of the storage modulus G′ for various concentrations of SA (1, 5, 10, 15 µM) over time. (c)
Values of G’ at equilibrium (taken at 60 min) for PEOXA (in red) and PMOXA (in green),
showing the range of stiﬀness reached with varying concentrations of SA.

In contrast, hydrogels with G’ included between 100 and 500 Pa were typically found ideal for
3D cell-culture applications[57] in the case of HA,[8,58] fibrin,[59] Matrigel (extract of basement‐
membrane proteins isolated from Engelbreth-Holm-Swarm mouse sarcoma),[60] collagen,61 and
PEG-based networks.[61]
A decrease in the concentration of SA delayed the onset of gelation and the recorded values of
G’ at equilibrium for both PMOXA and PEOXA (Figure 2.1a and 2.1b), demonstrating the
tuning capability in the mechanical properties of enzymatically crosslinked PAOXA networks.
Hydrogels could still be formed at 1 µM concentration of SA, although a late onset of gelation
at ~ 20 min and a slow equilibration to relatively low values of G’, which do not exceed 30 Pa
for both PMOXA and PEOXA, were recorded.
In vitro Biocompatibility of the Hydrogels
The biocompatibility of PAOXA hydrogels was tested in the presence of primary human
articular chondrocytes (hACs), which were encapsulated within the polymer network during
the enzymatic crosslinking. This test is particularly relevant for the subsequent application of
these supports as injectable formulations for cartilage engineering. The viability of hAC was
evaluated within polymer networks formed with 10 µM SA and from 5% (w/v) solutions of
PAOXA-peptide conjugates after 1, 7 and 21 days using live/dead cell viability assay.
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Figure 2.2. Cytocompatibility of PAOXA-based hydrogels cross-linked by SA. Fluorescence
micrographs displaying calcein (green) and propidium iodide staining of human articular
chondrocytes after encapsulation inside 5% (w/v) PMOXA (a-c) and PEOXA (d-f). Imaging
was performed 1 (a,d), 7 (b,e) and 21 days (c,f) post-encapsulation. Scale bars: 100 μm.
Quantifications of the hAC viability at 1, 7, and 21 days post-encapsulation for PMOXA (in
green) and PEOXA hydrogels (in red). SD n=6.

As reported in Figure 2.2, an overall high cell viability (94 ± 5%) was measured even after three
weeks of encapsulation. These results demonstrate that enzymatically crosslinked PMOXA and
PEOXA are very well tolerated by hACs. Comparable cell viability of human
chondroprogenitor cells could be found in the case of biopolymer-based hydrogels, such as for
enzymatically crosslinked HA.[51] In contrast, previously reported PMOXA-based hydrogels
crosslinked by UV light-assisted thiol-ene coupling showed only 35% of viability for human
dermal fibroblasts at 1 day post-encapsulation, a value that could be improved to 80-90% only
when arginine-glycine-aspartic acid (RGD)-based peptides were incorporated within the
network.[62] This modest cytocompatibility could be partly ascribed to the presence of 5 mol%
of hydrophobic 2-(dec-9-enyl)-2-oxazoline as comonomer, which bears a long alkyl side chain
and an alkene function necessary for photo-crosslinking, and might lead to a localized
dehydration of the network that is not optimal for cell survival. Additionally, the free radical
process involved in hydrogel formation, making use of photoinitiators and UV-light, can cause
significant damage to fibroblasts.[63,64]
It is noteworthy to emphasize that the high hACs viability reported for PAOXA hydrogels
crosslinked by SA, could be accomplished in the absence of any cell adhesive cue, such as RGD
or collagen, further highlighting the excellent biocompatibility of PAOXAs and their attractive
properties as tissue engineering matrices. Interestingly, after 21 days of encapsulation, no
significant cell proliferation was detected within PEOXA hydrogels, while in the softer
PMOXA analogues this became significant (Figure S2.10). This result agrees well with the
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previous study by Broguiere et al., where within softer HA-based hydrogels a more pronounced
chondrocyte proliferation was observed.[8]

2.4 MATERIALS AND METHODS
Materials
Hydrazine monohydrate, 2-ethyl-2-oxazoline (EOXA), methyl para-toluenesulfonate (MeTs),
2-chloroethylammonium chloride, sodium sulfate anhydrous, sodium carbonate anhydrous,
potassium hydroxide (KOH), 2,2'-(ethylenedioxy)diethanethiol (EDDT), trifluoroacetic acid
(TFA), triethanolamine (TEOA) and barium oxide were purchased from Sigma Aldrich.
Dimethyl 3,3'-dithiodipropionate was purchased from TCI chemicals. Methanol (MeOH),
hydrochloric acid (HCl), glacial acetic acid, and triethylamine (TEA) were purchased from
Merck Millipore. Dichloromethance (DCM, extra dry), acetonitrile (ACN, extra dry), methyl
succinyl chloride and 2-methyl-2-oxazoline (MOXA) were purchased from Acros Organics. 2Morpholinoethanesulfonic acid hydrate (MES hydrate), tris-(2-carboxyethyl)-phosphine
hydrochloride

(TCEP-HCl),

divinyl

sulfone

(DVS),

1-ethyl-3-(3-

(dimethylamino)propyl)carbodiimide (EDC) and ethyl isonipecotate were purchased form
Fluorochem. MOXA, EOXA and TEA were distilled over KOH prior to use and stored under
argon. Methyl p-toluenesulfonate and ethyl isonipecotate were distilled under high vacuum
over CaH2 and stored under argon. All the other chemicals were used as received.
Synthesis of hydrogel precursors
3,3’-Dithiobis(propanoic dihydrazide) (DTPHY)
Dimethyl 3,3'-dithiodipropionate (25g, 104.9 mmol) was dissolved in 400 mL MeOH.
Hydrazine monohydrate (30.5 mL, 629.4 mmol, 6 equiv) was added dropwise at 0° C within 1
hour and then stirred overnight under reflux. Then the reaction mixture was cooled down on ice
and the precipitated product was vacuum filtered and washed with cold MeOH (20mL), cold
water (20 mL) and cold MeOH (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%).
1

H NMR (400 MHz, DMSO-d6) δ = 9.05 (s, 2H), 4.21 (s, 4H), 2.88 (t, 4H), 2.40 (t, 4H). 13C-

NMR (76 MHz, DMSO-d6) δ = 173.10, 33.06, 33.00.
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Methyl 3-(4,5-dihydrooxazol-2-yl)propanoate (MestOXA)
MestOXA was synthesised in accordance to the previously reported procedure (Scheme
S2.1a).[29]
Methyl-7-chloro-4-oxo-5-azaheptanoate
Methyl succinyl chloride (25.0 g, 166 mmol, 1 eq.) and 2-chloroethylammonium chloride (19.3
g, 166 mmol, 1 eq.) were suspended in dry DCM (200 mL). At 0 °C, TEA (53 mL, 380 mmol,
2.2 eq.) was added dropwise over a period of 1h. Then the reaction mixture was allowed to
warm to ambient temperature and was stirred overnight before water (40 mL) was added. The
organic phase was subsequently washed with 1 M HCl, water and brine and finally dried over
anhydrous sodium sulfate. After filtration and solvent removal, the residue was purified on
neutral alumina gel using DCM:MeOH (99:1) as eluent. The product appeared as a light-yellow
oil (26.48 g, 136.8 mmol, 83.3%). 1H NMR (400 MHz, CDCl3) δ = 6.33 (s, 1H), 3.65 (s, 3H),
3.61 – 3.49 (m, 4H), 2.64 (t, J = 6.8 Hz, 2H), 2.49 (t, J = 6.7 Hz, 2H).

13

C NMR (76 MHz,

CDCl3) δ = 173.45, 171.78, 51.94, 43.91, 41.36, 30.89, 29.30 ppm.
MestOXA
The synthesis of MestOXA was summarized in Scheme S2.1a. Methyl 4-(2-chloroethyl)amino4-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 RB flask mounted on a rotary evaporator (40°
C, 20 mbar) for 48 h until the absence of CO2 formation indicated full conversion. Subsequently
dichloromethane was added, the reaction mixture filtered, and the solvent removed. The crude
yellow oil was purified by distillation over barium oxide under reduced pressure, yielding a
colorless oil (14.81 g, 94.4 mmol, 69%). 1H NMR (400 MHz, CDCl3): δ = 4.24 ppm (t, J = 9.73
Hz, 2 H), 3.82 (t, J = 9.16 Hz, 2 H), 3.70 (s, 3 H), 2.68 (t, J = 7.44 Hz, 2 H), 2.58 (t, J = 7.44 Hz,
2 H); 13C NMR (76 MHz, CDCl3): δ = 172.8, 167.0, 67.5, 54.4, 51.8, 30.1, 23.1 ppm.
PMOXA-CO2CH3
In an oven-dried two-neck RB flask was added 15 mL of dry acetonitrile, 2-Methyl-2-oxazoline
(7.1 g, 83.4 mmol, 170 eq.) and MestOXA (2.31 g, 14.7 mmol, 30 eq.) under a N2 atmosphere.
After stirring the reaction mixture for 10 min at 0°C, Methyl p-toluenesulfonate (91 mg, 0.5
mmol, 1 eq.) was added under N2 and stirred for another 10 min on ice. Then the mixture was
heated to 70 °C and kept at this temperature for 48 h under stirring and within an Argon
atmosphere. 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
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in 100 mL of deionized water and purified by dialysis against ultrapure water using 1 kDa
MWCO dialysis membranes for two days. The PMOXA-CO2CH3 (7.25 g, 77 % yield) was
obtained after lyophilization as a white powder. The chemical structure and the purity of the
synthesized polymer were determined by 1H-NMR (400 MHz) (Figure S2.1) and the molecular
mass and distribution measured by SEC, as reported in the Supporting Information (Table S2.1).
PEOXA-CO2CH3
In an oven-dried two-neck RB flask was added 15 mL of dry acetonitrile, 2-ethyl-2-oxazoline
(9.23 g, 93.1 mmol, 170 eq.) and MestOXA (2.58 g, 16.4 mmol, 30 eq.) under a N2 atmosphere.
After stirring the reaction mixture for 10 min at 0°C, methyl para-toluenesulfonate (102 mg,
0.55 mmol, 1 eq.) was added under N2 and stirred for another 10 min on ice. Then the mixture
was heated to 80 °C and kept at this temperature for 48 h under stirring and within an Argon
atmosphere. 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
MWCO dialysis membranes for two days. The PEOXA-CO2CH3 (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 1H-NMR (400 MHz) (Figure S2.2) and the molecular
mass and distribution measured by SEC, as reported in the Supporting Information (Table S2.1).
PMOXA-CO2H and PEOXA-CO2H
The methyl and ethyl ester of the side chains and the end groups of the synthesized 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.
PMOXA-VS and PEOXA-VS
The synthesis of PMOXA- and PEOXA-VS was summarized in Scheme S2.1b. In a typical
reaction, PMOXA-CO2H (2g, n(-CO2H) = 2.8 mmol, 1 eq., 12% substitution degree of –CO2H)
was dissolved in 20 mL MES hydrate buffer (150 mM) and the pH was found to be 4.5.
Subsequently, 3,3'-Dithiobis(propanoic dihydrazide) (1.33 g, 5.6 mmol, 2 eq.) and EDC (1.6 g,
8.4 mmol, 3 eq., predissolved in 5 mL of H2O) was added one after the other under stirring and
the reaction was left for 4 h. TCEP-HCl (2.4 g, 8.4 mmol, 3 eq.) was then added to react
overnight. Then the polymer was purified by dialysis against acidified ultrapure H20 (pH 3) for
two days, yielding the thiolated PMOXA-SH. The purified PMOXA-SH inside the dialysis
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membrane was directly transferred to a dropping funnel and then added dropwise within 1 h to
a DVS (16.5 g, 140 mmol, 50 eq.) in 100 mL TEOA (300mM, pH 8.0) buffer solution, which
was previously bubbled with N2 for 10 min, under high stirring and under N2 atmosphere. After
the addition was completed, the reaction mixture was left for another 1 h under stirring and then
dialyzed against ultrapure H20 for 2 days. The PMOXA-VS (2.35 g, 75 % yield) was obtained
after lyophilization as a white powder. The chemical structure and the purity of the synthesized
polymer were determined by 1H-NMR (400 MHz) (Figure S2.3).

PMOXA- and PEOXA-peptide conjugates
PMOXA-LPETG
PMOXA-VS (330 mg, n(-VS) = 0.33 mmol, 1 eq.) was dissolved in 10 mL TEOA buffer (300
mM, pH 8) and the solution bubbled with N2 for 10 min. Then a 10 mL solution of
GCRELPETGG (Mw = 1017 g·mol-1, 500 mg, 0.5 mmol, 1.5 eq.) in H2O was added dropwise
within 30 min. under stirring and left reacting overnight at room temperature under an N2
atmosphere. Subsequently, the resultant solution was purified by dialysis against ultrapure
water using 3.5 kDa MWCO dialysis membranes for 24 h.
PMOXA-GGGG
PMOXA-VS (374 mg, n(-VS) = 0.4 mmol, 1 eq.) was dissolved in 10 mL TEOA buffer (300
mM, pH 8) and the solution bubbled with N2 for 10 min. Then a 10 mL solution of
GGGGLERCL (Mw 860 = g·mol-1, 520 mg, 0.6 mmol, 1.5 eq.) in H2O was added dropwise
within 30 min. under stirring and left reacting overnight at room temperature under an N2
atmosphere. Subsequently, the resultant solution was purified by dialysis against ultrapure
water using 3.5 kDa MWCO dialysis membranes for 24 h.
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 solution bubbled with N2 for 10 min. Then a 10 mL solution of
GCRELPETGG (Mw = 1017 g·mol-1, 580 mg, 0.57 mmol, 1.5 eq.) in H2O was added dropwise
within 30 min. under stirring and left reacting overnight at room temperature under an N2
atmosphere. Subsequently, the resultant solution was purified by dialysis against ultrapure
water using 3.5 kDa MWCO dialysis membranes for 24 h.
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 bubbled with N2 for 10 min. Then a 10 mL solution of
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GGGGLERCL (Mw = g·mol-1, 520 mg, 0.6 mmol, 1.5 eq.) in H2O was added dropwise within
30 min. under stirring and left reacting overnight at room temperature under an N2 atmosphere.
Subsequently, the resultant solution was purified by dialysis against ultrapure water using 3.5
kDa MWCO dialysis membranes for 24 h.
Peptide synthesis
Peptides were synthesized by standard Fmoc solid phase supported peptide synthesis (SPPS)
on an automated peptide synthesizer (Prelude, Protein Gyros Technologies) using Rink amide
resin. Peptide cleavage from the resin and full removal of the protecting groups was performed
manually using 2.5 % EDDT, 2.5% TIPS, 2.5% H20, 92.5% TFA cleavage solution. The
cleavage was performed for 2h at room temperature. Then the peptide was precipitated in cold
diethyl ether twice before it was purified by preparative RP-HPLC using C18 column with 5090% ACN/H2O linear gradient over 20 min. The purity of the peptides was confirmed by
analytical RP-HPLC on an Agilent 1260 infinity instrument, using a Poroshell EC-C18, 2.7 um
bead size, 4.6 x 100 mm column with 10-90% ACN/H2O linear gradient, with monitoring of
the absorbance at 214 nm. The identity of the peptide was confirmed by electrospray ionization
mass spectroscopy (ESI-MS) on 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.
Nuclear magnetic resonance (NMR) spectroscopy
NMR spectra were recorded on a Bruker Avance DRX-400 at room temperature, using DMSOd6 as solvent for DTPHY, CDCl3 for methyl-7-chloro-4-oxo-5-azaheptanoate, MestOXA and
PAOXA-CO2CH3 and D2O for random-PAOXA-VS and PAOXA-peptide conjugates.
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-1 at room temperature. Absolute molecular weights were
evaluated with Wyatt ASTRA software and dn/dc values based on our analytical setup (dn/dc
(PMOXA) = 0.2498 mL·g-1, dn/dc (PEOXA) = 0.2283 mL·g-1).

39

Chapter 2
Production of Sortase
Pentamutant Sortase A was produced as previously described.[51] Briefly, the plasmid including
SA pentamutant (eSA)[65] was used in the expression vector pET29 kindly shared by Prof.
David Liu through Addgene (#75144). Electrocompetent E. coli BL21(DE3) were transformed
with the plasmid and grown on an LB-agar selection plate containing kanamycin (50 µg mL-1).
An individual colony with good protein expression was selected and inoculated (180 rpm at 37
°C) overnight in 12 mL LB media with kanamycin (50 µg mL-1). The culture was diluted to 1
L of LB media containing kanamycin and incubated at 37°C, 180 rpm until OD600=0.8, which
was typically reached after 3.5 hours. Following the induction of pentamutant SA expression
by IPTG (0.2 mM) for 22 hours at 16 °C, cells were pelleted by centrifugation (8000 rpm, 15
minutes). Cells were lysed by resuspension in BugBuster master mix (BB, Merck 71456) and
left with gentle shaking for 30 min at ambient temperature. Finally, lysates were cleared from
the cell debris by centrifugation (20000 g for 30 min at 4°C) and the supernatant was collected
and filtered at 0.45 um. SA was then isolated using a His-Trap HP affinity column (GE
Healthcare) mounted on a preparative HPLC (Agilent 1260 infinity) using TBS + 1 mM bM
with 10 mM imidazole as an eluent (10 min isocratic, then gradient from 10 to 250 mM
imidazole over 30 min). The protein was re-concentrated at 4500 rcf and 4 °C with vivaspin
centrifugal filters with 10 kDa molecular weight cut-off (MWCO). Finally, the protein was
dialyzed against TBS + 1 mM bM at 4°C with a 1 kDa MWCO membrane, with 4 buffer
changes over 6 hours each, filtered at 0.2 mm, aliquoted and stored at - 80°C.
PAOXA hydrogel formation by SA-mediated crosslinking
The gelation kinetics for PAOXA gels crosslinked via SA, denoted PAOXA-SA, was
characterized by rheometry. For clarification, the notation PMOXA/PEOXA-SA includes the
two components PMOXA/PEOXA-GGGG and PMOXA/PEOXA-LPETG in equal amounts.
Aliquots of PMOXA/PEOXA-GGGG and PMOXA/PEOXA-LPETG were solubilized at 10%
(w/v) in sterile filtered TRIS buffered saline (TBS, 50 mM TRIS, 150 mM NaCl, pH 7.5). The
two solutions were then combined in equal volume to form 10% (w/v) PMOXA/PEOXA-SA
stock solutions. Hydrogel formation was performed at 2.5% and 5% (w/v) PMOXA/PEOXASA with additional 10 mM CaCl2. To trigger gelation, SA in varying concentration of 1, 5, 10,
or 15 µM was added to the PMOXA/PEOXA-SA polymer-peptide solution and then thoroughly
mixed.
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Cell culture
Human chondrocytes were isolated from non-arthritic articular cartilage obtained from surgical
knee operations (patient consent and ethical approval were obtained with Swiss ethics approval
number: ID PB_2017-00510) and kept in phosphate-buffered saline (PBS) supplemented with
10 µg mL-1 gentamycin (Gibco). The cartilage specimens were minced into 1-3 mm3 pieces
with a sterile blade and washed with Dulbecco’s modified eagle medium (DMEM) (Glutamax,
high glucose) (Invitrogen) with 10 µg mL-1 gentamycin. Minced cartilage tissue was digested
with 0.1 % collagenase (Sigma) in DMEM supplemented with 10 % foetal bovine serum (FBS)
(Invitrogen) overnight at 30 °C with gentle shaking. Digested tissue was filtered through a 100
µm and then a 40 µm cell strainer. The filtered solution of chondrocytes was centrifuged at 500
×g for 10 min and washed twice with growth medium (DMEM containing 10 % FBS, 50 µg
mL-1 l-ascorbic acid -2-phosphate (Sigma) and 10 µg mL-1 gentamycin). The chondrocytes were
seeded at a density of 3000 cells·cm2 and expanded in growth medium to passage 2 before
encapsulation in the hydrogels.
Shear moduli measurements and gelation kinetics
After the addition of the SA to the polymer-peptide solution, the gel precursor was quickly
loaded on an Anton Paar MCR 301 rheometer equipped with a 20 mm plate-plate geometry
probe and metal floor, pre-warmed to 37 °C and with humidified chamber. Then the probe was
quickly lowered to measuring position of 200 μm. The gelling was monitored at 1 Hz with 4%
strain.
Cell encapsulation in hydrogels
Primary human articular chondrocytes (hACs) were trypsinized and resuspended at 15 x 106
cells mL-1 in the 5% (w/v) PMOXA/PEOXA-SA polymer solution. SA was then added and the
suspension quickly mixed to trigger the gelation. Subsequently they were cast in 4 mm diameter
(50 uL volume) UV-sterilized PDMS cylindrical molds adhered to 24 well plate. The hydrogels
were crosslinked for 15 min at 37 °C before adding expansion medium, supplemented with
gentamicin (10 µg mL-1), ascorbic acid (50 µg mL-1), and 10% FBS. The gels were then
incubated for 3 weeks in a controlled humidified chamber (37 °C, 5% (v/v) CO2), and the
culture medium was replaced two times per week.
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Fluorescence microscopy and cytocompatibility
Hydrogels were washed once with warm PBS and then incubated for 1 h at 37 °C in medium
containing 4 μM calcein AM and 20 μM propidium iodide (PI). Samples were then washed
once with PBS, covered with fresh medium, and imaged on a confocal microscope (Carl Zeiss,
AG/LSM 510) with 494 nm (green, Calcein) and 528 nm (red, PI) excitation filters.
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2.6 SUPPORTING INFORMATION
.

Scheme S2.1. (a) Synthesis of methyl 3-(4,5-dihydrooxazol-2-yl)propanoate (MestOXA). (b)
Synthesis of the vinylsulfonated random copolymer (PAOXA-VS).
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Figure S2.1. 1H-NMR (400 MHz) spectrum of PMOXA-CO2CH3 in CDCl3.

Figure S2.2. 1H-NMR (400 MHz) spectrum of PEOXA-CO2CH3 in CDCl3.
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Figure S2.3. 1H-NMR (400 MHz) spectrum of PMOXA-VS in D2O.

Figure S2.4. 1H-NMR (400 MHz) spectrum of PEOXA-VS in D2O.
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Figure S2.5. 1H-NMR (400 MHz) spectrum of PMOXA-GGGG in D2O. Highlighted in the
green box is the full disappearance of the peaks corresponding to the protons of the VS group.

Figure S2.6. 1H-NMR (400 MHz) spectrum of PMOXA-LPETG in D2O.
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Figure S2.7. 1H-NMR (400 MHz) spectrum of PEOXA-GGGG in D2O.

Figure S2.8. 1H-NMR (400 MHz) spectrum of PEOXA-LPETG in D2O.

50

UV Signal, normalized

Chapter 2

0.8

PMOXA-COOCH3

0.7

PEOXA-COOCH3

0.6
0.5
0.4
0.3
0.2
0.1
0.0
12

14

16

18

20

22

24

26

28

Elution Volume [mL]

Figure S2.9. SEC elugrams of PMOXA-CO2CH3 (green trace) and PEOXA-CO2CH3 (red
trace).

Figure S2.10. Cell proliferation of hACs encapsulated in PMOXA or PEOXA hydrogels after
1, 7, and 21 days of culture. Cell number as counted per image. Asterisk (*) represents
significant difference (p < 0.05). SD n=6
Ɖa

Mn

Mw

Mn

(g·mol-1)a

(g·mol-1)a

(g·mol-1)b

PMOXA-CO2CH3

11800

13000

15800

1.10

PEOXA-CO2CH3

16900

19300

18400

1.14

Table S2.1. Number average molecular weight (Mn), weight average molecular weight (Mw)
and dispersity (Ɖ) of PMOXA-CO2CH3 and PEOXA-CO2CH3 measured by HFIP SECa or
determined by 1H-NMR spectroscopyb.
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Chapter 3
3 DOUBLE-NETWORK HYDROGELS INCLUDING
ENZYMATICALLY CROSSLINKED POLY(2-ALKYL-2OXAZOLINE) FOR 3D BIOPRINTING OF CARTILAGE

ENGINEERING CONSTRUCTS
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 cell viability
of encapsulated human auricular chondrocytes (hACs). The addition of a low content of
cellulose nanofibrils (CNF) within DN hydrogel formulations provides the rheological
properties needed for 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 of more than 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.
This chapter was published in: Trachsel, L., Johnbosco, C., Lang, T., Benetti, E.M., and ZenobiWong, M., Biomacromolecules, 2019, 20, 4502.

3.1 INTRODUCTION
Synthetic hydrogels represent a widespread platform for the fabrication of tissue engineered
constructs, and in addition, they are extremely versatile supports for studying cellular behavior
in three dimensions (3D).[1–4] The application of synthetic polymers in hydrogel formulations
ensures a full control over the molecular weight, topology and chemical functionality of the
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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.[5] 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).[6–9] Hence, hydrogels exhibiting time-dependent properties, which
better match natural physiological environments have been progressively introduced.[10] These
encompassed synthetic polymer components that undergo proteolytic[11] or hydrolytic[12]
degradation, stress-relaxation[13] or reversibly crosslinking moieties.[14,15] 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 mixed. One of the two networks is typically densely and covalently
crosslinked, while the secondary network is embedded in the former, and includes sparsely and
non-covalently crosslinked functionality.[16,17] Typically, 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.[18] The resulting
interpenetrating DN results in a mechanically reinforced matrix with improved strength and
toughness, which is mainly due to strong network entanglement[19] and the large strain
hysteresis effect.[20]
In this work, we develop a DN hydrogel based on enzymatically crosslinked poly(2-alkyl-2oxazoline) (PAOXA) combined with alginate, which is crosslinked through ionic interactions.
Within the obtained matrix human auricular chondrocytes (hACs) 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.[21–30] Up to date, there are only
two reports in the literature, where PEOXA was combined with either chitosan,[31] or poly(vinyl
alcohol),[32] forming interpenetrating networks (IPN). However, DN hydrogels including
PAOXAs, and presenting both polymer components as independently crosslinked have never
been studied so far.
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Statistical 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 with proteins with an LPXTG (X = any alpha L-amino
acid except L-proline) C-terminal recognition motif to N-terminal oligoglycines (G)n (n ≥ 3),
which are present on cell walls of Gram-positive bacteria.[33] 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)n and the threonine fragment on the
LPXTG recognition motif.[34] When applied to polymer-peptide conjugates, this enzymatic
reaction generates hydrogels with faster gelation kinetics under physiological conditions[35–37]
with respect to the more commonly used transglutaminase activated factor XIII.[38–40] In
addition, SA-catalyzed crosslinking is characterized by high specificity and bioorthogonality,[41] and does not require the presence of strong nucleophiles or electrophiles, such
as in the case of Michael addition-based reactions,[42] or UV light and photoinitiators, which
show a more pronounced cross-reactivity towards biomolecules and can affect cell
viability.[43,44]
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 ductility.[45] Addition of cellulose nanofibrils (CNF) to the
DN formulation enhances the shear thinning and shear recovery properties of the pre-hydrogel
mixture,[46,47] finally enabling successful 3D printing in the presence of 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.
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3.2 RESULTS AND DISCUSSION
Synthesis and Characterization of PEOXA-peptide Conjugates
PEOXA-peptide conjugates that were used as substrates for the subsequent SA-mediated
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 postfunctionalization. p-toluenesulfonate (MeOTs) was used as electrophilic initiator, and an excess
of ethyl isonipecotate was employed for terminating the polymerization (Scheme 3.1i), yielding
copolymers with a mild gradient distribution of methyl ester side chains, abbreviated as
PEOXA-CO2CH3 (Scheme 3.1i).[51,52]

Scheme 3.1. 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 for 24 h, resulting in PEOXA-CO2CH3. (ii) The hydrolysis of ester side chains and
chain ends was performed in 1 M NaOH for 24 h at room temperature, yielding PEOXA-CO2H.
(iii) PEOXA-SH was obtained by reacting PEOXA-CO2H with EDC-HCl and DTPHY at pH
4.5 for 4 h, followed by reduction of disulfide groups by TCEP-HCl 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,
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specifically by reacting the cysteine’s thiol group of GCRELPETGG-NH2 and GGGGLERCLNH2, 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.
The composition of PEOXA-CO2CH3 was confirmed by proton nuclear magnetic (1H-NMR)
spectroscopy (Figure S3.5), while size exclusion chromatography (SEC) indicated a number
average molecular weight (Mn) of 16.9 kDa and dispersity (Ɖ) of 1.14, suggesting a controlled
co-polymerization process (Figure S3.9 and Table S3.1). 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-CO2H) (Scheme 3.1ii). 3,3’-dithiobis(propanoic dihydrazide)
(DTPHY) was coupled to the CO2H moieties, through EDC/hydrazide-mediated coupling,
followed by reduction of the disulfide moieties within DTPHY, yielding thiolated PEOXA
(PEOXA-SH) (Scheme 3.1iii). Thiol-Michael addition was subsequently employed to
functionalize PEOXA-SH with vinyl sulfonate, yielding PEOXA-VS (Scheme 3.1iv, Figure
S3.6).
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-NH2 (NH2 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-NH2, including the nucleophilic oligoglycine
GGGG, and which were indicated as PEOXA-GGGG (Scheme 3.1v and Figure S3.7 and S3.8).
The quantitative functionalization of PEOXA-VS with the different oligopeptides was
confirmed by 1H-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 S3.7 and S3.8. Mixtures of PEOXA-LPETG and PEOXA-GGGG were subsequently
reacted in the presence of SA, yielding a covalently crosslinked network, as reported in Scheme
3.1vi.
Synthesis and Characterization of DN Hydrogels
The formation of all the different hydrogels, including enzymatically crosslinked PEOXA (PE),
alginate (Alg), PEOXA-Alg DN hydrogels, and DN hydrogel supplemented with CNF (DNCNF), was monitored by rheology (Figure 3.1a). The compositions of the different hydrogels
that were studied are reported in Table 3.1.
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Table 3.1. Types of hydrogels (PE, Alg, DN, and DN-CNF) with their included components.

SA-mediated crosslinking of 1:1 solutions of PEOXA-LPETG and PEOXA-GGGG with a total
polymer concentration of 5 % (w/v), and employing 10 μM 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.[53,54] Ionic crosslinking of a 1 %
(w/v) solution of Alg through Ca2+ led to a hydrogel matrix with an order of magnitude higher
G’, which at equilibrium reached 3 kPa (Figure 3.1b). The combination of PEOXA and Alg
hydrogels yielded a DN with improved mechanical properties and viscoelasticity.[6] 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 3.1b), and indicated that chain
entanglement between the two polymer types within the DN[19,55] significantly strengthened the
mechanical properties of the obtained matrix. The increment in G’ recorded for the DN was
mirrored by a decrease in the value of the equilibrium swelling ratio (ESR), which reached 8.5
± 1.4, and was lower than the values recorded for PEOXA and Alg hydrogels, which showed
ESR values of 12 ± 3.4 and 14.7 ± 2.6, respectively (Figure S3.10). It is also important to
emphasize that SA-mediated crosslinking of PEOXA-peptide conjugates did not seem to be
affected by the presence of the Alg-based physical network, as similar gelation kinetics were
observed for the DN compared to that recorded in pure PEOXA hydrogels.
Similar results were obtained when the mechanical properties of PEOXA, Alg and DN PEOXAAlg hydrogels were compared by unconfined compression testing (Figure 3.1c and 3.1d). 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 3.1d). 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.
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Figure 3.1. 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 recovery properties in order to
be efficiently extruded, and to retain its structured shape after the 3D printing process.[56–58]
Hence, the rheological properties of the different polymer mixtures used as precursor
formulations for the hydrogels were investigated prior to the 3D bioprinting experiments. As
reported in Figure 3.2a, pure PEOXA solutions (5% w/v) showed very low viscosity at room
temperature. Pure Alg solutions (1 % w/v) showed a higher overall viscosity compared to
PEOXA 5% w/v solutions, 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 increasing shear rate).
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Figure 3.2. 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. (c) Shear
recovery of inks, 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 prehydrogel solution. However, the mixture used for the formation of DN hydrogel did not display
shear thinning (Figure 3.2a, blue curve), and thus was not ideal for successful bioprinting. To
enhance the printability of DN hydrogels, different amounts of CNF were added to PEOXAAlg mixtures (Figure 3.2a and 3.2b). 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 3.2b). The shear thinning behavior of CNF suspensions is caused by the orientation of
the randomly agglomerated nanofibers along the direction of applied shear field, which results
in the observed decrease in viscosity and enhanced printability.[59,60]
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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 3.2c). The observed shear recovery could be additionally
adjusted by varying the CNF content within DN ink, as shown in Figure 3.2d.
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 3.3a). Subsequent
incubation in a buffer containing CaCl2 and SA for one hour resulted in the formation of 3D
printed DN hydrogel (Figure 3.3b). 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 3.3c where a manual stretching test was reported.

Figure 3.3. 3D printing with the DN-CNF ink. (a) 3D printed grids (20 x 20 x 0.4 mm3) 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 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. The slightly lower cell viability of hACs
in PEOXA hydrogels was presumably due to the handling of these PEOXA hydrogels, which
were particularly fragile after crosslinking. However, we had previously shown that in the same
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PEOXA hydrogel, human articular chondrocytes have very high cell viability of > 90 % one
day post-encapsulation, demonstrating the good biocompatibility of PEOXA hydrogels with
human chondrocytes. The increase in viability after one week of encapsulation is a commonly
observed phenomenon and can be due to the proliferation of cells, as well as the washing out
of dead cells during the cell culture media changes. 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.[61,62]

Figure 3.4. 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 µm. Scale bars: 100 µm. (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 3.2.
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.
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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 3.5a and 3.5b),
suggesting a good shear recovery behaviour even in the presence of cells. Although 3D
bioprinting processes were previously reported to have detrimental effects on cell survival,
mainly due to the shear forces exerted on cells during extrusion,[63] bioprinting of hACs with
PEOXA-Alg-CNF resulted in excellent cell viability (90 ± 2%) both after 1 and 7 days (Figure
3.5c and 3.5d), which was comparable to the viability of hACs encapsulated within the bulk
hydrogels (Figure 3.4b).

Figure 3.5. (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.
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Scheme 3.2. 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 Ca2+ solutions.
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3.3 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, highlighting that these
materials are suitable supports for 3D cell culture and tissue engineering.
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-AlgCNF mixtures could thus be printed to yield 3D structures featuring good shape fidelity, which
were then quickly crosslinked by incubation in SA/Ca2+ solutions, generating 3D DN hydrogels.
Pre-hydrogel formulations were finally supplemented with hACs, and subsequently bioprinted
to yield 3D cell laden DN grids, 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.[26,64–66]

3.4 MATERIALS AND METHODS
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 (HCl), glacial acetic acid, and
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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-HCl), divinyl
sulfone (DVS), 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hydrochloride (EDC-HCl)
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 CaH2 and stored under argon. All the other chemicals were
used as received. Sodium alginate PRONOVA UP-MVG was purchased from NovaMatrix.
Cellulose nanofibrils (CNF), (SUPPORTTM) were purchased from (CELLINK, Gothenberg,
Sweden). Sortase A (SA) was produced and purified as previously reported by our group.[40]
3,3’-Dithiobis(propanoic dihydrazide) (DTPHY) [48 ]
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 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%).1H-NMR (400 MHz, DMSO-d6) δ = 9.05 (s, 2H), 4.21 (s, 4H), 2.88 (t, 4H), 2.40 (t, 4H).
13

C-NMR (76 MHz, DMSO-d6) δ = 173.10, 33.06, 33.00. 1H- and 13C-NMR spectra are reported

in the Supporting Information in Figure S3.1 and S3.2, respectively.
Methyl-7-chloro-4-oxo-5-azaheptanoate [4 9 ]
Methyl succinyl chloride (25.0 g, 166 mmol, 1 eq.) and 2-chloroethylammonium 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 HCl, 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%). 1H-NMR (400 MHz, CDCl3) δ = 6.33 (s, 1H), 3.65 (s, 3H), 3.61 – 3.49 (m, 4H), 2.64
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(t, J = 6.8 Hz, 2H), 2.49 (t, J = 6.7 Hz, 2H). 13C-NMR (76 MHz, CDCl3) δ = 173.45, 171.78,
51.94, 43.91, 41.36, 30.89, 29.30 ppm.
2-Methoxycarboxyethyl-2-oxazoline (MestOXA) [49 ]
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
CO2 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%). 1H-NMR (400 MHz, CDCl3): δ = 4.24 ppm (t, J = 9.73 Hz, 2 H), 3.82 (t, J = 9.16
Hz, 2 H), 3.70 (s, 3 H), 2.68 (t, J = 7.44 Hz, 2 H), 2.58 (t, J = 7.44 Hz, 2 H); 13C-NMR (76 MHz,
CDCl3): δ = 172.8, 167.0, 67.5, 54.4, 51.8, 30.1, 23.1 ppm. 1H- and

13

C-NMR spectra are

reported in the Supporting Information in Figure S3.3 and S3.4, respectively.
PEOXA-CO 2 CH 3
The synthesis of the PEOXA and PEOXA-peptide conjugates was already reported by our
group previously.[50]
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 N2. 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-CO2CH3 (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 1H-NMR (400 MHz) (Figure S3.5)
and the molecular mass and distribution measured by SEC, as reported in the Supporting
Information (Table S3.1 and Figure S3.9).
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PEOXA-CO 2 H
The methyl and ethyl ester of the side chains and the end groups of the synthesized PEOXACO2CH3 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-CO2H (2g, n(-CO2H) = 2.8 mmol, 1 eq., 15% substitution degree
of –CO2H) 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-HCl (1.6 g, 8.4 mmol,
3 eq., predissolved in 5 mL of H2O) were sequentially added while stirring the solution, and
this mixture was left reacting for 4 h. TCEP-HCl (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. PEOXAVS (2.35 g, 75 % yield) was obtained after freeze-drying as a white powder. Chemical identity
and purity of PEOXA-VS were determined by 1H-NMR (400 MHz) (Figure S3.6).
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% H2O, 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/H2O 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 μm bead size, and 4.6 x 100
mm column with 10-90% ACN/H2O 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
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(ESI-TOF): for GCRELPETGG [M+H]+ calculated: 1017.47, found: 1017.8; for
GGGGLERCL calculated: 860.43, found: 860.7.
PEOXA-peptide conjugates
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 N2 bubbling for 10 min. A 10 mL
solution of GCRELPETGG (Mw = 1017 g·mol-1, 580 mg, 0.57 mmol, 1.5 eq.) in H2O was then
added dropwise during 30 min and left reacting overnight at room temperature under N2. After
that, the solution was purified by dialysis against ultrapure water employing 3.5 kDa MWCO
dialysis membranes for 2 days. The chemical identity and purity were determined by 1H-NMR
(Figure S3.8).
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 N2 bubbling. Later on, 10 mL solution of
GGGGLERCL (Mw = 860 g·mol-1, 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 N2. Finally,
the resulting mixture was purified by dialysis against ultrapure water using 3.5 kDa MWCO
dialysis membranes for two days. The chemical identity and purity were determined by 1HNMR (Figure S3.7).
Nuclear magnetic resonance (NMR) Spectroscopy
H1- and 13C-NMR spectra were recorded on a Bruker Avance DRX-400 at room temperature,
using CDCl3 and D2O 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-1 at room temperature. Absolute molecular weights were
evaluated with Wyatt ASTRA software and dn/dc values based on our analytical setup
(dn/dcPEOXA = 0.2283 mL g-1).
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Hydrogel Preparation
PEOXA-based single networks were prepared by dissolving PEOXA-peptide conjugates
(PEOXA-LPETG & 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 µM SA, covalent networks of PEOXA were obtained
through enzymatic crosslinking of PEOXA-peptide conjugates. 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 CaCl2 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 µM SA, and finally 100 mM CaCl2. DN-PEOXA-Alg 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 plateplate 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-1 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% 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 µl of pre-hydrogel solutions were casted within PDMS rings
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(6 mm of external and 4 mm of internal diameter) and then crosslinked by adding a solution
containing 100 mM CaCl2 and 10 µM SA. Unconfined compression was applied to the
cylindrical specimens (15 mm3 of volume with 4 mm diameter and 1.2 mm height) using a 500
g load cell, reaching a final strain of up to 15% at the rate of 0.01 mm s-1. 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 μg mL-1 gentamycin and cut into smaller pieces (1−2 mm3).
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 µm cell strainers to remove undissolved cartilage pieces. The cells were
pelleted, re-suspended in recovery medium at 2.5× 106 cells mL-1 and frozen at passage 1 until
further use. For cell viability experiments, the cells were cultured in FalconTM 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 µl of pre-hydrogel mixtures loaded with 107 cells ml-1 were
homogeneously mixed before crosslinking. The crosslinking was initiated by quickly adding
SA into the hACs-containing pre-hydrogel mixture. After crosslinking was initiated, 15 µl of
the mixture was quickly casted into cylindrical PDMS rings. Then the mixtures were incubated
for 1 hour at 37 oC, adding 100 mM CaCl2 solution to complete the crosslinking process, and
they were finally incubated in chondrogenic medium (DMEM supplemented with 10 ng mL-1
transforming growth factor β3 (TGF-β3, Peprotech), 100 nM dexamethasone, 50 μg mL-1 Lascorbate-2-phosphate, 40 μg mL-1 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 2µM and propidum iodide (PI) 6.6 µg ml-1 dissolved in DMEM, incubated
for 1 hour at 37 0C with 5% CO2 and washed with fresh DMEM medium. The images shown in
this study were at 50 µm from the sample’s surface and were imaged for a total z-stack size of
100µm for all the samples. To image the whole bioprinted grid structure, tiles were stitched
together using Zen software on an Axio Observer with Apotome, Carl Zeiss, Oberkochen,
Germany). Finally, the raw images were processed using ImageJ and Maximum Intensity
Projection (MIP) stacks were combined and live/dead cells were counted for cell viability.
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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 exit diameter of the conical nozzle was 410 µm. 107 cells
ml-1 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 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 100 mM CaCl2 and 10 µM 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 μg
mL-1 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.
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3.6 SUPPORTING INFORMATION

Figure S3.1. 1H-NMR (400 MHz) spectrum of DTPHY in D2O.

Figure S3.2. 13C-NMR (76 MHz) spectrum of DTPHY in D2O.
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Figure S3.3. 1H-NMR (400 MHz) spectrum of MestOXA in CDCl3.

Figure S3.4. 13C-NMR (76 MHz) spectrum of MestOXA in CDCl3.
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Figure S3.5. 1H-NMR (400 MHz) spectrum of PEOXA-CO2CH3 in CDCl3.

Figure S3.6. 1H-NMR (400 MHz) spectrum of PEOXA-VS in D2O.
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Figure S3.7. 1H-NMR (400 MHz) spectrum of PEOXA-GGGG in D2O.

Figure S3.8. 1H-NMR (400 MHz) spectrum of PEOXA-LPETG in D2O.
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PEOXA- CO2CH3

Mnb

Mwa

Mna

(g·mol-1)a

(g·mol-1)a

(g·mol-1)b

16900

19300

18400

Ɖa

1.14

Table S3.1. Number average molecular weight (Mn), weight average molecular weight (Mw)
and dispersity (Ɖ) of the PEOXA-CO2CH3 measured by HFIP SECa or determined by 1H-NMR
spectroscopyb.

Figure S3.9. SEC elugram of PEOXA-CO2CH3.

Figure S3.10. Equilibrium swelling ratio (ESR) of the different hydrogels. The ESR of the
hydrogels was calculated according to the following equation: ESR = (We – Wd) / Wd, where
We represents the mass of the swollen hydrogel at equilibrium and Wd the mass of the dried
hydrogel. The hydrogels (n=6) were prepared as described in the main text in the experimental
section on Page 11 & 12. Then the hydrogels were immersed in PBS (0.5 mL per gel) at room
temperature for 24 hours to reach equilibrium swelling. To determine the We, the swollen
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hydrogels, were quickly put on a filter paper to remove excess water on the outside and then
weighted. Wd was determined by freeze drying the swollen hydrogels and then weighted. The
statistics and plotting were done using OriginPro 8 software. Samples were checked for
significance using one-way ANOVA and Tukey’s multiple comparison post-hoc test. *
indicates that the difference of the means is significant at the 0.05 level.
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Chapter 4
4 TOPOLOGICAL POLYMER CHEMISTRY ENTERS
MATERIALS SCIENCE: EXPANDING THE
APPLICABILITY OF CYCLIC POLYMERS
Polymer-topology effects can alter technologically relevant properties when cyclic
macromolecules are applied within diverse materials formulations. These include coatings,
polymer networks, or nanostructures for delivering therapeutics. While substituting linear
building blocks with cyclic analogues in commonly studied materials is itself of fundamental
interest, an even more fascinating observation has been that the introduction of physical or
chemical boundaries (e.g. a grafting surface or cross-links) can amplify the topology-related
effects observed when employing cyclic polymer-based precursors for assembling
multidimensional objects. Hence, the application of cyclic polymers has enabled the fabrication
of coatings with enhanced bio-repellency and superior lubricity, broadened the tuning potential
for mechanical properties of polymer networks, increased the thermodynamic stability and
altered the capability of loading and releasing drugs within polymeric micelles.
This chapter was published in: Romio, M., Trachsel, L., Morgese, G., Ramakrishna, S. N.,
Spencer, N. D., and Benetti, E. M., ACS Macro Letters, 2020, 9, 1024.

4.1 INTRODUCTION
During the last three decades, the synthesis of cyclic polymers and the characterization of their
unique properties have been widely investigated by experimentalists and theoreticians.
Synthetic pathways to obtain ring macromolecules have encompassed either ring-expansion
strategies, starting from cyclic precursors and/or catalysts,[1–8] or ring-closure techniques, by
exploiting chain-end functional parent polymers.[9–16]
Simultaneously, several studies have demonstrated how polymer-topology effects can
significantly influence the physicochemical properties of cyclic macromolecules in solution,
bulk, and melts. These effects are mainly determined by the implicit structural characteristics
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of cyclic polymers, i.e. the steric constraints introduced during their cyclization, and the
intrinsic absence of chain ends.[17,18] For instance, cyclic polymers in solution present a smaller
hydrodynamic volume with respect to their linear analogues of comparable molecular
weight,[19–21] while temperature-responsive properties of amphiphilic polymers are significantly
affected by chain topology.[22–24] In addition, when ring macromolecules are studied in bulk or
within melts they typically feature a lower intrinsic viscosity,[25] higher glass-transition
temperature (Tg)[26,27] and greater density,[28] when compared to their linear counterparts. Efforts
have recently been increasing on the translation of these and other topology effects by the
incorporation of cyclic macromolecules into the design of advanced materials. The blooming
of this research area within the polymer-science field is partially a consequence of pure
scientific interest in formulating commonly studied materials with cyclic building blocks
instead of their linear analogues.[29] Moreover, by generating coatings, networks and
nanomaterials from cyclic polymer-based precursors, it has been observed that any topologyrelated effect can be amplified by introducing physical or chemical boundaries between the
polymer components. Such boundaries could be the presence of a grafting surface, or the
introduction of cross-links. The resulting formulations are characterized by a significant shift
in overall physicochemical properties, which in turn have a profound influence on the
performance of the entire material.
This chapter critically summarizes the initial examples of multidimensional materials that have
incorporated cyclic polymers, highlighting how the unique properties of their macromolecular
components affect the interfacial physicochemical properties of coatings, the mechanical
characteristics of gels, the stability and interaction with drugs of polymer micelles.

4.2 COATINGS BASED ON CYCLIC POLYMERS
Although the unique physicochemical characteristics of cyclic macromolecules have been
widely investigated in bulk, melts and solution, their impact on technologically relevant,
interfacial properties when polymer adsorbates are grafted on solid surfaces have only very
recently been revealed. Our group has explored the grafting of cyclic poly(2-alkyl-2oxazoline)s (PAOXAs) on various inorganic and organic supports, yielding cyclic polymer
brush-based coatings. In particular, linear and cyclic poly(2-ethyl-2-oxazoline) (PEOXA)
adsorbates with Mw of 5 and 10 kDa (Ɖ = 1.1/1.3), and featuring nitrodopamine (ND) anchors
have been assembled onto TiO2-coated substrates, alternatively generating linear and cyclic
PEOXA brushes (L-PEOXA and C-PEOXA, respectively), while their structural and interfacial
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properties were simultaneously investigated by a combination of variable-angle spectroscopic
ellipsometry (VASE), quartz crystal microbalance with dissipation (QCM-D) and atomic force
microscopy (AFM)-based methods.[30–34] Due to the smaller molecular dimensions of cyclic
adsorbates, which reduce steric hindrance during surface-assembly, C-PEOXA films showed
nearly twice the value of grafting density (σ) compared to L-PEOXA layers that were generated
from linear adsorbates with comparable molecular weight.[32] This phenomenon provided to CPEOXA brushes an enhanced steric stabilization of the surface, as demonstrated by colloidalprobe AFM, as well as an improved resistance towards non-specific adsorption of different
protein types (Figure 4.1a and 4.1b).[30,32,34]
The intrinsic absence of linear chain ends has additionally been found to suppress interdigitation
between polymer grafts when cyclic brushes were sheared against an identical countersurface,
significantly reducing the impact of molecular collisions on mechanical-energy dissipation.[30]
As demonstrated by lateral force microscopy (LFM), two C-PEOXA brush-functionalized
surfaces slid past each other generated an extremely low coefficient of friction (COF), between
0.005 and 0.007, significantly surpassing the lubricious properties of their linear counterparts,
which showed a COF of 0.03 (Figure 4.1c).
The role of interpenetration between opposing grafts in determining friction was revealed by
applying LFM on L- and C-PEOXA brushes with Mw of 10 kDa (Ɖ = 1.1/1.2) and variable σ,
shearing brushes over a bare TiO2 surface (brush-vs-surface), and comparing the resulting
friction-force-vs-applied-load (FfL) profiles with those obtained by sliding brushes over an
identical countersurface (brush-vs-brush) (Figure 4.1d – 4.1f).[34]
For both L- and C-PEOXA brushes, and for both brush-vs-surface and brush-vs-brush
tribopairs, friction decreased with increasing σ, (Figure 4.1e and 4.1f). However, the
nanotribological properties of linear brushes were shown to be highly dependent on the nature
of the countersurface they were sheared against, evidencing the contribution of interpenetration
between opposing grafts. Namely, for each value of σ, replacing the bare countersurface with
an identical L-PEOXA brush translated into a significant decrease in friction (Figure 4.1e). This
was due to excluded-volume effects, which typically hamper the formation of an
interpenetrating layer between linear brushes, and lead to a decrease in friction. However, the
increase in slope of FfL profiles at normal loads higher than ~ 100 nN indicated that
interpenetration anyways was unavoidable when L-PEOXA brushes were highly compressed
against each other (Figure 4.1e). This phenomenon led to a simultaneous increment in
dissipative forces at the brush-brush interface, and a consequent increase in friction.
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In contrast, the nanotribological properties of C-PEOXA brushes did not significantly vary
when an identical C-PEOXA brush as countersurface was replaced by TiO2 (Figure 4.1f),
indirectly demonstrating that mechanical-energy dissipation through brush interdigitation has a
negligible contribution in determining friction between opposing cyclic brushes.[35,36] In other
words, cyclic grafts formed a molecularly smooth, highly lubricious polymer interface, which
provides relevantly lower friction with respect to that generated between their linear
counterparts.[37]

Figure 4.1. (a) Force-vs-separation approach curves recorded by colloidal probe microscopy
on L-PEOXA and C-PEOXA brushes. Reproduced with permission from Morgese et al.[30]
copyright 2016 John Wiley and Sons. (b) Dry thickness of full human serum adsorbed on Land C-PEOXA brushes presenting different molecular weight (Mn), as measured by VASE.
Reproduced with permission from Divandari et al.32 Copyright 2017 American Chemical
Society. (c) FfL profiles recorded by LFM while shearing L-PEOXA and C-PEOXA brushes.
Reproduced with permission from Morgese et al.[30] copyright 2016 John Wiley and Sons. (d)
The nanotribological properties of PEOXA brushes were analyzed by LFM on asymmetric
(brush-vs-surface) and symmetric (brush-vs-brush) tribo-pairs. Reproduced with permission
from Divandari et al.34 Copyright 2018 American Chemical Society. (e) FfL profiles recorded
for L-PEOXA brushes on symmetric (red markers) and asymmetric (yellow markers) tribopairs, (f) and for C-PEOXA brushes within symmetric (blue markers) and asymmetric (green
markers) tribo-pairs. The values of σ are indicated in the legend below the graphs. Reproduced
with permission from Divandari et al.34 Copyright 2018 American Chemical Society.
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In addition to TiO2 substrates, which are chemically similar to the exposed surface of a variety
of medical devices and implants, cyclic poly(2-methyl-2-oxazoline) (PMOXA) films have also
been applied on cartilage, in order to recover the lubrication properties of this tissue after
degradation, and protect the underlying collagen from osteoarthritis (OA)-correlated enzymatic
digestion.[33,38]
With the aim of developing a synthetic substitute for branched biomacromolecules that typically
act as natural biolubricants within healthy articular joints,[39–41] Morgese et al. formulated a
synthetic substitute based on graft copolymers that include a poly(glutamic acid) (PGA)
backbone, onto which cyclic PMOXA with Mw of ~ 8 kDa (Ɖ = 1.3) and hydroxyl benzaldehyde
(HBA) groups are alternatively grafted (Figure 4.2a).[33] HBA functions on the PGA backbone
could react with the amino groups at the degraded cartilage to form Schiff bases,[42] while the
cyclic PMOXA chains formed a lubricious cyclic brush layer. Interestingly, cartilage substrates
treated with cyclic PMOXA-bearing graft copolymers showed tribological properties that
matched those characterizing the natural, healthy tissue, and were significantly more lubricious
than similar substrates treated with linear PMOXA-based copolymer analogues (Figure 4.2b
and 4.2c).
When cyclic polymer adsorbates were grafted onto sub-10 nm-diameter inorganic nanoparticles
(NPs), metal oxide core-cyclic brush shell colloids were obtained that displayed unprecedented
stability within aqueous and physiological dispersions, and extraordinary inertness toward
serum proteins.[43] Functionalization of superparamagnetic Fe3O4 NPs with C-PEOXA
adsorbates with Mw of 5 and 10 kDa (Ɖ = 1.1/1.3) presenting ND anchors,[44] yielded cyclic
brush shells with a σ included between 2.2 and 3.3 chains nm-2—a value nearly 80% higher
than that obtained by grafting L-PEOXA analogues of comparable molar masses (Figure 4.2d).
The formation of ultradense, compact cyclic polymer shells was enabled by the less-hindered
assembly of cyclic adsorbates, coupled with the intrinsically high curvature of NPs. These
provided stable colloidal suspensions for up to 2 months, while their presence on Fe3O4 NPs
quantitatively prevented the formation of a protein corona in the presence of bovine serum
albumin (BSA) (Figure 4.2e and 4.2f).
Besides PAOXAs, different non-ionic and charged cyclic polymers were recently applied to
functionalize surfaces, especially to mediate the interaction of materials with biological
environments. Very recently, Aboudzadeh et al. introduced an efficient synthetic route to obtain
thiol group-bearing cyclic poly(ethylene glycol) (PEG) adsorbates with Mw included between
2 and 11 kDa in high purity, which were subsequently deposited on Au surfaces to yield cyclic
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PEG brushes.[45] Simultaneously, Chen and coworkers synthesized cyclic poly(ionic liquid)
(PIL) adsorbates, and assembled them on Au in order to specifically investigate how polymer
topology determines bacteria attachment and survival at surfaces. Since cyclic PIL brushes are
more crowded with respect to their linear counterparts, they provided an improved
antimicrobial activity against Escherichia coli, as a consequence of the higher surface-charge
density generated.[46]

Figure 4.2. (a) PMOXA-based graft copolymers bearing HBA functions assemble on degraded
cartilage through the formation of Schiff-bases. (b) Schematic representing the setups employed
for cartilage-on-cartilage tribology tests. (c) Values of COF recorded by tribology while sliding
samples of degraded cartilage (DC) functionalized with PMOXA-based graft copolymers under
0.5 (light grey), 0.7 (grey) and 0.9 (dark grey) MPa and in the presence of a solution of the
corresponding copolymer in bovine synovial fluid. DC and native cartilage (NC) are chosen as
negative and positive controls respectively. L (linear) and C (cyclic) indicate the topology of
graft copolymer-side chains, which is indicated together with the density of side chains (0.1,
0.3 and 0.6), calculated as nPMOXA/glutamate units. **p < 0.05; *p < 0.01; ¥ p = 0.095. (a),
(b) and (c) were reproduced with permission from Morgese et al.[33] copyright 2018 John Wiley
and Sons. (d) Fe3O4 NPs featuring L- and C-PEOXA brush shells. (e) Colloidal stability of
Fe3O4 NPs presenting L- and C-PEOXA brush shells, recorded by measuring their
hydrodynamic diameter (DH) with dynamic light scattering (DLS) in PBS solution at 20 °C.
The values of DH correspond to the average hydrodynamic diameters as number distribution,
obtained over three replicates. (f) DLS profiles recorded for suspensions of C-PEOXA brushcoated Fe3O4 NPs (dashed profiles), and C-PEOXA brush-coated Fe3O4 NPs in the presence of
BSA (solid profiles). After the addition of BSA, the appearance of signals with DH ~ 10 nm and
the constant values of DH recorded for C-PEOXA/NPs indicated full suppression of protein
adsorption on cyclic polymer shells. (d), (e) and (f) were reproduced with permission from
Morgese et al.[43] copyright 2017 John Wiley and Sons.
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4.3 FABRICATION OF POLYMER NETWORKS
Polymer networks composed of cross-linked linear macromolecules implicitly present
structural defects, such as dangling chain ends and loops, which do not contribute to their
viscoelasticity and mechanical stability, and effectively impair the overall mechanical
properties. In contrast, cyclic polymers can generate networks without dangling chain ends, if
at least two cross-links are formed for each polymer precursor, leading to gels with an
augmented viscoelasticity and mechanical strength.[47]
Inspired by this perspective, Zhang et al. synthesized linear and cyclic poly(5-hydroxy-1cyclooctene) (PACOE) by ring expansion metathesis polymerization (REMP)1 (Figure 4.3a)
and used them to fabricate linear and cyclic polymer-based gels via thiol-ene chemistry.[48]
Comparing the swelling and rheological properties of the subsequently formed linear and cyclic
PACOE networks, a significant influence of the precursor-polymer topology emerged.
Upon increasing the initial concentration of polymer precursors (C0), gels formed from linear
PACOEs (PACOE-2 and PACOE-3, with Mn = 127 and 248 kDa, respectively, and Ɖ ~ 1.8)
showed expected increments in gel fraction (GF), crosslink density (µ) and shear modulus (G),
which were accompanied by a concomitant decrease in mesh size (ξ) and swelling ratio (Q)
(Figure 4.3b-d). In contrast, networks generated from cyclic PACOE (Mn = 179 kDa and Ɖ =
1.77) demonstrated an unusual increment in GF, µ, G and ξ upon increasing C0, while also Q
slightly increased at relatively high initial polymer content. In addition, GF, µ and G were
generally lower for cyclic PACOE-based gels, while their Q and ξ were comparatively higher
than the corresponding values recorded for linear PACOE networks (Figure 4.3b-d). The
observed differences in properties could be interpreted by considering the unique structure of
gels constituted of crosslinked cyclic polymers.
At relatively low C0, intramolecular cross-linking mainly determines the structure of gels
formed from linear and cyclic precursors (Figure 4.3f, panel 1 and 2). In the case of linear
PACOE gels, loop defects are formed, while ring segments smaller than the size of precursor
cyclic polymers are generated. When C0 is increased (Figure 4.3f, panel 3 and 4), intermolecular
cross-linking dominates the formation of linear and cyclic polymer networks. Intermolecular
cross-linking between linear chains determines the generation of a tighter network characterized
by higher µ and lower ξ (Figure 4.3f, panel 3). In contrast, suppression of intramolecular crosslinking in favor of the formation of intermolecular linkages leads to an expansion of the
“effective” ring size of cyclic polymer constituents (Figure 4.3f, panel 4). This phenomenon
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counterbalances the effect of higher µ on ξ with a compensatory increment in mesh spacing,
unique to the cyclic topology, which ultimately generates more available space within the cyclic
network, and thus enables a simultaneous increment in GF, G and Q.
Due to their distinctive structure and properties, cyclic PACOE gels are capable of withstanding
greater strains in compression without fracturing, with respect to gels formed from their linear
analogues, especially comparing networks generated at relatively high values of C0 (Figure
4.3e).

Figure 4.3. (a) Synthesis of linear PACOE by olefin metathesis polymerization, and cyclic
PACOE by REMP. (b) Gel fraction (GF) and swelling ratio (Q) of cyclic and linear PACOE
gels as a function of C0. (c) Cross-link density (µ) of linear and cyclic PACOE gels as a function
of C0. (d) Mesh size (ξ) of cyclic and linear PACOE gels as a function of C0. (e) Representative
stress-strain curves from uniaxial compression tests of cyclic and linear PACOE gels swollen
to equilibrium in xylene. The maximum strain at break for the cyclic gels was higher than 80%,
which was larger than that recorded for linear PACOE gel analogues. (f) Graphical
representation of the structures of linear and cyclic PACOE networks. Panels 1 and 2
correspond to relatively low values of C0 for linear PACOE (1) and cyclic PACOE (2). Panels
3 and 4 describe the structure of linear PACOE (3) and cyclic PACOE (4) gels generated at
relatively high C0. Reproduced with permission from Zhang et al.[48] copyright 2011 American
Chemical Society.

Several other researchers have identified clear alterations in technologically relevant properties
when the fabrication of polymer networks included cyclic macromolecules as precursors.
Among these, Yu et al. investigated the properties of photo-responsive gels generated via
reversible boronic acid–diol cross-linking of linear and cyclic polymer precursors, which
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included multiple azobenzene moieties along their main chains (Figure 4.4a).[49] Rheological
measurements revealed that gels made of cyclic components featured a higher storage (G’) and
loss modulus (G’’) compared to those assembled from their linear analogues, especially at
relatively low polymer content (Figure 4.4c).

Figure 4.4. (a) Synthesis of photoresponsive gels from linear and cyclic polymers presenting
multiple azobenzene groups. (b) Photographic images highlighting the reversible gel–sol–gel
of linear (L1) and cyclic polymer-based gels (C1) when subjected to 365 nm UV light and 435
nm visible light. (c) G’ and G’’ of linear and cyclic polymer-based gels as a function of the
angular frequency (ω) at fixed strain (γ = 1.0%). Reproduced with permission from Chen et
al.[49] copyright 2016 Royal Society of Chemistry.

This phenomenon was ascribed to the highly confined architecture of cyclic constituents, which
presumably induced the formation of harder networks. In addition, the higher intrinsic rigidity
of the cyclic components partially hindered isomerization of azobenzene groups along the
backbone. This phenomenon caused a reduced photoresponsiveness by cyclic polymer-based
gels, with respect to the light-induced transition recorded for networks synthesized from linear
precursors (Figure 4.4b). These findings are of interest, as they highlight that topology effects
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from polymer constituents could broaden the tuning potential of responsive properties for a
variety of formulations, paving the way for the application of cyclic macromolecules in the
design of “smart” materials.

4.4 CYCLIC POLYMERS AS PLATFORMS FOR GENE AND
DRUG DELIVERY
One of the most promising areas of application for cyclic macromolecules has been in the
fabrication of polymeric carriers for delivering therapeutics. Especially focusing on gene
delivery, several recent works, which were supported by in vitro experiments, have explored
the use of cyclic polycations as synthetic vectors for nucleic acids. In particular, Wei et al.
investigated the effect of polycation topology on the delivery of DNA.[50] Linear and cyclic
poly[(2-dimethylamino)ethylmethacrylate] (PDMAEMA) homopolymers with molecular
weights (Mn) between 8 and 26 kDa, were comparatively tested as carriers. Cyclic polyplexes
showed lower toxicity with respect to their linear polycation-based analogues. In addition,
cyclic polymer-based adducts were characterized by a more compact morphology, the average
hydrodynamic diameters (DH) of the polyplexes being 125 and 150 nm, for cyclic and linear
PDMAEMA-DNA adducts, respectively. Moreover, polyplexes formed by cyclic PDMAEMA
presented lower values of zeta potential compared to those generated from their linear
counterparts of comparable molecular weight, suggesting a more efficient plasmid packing and
charge neutralization.
In a more recent study, Cortez et al. comprehensively investigated how the topology of
poly(ethylenimine)s (PEIs) (Mn included between 1 and 4 kDa and Ɖ ≤ 1.1) influenced the
formation of polymer-DNA complexes, and their transfection to fibroblasts and endothelial
cells.[51] The more compact cyclic PEI was demonstrated to complex DNA more efficiently
than linear PEI, presumably due its higher charge density. In addition, cyclic PEI-DNA adducts
showed significantly higher transfection efficiency than their linear counterparts, and a
markedly reduced toxicity compared to that exhibited by branched PEI-based polyplexes,
which are considered the “gold standard” for gene transfection.[52,53]
In addition to the development of supports for transporting DNA, the application of cyclic
polymers has been recently explored also for delivering different drugs. Among the possible
advantages that could be brought by switching the topology of polymer-based drug carriers, the
effects on pharmacokinetics and biodistribution were highlighted in the pioneering work of
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Nasongkla et al.[54] While comparing in vivo the application of topologically different comblike
polymers featuring linear and cyclic polycaprolactone (PCL) backbones (Mw = 11.9 kDa / Ɖ =
1.46, and Mw = 9.3 kDa / Ɖ = 1.38, respectively) and PEG side chains (PCL-g-PEG), longer
circulation times and higher accumulation within organs were recorded for cyclic
macromolecules with respect to their linear counterparts, presumably due to their more hindered
reptation through nanopores in kidneys.
It is also important to emphasize that polymer topology additionally influenced the rate of
hydrolysis of PCL, as the initial degradation of cyclic polyesters typically encompasses the
formation of linear chains with the same mass, leading to a lag in the reduction of molecular
weight with respect to that observed for linear PCL counterparts.[55] These results collectively
suggested that intrinsic topology effects could lead to more effective drug-delivery formulations
when these include cyclic polymers and stimulated a series of further studies in this research
area.
The characteristics of cyclic macromolecules, such as their intrinsic lack of chain ends and the
steric tension introduced during their cyclization, translate into a substantial alteration of the
properties of self-assembled drug carriers, when cyclic polymer-based copolymers are
employed as building blocks.
Some unique features emerged from the seminal works by Yamamoto and Tezuka, which
focused on the “simplest” cases of linear and cyclic block copolymers assembling into coreshell micelles (Figure 4.5a). When comparing micelles obtained from PEG-b-poly(butyl
acrylate) (PBA) with different topologies, those assembled from cyclic block copolymers (Mn
= 4.7 kDa and Ɖ = 1.18) were found to be more compact than their linear copolymer-based
counterparts (Mn = 5.85 kDa and Ɖ = 1.11), due to the smaller molecular dimensions of the
cyclic constituents, and the enhanced steric stabilization these can provide to the
assemblies.[56,57]
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Figure 4.5. (a) Micelles formed from linear and cyclic PEG-b-PBA copolymers. (b) Cloud
points of micelles generated from linear (blue squares) and cyclic (red circles) PEG-b-PBA
copolymers as a function of salt concentration. (c) Mechanisms of agglomeration of micelles
based on linear and cyclic PEG-b-PBA copolymers. Intermicellar bridging triggers aggregation
of micelles made from linear block copolymers. In contrast, segmental motions are
topologically prohibited in micelles from cyclic copolymers. Reproduced with permission from
Honda et al.[59] copyright 2013 Nature Publishing Group.

The combination of augmented steric stabilization and absence of chain ends further provides
significantly higher thermal[58] and salt stability[59] to cyclic-block copolymer micelles with
respect to their linear copolymer-based analogues (Figure 4.5b). As aggregation of micelles
involves the initial formation of polymer “bridges”, where one end-segment interacts with a
neighboring micelle, the cyclic topology intrinsically suppresses this phenomenon and
guarantees more stable colloidal dispersions (Figure 4.5c).
The fabrication of micelles exploiting more complex copolymer architectures, which include
cyclic polymer segments or blocks, highlighted how polymer topology could determine several
fundamental properties of nanocarriers for therapeutics, including drug loading, drug release
and their chemical degradation.
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While focusing on tadpole-shaped block copolymers, alternatively presenting a cyclic
hydrophilic or hydrophobic block, the recent study by Wang et al. nicely elucidated how the
above-mentioned properties could be influenced by the topology of the single copolymer
constituents.[60] Micelles assembled from cyclic poly[(oligoethylene glycol)methacrylate]
(POEGMA)-b-PCL ((c-POEGMA)-b-(PCL), Mn = 19.4 kDa, Ɖ = 1.19) (Figure 4.6a) showed a
markedly lower critical micellar concentration (CMC) than those formed from the
corresponding linear block copolymers ((l-POEGMA)-b-(PCL), Mn = 17.5 kDa, Ɖ = 1.22), and
thus are thermodynamically more stable. The augmented steric hindrance provided by cyclicPOEGMA shells leads to the formation of smaller micelles, which also show an increment in
drug-loading capacity (DLC) and slower release rate of doxorubicin (Dox) (Figure 4.6d), due
to the relatively low permeability of their cyclic shell. Interestingly, the unique colloidal
stability of (c-POEGMA)-b-(PCL) micelles additionally imparted significantly lower
cytotoxicity compared to (l-POEGMA)-b-(PCL) analogues, the former presenting nearly twice
as high values of half-maximal inhibitory concentrations (IC50) in different cancer cells with
respect to the latter (Figure 4.6c).
The effects provided by the introduction of a hydrophobic cyclic block forming the core of
micelles were subsequently investigated for the particular case of assembling PEG-b-PCL
copolymers (Figure 4.6b).[61] Micelles presenting cyclic blocks in the hydrophobic core (PEGb-cPCL, Mn = 5.39 kDa, Ɖ = 1.2) are also in this case thermodynamically more stable than
those assembled from their linear PEG-b-lPCL analogues (Mn = 4.48 kDa, Ɖ = 1.2). The cyclic
topology of PCL additionally seemed to favour hydrophobic interactions with Dox, leading to
slightly higher DLC with respect to the values recorded for PEG-b-lPCL micelles and a slower
drug release (Figure 4.6e). It was also observed that the presence of a cyclic-polyester core
substantially delayed the hydrolytic degradation of micelles, due to the two-stage process
required for initial opening of the ring macromolecules and their subsequent cleavage to lowermolecular-weight species.
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Figure 4.6. (a) Micelles formed from (l-POEGMA)-b-PCL and tadpole shaped (c-POEGMA)b-PCL copolymers. (b) Composition and structure of micelles generated from PEG-b-lPCL and
PEG-b-cPCL. (c) A549 cells viability after 24 h incubation with Dox, Dox-loaded linear and
cyclic copolymer-based micelles. (d) In vitro drug release profiles of Dox-loaded (lPOEGMA)-b-PCL and (c-POEGMA)-b-PCL-based micelles in phosphate buffer saline (PBS)
(pH 7.4). (e) Release of Dox from PEG-b-lPCL and PEG-b-cPCL micelles under different
conditions at 37 °C. Reproduced with permission from Wang et al.[60] copyright 2018 Royal
Society of Chemistry, and from Kang et al.[61] copyright 2019 American Chemical Society.

Hence, the inclusion of cyclic segments within block-copolymer-micelle formulations provides
several advantages with respect to the application of linear constituents. The augmented steric
hindrance characterizing cyclic polymer blocks grants higher stability to the formed micelles
and assures more efficient drug loading. When the shells of micelles are formed from
hydrophilic cyclic blocks, these attractive features are accompanied by a slower release rate of
the incorporated drugs. In contrast, shifting the topology of hydrophobic, degradable polymer
cores from linear to cyclic leads to a delay in their degradation.
Although the application of more sophisticated macromolecules in the designing of drugdelivery vehicles was recently reported, including the use of molecular brushes,[62,63]
multicyclic polymers,[64] and stimuli-responsive systems,[65] the properties of micelles
generated from simpler block copolymers seem to highlight how a shift in the topology of their
constituents might substantially alter the performance of the obtained nanostructures. These
findings open a window onto the generation of more stable drug carriers that can incorporate
therapeutics more efficiently and release them more gradually within the body.
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4.5 CONCLUSIONS AND OUTLOOK
The results originating from a growing number of studies have highlighted that polymertopology effects can realistically alter technologically relevant properties when cyclic
macromolecules are applied onto solid surfaces to form coatings, and used as building blocks
to assemble polymer networks, or nanostructures for delivering therapeutics.
In addition to these already-explored applications, several fundamental studies are suggesting
that the intrinsic characteristics of cyclic polymers could be exploited to fabricate stimuliresponsive materials with a broader tuning capability for their physicochemical properties. In
particular, the steric restrictions typical of ring macromolecules have already been demonstrated
to alter the temperature-induced transition of polyacrylamides in solution,[22,23,66] while the
synthesis and characterization of pH-responsive cyclic polyelectrolytes have been just very
recently explored.[67–69]
Moreover, we believe that the enhancement in effective intramolecular repulsion between
cyclic polymer segments might not only lead to a higher excluded-volume effect and greater
swelling,[70] but could also generate a steric availability of functional groups that could not be
otherwise achieved on linear polymer coils. This principle, already demonstrated for the
specific case of loop-forming polymers interacting with proteins,[71] could provide a new
approach to boost the reactivity of biointerfaces, which can bind through covalent or
supramolecular associations with one or more biological entities present in the surrounding
environment.
It is also important to emphasize that the potential advantages in shifting the topology of
polymers from linear to cyclic has also been emerging recently in the case of polyolefins.
Exploiting ring-expansion metathesis polymerization (REMP), first Grubbs,[1] and more
recently Veige,[72] have introduced the efficient synthesis of cyclic polyethylene (c-PE) and
polypropylene (c-PP), respectively. The absence of chain ends and the more compact structure
of cyclic polyolefins provide to them unique thermal and rheological properties, which would
significantly influence their processing and applications.
In summary, although challenges in their efficient synthesis still restrict the application of cyclic
macromolecules in materials science, the benefits in terms of modulation of materials properties
for existing linear-polymer-based formulations are becoming evident. If and when the balance
between synthetic challenges and advantageous properties will favor a more systematic
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introduction of ring polymers, a new set of material formulations for a variety of application
areas will be established.
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5 POLY(2-ALKYL-2-OXAZOLINE)-BASED HYDROGELS
FABRICATED FROM TOPOLOGICALLY DIFFERENT
POLYMER PRECURSORS
Unlike their more common linear counterparts, cyclic polymers have a unique ring like
topology and lack chain ends. Because of the steric constraints introduced by their cyclization,
cyclic macromolecules exhibit distinct physicochemical properties within bulk, melts, and
solutions when compared to linear or branched polymers. For instance, cyclic polymers show
a higher effective intramolecular repulsion between their polymer segments leading to a higher
excluded-volume effect and greater hydration. This phenomenon was exploited to engineer
topologically unique polymer networks that ideally do not have network defects such as
dangling chain ends, resulting in greater mechanical properties. Remarkably, hydrogels
composed of solely crosslinked cyclic macromolecules based on poly(2-ethyl-2-oxazoline)
featured higher storage and compressive moduli at a simultaneously higher swelling ratio with
respect to gels formed from their linear analogs with identical molecular mass and chemical
composition.
This chapter was published in: Trachsel, L., Romio, M., Zenobi-Wong, M., and Benetti, E. M.,
Macromolecular Rapid Communications, 2020, 2000658.

5.1 INTRODUCTION
Crosslinked polymer networks, such as elastomers, thermosets, and swollen networks feature
many desirable properties, including elasticity, permanent porosity, self-healing ability, stimuli
responsiveness, and malleability.[1–6] As a result, polymer networks belong to the most widely
exploited polymeric materials, with applications in rubbers,[7] adhesives,[8] cosmetics,[9] soft
actuators,[10] membranes,[11] catalysis,[12] gas storage,[13,14] electronic materials[15,16] and in the
biomedical field as hydrogels for therapeutic or diagnostic purposes.[17]
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Two main factors determine the properties of polymer networks, namely the chemical
composition, defined by the molecular formula and atomic connectivity of the network’s
constituents, and the topological structure, which describes the ways in which the network
components are connected. In addition, the polymer chain topology of the network constituents
dictates the overall topological structure of the polymer network.
Since structural defects in polymer networks, such as loops and dangling chain ends do not
contribute to their elasticity and mechanical strength, they greatly weaken and deteriorate gel
properties. Traditional methods for network formation, such as the direct crosslinking of linear
polymer precursors, or free radical copolymerization of monomers including a small fraction
of crosslinker species, do not provide any means to eliminate these intrinsic structural defects.
Recently, macromolecular architectures with unique topology, such as cyclic polymers,[18]
polyrotaxanes,[19,20] and polycatenanes,[21] have become increasingly accessible following
advances in precision polymer synthesis. In theory, crosslinking of these precursors in place of
their linear counterparts leads to perfect networks without any dangling chain ends, generating
topologically novel polymer networks, also termed “topological” gels with potentially
improved properties.
Intrinsic topology effects by cyclic macromolecules substantially influences several
fundamental physicochemical properties within bulk, melts, and solutions, such as molecular
dimensions,[22–25] rheological characteristics[26] and solvation properties.[27–30] In particular,
when grafted to surfaces, the distinctive properties of cyclic polymers translate into a substantial
modification of interfacial physicochemical properties of the generated nanoassemblies. For
instance, macroscopic surfaces modified with cyclic macromolecules feature unprecedented
biopassivity and lubrication, because of their exceptional steric stabilization, molecular
compactness, and intrinsic absence of chain ends. Despite their smaller hydrodynamic radius
compared to their linear counterparts of similar molar mass, cyclic polymers show a higher
effective intramolecular repulsion between their polymer segments. In the case of polymer
networks composed of cyclic polymers, we believe that this phenomenon not only leads to a
higher excluded-volume effect and greater equilibrium swelling of the gel,[31] but would also
generate a higher steric repulsion within the polymer network, potentially leading to improved
mechanical properties that could not be otherwise achieved with linear polymer coils.
However, cyclic polymers have not found widespread use as gel-forming constituents, most
likely due to the difficulties in obtaining functional cyclic polymers in reasonable yields that
can modified with appropriate crosslinking moieties.[32] Up to date, there has only been a few
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reports on “cyclic” gels that are uniquely composed of crosslinked cyclic macromolecules.[33–
35]

In 2011, Tew and coworkers synthesized cyclic poly(5-acetoxy-1-cyclooctene) (PACOE)

and their linear analogs using ring expansion metathesis polymerization.[33] Gel formation was
subsequently induced by crosslinking the internal double bonds of PACOE under UV
irradiation in the presence of 1-hexanethiol. Interestingly, the obtained gels featured a swelling
ratio that increased with increasing initial polymer concentration, a characteristic rarely
observed in traditional polymer networks. This phenomenon was presumably due to mesh size
reduction at low initial polymer concentrations as a consequence of intra-ring crosslinking
reactions, which are dominant when cyclic chains are reacted. Furthermore, cyclic polymerbased gels exhibited swellability and maximum strain at break that were always greater than
those of gels formed from their linear analogs. One major drawback of their gel formation
approach was the possibility of intramolecular crosslinking, favored with increasing polymer
concentration, which effectively diminishes the topological effect of the cyclic polymers on
network’s properties.
This problem can be circumvented by using two different species of cyclic polymers, each
containing only one of the two crosslinking moieties, resulting in purely intermolecular
crosslinking. Moreover, the hydrophobicity of PACOE enabled gel formation only in organic
solvents, thus precluding any biomedical application and leaving hydrogels composed of cyclic
polymers and their potential effects on the behavior of cells largely unexplored.
Inspired by the intriguing physical properties of the cyclic PACOE gels, the objective of this
study was to synthesize water-soluble functional cyclic polymers that enable robust
crosslinking in water under physiological conditions, and to investigate the topological effect
of cyclic polymers on the properties of the resulting hydrogels that are solely composed of
intermolecularly crosslinked cyclic species.
Linear and cyclic random copolymers based on poly(2-ethyl-2-oxazoline) (PEOXA) featuring
either thiol (SH) or vinylsulfone (VS) moieties were first synthesized by cationic ring-opening
polymerization (CROP)[36] of 2-ethyl-2-oxazoline (EOXA) and 2-methoxycarbonylpropyl-2oxazoline (MCPOXA),[37,38] followed by post-polymerization modification. Their subsequent
crosslinking in aqueous buffer using thiol-Michael addition of SH- and VS-modified PEOXA
generated topologically different hydrogels that exhibited distinct topology-dependent
rheological, mechanical and swelling properties. Through a combination of oscillatory
rheology, unconfined compression testing, and swelling experiments, we demonstrate that
hydrogels composed of cyclic PEOXA display improved mechanical properties, such as higher
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storage and compressive moduli at a concomitant increase in equilibrium swelling ratio with
respect to gels constituted of linear analogs with identical molar mass and chemical
composition.

5.2 RESULTS AND DISCUSSION
Synthesis and Characterization of Linear and Cyclic PEOXA hydrogel constituents
Linear and cyclic hydrogel precursors were synthesized starting from a telechelic linear
polymer, α-alkyne-ω-azide random PEOXA copolymer, containing 8 mol% methyl ester side
chains.

Statistical

copolymerization

of

2-ethyl-2-oxazoline

(EOXA)

with

2-

methoxycarbonylpropyl-2-oxazoline (MCPOXA), using propargyl p-toluenesulfonate as
initiator and sodium azide as terminating agent, gave α-alkyne-ω-azide poly(EOXA105-ranMCPOXA9), abbreviated as α-alkyne-ω-azide-PEOXA-CO2CH3 (Scheme 5.1, degree of
polymerization (DPn) ≈ 110, number average molecular weight (Mn) = 12700 Da, and dispersity
(Ɖ) = 1.19 and Supporting Information). Subsequent intramolecular cyclization by Cu(I)catalyzed alkyne-azide cycloaddition (CuAAC) afforded cyclic-PEOXA-CO2CH3 copolymers
with 8 mol% methyl ester side chains (Scheme 5.1, DPn ≈ 110, Mn = 12000 Da and Ɖ = 1.25
and Supporting Information). Successful intramolecular cyclization was confirmed by three
complementary analytical techniques. First, proton nuclear magnetic resonance (1H-NMR)
spectroscopy revealed a chemical shift of the peaks at δ = 4.05 – 4.20 ppm (denoted as h in
Figure S5.1), corresponding to the two protons at the alpha terminus in the linear precursor, to
δ = 4.50 – 4.65 ppm in the cyclized product (peaks denoted as h in Figure S5.2). Additionally,
a new peak appeared at δ = 7.95 ppm (denoted as j in Figure S5.2), corresponding to the proton
of the 1,2,3-triazole aromatic heterocycle in the cyclized product, indicative of a successful
CuAAC click reaction. Secondly, size exclusion chromatography (SEC) showed a slight but
significant shift to larger retention volume (RV) for the cyclic-PEOXA-CO2CH3 with respect
to its linear precursor (Figure S5.9). Because of their smaller hydrodynamic radius and more
compact architecture,[22] cyclic polymers typically exhibit larger RVs by SEC compared to
linear analogs with identical molecular weight.[39] Finally, Fourier-transform infrared (FTIR)
spectroscopy revealed the disappearance of the peak at 2100 cm-1, relative to the stretching of
the azide group (N3), in the spectrum of cyclic polymer, which confirmed the successful ring
closure by CuAAC (Figure S5.10).

106

Chapter 5
Alkaline hydrolysis of the methyl ester side chains of both the linear precursor and the cyclized
product yielded linear- and cyclic-PEOXA-CO2H, containing 8 mol% carboxylic acid groups
on the side chains (Scheme S5.1, step iii and vi). The 1H-NMR spectra of the linear and cyclic
polymers after hydrolysis (Figure S5.3 and S5.4, respectively) show the disappearance of the
singlet peak at δ = 3.61 ppm (denoted as g in Figure S5.1 and S5.2) corresponding to the three
protons of the methyl ester of the side chains.
Modifying the linear and cyclic copolymers with thiol groups afforded one of the two types of
hydrogel precursors. This was accomplished by reacting a disulfide-containing compound, 3,3’dithiobis(propanoic dihydrazide) (DTPHY), to the carboxylic acids via hydrazide bond
formation and subsequent reduction, yielding l- and c-PEOXA-SH (Scheme S5.1, step iv and
vii, and Supporting Information). The other type of hydrogel precursors featuring the reactive
VS Michael acceptor group was obtained by reacting the thiol moieties on the side chains of
the polymers with an excess of divinyl sulfone (DVS) via thiol-Michael addition to yield l- and
c-PEOXA-VS. The final substitution degree of the free acids with VS was 67% for l- and cPEOXA-VS, corresponding to 6 VS groups per linear and cyclic polymer chain, as determined
by 1H-NMR (Figure S5.7 and S5.8).
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Scheme 5.1. (a) Synthesis of the linear (l-PEOXA-SH and l-PEOXA-VS) and cyclic (cPEOXA-SH and c-PEOXA-VS) precursors and (b) generation of L- and C-PEOXA hydrogels.
The reaction conditions in (a) are briefly summarized as follows. i) CROP of EOXA and
MCPOXA, using propargyl p-toluenesulfonate as initiator, dry ACN, 80 °C, 22 h under Ar;
termination by sodium azide (NaN3), dry ACN, 70 °C, 24 h under Ar. ii) Intramolecular
cyclization using copper(I)bromide (CuBr), N,N,N',N'',N''-pentamethyldiethylenetriamine
(PMDETA), DCM, 25 °C, 72h, under Ar. iii) and vi) hydrolysis using 1M NaOH, 25 °C, 24 h.
v) Coupling reactions using 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (DMTMM), 3,3’-Dithiobis(propanoic dihydrazide) (DTPHY), H2O, 25 °C, 16 h; then
reduction using Tris-(2-carboxyethyl)-phosphine hydrochloride (TCEP-HCl), 25 °C, 4h.
Vinylsulfonation: divinyl sulfone (DVS), 0.3 M TEOA buffer, pH = 8, 25 °C, 1 h. (b) Structure
of topologically different PEOXA hydrogels is schematized, with dialkylsulfide-based crosslinks highlighted in yellow. The presence of dangling chains within L-PEOXA networks is
highlighted with red dashed cycles, while hydration of linear and cyclic PEOXA components
is emphasized by light blue profiles.

Formation of the Networks and their Charaterization
Hydrogel formation was accomplished by simply mixing the two hydrogel precursor dissolved
in a mildly alkaline buffer at ambient temperature, resulting in crosslinking via thiol-vinyl
sulfone Michael addition.[40] Relevantly, hydrogels formed within seconds to a few minutes
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depending on the polymer content, without requiring any additives or UV irradiation.
Consequently, this crosslinking chemistry offers a cell-friendly and convenient approach to
form hydrogels and enables in situ crosslinking during cell encapsulation.[41–43] Specifically,
the mixing of l-PEOXA-SH with l-PEOXA-VS or c-PEOXA-SH with c-PEOXA-VS generated
stable hydrogels composed of linear or cyclic polymers, respectively. We studied hydrogels at
different initial polymer concentrations (C0) of 5, 10, and 15 wt%.
By performing equilibrium swelling experiments in phosphate-buffered saline (PBS) of
hydrogels obtained from linear or cyclic PEOXA at different C0, we determined the mass
swelling ratio (Qm) and gel fraction (GF) of the topologically different hydrogels. Qm was
calculated from the ratio of the mass of the hydrogel at equilibrium swelling to the mass of the
dried gel (further details are given in the Materials and methods Section). Leaching tests were
performed to determine the GF of the gels by washing out any unreacted polymers after
crosslinking.

Figure 5.1. (a) Equilibrium mass swelling ratio (Qm) in PBS of hydrogels made from cyclic
and linear PEOXA as a function of initial polymer concentration (C0). (b) Gel fraction (GF) of
hydrogels from cyclic and linear PEOXA as a function of C0. Displayed are the mean values ±
SD, n = 6.

As highlighted in Figure 5.1a, the linear PEOXA gels followed the expected trend for
conventional chemically crosslinked gels composed of linear polymers,[44–46] as Qm decreased
with increasing C0. Interestingly, the behavior of the cyclic PEOXA gels, however, deviated
from this trend. When C0 increased from 5 to 15 wt%, Qm of the cyclic gels steadily increased
from 13.7 ± 0.2 to 15.6 ± 0.3, whereas Qm of the linear gels decreased from 13.4 ± 0.1 to 10.1
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± 0.3. The suprising trend observed in hydrogels made by cyclic PEOXA could be attributed to
the unique topology of cyclic polymers that show a greater effective intramolecular repulsion
between their polymer segments, a phenomenon, which leads to a higher excluded-volume
effect and greater swelling.
As expected, GF increased with increasing C0 for both linear and cyclic gels, however, GF
increased more markedly for the linear gels (Figure 5.1b). In particular, at low C0 (5 wt%) the
cyclic gels showed significantly higher GF with respect to their linear analogs (p < 0.001),
which could be attributed to the inherently different conformation of linear and cyclic polymers
in solutions. The more compact cyclic polymers in solution[47] may lead to more exposed and
accessible crosslinkable moieties (SH and VS) with respect to the linear analogs. This could
result in a more efficient crosslinking reaction, leading to a higher incorporation of polymer
precursors into the network, finally providing higher values of GF, especially at relatively low
polymer contents (C0 ≤ 10 wt%). With increasing C0, the GF of the linear gels approached the
ones of the cyclic gels.

Figure 5.2. (a) Approximate statistical crosslink density (μ) of hydrogels from cyclic and linear
PEOXA as a function of C0. (b) Approximate statistical mesh size (ξ) of hydrogels from cyclic
and linear PEOXA as a function of C0. (c) ξ as a function of polymer volume fraction in the
equilibrium swollen state (υ , ) for hydrogels from cyclic and linear PEOXA swollen to
equilibrium in PBS. The behavior of equilibrium-swollen hydrogels was described using a
y
scaling theory with the equation: ξ ≈ ν2,s . The exponents y as obtained by power law fitting are
displayed for both hydrogels.

Since the fabricated hydrogels are highly swollen (Q > 10), we treated the data obtained from
swelling experiments with the Flory-Rehner theory.[48] To take into account the fact that the
networks were crosslinked from precursor solutions (rather than from the melt), we used FloryRehner theory with modifications developed by Peppas and Merrill[49,50] to estimate the
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effective molar mass between crosslinks (Mc) and from this the statistical crosslink density (µ)
of the gels. The related equations are included in the Material and methods section. Figure 5.2a
shows how μ varies as a function of C0 for hydrogels formed from linear and cyclic polymers.
For the hydrogels formed by crosslinking linear PEOXA, μ increased slightly with increasing
C0 from 10 to 15 wt%, as expected for networks formed by crosslinking linear polymer
chains.[44–46,51] The hydrogels made from crosslinked cyclic PEOXA, however, exhibited an
unusual trend. With increasing C0, μ decreased by 32 % from 0.38 to 0.26 µmol·mL-1,
presumably because of their higher swelling with respect to gels made from linear PEOXA.
Continuing the previous calculations based on the Flory-Rehner theory, the statistical mesh size
(ξ) of the networks were estimated.[52] Figure 5.2b highlights the relationship between the ξ and
C0 for the hydrogels generated from linear and cyclic polymers. As C0 increased, the ξ decreased
for the gels formed by crosslinking linear PEOXA, as would be expected from the regular
increase in μ. For the gels made by crosslinking cyclic PEOXA, the opposite trend was
observed, as ξ increased with increasing C0. Overall, gels composed of cyclic PEOXA featured
lower μ compared to those from the linear counterparts. This could be attributed to the fact that
the cyclic polymers create a larger ξ as a result of predominant intermolecular crosslinking
reactions, with respect to networks obtained from linear precursors, which showed smaller ξ
and higher μ at C0 = 10 and 15 wt% (Figure 5.1a and 5.1b).
The equilibrium swelling of the topologically different hydrogels can be described with a
scaling theory that was derived from polymer networks prepared by crosslinking linear polymer
y

chains in solution, using the following power law equation: ξ ≈ υ2,s , where υ

is the polymer

,

volume fraction in the equilibrium swollen state. In this scaling equation: y = -0.75 when υ
is less than 0.01; y = -0.5 when υ

,

is between 0.01 and 0.1; and y = -1 when υ

,

,

is greater than

0.1. Figure 5.2c highlights the scaling relationship between ξ and υ , . For the hydrogels made
from linear PEOXA (with υ

,

values between 0.05 and 0.08) the power law fitting curve

accurately described the dependence of ξ on υ , , as exponents y of -0.59 (R2 = 0.9947) were
obtained. This is in reasonable agreement with the predicted scaling theory. Conversely, for the
hydrogels from cyclic PEOXA the power law fitting revealed an exponent y of – 2.52 (R2 =
0.9945), which deviates greatly from the theoretical range of y. Thus, the corresponding
relationship between ξ and υ

,

did not follow the scaling theory.

Whereas the gels formed from linear polymers follow the theoretical scaling predictions, the
strong deviation observed for gels formed from cyclic polymers indicates that the properties
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depend not only on the chemical crosslinking and polymer content, but are also affected by the
unique inherent topology of cyclic polymers.
Rheological and mechanical properties of topologically different hydrogels
The formation of topologically different hydrogels and their viscoelastic properties were
monitored by oscillatory rheology. Figure 5.3a shows the change in storage modulus (G’) of
the different hydrogels over time, starting one minute (the time it takes to set up the
measurement) after the two precursor solutions (SH and VS polymers) were mixed. As evident
in Figure 5.3a, the gelation kinetics show a similar trend for topologically different hydrogels.
Moreover, as the concentration of the polymer increases, the G′ of both gels distinctly increases
as expected. At a low polymer content (C0 = 5 wt%) crosslinking kinetics were slower, taking
20 min for the hydrogel to reach the equilibrium value of G’. Remarkably, for all the C0 studied,
G’ of the cyclic gels were higher than those of their linear analogs under identical conditions,
indicating the former gel is stiffer than the latter. This difference was even more pronounced at
higher C0. For instance, at 15 wt%, hydrogels composed of cyclic PEOXA yielded much stiffer
gels with significantly higher values of G’ of 19.3 ± 1.4 kPa, compared to their linear analogs
that reached G’ values of 13.6 ± 0.5 kPa at equilibrium. Hence, a nearly 42 % increase in G’
was achieved by changing macromolecular topology from linear to cyclic. Although to a lesser
extent, a 29 % increase in G’ of hydrogels made from cyclic constituents was also evident at 5
wt%, reaching G’ values of 560 ± 17 Pa, compared 435 ± 18 Pa for linear analogs.
Our findings support a previous study by Yu and coworkers, who also reported an enhancement
in G’ of gels formed from cyclic polymers with respect to those formed from linear
counterparts.[34] However, Yu et al. observed a less pronounced difference between G’ of cyclic
and linear gels with increasing polymer concentration. This discrepancy can be explained by
the nature of their hydrogel formation mechanism, allowing competing intra- and
intermolecular crosslinking reactions, which are highly dependent on initial polymer
concentration, to occur. Conversely, the crosslinking approach we chose avoids the occurrence
of intramolecular crosslinking that effectively diminishes the topological effect exerted by the
cyclic polymers on the polymer network structure.
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Figure 5.3. (a) Representative gelling curves (time sweeps) showing the build-up of storage
modulus (G’) over time for hydrogels formed from cyclic and linear PEOXA at different C0, as
monitored by oscillatory rheometry. Shaded areas indicate the standard deviation (SD) (n = 4).
(b) Mean G’ values taken at equilibrium after 60 min monitoring for the different (mean ± SD,
n = 4, ***: p < 0.001.)

Finally, uniaxial unconfined compression testing was performed to determine the compressive
moduli of hydrogels made from linear and cyclic PEOXA. Figure 5.4a shows representative
stress-strain curves of hydrogels that were previously swollen to equilibrium in PBS. The
hydrogels obtained at C0 = 5 wt% were too soft to be characterized accurately with this
technique. As highlighted in Figures 5.4a and 5.4b, hydrogels made from cyclic PEOXA were
significantly stiffer with respect to those made from linear analogs, confirming our results from
rheological analysis. Figure 5.4b reports the compressive moduli (E), as derived from the linear
elastic region of the stress-strain curves, of the linear and cyclic hydrogels at 10 and 15 wt%.
Consistently with our rheological data, compression testing revealed a more pronounced
difference of compressive modulus between that of cyclic and linear gels with increasing C0.
At 10 wt%, hydrogels composed of cyclic and linear polymers had an E values of 35.6 ± 1.1
kPa and 27.5 ± 0.6 kPa, respectively, whereas at 15 wt%, E values of 65.5 ± 0.3 kPa and 49.8
± 0.1 kPa for cyclic and linear gels, respectively were reported.
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Figure 5.4. (a) Stress-strain curves of swollen hydrogels made from cyclic and linear PEOXA
at 10 and 15 wt% in unconfined uniaxial compression mode (mean, n = 4). (b) Compressive
modulus as determined by the slope of the initial linear elastic region of the stress-strain curve
of the different hydrogels (mean ± SD, n = 4, ***: p < 0.001.)

Overall, rheological and mechanical analysis revealed an atypical relationship between the
equilibrium swelling and stiffness of hydrogels formed from cyclic PEOXA. Although cyclic
hydrogels swelled to a higher extent than their linear analogs, being especially prominent at
higher polymer content, the storage and compressive moduli simultaneously increased.
Conversely, for conventional networks composed of crosslinked linear polymers, the swelling
ratio (Q) and shear modulus (G) are inversely proportional to one another (Q ≈ G-2.3 in good
solvents).[53] Indeed, our hydrogels made from linear PEOXA gels followed this expected trend.

5.3 CONCLUSIONS
We investigated the translation of the topology effects of water-soluble and functional, cyclic
polymers into the properties of crosslinked polymer networks. The distinctive network topology
of hydrogels composed of crosslinked cyclic PEOXA featured higher stiffness and a larger
mesh size at a simultaneously higher swelling ratio, with respect to linear PEOXA gels. This
behavior is particularly different from that of traditional networks made from linear polymers,
in which the elastic modulus is inversely proportional to the swelling ratio. Interestingly,
differences in the mechanical and swelling properties of topologically different hydrogels were
more pronounced with increasing polymer content. The differences in mechanical properties
can be partly attributed to the fact that gels composed of cyclic polymers inherently have no
114

Chapter 5
dangling chain ends that do not contribute to the elasticity of the crosslinked network.
Moreover, linear and cyclic macromolecules have intrinsically different conformations in
solution, which may influence the polymer network topology. In particular, the higher
intramolecular steric constraint and enhanced hydration of the cyclic topology could lead to the
observed increase in swelling and elastic modulus of gels made from cyclic polymers. Future
characterization of these unique hydrogels at the sub-10 nm scale using network disassembly
spectrometry (NDS)[54,55] and multiple-quantum nuclear magnetic resonance (MQ NMR)[56,57]
will give insights into the macromolecular-level topology in these polymer networks to further
elucidate the underlying phenomena governing the topology effect of cyclic polymers on
hydrogel properties. Notably, the previously reported cyclic gels were made from non-watersoluble polymers crosslinked in organic solvents, thus, precluding any studies with cells or
biologics. Hence, our study provides first insights into how hydrogels made from cyclic
polymers behave with respect to their linear analogs and opens up the possibility to investigate
how cells would respond to differences in the macromolecular network structure.

5.4 MATERIALS AND METHODS
Materials
2-ethyl-2-oxazoline (EOXA), potassium hydroxide (KOH, ≥98.5%), lithium bromide (LiBr,
>99%), calcium hydride (CaH2, 95%), sodium azide (NaN3, ≥99.5%), hydrochloric acid (HCl,
>37%), acetic acid (AcOH, >99.8%), copper(I) bromide (CuBr, 99.999% trace metals basis),
triethanolamine (TEOA), methanol (MeOH, >99.9% HPLC grade), diethyl ether (Et2O, ≥99.8)
were purchased from Sigma Aldrich. Sodium hydroxide (NaOH, ≥98.5%), and ammonium
chloride (NH4Cl, 99.5%) were purchased form VWR Chemicals. Phosphate Buffered Saline
(PBS, Gibco, pH 7.4, 1X) was purchased from fisher scientific. Propargyl p-toluenesulfonate
(propargyl tosylate, 97%), DCM (>99% extra pure+Amylene), ACN (99.8%, extra dry over
MS), N,N,N',N'',N''-pentamethyldiethylenetriamine (PMDETA, >99%) were purchased from
Acros Organics. Tris-(2-carboxyethyl)-phosphine hydrochloride (TCEP-HCl), divinyl sulfone
(DVS) and 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM)
were purchased form Fluorochem. Deuterium oxide (D2O, 100%) and chloroform-d (CDCl3,
99.8%) were purchased from Cambridge Isotope Laboratories. Propargyl tosylate was distilled
under high vacuum over CaH2 prior to use and stored under argon. EOXA was distilled over
KOH under nitrogen prior to use and stored under argon. CuBr was purified by stirring in AcOH
overnight, followed by washing with copious amounts of MeOH and Et2O, vacuum filtration
115

Chapter 5
and drying under high vacuum for 24 h. All the other chemicals were used as received. 2methoxycarbonylpropyl-2-oxazoline

(MCPOXA)[58]

and

3,3’-Dithiobis(propanoic

dihydrazide) (DTPHY)[59] were synthesized according to already published protocols.
Nuclear magnetic resonance (NMR) Spectroscopy
1

H- and 13C-NMR spectra were recorded on a Bruker Neo 500 MHz spectrometer at RT using

D2O and CDCl3 as solvents.
Size exclusion chromatography (SEC)
SEC of the α-alkyne-ω-azide poly(EOXA105-ran-MCPOXA9) and its cyclized product, cyclicpoly(EOXA105-ran-MCPOXA9) was performed at 45 °C with a Malvern VISCOTEK SECmax
VE-2001 instrument, equipped with two D5000 columns (300 × 8.0 mm) in series, refractive
index (RI), viscometry, and light scattering (15° and 90° angles) detectors. The eluent used was
DMF containing LiBr (1 g L-1), at a flow rate of 1 mL min-1. The values of Mn, Mw, and (Ɖ) of
the synthesized polymers were determined by conventional calibration with poly(methyl
methacrylate) (PMMA) standards using Malvern’s OmniSEC software.
Fourier-transform infrared (FTIR) Spectroscopy
FTIR spectra were recorded under vacuum using an infrared spectrometer (IFS 66 V, Bruker
Optik GmbH, Germany) equipped with DTGS detector in transmission mode, in the 400-4000
cm-1 range at a resolution of 2 cm-1 and collecting 64 scans for each sample. The samples were
measured as KBr pellets at a concentration of 2 mg g−1.
Synthesis of α-alkyne-ω-azide poly(EOXA 1 05 -ran-MCPOXA 9 ) (Scheme S5.1,
step i)
To an oven-dried 50 mL Schlenk flask, dry ACN (12 mL), EOXA (7.24 g, 73 mmol, 90 eq.),
and MCPOXA (1.39 g, 8.1 mmol, 10 eq.) were added under N2. Later on, propargyl tosylate
(170 mg, 0.8 mmol, 1 eq.) was added at RT under N2, and stirred for 10 min. The polymerization
mixture was subsequently heated to 80 °C and stirred for 20 h under argon. After this time,
polymerization was cooled down to RT, diluted with 8 mL of dry ACN and terminated by
adding an excess of anhydrous NaN3 (520 mg, 8.0 mmol, 10 eq.) as a powder under a positive
flow of N2. The mixture was left stirring for additional 24 h under argon at 70 °C. The solvent
was subsequently removed under reduced pressure, and the crude polymer redissolved in 50
mL H2O and then dialyzed for three days in H2O using dialysis membranes with a molecular
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weight cut-off (MWCO) of 1 kDa. After freeze drying, the polymer was obtained as a white
powder (7.77 g, 90 % yield). The chemical structure and the purity of the synthesized polymer
were determined by 1H-NMR (Figure S5.1). SEC analysis provided Mn = 12700 g·mol-1, Mw =
15100 g·mol-1 and Ɖ = 1.19 (Figure S5.9).
Synthesis of cyclic-poly(EOXA 1 05 -ran-MCPOXA 9 ) (Scheme S5.1, step ii)
Cyclic-poly(EOXA-ran-MCPOXA) was synthesized by intramolecular ring-closure method
via copper(I)-catalyzed alkyne-azide cycloaddition of α-alkyne-ω-azide poly(EOXA-ranMCPOXA) under high dilution. α-alkyne-ω-azide poly(EOXA105-ran-MCPOXA9) (400 mg,
0.05 mmol, 1 eq.) was dissolved in 200 mL of DCM, and in a separate round-bottom flask
PMDETA (700 µL, 3.4 mmol, 68 eq.) was dissolved in 1.2 L of DCM. The two solutions were
deoxygenated by argon bubbling for 30 min. After this time, Cu(I)Br (400 mg, 2.8 mmol, 56
eq.) was added to the solution of PMDETA, and the two flasks were bubbled with argon for
other 30 min. The degassing process was stopped and the solution of α-alkyne-ω-azide
poly(EOXA-ran-MCPOXA) was slowly added to the PMDETA/Cu(I)Br mixture over 48 h,
using a high-precision tubing pump (IPC-N4, ISMATEC, Switzerland) at a rate of 45 μL min1

at RT under an argon atmosphere. When the addition was completed, the reaction was kept

under argon and stirred for additional 24 h. Then the DCM was removed, the polymer dissolved
in 3.5 M NH4Cl solution and finally dialyzed for 2 days against 0.01 M NH4Cl and 3 days
against ultra-pure H2O. Cyclic-poly(EOXA-ran-MCPOXA) was obtained after freeze-drying
as a white powder (320 mg, 80% yield). ). The chemical structure and the purity of the
synthesized polymer were determined by 1H-NMR (Figure S5.2). SEC analysis provided Mn =
12000 g·mol-1, Mw = 15000 g·mol-1 and Ɖ = 1.25 (Figure S5.9).
Synthesis of linear-PEOXA-CO 2 H (Scheme S5.1, step iii)
α-alkyne-ω-azide poly(EOXA105-ran-MCPOXA9) (1 g, 0.8 mmol of CO2CH3 groups, 1 eq.)
was dissolved in 10 mL of 1 M NaOH (10 mmol, 12.5 eq.) solution and stirred at RT overnight.
Then the pH of the solution was neutralized with 1M HCl and the polymer purified by dialysis
(1 kDa MWCO) in water for 48 h. The solution was passed through a 0.2 µm filter (Spartan
13/0.2 RC, Whatman®) and finally freeze-dried obtaining linear-PEOXA-CO2H (940 mg, 94%
yield) as a white powder. The chemical structure and purity of linear-PEOXA-CO2H were
determined by 1H-NMR (Figure S5.3).
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Synthesis of cyclic-PEOXA-CO 2 H (Scheme S5.1, step vi)
The synthesis of cyclic-PEOXA-CO2H was performed similarly to that of linear-PEOXACO2H. The chemical structure and purity of cyclic-PEOXA-CO2H were determined by 1HNMR (500 MHz) (Figure S5.4).
Synthesis of l-PEOXA-SH (Scheme S5.1, step iv)
l-PEOXA-SH (0.5 g, 0.4 mmol of CO2H groups, 1 eq.) was dissolved in 10 mL H2O,
subsequently DMTMM (220 mg, 0.8 mmol, 2 eq.) was added at RT and the solution stirred for
5 min after which DTPHY (280 mg, 1.2 mmol, 3 eq.) was added. Following overnight coupling
reaction, TCEP (440 mg, 1.6 mmol, 4 eq.) was added to the reaction mixture and stirred for 4
h at RT and then dialyzed (1 kDa MWCO) against water at pH 3.5 (adjusted with concentrated
HCl solution) for two days. Half of the solution within the dialysis membrane was freeze-dried
to obtain l-PEOXA-SH (250 mg, yield: 90 %) as a white powder. The other half was used
directly for the next step to obtain vinylsulfonated polymer. The chemical structure and purity
of c-PEOXA-SH were determined by 1H-NMR, as reported in Figure S5.5.
Synthesis of l-PEOXA-VS (Scheme S5.1, step v)
Half of the dialyzed solution (~ 50 mL) of l-PEOXA-SH (~250 mg, 0.2 mmol of SH groups, 1
eq.) was transferred directly to a dropping funnel and later on added dropwise to a vigorously
stirred solution of DVS (2 mL, 20 mmol, 100 eq.) in 30 mL TEOA (300 mM, pH 8.0) buffer
within 30 min. Following another 30 min of reaction at RT, the solution dialyzed (1 kDa
MWCO) against ultrapure H2O for 3 days. Following freeze-drying, l-PEOXA-VS (213 mg,
yield: 85 %) was obtained as a white powder. The chemical structure and purity of l- PEOXAVS were determined by 1H-NMR, as reported in Figure S5.7.
Synthesis of c-PEOXA-SH and c-PEOXA-VS (Scheme S5.1, step vii and viii,
respectively)
The synthesis of c-PEOXA-SH and c-PEOXA-VS were performed analogously to that lPEOXA-SH and l-PEOXA-VS, respectively. The chemical structure and purity of c-PEOXASH and c-PEOXA-VS were determined by 1H-NMR, as reported in Figure S5.6 and Figure
S5.8, respectively.
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Equilibrium swelling experiments and gel fraction determination
To determine the equilibrium mass swelling ratio (Qm) and gel fraction (GF), hydrogels of 40
µL (equal amounts of SH- and VS-polymer by weight) were prepared in 0.5 mL Eppendorf
tubes (at 5, 10, or 15 wt%) by mixing 20 µL of each polymer component and allowing the gels
to fully crosslink for 1 h at RT. Subsequently gels were weighted to determine the mass of the
hydrogel in their relaxed state (mr), i.e. the mass after the preparation before equilibration. Then
300 µL of PBS was added on top of the gels (that are located at the bottom of the Eppendorf
tubes) and left to equilibrate overnight at RT. Then the PBS was carefully pipetted off and the
swollen hydrogel weighted to obtain the swollen mass (ms) of the gels. Following freeze-drying,
the remaining polymer network was weighted to afford the dry mass (md) of the gel. The
equilibrium mass swollen ratio Qm was calculated as follows:
Q

=

m
m

Leaching tests were conducted to remove polymer that had not been incorporated into the
polymer network and to determine the gel fraction (GF) of the gels. Freeze dried hydrogels (as
described above) were immersed in 300 µL of PBS for 2 days with 6 cycles of PBS exchange
to wash out non-crosslinked polymer. Then the PBS was removed, the hydrogels freeze dried
and finally weighted to obtain the dry mass of the leached hydrogels (ms’). GF was calculated
as follows:
GF =

m
× 100%
m

Flory-Rehner analysis for determination of statistical crosslink density and
mesh size
A relationship exists between Qm and the inverse of the volume swelling ratio (Q) and the
densities of the solvent (ρsol) and polymer (ρp). In turn, Q can be used to determine the polymer
volume fraction in the equilibrium swollen state (υ , ) as follows:
υ

,

= Q

=

1/ρ
Q ⁄ρ + 1⁄ρ

We approximated the density of our hydrogel polymer precursors using the density of PEOXA,
which is 1.14 g∙mL-1 as reported in the literature. Hence, ρ = 1.14 g∙mL-1. The hydrogels were
swollen in water, thus ρ

= 1.008 g∙mL-1.
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Furthermore, the polymer volume fraction in the preparation state, after crosslink crosslinking but
before swelling (υ , ) can be computed using the following equation:

υ

,

m
m −1 ρ
= 1+
ρ

Using the Flory-Rehner theory with the modifications developed by Peppas and Merrill for
networks crosslinked in solution,[48–50] the effective molecular weight between crosslinks (Mc)
was determined according to the following equation:
υ
2
V
M = M −

ln 1 − υ
υ

υ
υ

,

+υ

,

,

⁄

,

,

+χυ , )

1 υ
−2 υ

,
,

Where the specific volume of the polymer (υ) is given by the reciprocal of the polymer density,
so υ = 0.88 mL∙g-1. The molar volume of water (V1) is 18.016 g∙mol-1 and the polymer solvent
interaction parameter (χ) for PEOXA and water was reported as 0.485.[60]
The statistical crosslink density (µ) of the crosslinked polymeric network is inversely related to
Mc according to following equation:
μ=

1
υM

From υ , , Mc and the molecular weight of the repeating units of the polymer (Mr), the average
distance between macromolecular chains within a polymer network, i.e. the mesh size (ξ), can
be approximated, according to the following equation:
ξ= υ

,

l

C 2M
M

⁄

Cn is the Flory characteristic ratio and the parameter l represents the bond length along the
polymer backbone. Cn for PEOXA was reported as 1.67.[60] Since the backbone of PEOXA
contains both carbon-nitrogen and carbon-carbon single bonds, a weighted average of their
lengths, 1.39 Å, was used for the parameter l.
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Rheological Measurements
Gelation kinetics were measured using an Anton Paar MCR 301 Rheometer with a 20 mm plateplate geometry and a base floor maintained at 25 °C. The two polymer precursor solutions (cor l-PEOXA-VS dissolved in TEOA (300 mM, pH =8) buffer and c- or l-PEOXA-SH in
ultrapure H2O) were quickly mixed and immediately loaded on the rheometer metal base floor.
Subsequently the probe was lowered to the measuring position of 200 µm to perform oscillatory
time sweeps for the determination of the storage moduli at 2 % strain and 10 rad∙s-1 angular
frequency with 5 measurements per 20 s steps for 60 min. 4 gels were measured for each
condition.
Mechanical Testing
Compression tests were performed using a texture analyzer (TA.XT plus, Texture Analyzer,
Stable Micro Systems), where 15 µl of pre-hydrogel solutions were casted within PDMS rings
(6 mm of external and 4 mm of internal diameter) and left to crosslink for one hour at RT in an
humidified chamber. Then the casted hydrogels were swollen to equilibrium in PBS overnight
at RT. Subsequently unconfined compression was applied to the cylindrical specimens (15 mm3
of volume with 4 mm diameter and 1.2 mm height) using a 500 g load cell, reaching a final
strain of up to 15% at the rate of 0.01 mm s-1. The compressive moduli (E) were calculated form
the slope of the linear elastic region of the stress-strain curves. 4 gels were measured for each
condition.
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5.6 SUPPORTING INFORMATION

Scheme S5.1. Synthesis of the linear (l-PEOXA-SH and l-PEOXA-VS) and cyclic (c-PEOXASH and c-PEOXA-VS) hydrogel precursors. The reaction conditions are briefly summarized as
follows. i) CROP of EOXA and MCPOXA, using propargyl p-toluenesulfonate as initiator, dry
ACN, 80 °C, 22 h under Ar; termination by sodium azide (NaN3), dry ACN, 70 °C, 24 h under
Ar. ii) Intramolecular cyclization using CuBr, PMDETA, DCM, 25 °C, 72h, under Ar. iii) and
vi) hydrolysis using 1M NaOH, 25 °C, 24 h. iv) and vii) Coupling reaction using DMTMM,
DTPHY, H2O, 25 °C, 16 h; then reduction using TCEP-HCl, 25 °C, 4h. v) and viii)
Vinylsulfonation: DVS, 0.3 M TEOA buffer, pH = 8, 25 °C, 1 h.
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Figure S5.1. 1H-NMR (500 MHz) spectrum of α-alkyne-ω-azide-PEOXA-CO2CH3 in D2O.

Figure S5.2. 1H-NMR (500 MHz) spectrum of cyclic-PEOXA-CO2CH3 in D2O.
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Figure S5.3. 1H-NMR (500 MHz) spectrum of linear-PEOXA-CO2H in D2O.

Figure S5.4. 1H-NMR (500 MHz) spectrum of cyclic-PEOXA-CO2H in D2O.
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Figure S5.5. 1H-NMR (500 MHz) spectrum of l-PEOXA-SH in CDCl3.

Figure S5.6. 1H-NMR (500 MHz) spectrum of c-PEOXA-SH in CDCl3.
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Figure S5.7. 1H-NMR (500 MHz) spectrum of l-PEOXA-VS in D2O.

Figure S5.8. 1H-NMR (500 MHz) spectrum of c-PEOXA-VS in D2O.
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Figure S5.9. SEC elugrams of the linear precursor α-alkyne-ω-azide-PEOXA-CO2CH3 (blue
trace) and its cyclization product, cyclic-PEOXA-CO2CH3 (green trace). Displayed is the
refractive index (RI) detector response over the retention volume (RV).

Figure S5.10. FT-IR spectra of α-alkyne-ω-azide-PEOXA-CO2CH3 (blue trace) and its
cyclization product (cyclic-PEOXA-CO2CH3, green trace). The absence of the peak at 2100
cm-1, relative to the stretching of the azide group (N3), in the spectrum of cyclic polymer
confirmed the ring closure.
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Chapter 6
6 FABRICATION OF BIOPASSIVE SURFACES USING
POLY(2-ALKYL-2-OXAZOLINE)S: RECENT
PROGRESSES AND APPLICATIONS
Poly(2-alkyl-2-oxazoline)s (PAOXAs) are emerging among the most promising non-ionic
alternatives to poly(ethylene glycol)s (PEGs), specifically in the modification and
functionalization of biomaterials. Due to their chemical tailorability and robustness, coupled
to their relatively easy synthesis, PAOXAs are increasingly applied as adsorbates to generate
bioinert surfaces that prevent non-specific contamination by proteins, cells and bacteria.
Passivation of medical devices, sensors and cell-sensitive platforms with PAOXAs enables a
nearly quantitative suppression of nonspecific biological contamination, while biopassivity is
maintained over longer incubation times than those recorded for more degradable PEG-based
coatings. Thanks to these unique advantages, surface modification strategies involving
PAOXAs are expanding to nanomaterials, especially those applied in the fabrication of
nanomedicine and bioimaging tools.
This chapter was published in: Trachsel, L., Romio, M., Ramakrishna, S. N., and Benetti, E.
M., Advanced Materials Interfaces, 2020, 2000943

6.1 INTRODUCTION
Surface structuring through polymer functionalization represents nowadays one of the most
efficient strategies to impart the desired physicochemical properties and functions to different
biomaterials. Poly(2-alkyl-2-oxazoline)s (PAOXAs) have been emerging as one of the most
promising non-ionic alternatives to poly(ethylene glycol) (PEG) and its derivatives for this
particular application, due to their chemical tailorability, and relatively easy synthesis.[1,2] In
comparison to PEGs, PAOXAs are chemically more robust, as they do not undergo oxidative
degradation within physiological media,[3–5] while their composition can be precisely adjusted
in order to tune hydrophilicity and introduce functionalizable groups along their chains.[6]
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A variety of compositionally different and structurally diverse PAOXAs can be synthesized via
cationic ring-opening polymerization (CROP) and post-modification processes. Tuning
monomer composition enables to obtain hydrophilic and bioinert and/or amphiphilic PAOXA
species displaying thermoresponsive properties.[6] Simultaneously, careful choice of initiator
and/or terminator agents gives access to end-functional or heterobifunctional polymers, which
can be directly applied for surface modification, or used as building blocks to yield structurally
more complex adsorbates targeting specific substrates or generating well-defined polymer
architectures at the interface.[7–9]
Among the most recent studies focusing on the fabrication of biopassive PAOXA films, most
of them involved grafting of pre-synthesized adsorbates by exploiting functional anchors that
are specific for the target substrate to passivate. In other works, the growth of a PAOXA-based
film was triggered from the substrate itself, through surface-initiated CROP (SI-CROP), while
interest has been rising in applying plasma polymerization of 2-oxazolines to generate robustly
attached coatings on an array of different supports.
Through these strategies, and with the general objective of suppressing nonspecific interaction
with biological entities, a broad range of biomaterials, ranging from inorganic supports, plastics
and nanomaterials of diverse composition have been successfully functionalized with
PAOXAs.
While during the first decade of 2000s efforts were spent in dissecting the fundamental
properties of PAOXAs assemblies on surfaces,[3,10,11] during the past five years their application
in different coating formulations for biomaterials has been progressively expanding, and at least
some of them are probably mature for a direct involvement of industry.
In this progress report, we critically review the most recent studies focusing on the fabrication
of PAOXA coatings, especially concentrating on the generation of bioinert surfaces, which
probably represents their most appealing and technologically relevant application.

6.2 COMPOSITION OF BIOINERT PAOXA-BASED
SURFACES
Among the different PAOXA species that were applied on surfaces to generate coatings,
hydrophilic poly(2-methyl-2-oxazoline) (PMOXA) and poly(2-ethyl-2-oxazoline) (PEOXA)
showed the most pronounced inertness towards nonspecific interactions with serum proteins,
cells and bacteria. A recent study by Morgese et al. identified the superior biopassivity of linear
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PMOXA brushes assembled on TiO2 surfaces as directly correlated to their remarkable
hydration, which is nearly 40% higher than that recorded for PEG analogues, and 85% higher
with respect to more amphiphilic PEOXA-brush counterparts.[12]
In particular, PMOXA brushes showed significantly improved biopassivity toward the
nonspecific adsorption of human serum (HS) and fetal bovine serum (FBS), and the settlement
of chondrocytes, with respect to structurally similar PEG and PEOXA-based coatings. In
addition, bioinertness was directly correlated to the capability of associating water molecules
by the compositionally different polymers (Figure 6.1a and 6.1b).[13]

Figure 6.1. (a) Thickness of adsorbed HS (black markers) and FBS (grey markers) as measured
by variable-angle spectroscopic ellipsometry (VASE) on TiO2 surfaces functionalized with
PEG, PMOXA and PEOXA brushes, as a function of polymer brush hydration (H2O/monomer).
(b) Percentage of bovine chondrocytes adhered to PEG, PMOXA and PEOXA brushes as a
function of brush hydration (H2O/monomer). Reproduced with permission.[12] Copyright 2018,
John Wiley and Sons. (c) Force-vs-separation profiles recorded by colloidal probe atomic force
microscopy (AFM) on PMOXA and PEOXA brushes. The solid and dashed profiles correspond
to approach and retract curves, respectively. Reproduced with permission.[16] Copyright 2019,
American Chemical Society. (d) Remaining brush thickness measured by VASE and adsorbed
HS mass estimated by optical waveguide lightmode spectroscopy (OWLS) after 5 h of exposure
to 10 × 10-3 M hydrogen peroxide in 10 × 10-3 M (4-(2-hydroxyethyl)-1piperazineethanesulfonic acid) (HEPES) buffer at physiological ionic strength. Reproduced
with permission.[3] Copyright 2012, John Wiley and Sons.
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PMOXA and PEOXA associate with water molecules through hydrogen bonding with their
carbonyl functions.[14] However, the ethyl side groups provide a certain amphiphilic character
to PEOXA, which presents a lower critical solution temperature (LCST) ≥ 60°C in water,[15]
and might favor hydrophobic/van der Waals interactions between polymer-bearing substrates
and, e.g. surface approaching proteins (Figure 6.1c).[16,17]
PMOXA films thus emerged as very efficient biopassive layers, not only matching and in some
cases surpassing the protein- and cell-resistant character typically displayed by their PEG
counterparts, but also showing an increased chemical stability with respect to PEGs.
Already after few hours of incubation within an oxidative aqueous environment, which mimics
the in vivo situations where macrophages produce superoxide and hydrogen peroxide,
degradation of PEG grafts was reported to rapidly trigger contamination of polymer-coated
metal oxide surfaces by undiluted full human serum (FHS) (Figure 6.1d). In contrast, PMOXA
brushes showed a significantly higher stability, and retained their bioinertness after over two
weeks of application within different physiological media.[3,4] Thanks to their chemical
robustness and biological inertness, PMOXA brush coatings were successfully applied to
generate patterned substrates where cells remain confined within specific areas over relatively
long times of culture, suppressing cell outgrowth much more efficiently than on similar
structured surfaces presenting PEG-brush analogues.[5,18]

6.3 SURFACE FUNCTIONALIZATION STRATEGIES
Functionalization of different inorganic and organic biomaterials encompasses the synthesis of
reactive PAOXA species that can uniformly passivate the target substrate toward nonspecific
interactions with biological components in the medium. In the particular case of polymer brushbased coatings, the formation of uniform and densely surface-grafted layers is a prerequisite to
guarantee an efficient biological inertness both on flat, macroscopic substrates and on highaspect-ratio nanomaterials.[19,20]
Recently, the most commonly applied PAOXA-based adsorbates for the functionalization of
flat surfaces featured graft copolymers (or comb-like polymers) where PAOXA chains are
pending from a functional backbone, which additionally includes functions that present high
physical or chemical affinity toward the target substrate (Figure 6.2).
Several works from our group involved the application of poly-L-lysine (PLL)-g-PAOXAs with
different side-chain composition for the generation of dense PAOXA brushes that nearly
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quantitatively prevent protein adsorption and cell adhesion. Due to the high concentration of
positively charged amino groups along PLL at physiological pH, PLL-g-PAOXA copolymers
adsorb via their backbone to negatively charged, metal oxide surfaces, as well as on oxidized
plastics. At an optimum copolymer grafting density of ~ 0.3 PAOXA/Lys unit, PLL segments
lay down at the substrate, whereas PAOXA chains stretch vertically forming a dense brush
interface (Figure 6.2a).[11,21,22]

Figure 6.2. Graft copolymer designs to generate PAOXA-bush coatings on different substrates.
(a) PLL-g-PAOXA copolymers for the passivation of negatively charged metal oxide surfaces
and oxidized plastics. Reproduced with permission.[12] Copyright 2018, John Wiley and Sons.
(b) PMOXA-r-4VP copolymers for the UV-mediated functionalization of glass, SiOx and
PDMS surfaces. (c) PMAO-g-PEOXA copolymers for decorating GO. Reproduced with
permission.[24] Copyright 2018, Elsevier. (d) PGA-g-PMOXA/HBA copolymers for the
functionalization of articular cartilage. Reproduced with permission.[25] Copyright 2017,
American Chemical Society.

Alternative branched copolymer-designs were applied to functionalize compositionally
different substrates in order to protect them against biological contamination. In a very recent
work, Wang and coworkers copolymerized PMOXA-bearing methacrylates and 4-vinyl
pyridine (4VP) yielding PMOXA-r-4VP copolymers that could be immobilized on different
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substrates via UV irradiation (Figure 6.2b). By this method, glass, silicon, gold and
polydimethylsiloxane (PDMS) surfaces were efficiently protected against contamination by
bovine serum albumin (BSA) and human umbilical vein endothelial cells (HUVECs).[23]
Correia and coworkers decorated poly(maleic anhydride-alt-1-octadecene) (PMAO) with NH2terminated PEOXA, obtaining graft copolymers that were applied for the functionalization of
graphene oxide (GO), and the subsequent fabrication of doxorubicin (DOX) and D-αTocopherol succinate (TOS)-loaded dispersions for chemo-phototherapic applications (Figure
6.2c).[24]
In our group, graft copolymers featuring a polyglutamic acid (PGA) backbone derivatised with
PMOXA side chains and hydroxybenzaldehyde (HBA) groups were very recently applied to
coat the collagenous surface of articular cartilage, forming a lubricious and biopassive
PMOXA-brush layer at the tissue interface (Figure 6.2d).[25–27] The aldehyde groups along the
PGA backbone can reversibly bind to the amino-rich surface of cartilage, forming Schiff bases,
especially when collagen is exposed due to enzymatic degradation mechanisms that are
typically involved into degenerative syndromes of the articular joints, such as osteoarthritis
(OA). Simultaneously, PMOXA side copolymer chains stretch out at the interface, passivating
the cartilage surface toward surface-approaching proteins and enzymes present in the synovial
fluid.[25,26]
In addition to the application of copolymer-based adsorbates, several recent works reported the
fabrication of PAOXA-based coatings exploiting layer-by-layer (LbL) depositions. Sun and
coworkers fabricated multilayered PEOXA-based films exploiting hydrogen bonding between
partially hydrolyzed PEOXA, which features 7-13 mol% of ethylene imine (EI) functions
(PEOXA-EI), and poly(acrylic acid) (PAA) (Figure 6.3a-c). Several microns thick PEOXAEI/PAA multilayers, obtained after thermal crosslinking of pristine LbL assemblies, efficiently
resisted contamination by Escherichia coli (E. coli) and Bacillus subtilis (B. subtilis), and
additionally featured healable properties when mechanically damaged.[28]
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Figure 6.3. (a) Synthesis of PEOXA-EI copolymers by partial hydrolysis of PEOXA
homopolymers. (b) Thickness of PEOXA-EI/PAA multilayers formed by LbL technique using
PEOXA-EI with different content of EI units. (c) Thickness of PEOXA-EI/PAA multilayers as
a function of degree of hydrolysis of PEOXA. Reproduced with permission.[28] Copyright 2017,
American Chemical Society. (d) Preparation of PEOXA-EI/PAA multilayered films by LbL
technique, followed by thermal cross-linking. (e) Normalized fluorescence intensity from
fluorescently labeled BSA adsorbed onto control substrates, including aminolized SiOx (NH2Si) and poly(sulfobetaine methacrylate) (PSBMA) brushes, and on PEOXA-EI/PAA
multilayered films produced after different deposition cycles. Reproduced with permission.[29]
Copyright 2018, Elsevier.

The biopassive and pH-responsive properties of very similar LbL coatings deposited on SiO2
surfaces were investigated in detail by the group of Siew Tan (Figure 6.3d). Crosslinked
PEOXA-EI/PAA multilayered films presented a tunable swollen thickness as a function of pH,
while they significantly suppressed surface contamination by BSA (Figure 6.3e), fibroblasts, E.
coli and Staphylococcus aureus (S. aureus).[29]
Although the generation of PAOXA-based coatings on flat substrates was primarily achieved
by “grafting to” approaches, i.e. exploiting the deposition or surface-assembly of previously
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synthesized PAOXA adsorbates, few successful examples of “grafting from” techniques were
reported in the very recent past. Due to its relatively slow kinetics, surface-initiated CROP did
not demonstrate an efficient process to fabricate sufficiently thick PAOXA brush films during
reasonable reaction times.[30] However, high-molecular-weight PAOXA-based grafts forming
considerably thick coatings could be obtained by polymerizing oligo(2-alkyl-2-oxazoline)s
(OAOXAs) derivatised with methacrylate groups[31] or 2-isopropenyl-2-oxazoline (IPOXA) via
surface-initiated controlled radical polymerization (SI-CRP).[32]
Following

this

general

poly[(OMOXA)methacrylate]

strategy,

Gautrot

(POMOXAMA)

and
and

coworkers

synthesized

poly[(OEOXA)methacrylate]

(POEOXAMA) brushes from thiol initiator-bearing Au substrates using surface-initiated atom
transfer radical polymerization (SI-ATRP).[33] Uniform and relatively thick POMOXAMA and
PEOXAMA brushes resisted nonspecific contamination by BSA, fibronectin and FBS,
although

structurally

similar

poly[(oligoethylene

glycol)methacrylate]

(POEGMA)

brushes[20,34,35] of comparable thickness showed superior biopassive properties (Figure 6.4).

Figure 6.4. (a) POMOXAMA and POEOXAMA brushes synthesized by SI-ATRP from
initiator-modified Au surfaces. (b) Mass of BSA, fibronectin and FBS adsorbed on different
brush surfaces, as measured by surface plasmon resonance (SPR). Reproduced with
permission.[33] Copyright 2018, American Chemical Society.
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The group of Jordan exploited surface-initiated Cu0-mediated controlled radical polymerization
(SI-Cu0 CRP)[36–38] to synthesize poly(2-isopropenyl-2-oxazoline) (PIPOXA) brushes, which
bear a polymerizable 2-oxazoline group on each monomer unit, and act as precursor layers for
the subsequent grafting from of PMOXA chains by CROP.[39] This two-step fabrication enabled
the synthesis of surface-attached PIPOXA-g-PMOXA bottlebrushes of considerably high
thickness, while by varying the distance between the Cu0-coated plate used as catalyst source
and the initiator-bearing substrate[40] morphologically different PAOXA-based brush gradients
could be easily and quickly fabricated.

6.4 FUNCTIONALIZATION OF NANOPARTICLES
While the functionalization of macroscopic substrates has mainly involved the application of
PAOXA-based copolymers or multifunctional assemblies that can be readily deposited onto the
target surface via numerous anchoring groups, and through simple and upscalable processes,
the decoration of NPs was typically achieved by employing chain-end functional PAOXA
homopolymers, to provide robustly attached polymer-brush shells.
Depending on the composition of the inorganic core, PAOXA ligands presenting chemically
different anchoring groups were successfully applied to generate core-PAOXA shell NPs
featuring “stealth” properties within physiological or protein-rich media.
Dense PEOXA-brush coronas were successfully formed on sub-10 nm diameter,
superparamagnetic FexOy NPs by employing nitrocatechol-terminating PEOXA ligands,
significantly reducing association of serum proteins to the obtained core-shell NPs.[41–44] In a
similar way, linear PMOXA adsorbates presenting similar anchors were additionally applied to
functionalize ZnO and ZnS NPs (Figure 6.5a and 6.5b, respectively), yielding colloidally stable
bioimaging tools that are inert toward biological media,[45,46] while silane-bearing PMOXAs
were recently employed to fabricate organically modified silica (ORMOSIL) NPs (Figure
6.5c).[47–49]
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Figure 6.5. (a) PMOXA ligands bearing substituted catechol groups were applied as ligands
for the stabilization of ZnO (a) and ZnS (b) NPs. Reproduced with permission.[45,46] Copyright
2015 and 2018, American Chemical Society. (c) Tri-methoxy silane-bearing PMOXAs applied
for the preparation of ORMOSIL NPs. Reproduced with permission.[49] Copyright 2018,
American Chemical Society.

6.5 TOPOLOGY OF PAOXAS AT SURFACES
Recent works from our group demonstrated that shifting the topology of PAOXA adsorbates
from linear to cyclic substantially alter the interfacial physicochemical properties of the
subsequently generated brush coatings.[50] This is due to the translation of polymer topology
effects, typically observed for cyclic macromolecules in solutions and melts,[51,52] into surface
properties.
In particular, cyclic PAOXA adsorbates are characterized by reduced molecular dimensions
with respect to their linear counterparts of comparable molecular weight,[53,54] and thus can form
denser brush layers when assembled on solid surfaces from diluted solutions.[55–57] In addition,
due to the constraints introduced during their cyclization,[58] cyclic PAOXA grafts generate
films that provide an augmented steric stabilization of the surface, when compared to linearbrush analogues (Figure 6.6a).[57,59]
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Hence, the unique properties and intrinsic structure of cyclic brushes enabled the fabrication of
PAOXA surfaces with significantly enhanced biopassivity with respect to that typically
displayed by linear PAOXA-based analogues.
Cyclic PEOXA brushes (C-PEOXA) deposited on TiO2 surfaces via nitrocatechol anchors
displayed values of grafting density (σ) between 45 and 80% higher than those characteristic of
linear PEOXA grafts (L-PEOXA) of the same molar mass.[56] The densely grafted character of
C-PEOXA layers determined a pronounced reduction in the adsorption of FHS, leading to a
nearly quantitative bioinertness by C-PEOXA brushes with Mw ~ 5 kDa (Figure 6.6b).
Remarkably, even when linear and cyclic PEOXA grafts presented comparable values of σ, the
augmented steric barrier provided by the cyclic topology determined a slight but significant
reduction of protein adsorption (Figure 6.6c).[59]
Hence, it is important to emphasize that a change in topology of amphiphilic PEOXA brushes
from linear to cyclic could significantly improve their biopassive properties, approximating the
inertness toward nonspecific protein contamination that is typically shown by more hydrophilic
surfaces, such as PMOXA-based films.[16]
Similar although enhanced effects were brought by applying cyclic PEOXA ligands on FexOy
NPs, yielding FexOy core-cyclic brush shell NPs (Figure 6.6d). Due to the high curvature
characterizing sub-10 nm diameter inorganic colloids, nitrocatechol-bearing cyclic PEOXA
adsorbates generate polymer shells reaching values of σ that largely surpass 2 chains nm-2.
Ultradense and very compact cyclic PEOXA shells provided unprecedented stability to the NPs,
which were colloidally stable within aqueous media for more than two months, and
quantitatively presented the formation of serum proteins coronas (Figure 6.6e-f).[31]
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Figure 6.6. (a) Force-vs-separation (FS) approach curves recorded by colloidal probe AFM on
L-PEOXA and C-PEOXA brushes highlight the enhanced steric stabilization provided by cyclic
brushes on TiO2 surfaces. Reproduced with permission.[55] Copyright 2016, John Wiley and
Sons. (b) Dry thickness of FHS adsorbed on L- and C-PEOXA brushes presenting different
number average molecular weight (Mn), as measured by VASE. Reproduced with
permission.[56] Copyright 2017, American Chemical Society. (c) Thickness of FHS on L- and
C-PEOXA brushes measured by VASE as a function of σ. Reproduced with permission.[57]
Copyright 2018, American Chemical Society. (d) L- and C-PEOXA ligands applied as brush
shells on FexOy NPs. (e) Colloidal stability of FexOy NPs presenting L- and C-PEOXA brush
shells, recorded by measuring their hydrodynamic diameter (DH) with dynamic light scattering
(DLS) in PBS solution at 20 °C. The values of DH correspond to the average hydrodynamic
diameters as number distribution, obtained over three replicates. (f) DLS profiles recorded for
suspensions of C-PEOXA brush-coated FexOy NPs (dashed profiles), and C-PEOXA brushcoated Fe3O4 NPs in the presence of BSA (solid profiles). After the addition of BSA, the
appearance of signals with DH ~ 10 nm and the constant values of DH recorded for CPEOXA/NPs indicated full suppression of protein adsorption on cyclic polymer shells.
Reproduced with permission.[31] Copyright 2017, John Wiley and Sons.

6.6 EMERGING FABRICATIONS AND APPLICATIONS OF
PAOXA-BASED BIOINTERFACES
In addition to the most commonly applied surface functionalization methods, plasma
polymerization of 2-alkyl-2-oxazolines (AOXAs) has been recently emerging as a convenient
technique to generate PAOXA coatings on a variety of different substrates. This technique
features some fundamental advantages with respect to wet depositions/grafting of presynthesized polymers, as it does not require the use of solvents or initiators, does not involve
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any preliminary treatment of the target substrate, and employs just the minimal amount of
monomer to generate relatively thick films. Despite these technical advantages, the precise
composition of plasma-polymerized PAOXA coatings is often difficult to be dissected, while a
broad range of functionalities are typically exposed at the interface.[60]
Especially the group of Vasilev has investigated the properties of coatings obtained from
plasma-polymerized 2-methyl-2-oxazoline (MOXA), and explored their potential application
as biointerfaces.[61,62] Relevantly, the obtained polyoxazoline films retained oxazoline rings
within their structure, enabling the accessible conjugation of biomolecules and functional NPs
on the treated substrates.[61–65] Although the presence of different functionalities at the interface
of plasma-polymerized MOXA and 2-ethyl-2-oxazoline (EOXA) films triggered a nonnegligible surface contamination by bacteria, several works in the recent literature demonstrated
their moderate antimicrobial character with respect to uncoated surfaces,[61,66] which was
accompanied to an excellent cytocompatibility.[60–62]
While plasma polymerization of AOXAs is emerging as a convenient technique to fabricate
thick coatings on different substrates, the generation of functional biointerfaces has been mainly
relying on the application of PAOXA adsorbates synthesized by CROP. Due to the high
tolerance of CROP toward 2-oxazoline monomers including different chemical groups, interest
is rising in synthesizing copolymers that include both bioinert AOXA monomers and
functionalizable ones, which can selectively link to biomolecules or trigger a specific biological
response at the interface of materials.
Among several recent works focusing on the design of functional biointerfaces based on
PAOXAs, those by the group of Becer are worth to be mentioned. In particular, by
copolymerizing EOXA with alkene-bearing oxazolines polymer platforms functionalizable
with bio-reactive groups or peptides via thiol-ene chemistry were easily generated. Following
this general strategy, sugar-rich PAOXAs could be employed as substrates for the specific
binding of different lectins.[67–70] Alternatively, PAOXA-based hydrogel films, cross-linked by
well-defined peptide sequences were applied as sensor surfaces for the detection of matrix
metalloproteases (MMPs).[71]
Finally, it is important to emphasize that a new class of polymers closely linked to PAOXAs is
emerging, especially in the field of biomaterials formulation and functionalization. These are
poly(2-alkyl-2-oxazine)s (PAOZIs), obtained by CROP of six-membered cyclic imino ethers
(instead of five-membered analogues, which provide PAOXAs).[72–76] Especially poly(2methyl-2-oxazine) (PMOZI) and poly(2-ethyl-2-oxazine) (PEOZI) have been recently
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investigated for the functionalization of macroscopic inorganic surfaces as well as for NPs.[12,77]
PMOZI homopolymer brushes grafted on TiO2 substrates showed excellent biological inertness
towards HS and cells, thanks to their high hydrophilicity and enhanced chain flexibility,
actually surpassing the biopassive properties of the best performing PMOXA-based
counterparts.[12] PEOZI displayed a thermoresponsive character in aqueous media, and was
applied in the form of methacrylate-bearing macromonomers to generate bottlebrush-based
ligands for the temperature-dependent stabilization of FexOy NPs.[77]
In summary, this progress report highlights how the application of PAOXAs and closely related
polymers as surface modifiers represents a blooming research area, especially when the target
substrates are biomaterials of different composition and length scales. On medical devices,
sensors and cell-sensitive platforms that require a nearly quantitative suppression of nonspecific
biological contamination, PMOXA- and PEOXA-based coatings already proved more
chemically robust and as biopassive as PEGs, and progressively emerged as conveniently
accessible and fully tailorable non-ionic polymers for surface modification. These unique
advantages are paving the way for the introduction of PAOXAs also in the design of
nanomaterials, especially those applied in nanomedicine and bioimaging. In these formulations,
the intrinsic biological inertness of PAOXAs coupled to the accessible introduction of
functional groups directly during CROP enables the synthesis of functional ligands and
surfactants with fully tunable composition and physicochemical properties.
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7 FUNCTIONAL NANOASSEMBLIES OF CYCLIC
POLYMERS SHOW AMPLIFIED RESPONSIVENESS
AND ENHANCED PROTEIN-BINDING ABILITY

The physicochemical properties of cyclic polymer adsorbates are significantly influenced by
the steric and conformational constraints introduced during their cyclization. These translate
into a marked difference in interfacial properties between cyclic polymers and their linear
counterparts, when they are grafted onto surfaces yielding nanoassemblies or polymer brushes.
This difference is particularly clear in the case of cyclic polymer brushes that are designed to
chemically interact with the surrounding environment, for instance by associating with
biological components present in the medium, or, alternatively, through a response to a
chemical stimulus by a significant change in their properties. The intrinsic architecture
characterizing cyclic poly(2-oxazoline)-based polyacid brushes leads to a broad variation in
swelling and nanomechanical properties in response to pH change, in comparison to their
linear analogues of identical composition and molecular weight. In addition, cyclic
glycopolymer brushes derived from polyacids reveal an enhanced exposure of galactose units
at the surface, due to their expanded topology, and thus display an increased lectin-binding
ability with respect to their linear counterparts. This combination of amplified responsiveness
and augmented protein-binding capacity renders cyclic brushes invaluable building blocks for
the design of “smart” materials and functional biointerfaces.
This chapter was published in: Trachsel, L., Romio, M., Grob, B., Zenobi-Wong, M., Spencer,
N. D., Ramakrishna, S. N., and Benetti, E. M., ACS Nano, 2020, 14, 10054.

7.1 INTRODUCTION
During the last decade, a variety of synthetic paths have been successfully established to
produce cyclic polymers with high purity and in good yield, including ring-closure strategies
starting from chain-end functional precursors,[1–3] and ring-expansion techniques that have
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exploited cyclic precursors and/or catalysts.[4–8] Simultaneously, experimentalists and
theoreticians have progressively demonstrated that topology effects in cyclic macromolecules
substantially alter several fundamental physicochemical properties in bulk, melts and solutions,
such as molecular dimensions,[9–12] rheological characteristics[13] and solvation properties.[14–17]
From this starting point, increasing efforts have been recently devoted to applying the
distinctive properties of cyclic polymers in materials science, in an effort to translate a polymer
class that was defined as little more than a scientific curiosity into building blocks for the
formulation of advanced materials.[18]
We have specifically focused on the application of cyclic polymers to generate interfaces with
broadly tunable properties on organic and inorganic supports, and nanoparticles (NPs).[19] On
macroscopic surfaces, the exceptional steric stabilization and molecular compactness provided
by cyclic macromolecules, coupled with their intrinsic absence of chain ends, can generate
nanofilms with distinctive biopassive, and tribological properties. In particular, cyclic poly(2alkyl-2-oxazoline) (PAOXA) adsorbates synthesized by a ring-closure method have been
applied on metal oxide substrates, as well as on cartilage, to yield polymer-brush assemblies
that provide both superlubricious behavior and enhanced resistance toward nonspecific
interactions with serum proteins.[20–24] Cyclic PAOXAs were additionally applied to fabricate
inorganic core-cyclic polymer-shell NPs, demonstrating an excellent colloidal stability and
nearly full bioinertness within aqueous media and protein dispersions.[25]
These initial studies highlighted how the intrinsic topology effects of chemically inert, cyclic
macromolecules can be directly translated into a substantial modification of interfacial
physicochemical properties on solid surfaces. However, the steric and conformational
constraints introduced during cyclization are additionally expected to affect the characteristics
of polymer assemblies when these feature a functional character. This is the case for polymer
interfaces that are chemically designed to actively interact with the surrounding environment,
for instance through covalent or supramolecular associations with one or more components
present in the medium, or, alternatively, through a response to a physical or chemical stimulus
(such as light, or pH) by a significant change in their properties.[26]
Despite their smaller radius of hydration compared to linear analogues of similar molecular
weight, cyclic polymers show an enhancement in effective intramolecular repulsion between
their polymer segments. We believe that this phenomenon not only leads to a higher excludedvolume effect and greater swelling,[27] but would also generate a higher steric availability for
functional groups that could not be achieved on linear polymer coils. This enhancement in the
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surface exposure of functionalities, simply as a result of polymer-graft chain topology, would
offer an approach to the design of a large variety of reactive biointerfaces, with potential impact
in drug delivery systems, bioimaging materials, and biosensors, for example.[28]
Moreover, since shifting from linear to cyclic topology can change the stimulus-responsive
behavior of surface-grafted macromolecules, a more precise tuning of polymer topology could
provide an additional parameter in the modulation of the properties of “smart” surfaces.
While the distinctive steric restrictions characteristic of cyclic polymers have already been
demonstrated to alter the temperature-induced transitions of amphiphilic polymers in
solution,[29–31] the presence of a grafting surface as a boundary could further alter or amplify
any physical transition. Moreover, translating similar topology effects, already observed in
solution, into surface properties would enable the fabrication of responsive surfaces with
potential applications in cell-sensitive platforms,[32–34] nanostructured membranes,[35–37] or
optical devices.[38–40]
Inspired by these intriguing perspectives, the objective of our study is to demonstrate that
topology effects in brush-forming cyclic polymer adsorbates enable a broader tuning capability
for responsive properties on surfaces, and an enhanced functional character with respect to
commonly employed formulations based on linear grafts.
Linear and cyclic poly(2-carboxypropyl-2-oxazoline) (PCPOXA) adsorbates incorporating
disulfide-based anchors were first synthesized by cationic ring-opening polymerization
(CROP)[41] of 2-methoxycarbonylpropyl-2-oxazoline (MCPOXA),[42,43] followed by postpolymerization modification. Their subsequent assembly on Au surfaces generated
topologically different, weak polyacid brushes that respond to pH by varying their swelling,
nanomechanical and nanotribological properties. Through a combination of variable-angle
spectroscopic ellipsometry (VASE), quartz crystal microbalance with dissipation (QCM-D) and
atomic force microscopy (AFM) methods, we demonstrate that the intramolecular steric
pressure generated within cyclic grafts upon deprotonation significantly alters the transition in
their physicochemical properties across the pKa. More generally, we demonstrate that the
effects of polymer topology coupled with the additional constraint of a grafting surface lead to
a broader response of the assemblies towards pH variation.
When the side-chain groups of PCPOXA are derivatised with galactose moieties, functional
poly(2-N-2-deoxy-D-galactopyranosecarboxamidepropyl-2-oxazoline)

(PGalaPOXA)

adsorbates forming brushes can efficiently act as glycopolymer ligands for proteins.
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A wide variety of cell-adhesion and recognition events, including those involved in cancer,
inflammation and infection, encompass the specific interaction between carbohydrate-rich
macromolecules and lectins.[44] Therefore an investigation of the effect of chain topology on
the protein-binding ability of synthetic glycopolymers on surfaces is a highly relevant approach
to the development of both sensing and therapeutic materials.[45]
In the particular case of PGalaPOXA brushes, the intrinsic steric constraints present along
cyclic grafts provide an augmented presentation of galactose functions at the interface, leading
to a markedly higher lectin-binding efficiency with respect to linear brush analogues with
similar molar mass and comparable surface coverage.
Although these results are specific for polymer surfaces that show affinity toward a particular
protein type, they suggest how the translation of topology effects into interfacial properties can
enhance the functional character of a large variety of reactive platforms and biomedical devices.

7.2 RESULTS AND DISCUSSION
Synthesis and Surface Assembly of Linear and Cyclic Polyacid Adsorbates on
Au Surfaces
Responsive and functional polymer brushes with different chain topologies were fabricated
starting from poly(2-methoxycarbonylpropyl-2-oxazoline) (PMCPOXA) species, which had
been

synthesized

by

cationic

ring-opening

polymerization

(CROP)[41]

of

2-

methoxycarbonylpropyl-2-oxazoline (MCPOXA)[43] using chemically tailored initiator and
terminator agents (Scheme 7.1a and Supporting Information). In the case of linear adsorbates,
CROP was terminated by addition of piperazine, yielding PMCPOXA presenting amine chain
end with number average molecular weight (Mn) = 8200 Da (DPn ~ 50, Supporting Information)
and dispersity (Ɖ) = 1.23. Subsequent derivatization with (4-(5-(1,2-dithiolan-3yl)pentanamido)benzoic acid) (BCLA), provided PMCPOXA with disulfide end groups that
can function as specific anchors for Au surfaces (Scheme 7.1a and Supporting Information).
Final basic hydrolysis of the methyl ester side-chains of PMCPOXA-BCLA generated poly(2carboxypropyl-2-oxazoline) adsorbates, yielding linear polyacid brushes on Au (l-PCPOXA)
(Scheme 7.1b).
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Scheme 7.1. (a) Synthesis of c-PCPOXA and l-PCPOXA by CROP and post-functionalization.
Reaction conditions for c-PCPOXA are briefly summarized as follows. i) CROP: Propargyl ptoluenesulfonate (R=C2H), MCPOXA, dry ACN, 80°C, 16 h under Ar; termination by 3azidopropylamine, dry ACN, 25°C, 48 h under Ar. ii) Intramolecular cyclization using
copper(I)bromide (CuBr), N,N,N',N'',N''-pentamethyldiethylenetriamine (PMDETA), DCM,
25°C,
72h,
under
Ar.
iii)
BCLA,
(1-cyano-2-ethoxy-2oxoethylideneaminooxy)dimethylaminomorpholinocarbenium hexafluorophosphate (COMU),
N,N-diisopropylethylamine (DIPEA), DMF, 25°C, 24 h; hydrolysis using 1M NaOH,
EtOH:H2O 2:1, 25°C, 24 h. Reaction conditions for l-PCPOXA. i) Methyl p-toluenesulfonate
(R=H), MCPOXA, dry ACN, 80°C, 16 h under Ar; termination by piperazine, dry DMF, 25°C,
48 h under Ar. iv) BCLA, COMU, DIPEA, DMF, 25°C, 24 h; hydrolysis using 1M NaOH,
EtOH:H2O 2:1, 25°C, 24 h. (b) Schematic illustration depicting the pH-responsive properties
by c-PCPOXA and l-PCPOXA brushes across their pKa.

The corresponding cyclic polyelectrolyte adsorbates (c-PCPOXA) were synthesized following
a similar general strategy. Cyclic PMCPOXA species were first obtained starting from αalkyne-ω-azide PMCPOXA telechelic precursors with Mn = 8000 Da (DPn ~ 50, Supporting
Information) and Ɖ = 1.26. These were subjected to intramolecular cyclization by Cu(I)catalyzed alkyne-azide cycloaddition generating cyclic PMCPOXA (Supporting Information).
Subsequent functionalization with BCLA, followed by final hydrolysis of the side chains
yielded c-PCPOXA adsorbates (Scheme 7.1a).
Deposition of l- and c-PCPOXA onto Au from a 10 mM methanol solution with 1 vol% acetic
acid[46] generated topologically different, dense polyelectrolyte brush assemblies after just 1 h
of adsorption. In particular, l-PCPOXA brushes showed an average dry thickness (Tdry) of 3.2
± 0.1 nm, as measured by variable angle spectroscopic ellipsometry (VASE), corresponding to
a grafting density (σ) of 0.27 chains nm-2. c-PCPOXA brushes showed a slightly higher Tdry of
3.8 ± 0.1 nm, which indicated a higher polymer surface coverage with σ = 0.34 chains nm-2. As
was previously observed in the case of neutral PAOXA assemblies,[20,21,25,47] the formation of
denser polyacid grafts by adsorption of cyclic adsorbates is presumably due to their more
compact molecular dimensions, compared to linear analogues of similar molar mass,[10,11,14]
which reduced steric hindrance between surface-interacting polymers.
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The formation of PCPOXA brushes was subsequently studied in situ, by monitoring the
adsorption of l- and c-PCPOXA adsorbates with quartz crystal microbalance with dissipation
(QCM-D), using Au-coated sensors as substrates. As shown in Figure 7.1a, the formation of
both linear and cyclic brushes displayed distinctly rapid kinetics, as witnessed by a quick drop
in the values of frequency (ΔF) just after injection of PCPOXA solutions in the QCM-D cells.

Figure 7.1. (a) Assembly of l- and c-PCPOXA on Au-coated sensors monitored by QCM-D
recording ΔF and ΔD shifts, following (1) incubation in ultra-pure water, (2) methanol-1%
acetic acid, (3) 1 mg ml-1 l- and c-PCPOXA solutions in methanol-1% acetic acid, (4) rinsing
with methanol-1% acetic acid, and (5) final rinsing with ultra-pure water. One representative
overtone (5th) is shown for l-PCPOXA (5th F linear and 5th D linear, blue and violet traces), and
for c-PCPOXA (5th F cyclic and 5th D cyclic, green and yellow traces). The red arrows highlight
the final values of ΔF recorded in ultra-pure water for l- and c-PCPOXA brushes (differences
between (1) and (5)). (b) A zoomed-in sensogram displaying the variation of ΔF during the
adsorption of l-PCPOXA (blue trace) and c-PCPOXA (green trace) from 1 mg ml-1 methanol1% acetic acid polymer solutions.

For both l- and c-PCPOXA brushes, the observed initial fast adsorption was followed by a
plateau, suggesting surface saturation by adsorbing polymers (Figure 7.1b). However, in the
case of cyclic brushes, ΔF reached a nearly constant value within a few minutes, while the
assembly of l-PCPOXA was more gradual, with ΔF progressively approaching a steady-state
value more than 30 min after injection. The assembly of l- and c-PCPOXA brushes was
followed by washing the sensors with pure solvent, in order to remove any weakly adsorbed
polymer from the Au surfaces (point 4 in Figure 7.1a). During this process, slight but significant
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differences could also be observed by comparing the behavior of the just-formed linear and
cyclic brushes.
In particular, a marked increment in ΔF, corresponding to a decrease in adsorbed mass on the
sensor, accompanied the washing step on l-PCPOXA films, indicating that a relatively large
amount of physisorbed/weakly attached chains had been present. In contrast, ΔF increased by
just a few Hz while rinsing c-PCPOXA brushes, suggesting that a more stably grafted layer was
formed. Hence, the analysis of QCM-D results revealed that, although both linear and cyclic
adsorbates rapidly adsorbed on Au, the more compact character of c-PCPOXA species favored
a relatively quick surface saturation by polymer grafts, in a similar way as was previously
described while comparing the assembly of dendron-like and linear poly(ethylene glycol)s
(PEG) of similar molar mass.[48] l-PCPOXA adsorbates also underwent rapid assembly on Au,
although this was accompanied by a significant physisorption of linear chains, which were
presumably dangling at the formed brush interface.
Acquisition of ΔF and dissipation (ΔD) values in ultra-pure water (point 5, Figure 7.1a) finally
enabled us to estimate the hydrated thickness (Twet) of the assembled films (Supporting
Information), which resulted 11.1 ± 0.3 and 9.4 ± 0.2 nm, for l- and c-PCPOXA brushes,
respectively. The values of Twet obtained by QCM-D could be correlated to the corresponding
Tdry derived from VASE, finally yielding the swelling ratio of the assemblies (SR = Twet/Tdry),
which resulted 3.6 and 2.5, for linear and cyclic grafts, respectively. The significantly lower
value of SR recorded for c-PCPOXA was implicitly determined by the structure of cyclic
brushes, which cannot vertically extend as much as linear grafts of comparable molar mass
when immersed in a good solvent. This phenomenon confirms the distinctive compactness of
c-PCPOXA brushes. On the one hand, cyclic grafts are characterized by slightly higher values
of σ, due to their less hindered surface-assembly process.[21] On the other hand, they feature an
intrinsically higher polymer segment density in the hydrated state, due to the structural necessity
of each polymer chain to loop down to the grafting point.[20]
Effect of Grafted-Polymer Topology on pH-Responsiveness
In order to systematically investigate how grafted-chain topology determined the responsive
behavior of PCPOXA brushes, we alternately subjected linear and cyclic assemblies to aqueous
solutions of different pH values, while recording their swelling properties, and
nanomechanical/nanotribological characteristics by a combination of QCM-D and AFM-based
methods.
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Topologically different PCPOXA films were subjected to extremely diluted buffer solutions (1
mM acetic acid /sodium acetate buffer for pH 3.0, 4.5 and 6.3, and 1 mM phosphate buffer for
pH 7.4, 8.5, 10.5, Supporting Information), in order to exclude the effect of ionic strength on
the brush deprotonation-induced swelling.[49–51] As reported in Figure 7.2a, the values of ΔF
for both l- and c-PCPOXA brushes showed a significant decrease at pH > 6, indicating that the
deprotonation of polyacid grafts was accompanied by a marked increment in the hydrated mass
of the films. Interestingly, a very similar, general trend was observed for the two different
polymer topologies, for which a comparable pKa value between 6 and 6.5 was identified.[52,53]
A similar result was recently reported by Veige et al.,[54] who demonstrated that linear and
cyclic polyphenols display nearly the same value of pKa when dissolved in aqueous media.
QCM-D was used to evaluate the pH-dependent hydration and swelling of l- and c-PCPOXA
brushes, by recording and analyzing the variations of ΔF and ΔD at different pH values. Despite
the transition of linear and cyclic polyacid grafts occurred at a similar pH values, the responsive
properties of the films demonstrated a significant dependence on the topology of the grafted
polymers. In particular, the overall variation of ΔF across the entire pH range was clearly
broader for c-PCPOXA than for l-PCPOXA (Figure 7.2a). This phenomenon was confirmed by
alternately subjecting linear and cyclic grafts to buffer solutions of pH = 3 (well below the pKa)
and pH = 10.5 (well above the pKa) (Figure 7.2d).
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Figure 7.2. pH-responsive properties of l- and c-PCPOXA brushes studied by QCM-D. (a)
Changes in ΔF recorded for l-PCPOXA (blue trace, 5th F linear) and c-PCPOXA (green trace,
5th F cyclic) during incubation in aqueous buffer solutions with different pH values. (b) Changes
in ΔD recorded for l-PCPOXA (violet trace, 5th D linear) and c-PCPOXA (yellow trace, 5th D
cyclic) during incubation in aqueous buffer solutions with different pH values. (c) Absolute
values of ΔF and ΔD as a function of pH for l-PCPOXA (blue and violet traces, for ΔF and ΔD,
respectively), and c-PCPOXA brushes (green and yellow traces, for ΔF and ΔD, respectively).
(d) Variation in ΔF recorded for l-PCPOXA (blue trace, 5th F linear) and c-PCPOXA (green
trace, 5th F cyclic) during alternate incubations in aqueous buffer solutions of pH = 3.0 and
10.5.

The broader variation of ΔF with pH for cyclic brushes compared to their linear analogues
corresponded to a larger shift in their swelling properties. As displayed in Figure 7.3a, Twet of
c-PCPOXA showed a relatively broad variation across the entire range of pH studied,
progressively shifting from 9.0 ± 1.3 nm at pH 3, to 28.1 ± 0.7 nm at pH 10.5. In contrast, Twet
of l-PCPOXA varied to a lesser extent, increasing from 11.1 ± 0.9 nm at pH 3, to 26.2 ± 0.6 nm
at pH 10.5.
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Figure 7.3. (a) Swollen thickness (Twet) estimated from QCM-D for l-PCPOXA (blue trace)
and c-PCPOXA brushes (green trace) by applying an extended viscoelastic model to ΔF and
ΔD as a function of pH (Supporting Information). (b) The variation of ΔD/ΔF with pH provides
information about the change in viscoelastic properties accompanying a shift in hydrated mass
of l-PCPOXA (blue trace) and c-PCPOXA brushes.

The observed, amplified pH-responsiveness of cyclic polyacid brushes was presumably due to
their polymer architecture. Densely surface-grafted linear chains extend vertically toward the
interface upon deprotonation, due to electrostatic repulsion between charged groups.
Deprotonation of cyclic grafts, on the other hand, because of the intrinsic intramolecular steric
constraints, leads to an enhanced electrostatic repulsion between charged polymer segments,
and a concurrent, more marked expansion and swelling, compared to their linear counterparts
(Scheme 7.1b). Hence, while c-PCPOXA brushes in their neutral state (pH < 6) show a lower
vertical extension (and thus lower Twet) with respect to linear analogues with nearly the same
surface density and molar mass, upon charging (pH > 6) they experience an augmented
electrostatic repulsion within their structure, which leads to a more pronounced expansion.
The higher level of hydration for charged cyclic brushes was also confirmed by analyzing how
ΔD varies as a function of pH of the medium. As reported in Figures 7.2b and 7.2c, dissipation
steadily increased above the pKa for both l- and c-PCPOXA brushes. However, when pH > 6
the increment in ΔD recorded for cyclic grafts was twice as large as that observed for their
linear analogues, suggesting a more significant hydration and degree of viscoelastic character
in c-PCPOXA films at basic pH values. Interestingly, for both l- and c-PCPOXA brushes the
values of ΔD did not increase for pH > 7.4 (Figure 7.2b and 7.2c). In addition, the ratio between
ΔD and ΔF, which provides an estimate of how the dissipative character of the films varies
upon a corresponding variation in the amount of coupled solvent,[55] showed a progressive
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reduction above pH 7.4 (Figure 7.3b). These data suggest that the observed increment in
swelling by PCPOXA grafts was not accompanied by a simultaneous increase in viscoelasticity,
probably due to electrostatic repulsive interactions within the brushes, which also lead to the
formation of more rigid films.[56]
The pH-responsive behavior of topologically different PCPOXA brushes could be also
demonstrated by analyzing their nanomechanical and nanotribological properties by AFM.
In particular, the interfacial, nanomechanical properties of l- and c-PCPOXA brushes were
investigated by colloidal probe microscopy (CPM), by compressing the films with an Au-coated
colloidal probe functionalized with an identical PCPOXA brush, while recording force-vsseparation curves (FS).[57]
As highlighted in Figures 7.4a and 7.4b, both linear and cyclic brushes at acidic pH values
displayed adhesive interactions, with jump-to-contact events along the approaching profiles,
followed by the occurrence of adhesive forces upon retraction. Under these conditions, the
rather steep approach curves recorded beyond the contact point were likely due to the reduced
swelling of linear and cyclic brushes, while adhesion upon retraction was generated by
hydrogen bonding between protonated carboxylic acid groups on the opposing brushes.[58]
When pH was raised above the pKa of the grafted polyacids, the highly swollen character of
charged PCPOXA brushes, coupled with the electrostatic repulsive interactions between the
opposing surfaces, dominated the FS profiles. On both brush types, the approach curves showed
repulsive behavior, although this was relatively more pronounced in the case of c-PCPOXA
brushes, especially at high pH values. The amplified responsive behavior of cyclic grafts is
highlighted when comparing the approach FS curves recorded on topologically different
brushes below and above the pKa (Figure 7.4c). At pH = 4.5, the FS curves recorded on cyclic
brushes showed a steeper profile than that observed by compressing their linear counterparts,
while the contact point between the opposing cyclic-brush surfaces was recorded at lower
values of separation with respect to that observed by compressing linear analogues. These
results agree well with the lower values of Twet estimated by QCM-D on c-PCPOXA brushes,
and their more compact morphology in the neutral state (acidic conditions).
Conversely, at pH 8.5 a more pronounced repulsive behavior characterized the FS approach
curves obtained on cyclic grafts, suggesting increased hydration with respect to their linear
analogues. Overall, CPM analysis confirmed how c-PCPOXA films are more compact below,
and more expanded above the pKa, with respect to linear brushes (as depicted in Scheme 7.1b).
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Figure 7.4. (a-c) Colloidal probe AFM was used to investigate the nanomechanical properties
of l- and c-PCPOXA brushes. Topologically identical grafts were compressed while immersed
in aqueous media of different pH values. Representative FS profiles are reported in (a) and (b),
for linear and cyclic brushes, respectively. A scanning distance of 1 µm and a scanning rate of
0.25 Hz was used to obtained the FS profiles. (c) Approaching FS curves recorded at pH = 4.5
and pH = 8.5 while compressing linear and cyclic PCPOXA brushes. The diameter of the Aucoated, silica colloidal probe was 20 μm, normal spring constant of the cantilevers, KN = 0.096
N m-1 for both linear and cyclic PCPOXA brushes. (d-e) Friction force-vs-applied load (FfL)
profiles recorded by LFM while shearing topologically identical brush surfaces immersed in
aqueous media presenting different pH, and alternatively functionalized with (d) l-PCPOXA
and (e) c-PCPOXA brushes. A scanning distance of 2 µm and a scanning rate of 0.5 Hz was
used for the friction measurements (Supporting Information).

The more pronounced transition by cyclic polyacid brushes in response to a pH variation
corresponds to a direct translation of topology effects typically observed in solution into surface
properties, and it is determined by the intrinsically constrained configuration of cyclic grafts.
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Lateral force microscopy (LFM) further illustrated how the variation in swelling and interfacial
properties by l- and c-PCPOXA across the investigated pH range determined the friction
between two opposed, topologically identical brushes shearing against one another.
As displayed in the friction force-vs-applied load (FfL) plots reported in Figures 7.4d and 7.4e,
both linear and cyclic grafts showed high friction for pH < pKa, with relatively high coefficients
of friction (µ), which lay between 0.3 and 0.4. Friction significantly decreased around the pKa
(pH = 6.3), and reached extremely low values for pH ≥ 7.4, with µ dropping to 10-3-10-4 at pH
= 10.5. Under these conditions, incorporation of water by linear and cyclic grafts provided a
substantial increment in the amount of fluid lubricant, while increasingly repulsive electrostatic
interactions between the sheared surfaces hindered collision between opposing polymer chains,
and thus suppressed dissipation of mechanical energy.[59]
Interestingly, no significant differences were observed when comparing the frictional properties
of l- and c-PCPOXA brushes. Previous studies focusing on neutral, hydrophilic cyclic grafts
have demonstrated that the absence of linear chain ends extending at the interface suppresses
interdigitation between sliding brushes, and thus leads to extraordinary lubricity when
compared to their linear counterparts. However, this effect could not be observed while
analyzing the nanotribological properties of topologically different polyelectrolyte brushes,
presumably due to partial charging of the films, especially at pH > pKa, i.e. when these become
“lubricious”. Electrostatic repulsion significantly reduces interpenetration between opposing
grafts, for both linear and cyclic brushes, and appears to be the principal parameter determining
the suppression of dissipative forces between sliding surfaces, rather than grafted-chain
topology.
Protein Binding by Linear and Cyclic Polymer Brushes
Having established how topology effects can substantially alter the responsive properties of
surface-grafted-polymer assemblies, we subsequently investigated their application as
functional platforms for the selective immobilization of proteins.
In particular, linear and cyclic PCPOXA adsorbates were first modified by coupling
galactosamine to their acid (CO2H) functions (Scheme 7.2a and 7.2b, and Supporting
Information), yielding poly(2-N-2-deoxy-D-galactopyranosecarboxamidepropyl-2-oxazoline)
(PGalaPOXA) with ~ 40 mol% of sugar moieties distributed along the polymer backbones
(Supporting Information). Linear and cyclic PGalaPOXA (l-PGalaPOXA and c-PGalaPOXA,
respectively) were subsequently assembled on Au surfaces from 1 mg mL-1 aqueous solutions.
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Unexpectedly, the dry thickness of linear grafts was slightly higher than that recorded on cyclic
analogues, as measured by VASE, namely Tdry(l-PGalaPOXA) = 3.7 ± 0.2 nm, while Tdry(cPGalaPOXA) = 3.0 ± 0.1 nm, resulting in σ of 0.21 and 0.18 chains nm-2 for l-PGalaPOXA and
c-PGalaPOXA, respectively. This was a rather surprising result, since, in common with other
polymer types c-PGalaPOXA adsorbates show smaller hydrated dimensions with respect to
their linear counterparts of comparable molar mass (Supporting Information), and thus should
be sterically less hindered while assembling on surfaces, finally yielding denser and thicker
films in the dry state. However, QCM-D confirmed the formation of slightly thicker lPGalaPOXA brushes compared to c-PGalaPOXA films, although the assembly kinetics
observed for linear and cyclic adsorbates showed similar behaviors (Supporting Information).

Scheme 7.2. Synthesis of c-PGalaPOXA (a) and l-PGalaPOXA (b) through modification of lPCPOXA and c-PCPOXA, respectively. Conditions applied in (i): galactosamine
hydrochloride, 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hydrochloride (EDC-HCl),
2-morpholinoethanesulfonic acid hydrate (MES) buffer, pH = 4.7, 25°C, 24 h. (c,d) Schematic
illustrations displaying the more efficient exposure of functional groups and the consequent
increased protein binding ability of cyclic brushes (c), compared to their linear counterparts (d).

Glycopolymers featuring multiple sugar functions have been demonstrated to strongly bind to
lectins, due to the cluster glycoside effect.[44] In addition to binding-unit concentration,[60] the
chain microstructure of multi-block copolymers[61–64] and controlled branching[65–69] are factors
that determine the exposure of sugar moieties, and thus further influence the strength and
kinetics of association with proteins. The effect of macromolecular topology on the reactivity
of synthetic glycopolymers toward lectins however remains basically unexplored, especially in
the case of surface-grafted polymer assemblies.
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The specific binding of lectins to topologically different PGalaPOXA brushes was investigated
by a combination of VASE and QCM-D. We specifically focused on the adsorption of Jacalin
(0.1 mg mL-1 in phosphate buffer saline solution, PBS, with pH = 7.4), a relatively small protein
that binds to human serum and secretory immunoglobulin A (sIgA), and which is reactive
toward the Thomsen-Friedenreich antigen—a tumor-associated antigen that is linked to
malignancy.[70]
Jacalin strongly bound to PGalaPOXA surfaces due to its high affinity toward galactose
functions,[71] forming uniform protein layers with dry thickness (TJacalin) ≥ 5 nm (inset in Figure
7.5a). The attachment of proteins followed rapid kinetics, both on l-PGalaPOXA and cPGalaPOXA brushes, as monitored by QCM-D (Figure 7.5b), although both VASE and QCMD showed a significantly higher amount of proteins adsorbing on cyclic grafts. Namely, TJacalin
was 4.9 ± 0.2 and 6.0 ± 0.1 on linear and cyclic brushes, respectively (p < 0.001, inset in Figure
7.5a), while the hydrated mass of proteins (mJacalin) extracted from ΔF values of QCM-D data
indicated 913 ± 40 and 1330 ± 25 ng cm-2 bound to l-PGalaPOXA and c-PGalaPOXA,
respectively (Supporting Information).

Figure 7.5. (a) Jacalin binding per polymer graft (expresses as no. of proteins chain-1) obtained
from VASE data for l-PGalaPOXA and c-PGalaPOXA brushes. Binding of Jacalin on lPCPOXA and c-PCPOXA was measured as control. In the inset, the dry thickness by VASE of
Jacalin layer formed on l-PGalaPOXA and c-PGalaPOXA brushes was reported. The
corresponding l-PCPOXA and c-PCPOXA were applied as controls, together with bare Au
surfaces. (b) Variation of ΔF recorded with QCM-D on Au sensors coated with l-PGalaPOXA
(blue trace) and c-PGalaPOXA brushes (green trace) and subjected to 0.1 mg mL-1 PBS solution
of Jacalin. Brush-coated Au sensors were first flushed with PBS (1), followed by 1 h incubation
in Jacalin solution (2), rinsing with PBS (3) and final washing with ultra-pure water (4). * and
# indicate statistically significant differences between the set of data (* p < 0.001; # p < 0.05).
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Since VASE data can be directly translated into dry mass of adsorbed proteins, by considering
the surface coverage of linear and cyclic brushes, we could estimate the relative binding
capacity of each graft type, which resulted 0.29 and 0.42 proteins chain-1 (p < 0.05) for lPGalaPOXA and c-PGalaPOXA, respectively (Figure 7.5a). Hence, a nearly 45% increment in
protein binding was achieved by substituting linear brushes for their cyclic analogues that
featured a similar content of galactose units, and this result was confirmed both by QCM-D and
VASE.
Although a slightly lower polymer surface crowding (-17%) could favour a more pronounced
protein association to cyclic brushes with respect to that observed on their denser, linear
counterparts, the significantly augmented affinity of Jacalin toward c-PGalaPOXA brushes
(+45%) was likely a direct effect of polymer topology. In particular, due to the intramolecular
steric constraints generated within cyclic glycopolymers, functional groups are more exposed
when compared to those on linear-brush analogues. As galactose moieties along a cyclic graft
tend to interact more favorably with their surrounding rather than coiling or associating with
neighboring functions,27 they are more accessible to the galactose-binding pockets of Jacalin.
Similarly, functional glycopolymers capable of forming folded, “loop”-like segments through
supramolecular junctions have recently been shown to increase the exposure of sugar moieties
in solution, interacting more efficiently with different proteins.[72]
On surfaces, the distinctive configuration of cyclic polymer brushes, where functional chains
extend from the grafting surface and loop back to their anchor, enables an enhancement of
multivalent binding interactions with lectins.

7.3 CONCLUSIONS
The translation of the topology effects in functional, cyclic polymer adsorbates into surface
properties of brush assemblies leads to an amplification of their responsive properties and an
enhancement in their bioreactivity. The distinctive architecture of cyclic polyacid brushes limits
their swelling properties below the pKa, while the steric tension intrinsic in their constrained
topology triggers an augmented expansion and increased hydration upon deprotonation, when
compared to their linear counterparts. The amplified pH-responsiveness of cyclic
polyelectrolyte brushes thus enables the tuning potential for interfacial physicochemical and
nanomechanical properties on surfaces to be broadened, enabling the future application of
topological polymer chemistry in the design and functionalization of “smart” materials.
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When polyacid adsorbates were partially derivatised with galactose functions, the subsequently
generated assemblies showed a topology-dependent affinity toward sugar-binding proteins. In
particular, concentrating on the interaction with Jacalin—a tumor-specific lectin—the
expanded structure of cyclic grafts provides an augmented exposure of galactose functions
toward surface-approaching proteins, leading to ~ 45% higher Jacalin-binding capacity per
polymer graft with respect to sugar-decorated linear analogues of comparable composition and
molar mass.
The increased availability of ligands for lectins on cyclic grafts suggests that a topologydependent enhancement in reactivity towards biological entities can be generalized to different
types of substrates, and diverse polymer chemistries. While the validation of this hypothesis is
currently being carried out in our laboratories, the application of cyclic polymers as synthetic
supports for biological recognition can be realistically envisioned as a tool for improving the
performance of nanomedical devices and biosensors.

7.4 MATERIALS AND METHODS
Materials
Glutaric

anhydride

(95%),

methyl

p-toluenesulfonate

(MeOTs,

98%),

(2-

chloroethyl)trimethylammonium chloride (99%), 4-(dimethylamino)pyridine (DMAP, 99%), 3bromopropylammonium bromide (98%), piperazine (≥99.0%), magnesium sulfate (MgSO4,
anhydrous, ≥99.5%), sodium carbonate (Na2CO3, anhydrous, ≥99.5%) potassium hydroxide
(KOH, ≥98.5%), lithium bromide (LiBr, >99%), sodium phosphate dibasic dihydrate
(Na2HPO4, 99%), calcium hydride (CaH2, 95%), sodium azide (NaN3, ≥99.5%), sodium
methoxide (NaOMe, 95%), thionyl chloride (SOCl2, ≥99%), trifluoroacetic acid (TFA,
≥99.0%), hydrochloric acid (HCl, >37%), N,N-diisopropylethylamine (DIPEA, 99.5%),
acetonitrile (ACN, 99.9+% HPLC grade), methanol (MeOH, >99.9% HPLC grade), N,Ndimethylformamide (DMF, >99%), diethyl ether (Et2O, ≥99.8), ethyl acetate (EtOAc, 99.8+%),
acetic acid (AcOH, >99.8%), copper(I) bromide (CuBr, 99.999% trace metals basis), barium
oxide (BaO, ≥99.5%) were purchased from Sigma Aldrich. 1-Hydroxy-7-azabenzotriazole
(HOAt, >98%) was purchased from TCI chemicals. Ethanol (EtOH, ≥99.8%), toluene
(≥99.5%), sodium hydroxide (NaOH, ≥98.5%), and ammonium chloride (NH4Cl, 99.5%) were
purchased form VWR Chemicals. Propargyl p-toluenesulfonate (propargyl tosylate, 97%),
triethylamine (TEA, 99%), dichloromethane (DCM, 99.8% extra dry over MS), DCM (>99%
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extra pure+Amylene), ACN (99.8%, extra dry over MS), MeOH (99.8%, extra dry over MS),
DMF

(99.8%,

extra

dry

over

MS),

(±)-α-Lipoic

acid

(>98%),

N,N,N',N'',N''-

pentamethyldiethylenetriamine (PMDETA, >99%) were purchased from Acros Organics. 2morpholinoethanesulfonic

acid

hydrate

(MES

hydrate),

1-ethyl-3-(3-

(dimethylamino)propyl)carbodiimide hydrochloride (EDC HCl), galactosamine hydrochloride,
(1-cyano-2-ethoxy-2-oxoethylideneaminooxy)dimethylaminomorpholinocarbenium
hexafluorophosphate (COMU, 99%) were purchased form Fluorochem. Deuterium oxide (D2O,
100%), chloroform-d (CDCl3, 99.8%) and dimethyl sulfoxide-d6 (DMSO-d6, 99.8%) were
purchased from Cambridge Isotope Laboratories. TEA was distilled over KOH prior to use, and
stored under argon. MeOTs and propargyl tosylate were distilled under high vacuum over CaH2,
and stored under argon. CuBr was purified by stirring in AcOH overnight, followed by washing
with copious amounts of MeOH and Et2O, vacuum filtration and drying under high vacuum for
24 h. All the other chemicals were used as received.
Surface Assembly of PCPOXA and PGalaPOXA adsorbates on Au
Silicon wafers presenting 100 nm-thick Au layer were prepared by reactive magnetron
sputtering (Paul Scherrer Institute, Villigen, Switzerland). The substrates (10 x 20 mm2) were
cleaned for 1 min in Piranha solution (3:1 mixture of concentrated H2SO4 and H2O2), and later
on extensively washed with ultra-pure water and absolute ethanol. Surface assembly of lPCPOXA and c-PCPOXA was performed by immersing Au-coated substrates for 2 h in 1 mg
mL-1 polymer solutions in MeOH + 1% AcOH at room temperature (RT). The functionalized
samples were subsequently rinsed with ultra-pure water and absolute ethanol to remove
physisorbed species, and finally dried under a stream of N2. Surface assembly of l-PGalaPOXA
and c-PGalaPOXA was performed following a similar protocol, but using 1 mg mL-1 polymer
solutions in ultra-pure water. All solutions were filtered over 0.2 μm filters (Spartan 13/0.2 RC,
Whatman) prior to surface grafting.
Lectin Binding on PGalaPOXA Brushes
l-PGalaPOXA and c-PGalaPOXA-coated substrates were immersed in water for 1 h for
rehydration, and then incubated in 0.1 mg mL-1 Jacalin solutions (Sigma-Aldrich®, USA) in
PBS for 1 h, in a 24-well tissue culture plate (TPP®, Switzerland). Following incubation in
protein solutions, the samples were rinsed with PBS and ultra-pure water, dried under N2 and
finally analyzed by VASE. Bare Au-coated wafers and PCPOXA-functionalized substrates
were used as positive and negative controls, respectively.
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Variable Angle Spectroscopic Ellipsometry (VASE)
The values of dry thickness (Tdry) of PCPOXA, PGalaPOXA and protein layers were measured
with a variable-angle spectroscopic ellipsometer (M-2000F, Woollam Co., Inc., Lincoln, NE,
USA). The measurements were performed in the spectral range of 290 – 900 nm using focusing
lenses at three different angles of incidence from the surface normal (60°, 63°, and 69°). Each
data point resulted from an average of 20 measurements, and the obtained raw ellipsometric
data were fitted with a bilayer model (Au and organic layer) using the analysis software
WVASE32. The optical constants of the Au substrate (n and k) were experimentally obtained
by analyzing a freshly cleaned, sputtered Au layer with known thickness. The organic layers
(polymer brushes and/or protein films) were fitted using a Cauchy model n = A + B λ-2, where
n is the refractive index, λ is the wavelength and A and B were assumed to be 1.45 and 0.01,
respectively, as values for transparent organic films.[73] The values of Tdry for the polymer-brush
layers were used to calculate the grafting density (σ), by applying the equation; σ = ρ Tdry NA
Mn-1, where ρ is the density of the dry polymer, NA is the Avogadro number, and Mn is the
number average molecular weight of the adsorbate. A homogeneous mass distribution of the
organic layer perpendicular to the Au surface was assumed, with a constant density (ρ) of 1.14
g cm-3 for PCPOXA and PGalaPOXA brushes and 1.35 g cm-3 for Jacalin.[74]
For all VASE experiments, mean values and standard deviations were calculated using three
replicates per sample and measuring six points on each of them. Statistical significance was
assessed by one-way ANOVA and Tukey’s multiple comparison post-hoc test.
Quartz Crystal Microbalance with Dissipation (QCM-D)
The assembly of linear and cyclic adsorbates on Au surfaces, their pH-responsive properties
and interaction with proteins were monitored in situ by QCM-D, using an E4 instrument (QSense AB, Göteborg, Sweden) equipped with dedicated Q-Sense AB software. Au-coated
crystals (LOT-Oriel AG) with a fundamental resonance frequency of 5 MHz were used as
substrates. Before the experiment, the substrates were cleaned by sonication in toluene and 2propanol, and UV-ozone treatment. After cleaning, the crystals were dried under a stream of N2
and immediately used. The values of hydrated thickness (Twet) of topologically different
PCPOXA and PGalaPOXA brushes were obtained by applying an extended viscoelastic
model,[75] fitting the frequency (ΔF) and dissipation shifts (ΔD), by using three different
overtones (5rd, 7th and 9th) for each sample. Four crystals for each film were used to calculate
the mean values of Twet and their standard deviations. The input parameters for the fitting were
fluid density (997 Kg m-3), layer density (1100 Kg m-3) and fluid viscosity (0.009 kg m-1 s-1).
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The following parameters were fitted whilst constrained to physically meaningful boundaries:
layer viscosity (0.009 – 0.05 kg m-1 s-1), layer shear thickness (104 - 108 Pa), and layer thickness
(10-9 – 2 10-8 m).
The values of hydrated mass of Jacalin adsorbed on PGalaPOXA layers were obtained by
applying a similar fitting procedure.
Atomic force microscopy (AFM)
Normal and lateral force measurements were carried out using a MFP3D AFM (Asylum
Research, Oxford Instruments, Santa Barbara, USA). Experiments were performed in a liquid
cell filled with buffered solutions presenting different pH. Two tipless cantilevers (HQ:CSC38C/tipless/Cr-Au, Mikromasch, Bulgaria) were chosen from the same box, and their normal (KN)
and torsional (KT) spring constants were measured by applying the thermal noise[75] and Sader’s
method,[76] respectively (Table S7.1). Later on, silica microparticles (EKA chemicals AB,
Kromasil R, Sweden) with a diameter of ~ 20 µm were glued onto the end of the calibrated
cantilevers by using a two-component epoxy glue, using a custom-made micromanipulator. To
functionalize the prepared colloidal probes with PCPOXA adsorbates, 3 nm-thick W and 20
nm-thick Au layers were deposited by using a metal evaporator (MED020 coating system,
BAL-TEC, Balzers, Lichtenstein). l-PCPOXA and c-PCPOXA brushes were later grafted
following the same procedures applied for the flat Au-coated substrates.
Friction force measurements were carried out by acquiring 5-6 ‘friction loops’ along the same
line for each applied load over 3 different positions on each substrate. From this set of
measurements average values and standard deviations of friction forces were calculated. A
scanning distance of 2 µm and a scanning rate of 0.5 Hz was used during the measurements.
Lateral force calibration was performed using the method described by Cannara et al..[77]
To estimate the adhesion properties of the different brush surfaces 40 force-vs-separation (FS)
curves were recorded over 3 different positions for each substrate. A scanning distance of 1 µm
and a scanning rate of 0.25 Hz was used to record each FS curve.
Force maps were recorded over an area of 20x20 µm2 at three different positions for each
sample (Figure S7.1a). Each force map consisted of 40 deflection-vs-Zsensor curves (Figure
S7.1b). Then deflection-vs-Zsensor curves were analyzed by using the Asylum research AR13
software. Deflection was converted into force, while Zsensor was converted into separation by
measuring the deflection sensitivity and KN for the particular cantilever used (Figure S7.1c).
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We assumed separation = zero as the point where the AFM colloidal probe fully compressed
the two opposing brushes and was sensing the underlying substrate (i.e. hard-wall repulsion).
At this point, the slope of a force-vs-separation profile was maximum and became constant
(Figure S7.1d).
Brush-to-brush contact could be estimated for l and c-PCPOXA brushes immersed in aqueous
media at acidic pH. Under these conditions, the FS profiles showed jump-to-contact events
(Figure 7.4c), which could be directly correlated to the vertical separation at which the two
opposing brushes come into contact (also corresponding to the swollen thickness).
NMR spectroscopy
1

H- and 13C-NMR spectra were recorded on a Bruker Avance III HD 400 MHz and a Bruker

Neo 500 MHz spectrometer at RT using D2O, CDCl3, or DMSO-d6 as solvents.
Size exclusion chromatography (SEC)
SEC of the precursor PMCPOXA species was performed at 45 °C with a Malvern VISCOTEK
SECmax VE-2001 instrument, equipped with two D5000 columns (300 × 8.0 mm) in series,
refractive index (RI), viscometry, and light scattering (15° and 90° angles) detectors. The eluent
used was DMF containing LiBr (1 g L-1), at a flow rate of 1 mL min-1. The values of Mn, Mw,
and Ɖ of the synthesized polymers were determined by conventional calibration with
poly(methyl methacrylate) (PMMA) standards using Malvern’s OmniSEC software.
Aqueous SEC analysis of l- and c-PGalaPOXA was performed on an Agilent 1260 Infinity II
HPLC system equipped with a refractive index detector over a PL aquagel-OH 20 (300 x 7.5
mm, 5 um) column. A mixture of H2O:MeOH 7:3 (v/v) + 0.1 M LiBr was used as the eluent at
40 °C with a flow rate of 0.8 mL min−1, calibrated using PEG standards.
Fourier-transform infrared (FTIR) spectroscopy
FTIR spectra were recorded under vacuum using an infrared spectrometer (IFS 66 V, Bruker
Optik GmbH, Germany) equipped with DTGS detector in transmission mode, in the 400-4000
cm-1 range at a resolution of 2 cm-1 and collecting 64 scans for each sample. The samples were
measured as KBr pellets at a concentration of 2 mg g−1.
The FTIR spectrum of 3-azidopropylamine was recorded using a Bruker ALPHA FTIR
spectrometer in ATR (Ge crystal) mode in the 400-4000 cm-1 range at a resolution of 2 cm-1
and recording 64 scans.
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Preparative reverse-phase high-performance liquid chromatography (RPHPLC)
Preparative RP-HPLC was performed on an Agilent Infinity 1260 prep-HPLC system with
an Agilent C18 preparative HPLC column (50 x 150 mm, 10 µm) at a flow rate of 80 mL min1

at RT using H2O:ACN with 0.1% TFA as eluent.

Synthesis of (Ethyl 4-(5-(1,2-dithiolan-3-yl)pentanamido)benzoate) (BCLE,
Figure S7.2, step i)
To a stirred solution of (±)-α-lipoic acid (2.0 g, 9.8 mmol, 1 eq.) in dry DCM (25 mL) were
added HOAt (0.6 g, 4.4 mmol, 0.5 eq.) and DMAP (1.4 g, 30.0 mmol, 3 eq.) at RT and under
inert atmosphere. After 30 minutes, benzocaine (1.6 g, 9.8 mmol, 1 eq.) was dissolved in dry
DCM (5 mL) and added to the reaction solution. The reaction was monitored by using thin layer
chromatography (TLC) (95/5 DCM:EtOAc). After 20 h, the reaction solution was diluted with
DCM (150 mL) and the organic phase extracted with 1M HCl solution (2 x 100 mL), followed
by 10% aqueous NaHCO3 (100 mL), brine (100 mL) and finally dried using anhydrous MgSO4.
Removal of DCM provided the crude compound, which was purified by silica gel (SiliaFlash®
P60 40-63µm) flash column chromatography using 95/5 DCM:EtOAc as eluent. The obtained
compound was further purified by C18 preparative HPLC using a gradient from 50 to 100%
ACN in water with 0.1% TFA as eluent. BCLE was obtained as a light yellow oil in moderate
yield (2.4 g, 6.8 mmol, 70%). HPLC-MS-SQ [M+H]+ (355 m/z). 1H-NMR (500 MHz, CDCl3)
δ = 9.08 (b, 1H), 8.04 – 7.89 (m, 2H), 7.69 – 7.56 (m, 2H), 4.34 (dq, J = 20.5, 7.1 Hz, 2H), 3.56
(dq, J = 8.7, 6.3 Hz, 1H), 3.22 – 3.06 (m, 1H), 2.70 (s, 3H), 2.51 – 2.37 (m, 2H), 1.96 – 1.62
(m, 4H), 1.59 – 1.45 (m, 2H), 1.37 (dt, J = 18.4, 7.1 Hz, 4H) ppm; 13C-NMR (126 MHz, CDCl3)
δ = 171.8, 166.3, 142.3, 130.7, 127.9, 118.9, 60.9, 56.4, 40.2, 38.5, 37.4, 34.6, 28.8, 25.1, 14.4
ppm. (Figure S7.7).
Synthesis of (4-(5-(1,2-dithiolan-3-yl)pentanamido)benzoic acid) (BCLA,
Figure S7.2, step ii)
12 mL of 1 M NaOH solution (480 mg, 12.0 mmol, 2 eq.) were added to a solution of BCLE
(2.1 g, 5.9 mmol, 1 eq.) in 40 mL EtOH and 30 mL H2O, and the mixture was heated to reflux.
After 3 h (TLC showed quantitative hydrolysis of the ethyl ester), the reaction solution was
cooled down to RT, and 15 mL of 1 M HCl were added dropwise while a precipitate formed.
Later, the solution was poured in 200 mL of a stirred solution of water and ice, the precipitate
was collected by vacuum filtration and washed with additional 200 mL of water. The solid was
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dried under high vacuum yielding a light-yellow powder (1.75 g, 5.4 mmol, 90.5%). 1H-NMR
(500 MHz, DMSO-d6) δ = 12.67 (s, 1H), 10.18 (s, 1H), 7.91 – 7.81 (m, 2H), 7.73 – 7.64 (m,
2H), 3.63 (dq, J = 8.7, 6.2 Hz, 1H), 3.18 (ddd, J = 11.0, 6.9, 5.5 Hz, 1H), 3.11 (dt, J = 11.0, 6.8
Hz, 1H), 2.47 – 2.36 (m, 1H), 2.35 (t, J = 7.4 Hz, 2H), 1.88 (dp, J = 12.8, 7.0 Hz, 1H), 1.76 –
1.52 (m, 4H), 1.48 – 1.34 (m, 2H) ppm;

13

C NMR (126 MHz, DMSO-d6) δ = 171.7, 166.9,

143.3, 130.4, 124.9, 118.2, 56.1, 39.9, 38.1, 36.3, 34.2, 28.3, 24.8 ppm. (Figures S7.8 and S7.9).
Synthesis of 3-azidopropylamine (Figure S7.3)
3-Bromopropylamine hydrobromide (14.0 g, 64.0 mmol, 1 eq.) was dissolved in 100 mL water.
NaN3 (13.7 g, 211.0 mmol, 3.3 eq.) was added to the solution, and the mixture was heated to
reflux and stirred for 24 h. Upon completion of the reaction, half of the water was evaporated
under vacuum, and the remaining solution was cooled down using an ice/water bath. The pH
of the solution was raised to 14 by slowly adding KOH pellets while keeping the temperature
below 10 °C. Subsequently, Et2O (200 mL) was added. The organic layer was separated, and
the aqueous phase was extracted with Et2O (2 x 100 mL). The combined organic phases were
dried with MgSO4 and filtered, and the solvent was carefully removed under vacuum yielding
the crude compound as an off white oil (6.0 g, 59.9 mmol, 93.7%). The compound was stored
at -20°C in the dark and used without further purification for the termination of CROP. 1HNMR (500 MHz, CDCl3) δ = 3.36 (t, J = 6.7 Hz, 2H), 2.79 (t, J = 6.8 Hz, 2H), 1.71 (p, J = 6.8
Hz, 2H) ppm; 13C-NMR (126 MHz, CDCl3) δ 49.1, 39.3, 32.4 ppm. ATR-FTIR (thin, cm-1):
2925, 2105, 1631, 1398, 1117, 618. (Figures S7.10 and S7.11).
Synthesis of methyl 5-chloro-5-oxopentanoate (Figure S7.4, step i)
A catalytic amount of NaOMe (474 mg, 8.8 mmol, 0.02 eq.) was added to a solution of glutaric
anhydride (50.0 g, 438.2 mmol, 1 eq.) in dry MeOH (200 mL), and the mixture was heated to
reflux for 6 h. After solvent removal under vacuum 5-methoxy-5-oxopentanoic acid (64.0 g,
437.9 mmol, 99.9%) was obtained, and used without further purification. 1H-NMR (400 MHz,
CDCl3): δ = 3.67 (s, 3H), 2.46 (t, J = 7.5 Hz, 2H), 2.40 (t, J = 7.5 Hz, 2H), 1.96 (m, J = 7.5 Hz,
2H) ppm; ¹³C-NMR (100 MHz, CDCl3): δ = 179.1, 173.6, 51.5, 32.8, 32.7, 19.6 ppm.
SOCl2 (38 mL, 525.5 mmol, 1.2 eq.) and few drops of dry DMF (cat.) were added to a solution
of 5-methoxy-5-oxopentanoic acid (64.0 g, 437.9 mmol, 1 eq.) in DCM (200 mL), and the
mixture was heated to reflux for 7 h until the formation of gases ceased. The solvent was
removed under reduced pressure, and the excess SOCl2 was co-evaporated with 50 mL of
toluene. The resulting brownish residue was purified by fractional distillation (110°C, 40 mbar),
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yielding a colorless oil (64.6 g, 392.3 mmol, 89.6%). 1H-NMR (400 MHz, CDCl3): δ = 3.68 (s,
3H), 2.99 (t, J = 7.0 Hz, 2H), 2.40 (t, J = 7.0 Hz, 2H), 2.09-1.95 (m, 2H) ppm; ¹³C-NMR (100
MHz, CDCl3): δ = 173.0, 172.5, 52.10, 41.8, 33.4, 22.0 ppm.
Synthesis of methyl 5-((2-chloroethyl)amino)-5-oxopentanoate [78 ] (Figure
S7.4, step ii)
Methyl 5-chloro-5-oxopentanoate (50.0 g, 303.8 mmol, 1 eq.) and 2-chloroethylammonium
chloride (37.0 g, 319.0 mmol, 1.05 eq.) were suspended in dry DCM (400 mL) under N2, and
cooled down to 0 °C with an ice bath. TEA (53 mL, 380.0 mmol, 2.2 eq.) was added dropwise
to the mixture over a period of 2 h. The suspension was warmed up to RT and stirred overnight
under an argon atmosphere. Later on, water (100 mL) was added and two phases separated. The
organic phase was washed with 1 M HCl, water (2x) and brine (each 100 mL), and finally dried
over anhydrous MgSO4. After filtration and solvent removal, the residual yellow oil was
distilled under high vacuum (bp. 122°C, 4.8 x 10-2 mbar) to yield a light yellow oil (54.6 g,
262.9 mmol, 86.5%). 1H-NMR (500 MHz, CDCl3): δ = 6.33 (s, 1H), 3.65 (s, 3H), 3.61 – 3.49
(m, 4H), 2.64 (t, J = 6.8 Hz, 2H), 2.49 (t, J = 6.7 Hz, 2H) ppm; 13C-NMR (126 MHz, CDCl3) δ
= 173.45, 171.78, 51.94, 43.91, 41.36, 30.89, 29.30 ppm. (Figures S7.12 and S7.13).
Synthesis of 2-methoxycarbonylpropyl-2-oxazoline [78 ] (MCPOXA, Figure
S7.4, step iii)
Methyl 5-((2-chloroethyl)amino)-5-oxopentanoate (54.6 g, 262.9 mmol, 1 eq.) and anhydrous
Na2CO3 (25.1 g, 236.6 mmol, 0.9 eq.) were reacted in a 500 mL round-bottom flask mounted
on a rotary evaporator (60°C, 50 mbar, 150 rpm) for 16 h, until the formation of CO2 ceased.
Later on, 200 mL of DCM were added, and the mixture was washed with 50 mL of brine. The
two phases were separated, the organic phase was dried over MgSO4, and the solvent was
removed under reduced pressure. The crude product was obtained as a yellow oil, which was
purified by distillation from BaO under high vacuum (bp. 81°C, 6.1 x 10-2 mbar), finally
yielding a colorless oil (30.0 g, 175.2 mmol, 66.7%). 1H-NMR (500 MHz, CDCl3): δ = 4.3 (t,
9.5 Hz, 2H), 3.8 (t, 9.5 Hz, 2H), 3.7 (s, 3H), 2.7 (t, 7.3 Hz, 2H), 2.6 (t, 7.3 Hz, 2H), 1.97 (quint,
7.3 Hz, 2H) ppm; 13C-NMR (126 MHz, CDCl3) δ = 173.6, 167.8, 67.3, 54.5, 51.7, 32.9, 27.2,
21.3 ppm. (Figures S7.14 and S7.15).
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Synthesis of PMCPOXA (Figure S7.5, step i)
To an oven-dried 50 mL Schlenk flask dry ACN (7 mL) and MCPOXA (3.51 g, 20.5 mmol, 50
eq.) were added under N2. Later on, MeOTs (76.4 mg, 0.4 mmol, 1 eq.) was added at RT under
N2, and stirred for 10 min. The polymerization mixture was subsequently heated to 80 °C and
stirred for 16 h under argon. After this time, polymerization was cooled down to RT and
terminated by adding an excess of piperazine (706 mg, 8.2 mmol, 20 eq.) in 5 mL of dry DMF.
The mixture was left stirring for additional 48 h under argon. The solvent was subsequently
removed under reduced pressure, and the crude polymer was precipitated three times from
DCM in Et2O. The polymer was later on re-dissolved in H2O:EtOH 1:1, and dialyzed in the
same solvent using membranes with a molecular weight cut-off (MWCO) for 2 days at 4°C.
After this time, EtOH was evaporated and the polymer was freeze-dried to yield PMCPOXA
(3.1 g, 88% yield) as a white sticky polymer. The chemical structure and the purity of the
synthesized polymer were determined by 1H-NMR (500 MHz) (Figure S7.16). SEC analysis
provided Mn = 8200, Mw = 10100 and Ɖ = 1.23 (Figure S7.25).
Synthesis of l-PMCPOXA-BCLA (Figure S7.5, step ii)
PMCPOXA (550 mg, 0.06 mmol of secondary amine groups, 1 eq.), BCLA (100 mg, 0.3 mmol.
5 eq.) and COMU (140 mg, 0.33 mmol, 5.5 eq.) were dissolved in 5 mL of DMF in a 10 mL
Schleck flask. The flask was purged with a stream of N2, DIPEA (200 µL, 1.2 mmol, 20 eq.)
was added, and the reaction mixture was stirred at RT for 24 h under argon. Later, 5 mL of
EtOH were added to the mixture, the flask was washed with further 10 mL of EtOH and the
crude was finally purified by dialysis (3.5 kDa MWCO) in EtOH for 48 h. After dialysis, the
solution was filtered through a 0.45 µm filter (Chromafil® PTFE), and the solvent was removed
under reduced pressure yielding l-PMCPOXA-BCLA (490 mg, 88% yield) as a yellow viscous
solid. The chemical structure and the purity of the synthesized polymer were determined by 1HNMR (500 MHz) (Figure S7.17).
Synthesis of l-PCPOXA (Figure S7.5, step iii)
To a solution of l-PMCPOXA-BCLA (200 mg, 1.1 mmol of CO2H groups, 1 eq.) in EtOH (2
mL) 4 mL of 1 M NaOH (4.0 mmol, 3.6 eq.) solution were added, and the obtained mixture
was stirred at RT for 24 h. The pH of the solution was neutralized with 1M HCl and the polymer
was subsequently purified by dialysis (3.5 kDa MWCO) in water for 24 h. The solution was
passed through a 0.2 µm filter (Spartan 13/0.2 RC, Whatman®) and finally freeze-dried
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obtaining l-PCPOXA (170 mg, 94% yield) as a light yellow powder. The chemical structure
and purity of l-PCPOXA were determined by 1H-NMR (500 MHz) (Figure S7.18).
Synthesis of l-PGalaPOXA (Figure S7.5, step iv)
l-PCPOXA (100 mg, 0.6 mmol of CO2H groups, 1 eq.) and galactosamine HCl (390 mg, 1.8
mmol, 3 eq.) were dissolved in 5 mL of MES buffer (150 mM). EDC-HCl (230 mg, 1.2 mmol,
2 eq.) in 1 mL of H2O was added dropwise to the reaction mixture at RT, and the solution was
left stirring for 24 h. After this time, the polymer was purified by dialysis (3.5 kDa MWCO) in
H2O for 48 h, and finally freeze-dried to yield l-PGalaPOXA (130 mg, 90% yield) as a slightly
yellow powder. The chemical structure and the purity of l-PGalaPOXA was determined by 1HNMR (500 MHz) (Figure S7.19), and by aqueous SEC (Figure S7.26).
Synthesis of α-alkyne-ω-azide poly(2-methoxycarbonylpropyl-2-oxazoline)
(PMCPOXA) (Figure S7.6, step i)
To an oven-dried 50 mL Schleck flask dry ACN (13 mL) and MCPOXA (6.44 g, 37.6 mmol,
50 eq.) were added under N2. Propargyl tosylate (158 mg, 0.8 mmol, 1 eq.) was added to the
mixture at RT under N2, and the solution was stirred for additional 10 min before the
polymerization mixture was heated to 80 °C and stirred for 16 h under argon. Simultaneously,
3-azidopropylamine was stirred overnight in dry ACN over BaO at RT. The polymerization
was terminated by adding an excess of 3-azidopropylamine (750 mg, 7.5 mmol, 10 eq.) through
a filter (0.45 µm, Chromafil®, PTFE), and the mixture was left stirring for additional 48 h under
argon. The solvent was removed under reduced pressure, and the crude polymer was
precipitated three times from DCM in Et2O. The polymer was dried under high vacuum to yield
α-alkyne-ω-azide PMCPOXA (5.5 g, 85% yield) as a white viscous polymer. The chemical
structure and the purity of the synthesized polymer were determined by 1H-NMR (500 MHz)
(Figure S7.20). SEC analysis (Figure S7.25) provided Mn = 8000, Mw = 10100 and Ɖ = 1.26.
Synthesis of cyclic-PMCPOXA (Figure S7.6, step ii)
Cyclic-PMCPOXA was synthesized by intramolecular ring-closure method via copper(I)catalyzed alkyne-azide cycloaddition of α-alkyne-ω-azide PMCPOXA under high dilution. αalkyne-ω-azide PMCPOXA (400 mg, 0.05 mmol, 1 eq.) was dissolved in 200 mL of DCM, and
in a separate round-bottom flask PMDETA (700 µL, 3.4 mmol, 68 eq.) was dissolved in 1.2 L
of DCM. The two solutions were deoxygenated by argon bubbling for 30 min. After this time,
Cu(I)Br (400 mg, 2.8 mmol, 56 eq.) was added to the solution of PMDETA, and the two flasks
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were bubbled with argon for other 30 min. The degassing process was stopped and the solution
of α-alkyne-ω-azide PMCPOXA was slowly added to the PMDETA/Cu(I)Br mixture over 48
h, using a high-precision tubing pump (IPC-N4, ISMATEC, Switzerland) at a rate of 45 μL
min-1 at RT under an argon atmosphere. When the addition was completed, the reaction was
kept under argon and stirred for additional 24 h. The volume of the obtained mixture was
reduced to 100 mL, and it was stirred for 2 h with 150 mL of saturated solution of NH4Cl. The
two phases were separated, and the organic layer was washed once with saturated NH4Cl, dried
with MgSO4 and filtered. Residual copper was removed using a plug of basic alumina
(Ecochrom™ Alumina B Activity: I, VWR) eluting with DCM. Cyclic-PMCPOXA was
obtained after solvent removal as a light yellow polymer (320 mg, 80% yield). 1H-NMR
spectroscopy showed the disappearance of the peaks at δ = 4.05 – 4.10 ppm (denoted as l in
Figure S7.20) corresponding to the two protons at the alpha terminus in the linear precursor (αalkyne-ω-azide PMCPOXA). Additionally, a new peak appeared at δ = 8.05 ppm (denoted as j
in Figure S7.21), corresponding to the proton of the 1,2,3-triazole heterocycle that characterized
the cyclized product (cyclic-PMCPOXA). SEC analysis showed a slight but significant shift to
larger retention volume (RV) in the cyclic-PMCPOXA with respect to its linear precursor
(Figure S7.25). This shift to higher RV is typically observed for a successful cyclization
reaction. Moreover, FTIR spectroscopy confirmed the formation of the cyclic product (Figure
S7.27).
Synthesis of c-PMCPOXA-BCLA (Figure S7.6, step iii)
Cyclic-PMCPOXA (235 mg, 0.03 mmol of secondary amine groups, 1 eq.), BCLA (50 mg,
0.15 mmol. 5 eq.) and COMU (70 mg, 0.17 mmol, 5.5 eq.) were dissolved in 3 mL of DMF in
a 10 mL Schleck flask. The mixture was purged with a stream of N2, DIPEA (100 uL, 0.6 mmol,
20 eq.) was added, and reaction mixture was stirred at RT for 24 h under argon. Subsequently,
15 mL of EtOH were added to the solution, and the mixture was purified by dialysis (3.5 kDa
MWCO) in EtOH for 48 h. After dialysis, the solution was passed through a 0.45 µm filter
(Chromafil® PTFE), and the solvent was removed to yield c-PMCPOXA-BCLA (215 mg, 90%
yield) as a yellow viscous polymer. The chemical structure and the purity of the synthesized
polymer was determined by 1H-NMR (500 MHz) (Figure S7.22).
Synthesis of c-PCPOXA (Figure S7.6, step iv)
The synthesis of c-PCPOXA was performed similarly to that of l-PCPOXA. The chemical
structure and purity of c-PCPOXA were determined by 1H-NMR (500 MHz) (Figure S7.23).
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Synthesis of c-PGalaPOXA (Figure S7.6, step v)
The synthesis of c-PGalaPOXA was performed similarly to that of l-PGalaPOXA. The
chemical structure and purity of c-PGalaPOXA were determined by 1H-NMR (500 MHz)
(Figure S7.24).
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7.6 SUPPORTING INFORMATION

Cantilever

KN

KT

(N m-1)

(N m)

Linear

0.096

2.36E-9

Cyclic

0.096

2.54E-9

Table S7.1: Normal (KN) and torsional (KT) spring constant values of the cantilevers.

Figure S7.1. (a) Force map recorded on l-PCPOXA brushes immersed in buffered medium
with pH = 3. (b) Deflection-vs-Zsensor curve directly extracted from the force map reported in
(a). (c) Force-vs-separation curve obtained by processing the corresponding Deflection-vsZsensor profile. (d) Separation = zero was assigned in correspondence of the maximum slope
of the FS curve, where the two opposing brushes are fully compressed.
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Figure S7.3. Synthesis of 3-azidopropylamine.

Figure S7.4. Synthesis of MCPOXA.

Figure S7.5. Synthesis of l-PCPOXA and l-PGalaPOXA.
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Figure S7.6. Synthesis of c-PCPOXA and c-PGalaPOXA.

Figure S7.7. 1H-NMR (500 MHz) spectrum of BCLE in CDCl3.
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Figure S7.8. 1H-NMR (500 MHz) spectrum of BCLA in DMSO-d6.

Figure S7.9. 13C-NMR (126 MHz) spectrum of BCLA in DMSO-d6.
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Figure S7.10. 1H-NMR (500 MHz) spectrum of 3-azidopropylamine in CDCl3.

Figure S7.11. 13C-NMR (126 MHz) spectrum of 3-azidopropylamine in CDCl3.

184

Chapter 7

Figure S7.12. 1H-NMR (500 MHz) spectrum of methyl 5-((2-chloroethyl)amino)-5oxopentanoate in CDCl3.

Figure S7.13. 13C-NMR (126 MHz) spectrum of methyl 5-((2-chloroethyl)amino)-5oxopentanoate in CDCl3.
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Figure S7.14. 1H-NMR (500 MHz) spectrum of MCPOXA in CDCl3.

Figure S7.15. 13C-NMR (126 MHz) spectrum of MCPOXA in CDCl3.
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Figure S7.16. 1H-NMR (500 MHz) spectrum of PMCPOXA in CDCl3.

Figure S7.17. 1H-NMR (500 MHz) spectrum of l-PMCPOXA-BCLA in CDCl3.
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Figure S7.18. 1H-NMR (500 MHz) spectrum of l-PCPOXA in D2O.

Figure S7.19. 1H-NMR (500 MHz) spectrum of l-PGalaPOXA in D2O.
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Figure S7.20. 1H-NMR (500 MHz) spectrum of α-alkyne-ω-azide PMCPOXA in CDCl3.

Figure S7.21. 1H-NMR (500 MHz) spectrum of cyclic-PMCPOXA in CDCl3.
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Figure S7.22. 1H-NMR (500 MHz) spectrum of c-PMCPOXA-BCLA in CDCl3.

Figure S7.23. 1H-NMR (500 MHz) spectrum of c-PCPOXA in D2O.
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Figure S7.24. 1H-NMR (500 MHz) spectrum of c-PGalaPOXA in D2O.

Figure S7.25. SEC elugrams of α-alkyne-ω-azide PMCPOXA (propargyl-PMCPOXA-N3),
cyclic-PMCPOXA, and PMCPOXA.
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Figure S7.26. Aqueous SEC elugrams of l- and c-PGalaPOXA.

Figure S7.27. FTIR spectra of α-alkyne-ω-azide PMCPOXA (propargyl-PMCPOXA-N3,black
trace) and its cyclization product (cyclic-PMCPOXA, red trace). The absence of the peak at
2100 cm-1, relative to the stretching of the azide group (N3), in the spectrum of cyclicPMCPOXA confirmed the ring closure.
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8 CONCLUSION AND OUTLOOK
8.1 CONCLUSION
The aim of this thesis has been to molecularly engineer PAOXA building blocks for the
fabrication of biomaterials and biointerfaces. In particular, the broad chemical versatility of
PAOXA has been exploited to generate enzymatically crosslinked hydrogels for 3D cell culture
and bioprinting of human chondrocytes and synthesize functional cyclic polymers to yield
topologically unique hydrogels and coatings.
Synthetic hydrogels, featuring broadly tunable physicochemical and biological properties, can
be engineered to provide the adequate mechanical and biochemical stimuli to cells residing
within the ECM-mimicking hydrogel. Using synthetic polymers as hydrogel constituents,
particularly PAOXA offers the advantage of having full control of the chemical composition,
topology, and physical properties of the resulting polymer networks. These attractive features
provide unrivaled possibilities to tune physical and biochemical properties of the hydrogel
according to the application’s need.
The development of a synthetic hydrogel platform exploiting the synthetic flexibility and
biocompatibility of PMOXA and PEOXA motivated the first part of this PhD thesis (chapters
1 – 3), allowing me to explore this promising synthetic polymer for biomedical applications.
Chapter 1 introduced the chemistry and synthetic versatility of PAOXA and its physical
properties. Moreover, it highlighted recent advances in using PAOXA for the formation of
hydrogels and as a carrier material for biofabrication purposes.
In chapter 2, an enzymatically crosslinked injectable hydrogel platform based on PMOXA- and
PEOXA-peptide conjugates for 3D culture of human articular chondrocytes, featuring tunable
rheological and mechanical properties, was developed. Sortase A, a bacterial transpeptidase,
was strategically chosen as a particularly cell-friendly enzyme for in situ cell encapsulation.
Notably, this was the first report on enzymatically crosslinked PAOXA-based hydrogels,
presenting the highest reported cell viability for PAOXA-based hydrogels up to date.
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A common issue with synthetic hydrogels designed for load-bearing applications, such as for
tissue engineered articular cartilage, is their lack in mechanical strength and toughness, being
often substantially lower than those of native cartilage. Hence, there is need for the development
of mechanically reinforced hydrogels for cartilage tissue engineering.
In chapter 3, the initially developed single network hydrogel was mechanically reinforced by
introducing a second, physically crosslinked alginate network, resulting in a double network
(DN) hydrogel that showed enhanced viscoelasticity and storage modulus while still
maintaining exceptionally high cell viability. Following addition of cellulose nanofibers into
the DN hydrogel to improve its printability, the obtained shear-thinning and shear-recoverable
bioink was 3D bioprinted in the presence of human auricular chondrocytes to yield stable
hydrogel structures with good shape fidelity and cell viability.
Chapter 4 described the topological effects of cyclic macromolecules on technologically
relevant properties of coatings, polymer networks, and nanostructures for drug delivery
therapeutics. In particular, the fabrication of coatings using topologically different adsorbates
to generate macroscopic surfaces with enhanced bio-repellency and superior lubricity were
highlighted. The marked differences in physicochemical and interfacial properties between
cyclic and linear adsorbates, when they were grafted onto surfaces motivated our investigations
into topologically distinct polymer networks. Since, in theory, polymer networks formed from
cyclic polymers do not contain network defects that substantially weaken the mechanical
properties, gels made from crosslinked cyclic constituents may feature improved stiffness and
toughness. These attractive properties motivated the study described in chapter 5
Chapter 5 described the synthesis of functional cyclic copolymers based on PEOXA and their
linear analogs that were subsequently modified with thiol and vinylsulfone moieties to form
hydrogels via thiol-Michael addition. The resulting hydrogels were composed of either linear
or cyclic PEOXA. Through a combination of oscillatory rheology, unconfined uniaxial
compression testing and swelling experiments, it was demonstrated that hydrogels made from
crosslinked cyclic PEOXA featured up to 42% higher stiffness and larger mesh size at a
concomitant higher swelling ratio, with respect to hydrogels formed from linear analogs with
identical molecular weight and composition. Furthermore, gels formed from linear PEOXA
followed the scaling theory predictions that describe equilibrium-swollen gels, whereas
“cyclic” gels strongly deviated from the same scaling law, indicating that the polymer network
properties depend not only on the chemical crosslinking and on polymer content, but are also
significantly affected by the unique inherent topology of cyclic polymers.
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In chapter 6, recent developments in surface functionalization strategies for the fabrication of
biointerfaces using PAOXA were highlighted.
Motivated by previous studies on the grafting of chemically inert, cyclic PAOXA adsorbates
onto surfaces, chapter 7 described the synthesis of functional, cyclic adsorbates featuring
disulfide anchors and their assembly on gold surfaces that generated cyclic polymer brushes
having a functional character. Through a combination of variable-angle spectroscopic
ellipsometry, quartz crystal microbalance with dissipation and atomic force microscopy
methods, it was demonstrated that nanoassemblies of cyclic PAOXA-based polyacid brushes
showed an amplified pH responsiveness and cyclic glycopolymer brushes derived from
polyacids displayed an increased lectin-binding ability with respect to their linear counterparts.
These findings suggest an enhanced exposure/availability of galactose units at the surface of
cyclic polymer brushes with respect to linear analogs and stress again the importance of the
intrinsic topology effects on the physicochemical and interfacial properties of polymer brushes.
In conclusion, the work presented in this thesis illustrates that PAOXA hold great potential for
the fabrication of biocompatible hydrogels for 3D cell culture and the formulation of cell-carrier
materials for 3D bioprinting. In addition, the exceptional synthetic versatility of PAOXA
provides facile access to advanced polymer topologies featuring a functional character that have
not been obtained before. Such functional cyclic polymers were applied to generate
topologically unique polymer networks featuring enhanced stiffness and atypical swelling
behavior and nanoassemblies showing amplified responsiveness and augmented proteinbinding capacity compared to their linear counterparts. These findings render “cyclic”
hydrogels and brushes invaluable building blocks for the design of “smart” materials and
functional biointerfaces.

8.2 OUTLOOK
The scientific achievements reported in this thesis highlight the broad application potential of
PAOXA, exploiting its chemical versatility, biorepellency, and biocompatibility for the design
of new building blocks for hydrogels, bioinks and advanced surface modifications.
Additional studies and follow-up experiments can be conducted to either implement these
research findings or expand their applications to alternative platforms.
In particular, future immunohistochemical and histological characterization of the
enzymatically crosslinked PMOXA and PEOXA hydrogels described in chapter 2 would reveal
195

Chapter 8
the capability of encapsulated chondrocytes to produce their own cartilage-like matrix in these
synthetic hydrogels. For chondrocytes to proliferate and secret extracellular matrix proteins
such as collagen, the scaffold they reside in has to be partially biodegradable. Since PAOXA
are considered non-biodegradable, matrix metalloproteinase (MMP) selective peptide
substrates could be easily incorporated into the PAOXA-peptide conjugates to render the
hydrogel biodegradable and thereby exploiting the synthetic versatility and modularity of the
developed hydrogel platform. Furthermore, the exceptionally high cell viability of human
articular chondrocytes of around 90% 21 days after encapsulation into the hydrogels holds great
promise for future in vivo studies in rodents. For instance, subcutaneous injections of the
hydrogel precursor solutions in mice would provide relevant insights into the in vivo toxicity
and immune compatibility of in situ crosslinked PMOXA and PEOXA, which has not been
explored.
The underlying mechanisms governing the outstanding and distinctive mechanical properties
of hydrogels made from cyclic PEOXA, as reported in chapter 5, are not fully elucidated yet,
partly because of the difficulties in characterizing the polymer network topology on the sub-10
nm scale that concerns structural features at the (macro)molecular level. Therefore, I envision
that quantitative evaluation of (macro)molecular-level topologies in cyclic polymer networks,
using multiple-quantum nuclear magnetic resonance (MQ NMR) and network disassembly
spectrometry (NDS), will provide further insights into the unique topology effects of cyclic
polymers on the physical properties of hydrogels. In addition, I hypothesize that the tribological
properties of surface of cyclic hydrogels would be markedly different with respect to their linear
counterparts, since in theory, the surface of cyclic gels is entirely composed of loops instead of
dangling linear coils. Hence, I expect that the hydrogel’s surface covered with cyclic polymers
forming loop-like structures would substantially enhance lubrication and reduce wear.
Despite recent advances in the chemical and structural formulation of biopassive polymer films,
as highlighted in chapter 6, even the most sophisticated polymer brushes that nearly
quantitatively hindered unspecific protein interaction in simplified biological systems could not
fully prevent the foreign body response (FBR), when applied on biomaterials within real
physiological media, ultimately hampering their integration within tissues. In particular, a fully
successful chemical modification enabling the generation of synthetic interfaces on
biomaterials that are immune neutral still remains a challenge. While the designing of drug
delivery or bioimaging systems relies on the application of bioinert polymers as shells for
functional nanoparticles (NPs), even a weak association of serum proteins leads to complement
activation and NP phagocytosis. Considering the superior biopassivity of cyclic polymer brush196
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based surfaces, I envision that cyclic polymer based nanoassemblies on the surface of
biomaterials would enable full control of the interaction with the native biomolecular
environment and prevent the FBR on biomaterials.
In a similar way as described in chapter 7, the enhanced binding efficiency by functional, cyclic
nanoassemblies could be further exploited to trigger the recruitment of non-inflammatory
proteins from the surrounding medium, retain their native conformation, and finally lead to the
formation of an “intact” biomolecular layer. Relevantly, I envision that the intramolecular steric
constraints present within the cyclic polymer adsorbates will favour the presentation of binding
motifs for cues directing macrophage polarization, if compared to linear functional
counterparts, where the access to chemical moieties will be hindered within the polymer coil
structure. Furthermore, intramolecular hydrophobic interactions between polymer segments
within functional linear assemblies cannot be avoided that ultimately favors protein
unfolding/denaturation. The enhancement in protein-binding ability, coupled to the higher
hydration by cyclic brush interfaces will finally contribute in generating a uniform layer of
proteins retaining their tertiary structure.
Finally, I anticipate that the enhanced protein-binding capabilities of functional, cyclic polymer
brushes, as described in chapter 7, could be exploited for stimulating a specific recruitment of
biomolecules that trigger innate immune cells, providing a new design principle for the
development of nanomaterials that show improved performance and selectivity for
immunotherapy.
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