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Ultrastrong Poly(2-Oxazoline)/Poly(Acrylic Acid) Double-
Network Hydrogels with Cartilage-Like Mechanical

Properties

Paola A. Benitez-Duif, Marina Breisch, Daniel Kurka, Karlina Edel, Semra Gékcay,
Dominic Stangier, Wolfgang Tillmann, Montasser Hijazi, and Jorg C. Tiller*

The exceptional stiffness and toughness of double-network hydrogels (DNHs)
offer the possibility to mimic even complex biomaterials, such as cartilage.
The latter has a limited regenerative capacity and thus needs to be substi-
tuted with an artificial material. DNHs composed of cross-linked poly(2-
oxazoline)s (POx) and poly(acrylic acid) (PAA) are synthesized by free radical
polymerization in a two-step process. The resulting DNHs are stabilized by
hydrogen bridges even at pH 7.4 (physiological PBS buffer) due to the pK,-
shifting effect of POx on PAA. DNHs based on poly(2-methyl-2-oxazoline),
which have a water content (WC) of around 66 wt% and are not cytotoxic,
show biomechanical properties that match those of cartilage in terms of WC,
stiffness, toughness, coefficient of friction, compression in body relevant
stress conditions and viscoelastic behavior. This material also has high
strength in PBS pH 7.4 and in egg white as synovial liquid substitute. In par-
ticular, a compression strength of up to 60 MPa makes this material superior.

1. Introduction

Osteoarthritis (OA) is one of the most prevalent diseases
affecting, inter alia, the articular cartilage (AC) in load bearing
joins like hip, shoulder and knee. OA is currently a leading

P. A. Benitez-Duif, D. Kurka, K. Edel, S. Gékcay, M. Hijazi, J. C. Tiller
Biomaterials and Polymer Science
Department of Bio- and Chemical Engineering
TU Dortmund University
Emil-Figge-Str. 66, 44227 Dortmund, Germany
E-mail: joerg.tiller@tu-dortmund.de
M. Breisch
BG University Hospital Bergmannsheil Bochum
Surgical Research
Ruhr University Bochum
Buerkle de la Camp Platz-1, 44789 Bochum, Germany
D. Stangier, W. Tillmann
Institute of Materials Engineering
TU Dortmund University
Leonhard-Euler-Strafle 2, 44227 Dortmund, Germany
The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202204837.
© 2022 The Authors. Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adfm.202204337

Adv. Funct. Mater. 2022, 32, 2204837 2204837 (1 of'l'l)

cause of disability for 500 million people
worldwide, around 7% of the global popu-
lation, and it is expected that the number
of people affected by this condition will
considerably increase in the coming
years.[b2

Currently, there are several treatment
strategies to mitigate the effects of cartilage
damage, such as non-pharmacological
methods (i.e., weight loss), pharmaco-
logical methods (e.g., Non-Steroidal Anti-
Inflammatory Drugs)¥ and surgery inter-
ventions such as macrofracturing and
Autologous Chondrocyte Implantation .
However, most of the treatment strate-
gies mentioned above are still not a long-
term solution to this condition. Due to
the articular cartilage’s complex structure
the implementation of a suitable medical
treatment remains a challenge. On one
hand, the articular cartilage structure is highly compacted and
has no vascularity. This makes delivery of drug molecules to the
tissue unfeasible. On the other hand, the cartilage lacks a fully
self-healing capability and is a non-neural tissue, which means
that symptoms appear when the cartilage damage is already
severe.’l In some cases, the only treatment left is a hip or a
knee joint replacement upon detection. Nevertheless, approxi-
mately 90 to 95% of all joint replacements have an endurance
time limited to 10 years. Typically, mechanical failure of the
implant material is the main reason for a new surgical inter-
vention, which increases not only the burden of disease, but
also the cost of treatment. Complications related to implant
failure could still be prevented through the implementation
of materials with long-term stable mechanical properties that
could increase the functionality and the period of use.

The development of materials with cartilage-like features has
steadily gained significance in the recent years. Since articular
cartilage has a load bearing function with compressive strength
values from 14 MPa up to 59 MPa,®’l an equilibrium water
content (EWC) between 60 and 85 wt%,*>8] as well as a very
low Coefficient of Friction (COF) (0.001-0.5)!%; developing of
materials that mimic these biological features is highly chal-
lenging. Novel hydrogels systems,!'% such as double-network
(DN) hydrogels,*!  fiber-reinforced DNs,/®! nanocom-
posite hydrogels, ™ and Extracellular Matrix (ECM)-based
materials!'® have been developed in the recent years in order
to obtain materials with highly tough mechanical properties
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and tissue-like water content (WC).'*1 Among all these
materials, double-network hydrogels (DNHs) with at least one
polyelectrolyte component such as salts of poly(2-acrylamido-
2-methylpropansulfonic acid)(PAMPS)[®1220-23] and poly(acrylic
acid) (PAA)?*28 have been particularly highlighted as potential
cartilage-like materials. Thus, the incorporation of ionic compo-
nents into the network leads not only to a better hydration of the
hydrogel, but also to the improvement of the mechanical prop-
erties by hydrogen bonding and/or ionic interactions between
the polymers involved.%131929.30] Several double networks
systems as promising artificial cartilage has been reported,
many of them have been based on the work done by Gong,?! in
which PAMPS/PAAm DN gels with a WC of 90 wt% could bear
up to 17 MPa of compressive stress. Means et al.”l showed a DN
hydrogel based on PAMPs/(PNIPAAm-co-AAm) with cartilage-
like performance, with compressive strength of 25 MPa and
WC values between 80-85 wt%. Ding et al.’* reported a
hydrogel composite of P(AAg;5-c0-AM; ¢)/XG1¢-GGyo/Fe*t/B,
which exhibited a compression strength above 15.3 MPa and
a water uptake up to 72 wt%. The mechanical behavior of
both mentioned systems were determined in distilled water;
however, only the group of Wileyl® has recently presented a
system based on bacterial cellulose, PVA, and PAMPS, which
has cartilage-like performance in the more physiologically
relevant medium 0.15 M PBS buffer. This material takes up
around 55 wt% of water and shows a compression strength
of 173 MPa similar to the natural idol and an exceptional wear
resistance.

Although these materials are very promising, the water
uptake and therefore the mechanical properties of polymer
networks with ionic components strongly vary with
environmental conditions, such as pH and ion/salt concentra-
tion.[?83233] Thus, environmental changes during the in vivo
implementation could cause problems, because the ionic net-
work materials can change their dimensions and mechanical
behavior in presence of fluids such as blood.

We presume that the most suitable material for cartilage
replacement would be one that does not undergo great varia-
tion in either water-uptake or mechanical performance upon
environmental changes. Such material would be more easily
handled and would not substantially change dimensions or
functionality upon implementation. In this work, we report
on novel DNHs based on poly(2-oxazoline)s (POx) and non-
ionized PAA with excellent mechanical cartilage-like behavior
as potential new materials for artificial cartilage in varying
physiologically relevant media.

2. Results and Discussion

Goal of this work was to create a DN hydrogel with cartilage-
like mechanical properties in physiological environments,
which are not strongly affected by the concentration of salts
and other compounds. Thus, the double network should facili-
tate strong reversible bonds, such as hydrogen bridges, but no
ionic functions. A strong hydrogen bond former is PAA, which
has already been used as component to create stiff and strong
physically cross-linked DN hydrogels with potential biomedical
applications.32343¢1 However, PAA based networks tend to
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lose their excellent mechanical behavior in non-acidic environ-
ments, because the carboxylic acid groups of PAA are mostly
deprotonated in aqueous medium with a pH-value above pK,
4.7 In consequence, the formation of H-bonds between the net-
works involved are impaired. For example, previously reported
DNHs based on PAA and PEG showed excellent mechanical
strength at pH values up to pH 4, but above this a dramatically
reduction of the strength was observed.[?#¥] Interestingly, it has
been reported that the pK, value of PAA can be shifted to higher
values in the presence of polymer networks with hydrophobic
components, or a high degree of hydrogen bonding between
the networks.?33 Several studies have emphasized the capa-
bility of POx to form stable hydrogen bonds with PAA or tannic
acid (TA), particularly in layer-by-layer (LbL) systems.[3840-42
Thus, these systems are more stable at higher pH values.

We have explored, if this is valid for DN hydrogels based
on these two polymers (see Figure 1). To this end, telechelic
poly(2-methyl-2-oxazoline) (PMOx) and poly(2-ethyl-2-oxazo-
line) (PEtOx) with acrylate end groups and different degree of
polymerizations (25, 50, 100) were prepared by cationic ring-
opening polymerization followed by end-group modification
with  N-[3-(Dimethylamino)propyljmethacrylamide ~(DMAP-
MAA). Such end group functionalized POx have already
been successfully used to form POx based homo-networks or
amphiphilic conetworks.*=1 All polymers could be obtained
with narrow molecular weight distributions and nearly com-
plete end group functionalization (see Table S1, Supporting
Information).

The telechelic POx were cross-linked as films from their
aqueous solutions via photo-polymerization. These primary
networks were thoroughly rinsed in water for around 24 h,
which is important to obtain a homogenous material in the
end. Then, the single POx networks were soaked with acrylic
acid containing photoinitiator and crosslinking agent (tetra-
ethylene glycol dimethacrylate, TEGDMA) and these swollen
hydrogels were again subjected to photopolymerization. The
final DNHs were washed with water for at least 48 h and then
given to a high access of the aqueous test medium and condi-
tioned for at least another 48 h. The obtained DN hydrogels are
transparent, bendable materials (see Figure 1).

The WC of articular cartilage is estimated to be 60 to 85 wt%.
Water enables the exchange of nutrients, salts and, other meta-
bolites through the cartilage matrix*} and its content is used
as indicator for cartilage damage.*® It was observed that the
water uptake of the POx/PAA hydrogels is mainly controlled
by the degree of polymerisation of the macromonomer, that
is, by theoretical mesh size of the primary POx-single network.
DNHs based on POx macromonomers with a degree of poly-
merisation of 25 exhibited WCs with values of 48 + 4 wt% for
PMOx,s5 and 50 = 2 wt% for PEtOx,s in PBS (pH 74) solution,
which are too low and consequently not suitable to be used
as cartilage replacement. DNHs based on PMOx with 50 and
100 repeat units showed WC values between 66 + 3 and 88 + 1 wt%
in PBS, which corresponds to the WC-range of articular carti-
lage. The respective PBS-swollen PEtOxs5o/PAA DNH contains
59 + 6 wt% of water and 74 £ 1 wt% for PEtOx;o0/PAA, which
is most likely due to the less hydrophilic character of PEtOx.
All highly PBS swellable DNHs were subjected to mechanical
testing (see Figure 2).
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Figure 1. Steps of the synthesis of POx/PAA double-networks hydrogels.

As seen in Figure 2, only DNHs composed of POx with a
degree of polymerization of 50 show a stiffness in PBS of
around 3 MPa, which might be suitable for artificial cartilage,
while the DNHs based on the respective polymers with
100 repeating units are not stiff enough for this purpose. Inter-
estingly, the significantly less swollen PEtOxs,-based DNH
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does not exhibit a higher stiffness compared to the respective
PMOxso-based system. This might be due to the less strong
hydrogen bridges formed between PAA and PEtOx. A different
scenario is found, when determining the tensile fracture
energy. This experiment includes the propagation of a crack in
the stress-stain-experiment. As seen in Figure 2D, the tensile
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Figure 2. A) WC, B) initial tensile stress—strain curve, C) tensile modulus, D) fracture energy of DNHs PMOxso/PAA, PMOx;qo/PAA, PEtOxso/PAA,
and PEtOx;o/PAA in PBS (pH 7.4) media. The corresponding literature values for WC,[*># initial tensile modulus,** and fracture energy!™ of native
articular cartilage are indicated by black lines. Values in (A,C,D) are expressed as mean = SD (n = 4-5). The tensile stress—strain curves are recorded
with a strain rate of =0.001 s™'. The reference values for cartilage from the literature are recorded at similar strain rates.
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fracture energy of the PMOxs, system is with 6.9 £ 0.7 k] m™2
exceptionally high. In contrast, the PEtOxs,/PAA DNH exhibits
a tensile fracture energy of 2.1 £ 0.5 k] m™, which is much
lower than that of the PMOxs, system, but still higher than
that of natural cartilage (1 k] m=2).] This might be explain-
able by the fact that the PEtOx system is not as homogeneous
as the respective PMOx-based DNH. This can cause an easier
crack propagation. In comparison, DNH PMOx,5o/PAA and
PEtOx;9o/PAA showed a poor mechanical behavior when
stretched.

Based on these results, it can be assumed that the inter-
actions by hydrogen bonds between the segments of PAA and
PMOx inside the network serve as sacrificial bonds in order to
dissipate the mechanical stress effectively, leading to DHNs
with remarkable toughness. The cross-linking density of the
primary POx network can control the mechanical properties and
water-uptake of the DNH. Particularly, the PMOxs,/PAA DNH
shows a WG, stiffness and fracture energy in physiological PBS
that makes it a promising candidate for artificial cartilage. Only
this material was subjected to further experiments.

www.afm-journal.de

Cartilage is a load-bearing tissue with compressive strength
values between 15 and 57 MPa.l¥l Mimicking of close to real
physiological conditions is often performed in PBS buffer
at pH 74, because it has the salt concentration and the pH of
blood. However, the cartilage is surrounded by synovial fluid,
which not only transports nutrients inside of the cartilage, but
also supports the lubricity and has a cushioning-effect.”" It is
well known that egg white has similarities to the synovial fluid
regarding consistence®? and also containing glycosaminogly-
cans (GAGs), such as chondroitin sulfate, hyaluronic acid and
keratan sulfate, which are also part of the cartilage structure/
composition and play a fundamental role in the mechanical
behavior of cartilage.l*>>3 Many studies have shown interest on
hen egg white as source of exogenous GAGs such as keratin
sulfate, in order to supress the cartilage damage.*>% Thus, we
performed the compressive test not only in PBS, but also in egg
white, in order to observe the effect of GAGs in the mechanical
behavior of the DNHs.

As seen in Figure 3A, PMOxso/PAA in both media—PBS and
egg white—exhibits a compression profile similar to articular
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Figure 3. A) Compressive stress—strain curve, B) compressive strength and compressive modulus, C) failure load of native cartilage in PBS (pH 7.4) and
PMOxs,/PAA in PBS (pH 7.4), and egg white media. The samples have a diameter of 12 mm and an average thickness of 2 £ 0.2 mm. The compressive
stress—strain curves are recorded with a strain rate of 0.0043 s™'. Values in (B,C) are expressed as mean £+ SD (n = 5).
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cartilage. The compression moduli were determined from
the slopes of the compression profiles in two different stress
ranges 0.2-0.3 MPa and 2-3 MPa. Both ranges are relevant;
thus, it has been documented, that the contact stress of artic-
ular cartilage can reach values between 0.02-5 MPa.l31257]
As seen in Figure 3B, the compression moduli at a stress
of 2-3 MPa of PMOxso/PAA are 20.8 £ 0.7 MPa in PBS and
19.4 £ 1.8 MPa in egg white, which are both not significantly
lower than that of articular cartilage with 22.6 £ 3.3 MPa.
Noticeably, the GAGs in egg white do not influence the
compression modulus of the material compared to those in
PBS. The DNH also shows a similar compression modulus in
water. The compression modulus values of both materials also
do not exhibit significant differences at lower stress ranges. The
same effect was observed after the treatment of the DNH with
the hydrolase-enzyme Lipase, which can be found in human
blood (for details see supporting information). Thus, this
ubiquitous hydrolase cannot easily degrade the hydrogel.

The compressive strength values of PMOxso/PAA are 45 MPa
in PBS and 60 MPa in egg white and thus both exceed that of
the measured native articular cartilage in PBS (29.6 £ 8.7 MPa).
Considering, that the DNH has a WC of 67 wt% in egg white,
its compression strength in egg white is remarkably high. We
thus assume that the GAGs in egg white have not only a shock
absorber functionality, but also play a role as a third network,
which protects the hydrogel from the compressive stress.
Cartilage is known to have the capability to resist loads of
several time the body weight.®® The PMOxs,/PAA DNH can
bear even higher loads between 450 and 900 kg, which implies
the withstanding of 4.5 up to 9 times of a body weight of 100 kg
in a surface area of 113 mm? (see Figure 3C), which makes this
DNH a promising material with an extraordinary compressive
mechanical performance.

Cartilage is a material that needs to withstand always
varying mechanical stress. Therefore, the mechanical properties
of PMOxso/PAA hydrogels were further explored by applying
a sequential dynamic movement profile. The parameter of
interest in such an experiment is to determine if the material
shows plastic deformation (creep) and how fast it recovers to
its original state. Moreover, the mechanical properties of the
material after the dynamic stress experiment are of interest.
The experiment was started with a creep test applying a total
constant force of 8.7 N (=0.3 MPa, typical load of the human
knee) to simulate the standing position for 30 min. In order
to simulate the gait movement, a static force of 8.7 N and a
dynamic force of 8.5 N (total stress =0.6 MPa) with a frequency
of 1 Hz was applied for another 30 min. A frequency of 1 Hz has
been reported as characteristic gait frequency.”” Afterwards,
the material was kept at 0.3 MPa for 3 min (standing) and then
the load was removed (see Figure 4A). The thickness or rather
the strain of the material was measured after 1 s unloading and
again after 1800 s of recovery (Figure 4B,C).

As seen in Figure 4C the DNH exhibits in both media —
PBS and egg white — a higher instantaneous recovery of its
initial thickness than native cartilage. However, after 30 min
both materials showed a no significant difference of their thick-
ness recovery with values of 53 £ 11%, 59 + 9% and 61 + 9%
for the native cartilage, DNH in egg white and in PBS, respec-
tively. One reason for the faster recovery of the PMOxs,/PAA

Adv. Funct. Mater. 2022, 32, 2204837 2204837 (5 of1'|)

hydrogels could be linked to the differences of the compressive
modulus before and after the load exposure (see Figure 4D).
The PMOxso/PAA exhibited a slight increase of their compres-
sive modulus compared to cartilage. Thus, the DNH in the
different media was not as strongly deformed by the load as car-
tilage, and so can recover more quickly. The slow deformation
recovery of cartilage compared to DNHs has been also observed in
awork of Grunlan et. al,'?l in which PAMPS/P(NIPAAm-co-AAm)
DNHs and cartilage were subject to a creep test with a compres-
sive stress of 0.35 MPa for 1 h. While the DNH showed recovery
strains above 70% immediately after removal of the load, a
recovery strain of 6-8% was observed for cartilage. After 30 min
of recovery, cartilage and the PAMPS/P(NIPAAm-co-AAm) exhib-
ited recovered strain values between 80-90%.

Having established that the PMOxso/PAA shows mechanical
properties similar to native cartilage, it was now investigated,
whether the material also possesses a low COF, which is a
crucial characteristic of the natural biomaterial. To this end,
the DN hydrogels were swollen in PBS (pH 74) and egg white,
respectively, and subjected to a tribological test applying a
load of 5 N (maximum Hertzian contact stress 1.2 MPa) with
a sliding velocity of 5 mm s™! at room temperature for 1 h
(375 laps with a stroke length of 8 mm).

As seen in Figure 5A the DNH has a COF in PBS of
0.11 and in egg white of 0.07. Both values are well in the range of
COFs given for natural cartilage in the literature. The kinetics
of the friction experiment shown in Figure 5B indicates that
the COF quickly drops at the beginning in both media. In the
case of PBS (pH 74) as medium, the friction coefficient slightly
increases with time, while the COF in egg white remains
constant after the initial drop. The lower friction of the DN
hydrogels in egg white confirms the suitability of the latter as
synovial fluid substitute, which is responsible for the low fric-
tion of cartilage in the body. The tribological test also confirms
the remarkable mechanical performance of the PMOxso/PAA
DNHs in relevant physiological media.

As already mentioned a particularity of networks with poly-
electrolyte components is the response of the swelling and
mechanical behavior to changes in the salt content and in
the pH value of the swelling media. In order to avoid this, we
choose the system POx and PAA, because the strong hydrogen
bonds between those two would increase the pK, value of PAA.
Thus, the DNH might not be deprotonated even in physio-
logical environments and would thus retain its excellent
mechanical properties. In order to confirm this and to explore
the limitations of the material, the PMOxs5,/PAA hydrogels
were conditioned in media with varying the pH value of PBS
solution for one week and the degree of swelling and the com-
pressive strength was determined (see Figure 6).

As seen in Figure 6, the water uptake of the DNH in water,
PBS (pH 74), and egg white, respectively, is nearly identical in
a range of 61-67 wt%. The compressive strength is similar in
water and PBS, clearly showing that salt concentration and a
pH of up to 74 do not affect the material. Increasing the pH
value in PBS to 7.6 results in increased water uptake of 70 wt%
and a drop in strength to almost half (24.4 MPa) the value at
pH 74. Further increasing the pH to 8.0 and 8.5 results in an
increased water uptake and a somewhat less dramatic drop in
strength. In order to find, what causes the pH-induced changes
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Figure 4. A) Viscoelasticity test (creep, fatigue, and recovery), B) illustrated determination of the recovery strain, C) recovery strain and D) compres-
sive modulus of native cartilage in PBS (pH 7.4) and PMOxso/PAA in PBS (pH 7.4) and egg white media. The samples have a diameter of 6 mm and
an average thickness of 1.8 £ 0.2 mm. Values in (C,D) are expressed as mean value £ SD (n =5).

in swelling and strength, FTIR spectra of PMOxso/PAA in
media with different pH values were recorded (see Figure 7).

As seen

in the top of Figure 7, the FTIR spectrum of a PAA

single network exhibits the characteristic peak of the stretching

A

0.4 -
e PMOXs,/PAA in PBS (pH 7.4)
0.35 o === PMOX,,/PAA in Egg white

L
w
!

0.25 4

0.15 4

0.05

Coefficient of Friction [-]
o
b

0

0 500 1000 1500 2000 2500 3000 3500 4000
Time [s]

vibration of the C = O function of the protonated carboxylic acid
at 1697 cm™. When treating this PAA network with PBS buffer,
pH 74 overnight, the FTIR spectrum of the dried material is
significantly changed as seen by the appearance of two new

Coefficient of Friction [-]

PMOX,/PAA PMOX,,/PAA
in PBS (pH 7.4) in Egg white

Figure 5. A) COF versus time and B) COF of PMOxso/PAA in PBS (pH 7.4) and egg white as swelling media and lubricant. The black lines indicate the
corresponding native articular cartilage values.) Values in (B) are expressed as mean value £ SD (n = 4).
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Figure 6. Effect of the pH-value on the mechanical performance of
PMOxs,/PAA. All materials are swollen in a high excess of the respec-
tive medium at room temperature for at least 48 h before determining
the mechanical performance in the corresponding medium. The samples
have a diameter of 12 mm and an average thickness of 2+ 0.2 mm. Values
are expressed as mean value = SD (n =5).

peaks at 1640 and 1539 cm™, which are typical for the defor-
mation vibrations of C-OH and the symmetrical stretching of
COO of the salt form of PAA.®I The still existing peak at
1701 cm™! of the protonated carboxylic group indicates that the
deprotonation of PAA in not complete in PBS, pH 74. The third
spectrum from the top of Figure 7 is of the PMOx single net-
work with the typical C = O stretching vibration at 1607 cm™.
The FTIR spectrum of the PMOxs,/PAA washed with water is
characterized by two dominant peaks at 1705 and 1589 cm™.
The first signal can be attributed to the carboxylic acid function
of PAA, while the second peak is the red-shifted peak of the

C = O stretching vibration of PMOx. This red shift is a strong
indicator of the formation of hydrogen bridges between PMOx
and PAA including all C = O functions of the first. This DNH
was soaked in PBS, pH 74, overnight and dried. The FTIR spec-
trum of this network looks exactly the same as that of the DNH
just treated with water, indicating that no deprotonation of the
acid functions occurs in contrast to the free PAA network. Next,
the DNH was soaked in PBS, pH 7.6, overnight and dried. The
FTIR spectrum of this material shows a new signal at 1540 cm™,
which is attributed to the salt form of PAA and an almost
complete disappearance of the signal at 1590 cm™, which is
the marker for the hydrogen bonds. These results show that
the combination of PAA and PMOx in a DNH results in a
dramatic apparent increase in the pK, value of PAA due
to strong hydrogen bond formation. The DNH does not
deprotonate in PBS pH 74 and thus retains its excellent
mechanical strength in this environment. However, increasing
the pH to only 76 leads to strong deprotonation and a drastic
drop in strength due to the destruction of the hydrogen bonds.

2.1. Cytocompatibility

In addition to the mechanical behavior, another important
aspect of the implementation of an artificial material is its
cytocompatibility. PAA is a well-known biocompatible mate-
rial. POx is also discussed to be biocompatible. However, there
are studies that show that POx with certain end groups can be
enzyme inhibitors.°263] On the other hand, modification of pro-
teins with POx does not deactivate the enzymes.[*#°] Therefore,
it is necessary to explore the cytotoxicity of the POx-based mate-
rial. To this end, the PMOxs,/PAA samples were placed in a
Petri dish only covering a part of the bottom. Then human mes-
enchymal stem cells (hMSC) were placed on top and incubated
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i 11590
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W PMOXSO/PAA aPes il 7.8)
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Figure 7. FTIR-spectra of the single networks, PAA and PMOxsy, and PMOxso/PAA DNHs in H,O and in PBS at pH-values between 7.4 and 8.5.
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Figure 8. Cell morphology and viability of hMSC in the presence of PMOxso/PAA DNH after 24 h of incubation. Cells are stained with calcein-AM (green
fluorescence) and Pl (red fluorescence) to visualize the morphology of live and dead cells, respectively. A,D) Representative fluorescence images of
hMSC control (cultivated on a cell culture Petri dish without hydrogel). B,E) Representative fluorescence images of hMSC cultivated in the presence
of PMOxso/PAA DNH. C) Representative light microscopic image of PMOxso/PAA DNH placed in the middle of a cell culture Petri dish in RPMI/FCS.
F) Quantification of cell viability of hMSC performed by phase analysis of the calcein-AM staining using a region of interest. Data are expressed as
mean value £ SD of n > 3 independent experiments and given as the percentage of hMSC control.

for 24 h. Afterwards, the samples were photographed and the
viability of the cells was determined with a fluorescence assay
(see Figure 8).

As seen in Figure 8B,C, the stem cells did not grow on top
of the hydrogel, which is a typical and desirable feature of carti-
lage-like materials due to their hydrogel character. However, the
cells did attach and grow to the very proximity of the DNH indi-
cating that the material does not leach toxic components. This
is also shown by the spreading of the cells, which looks very
much like that of the control (see Figure 8D,E). The viability
of the cells was also not affected as seen in Figure 8F.
Altogether, it can be stated the PMOxso/PAA is not cytotoxic
and does not allow attachment and growth of human stem cells
on its surface.

3. Conclusion

In summary, the novel PMOx/PAA networks were developed to
use the pK, shifting effect of the combination of PAA and POx
to obtain a non-ionic high-performance DNH. The resulting
material is shifting the pK, of PAA by almost three orders of
magnitude, which makes the material a cartilage-like hydrogel,
which does not react to environmental changes salt concen-
tration or pH changes up to 74. The hydrogel is taking up to
66 wt% of water and has a two to three-fold higher compres-
sion strength than other cartilage-like materials (see Table S3,
in the Supporting Information). The strong drop of mechanical

Adv. Funct. Mater. 2022, 32, 2204837 2204837 (8 Of")

integrity also makes it a smart material with a potentially very
narrow pH switching range.

4. Experimental Section

Materials: Chloroform (Fischer Scientific) was distilled from activated
aluminum oxide (Merck) under reduced pressure and under argon
atmosphere stored. The monomers 2-methyl-2-oxazolin (MOx) and
2-ethyl-2-oxazoline (EtOx) were obtained from Acros Organics, these
were distilled over CaH, (Acros Organics). Trans-1,4-dibromo-2-butene
(DBB, Acros Organics) was recrystallized twice from n-heptane (Fischer
Scientific). N-[3-(Dimethylamino)propyllmethacrylamide (DMAP-MAA,
Sigma-Aldrich) was under reduced pressure distilled. All distilled
chemicals were under argon atmosphere and at —20 °C stored. Acrylic
acid (AA, 98% extra pure, Acros Organics), Irgacure 2959 (1G2959,
>98%, TCl-Europe), Irgacure 651 (1G651, Ciba Specialty Chemicals),
Tetraethylene glycol dimethacrylate, (TEGDMA, Sigma-Aldrich),
methanol (Fischer Scientific), diethyl ether (Honeywell Riedel-de-Haén).
The phosphate buffered saline, 10x Solution (10x PBS, Fischer Scientific)
was diluted for the measurements with distilled water to a 1x solution
(1x PBS) with a pH value of 7.4. Egg white from fresh hen eggs. The
porcine native cartilage of German Edelschwein (6-8 months old) was
kindly provided from Schultenhof Dortmund, Germany.

Synthesis of Poly(2-Oxazoline) Macromonomers with DMAP-MAA End
Groups: The synthesis of telechelic PMOx and PEtOx with different
degree of polymerization was performed according to previous works
of Tiller et al.l*! The cationic ring opening polymerization of 2-methyl-
2-oxazolin (MOx) and 2-ethyl-2-oxazoline (EtOx) with DBB as initiator
was carried out in dry chloroform (20 mL) under argon atmosphere
in an industrial microwave reactor. Since die polymerization time and
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Table 1. Composition and polymerization conditions for the synthesis of PMOx and PEOx with DMAP-MAA end groups.

Polymer m-pgg [g] Vionomer®) [ML] Time [h] Temperature [°C] Vomar-man® [mL]
PMOx;s 0.5 5 1.5 105 4.2
PMOxsq 0.25 5 2.5 105 2.1
PMOxq00 0.125 5 4 105 1.1
PEtOx,s 0.423 5 1.5 110 36
PEtOxsq 0.21 5 2.5 110 1.8
PEtOxyq0 0.106 5 4 10 0.9

AVolume of monomer (MOx or EtOx); ®Volume of DMAP-MAA to functionalization of PMOx and PEtOx

temperature depend on the degree of polymerization and monomer’s
type, the polymerization time and temperature for the different polymers
are in Table 1 listed. The living ends of all polymers were terminated with
N-[3-(Dimethylamino) propylmethacrylamide (DMAP-MAA) in a 10-fold
molar excess (respect to the initiator) at 49 °C for 72 h. The resulting
polymeric product was purified by precipitating the polymers three times
in ice-cold diethyl ether and then dialyzed against mixture of methanol/
H,O (1:1) using benzoylated cellulose membranes (1000 MWCO). The
methanol was first removed under reduced pressure and the remaining
aqueous solution was dried by lyophilization.

Fabrication of the POx/PAA DNHs: The double networks hydrogels
based on POx/PAA were synthesized via the two-step polymerization
method, which was first developed by Gong et al.B The primary
hydrogel network was prepared from an aqueous solution with 34 wt%
macromonomer POx with DMAP-MAA end groups and photoinitiator
1G2959 (4.6 wt% respect to the macromonomer). This precursor
solution was placed between two microscope slides, which were
previously coated with poly(propylene)-tape and separated by 1.05 mm
thick spacers for the compression-tested samples. Spacers with 0.35 mm
thickness were used for tensile-tested hydrogels, so that these could be
fixed between the clamps of the tensile tester. Then, it reacted in a UV
curing chamber (Emmi-Classic automatic, 36 W, A = 340 nm) for 36 min
(switching each side every 2 min). Upon the exposure to the UV light,
the macromonomer underwent a free-radical induced polymerization to
form a stable POx primary network (IN). Afterwards the POx network
was soaked in DI water overnight, in order to remove the unreacted
macromonomers and impurities.

To incorporate the PAA-based second network, the first network
was carefully removed from the water and immersed in an acrylic
acid (AA) solution containing the photoinitiator 1G651 (0.24 wt% with
respect to AA) and tetraethylene glycol dimethacrylate (TEGDMA) as
crosslinking agent (0.22 wt% with respect to AA) overnight. Afterwards,
the swollen hydrogel was placed between the glass plates and cured
under UV source for another 20 min (switching each side every 2 min).
The final POx/PAA double network (DN) hydrogel was removed from
the glass plates and washed thoroughly with water for at least 48 h. All
washed DN hydrogels were dried at room temperature and given in the
corresponding swelling media (H,O, PBS (pH 7.4) and egg white) at
least 48 h before the measurements.

Determination of the WC: Four dry hydrogel samples with 6 mm
diameter were weighted (mgy;) and immersed in DI water, PBS
(pH 7.4), and egg white, respectively, until reaching equilibrium, which
corresponds to a swelling time of at least 48 h. After the samples were
swelled, they were dried under vacuum at 45 °C for 48 h. In order to
determine the WC by neglecting other components such as salt or
protein from the swelling media, the wet (m;) and dry (after swelling,
mg,) weights of the DN hydrogels were compared. The WC was
calculated as follows and listed in Table S2, Supporting Information:

my; —m
WC(wi%) = gmi‘“ x
dz2

100 )

Tensile Mechanical Test: The tensile stress—strain—curves were
recorded at room temperature using an Instron 3340 tensile tester
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with a cell with load of 1 kN. At least four swelled rectangular
samples of different POx/PAA networks with average dimensions of
5.2 mm x 40.0 mm x 0.76 mm (width X length X thickness) were
fixed between the clamps with help of sandpaper resulting in effective
lengths (l,) between 23 and 24 mm. The experiment was performed
at a crosshead speed of 5% min™' until failure of the sample. During
the whole experiment, the samples were kept hydrated with the
corresponding swelling media using a spray bottle. The tensile modulus
was obtained from the initial slope of the stress—strain curve.

The determination of the fracture of energy was determined based
on previous works of Tiller et al.b"% Three additional samples, with the
same dimensions as mentioned above, were notched in the center. The
notch length corresponds to one-third of the sample’s width. The tensile
test of the notched samples was performed until failure as described
above. This experiment allows to determine the strain at which the
notch turns into a running crack. The corresponding fracture energy
(T, in ) m™2) of the samples was calculated as follows:

r=l,x [o(e)de )
0

Compressive  Mechanical ~Test: The compressive behavior of
PMOxso/PAA and native cartilage were evaluated with an Instron
5967 tester with a cell load of 30 kN at room temperature. Five circular
samples with diameter of 12 mm and thickness between 1.8 and
2.2 mm, which was thickness relevant to cartilage, %8 were tested.
The sample was placed in the compression cell, covered with swelling
media (H,O, PBS, or egg white), and compressed with an initial preload
of IN. All samples were compressed with a compressive strain rate of
0.5 mm min~" until failure. Compressive stress—strain—curves were
recorded. Compressive modulus values were obtained from the slope at
0.2-0.3 MPa and 2-3 MPa compressive stress, respectively.

Viscoelasticity Test: The viscoelastic behavior of the PMOxso/PAA
hydrogel and native cartilage was performed by a Discovery Dynamic
mechanical analysis (DMA) 850 (TA Instruments) with a compression
submersion clamp. The DMA device allows a maximal total force of
18 N, in order to perform a creep sequenced fatigue test, a static force of
8.7 N and an additional dynamic force of 8.5 N was applied.

The swelled samples of PMOxso/PAA and native cartilage with
6 mm diameter and average thickness of 1.8 mm were placed in the
submersion clamp and covered with the corresponding swelling media
(n = 5). The viscoelasticity test started with a creep test applying a total
constant force of 8.7 N (=0.3 MPa) to simulate the standing position
for 30 min. In order to simulate the gait movement, a static force of
8.7 N and an additional dynamic force of 8.5 N (=total stress 0.6 MPa)
with a frequency of 1 Hz for another 30 min were applied. A frequency
of 1 Hz has been reported as characteristic gait frequency. Afterwards,
the material was kept at 0.3 MPa for 3 min (stand) and then the load
was removed. The thickness of the material was measured after 1 and
1800 s. In addition, stress-strain curves of the samples before and after
the viscoelasticity test were recorded with a strain rate of 0.5 mm min~.
The compressions moduli were calculated from the slope of the curves
at 0.2-0.3 MPa.
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Tribological Test: The COF of the PMOxso/PAA DNH was determined
by a ball on disc tribometer (CSM Instruments, Switzerland) with an
Al,O; ball (D =6 mm) as counter body. The PMOxs,/PAA were soaked
in PBS (pH 7.4) and in egg white, respectively, at least for 48 h before
performing the tribological tests. Hydrogel disks with 30 mm in diameter
were selected and an additional lubrication of 2 mL of the corresponding
lubricant (PBS or egg white) was added. The tests were performed with
a sliding speed of 5 mm s~ applying a normal load of 5 N (equivalent
to a Hertzian contact pressure of 1.2 MPa) which was in the range of
the joint contact stress range (0.1-5 MPa).l! The tribological test was
performed for 375 rotations using a data acquisition frequency of 10 Hz.

Cytocompatibility: The cytocompatibility properties of the produced
PMOxso/PAA  DNH were analyzed using hMSC (Lonza, Basel,
Switzerland). Cultivation of hMSC was performed in RPMI/FCS
(RPMI11640 (GIBCO, Invitrogen, Karlsruhe, Germany) containing
10% fetal calf serum (FCS; GIBCO) and 0.3 g L™ L-glutamine using
75 cm? culture flasks (BD Falcon, Becton Dickinson GmbH, Heidelberg,
Germany) in a humidified 5% CO, atmosphere at 37 °C (standard
cell culture conditions), while sub-cultivation was performed every
7 to 14 days depending on cell proliferation. For cell culture experiments,
adherent sub-confluently growing hMSC were washed with phosphate-
buffered saline solution (PBS; GIBCO) and detached from cell culture
flasks by 5 min of incubation with 0.2 mL cm=2 0.25% trypsin/0.05%
ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich, Taufkirchen,
Germany) at 37 °C. Detached cells were harvested and washed twice
with RPMI/FCS.

Prior to biological testing, PMOxso/PAA hydrogel disks with a
diameter of 10 mm were stamped using a biopsy punch, and washed
extensively in cell culture medium RPMI/FCS. Afterwards the DNHs
were sterilized by 30 min of UV irradiation (UVC 500; Hoefer, Inc.,
Holliston, MA, USA). Sterilized hydrogel disks were placed in the
middle of cell culture Petri dishes (8.8 cm? culture area; Thermo Fisher
Scientific, Waltham, USA) and hMSC were seeded at a density of
5 x 10* cells per mL and a total volume of 3 mL.

After 24 h of incubation, the Live-Dead assay was performed. For
qualitative analysis of cell viability and morphology living cells were
stained with 1 UM calcein-acetoxymethylester (calcein-AM; Calbiochem,
Schwalbach, Germany; 30 min, 37 °C) and dead cells with 50 ug per mL
propidium iodide (PI; Sigma-Aldrich; 10 min, RT) and the staining was
analyzed by fluorescence microscopy (Olympus MVX10, Olympus,
Hamburg, Germany). Quantification of cell viability was performed by
phase analysis (CellSens Dimensions, Olympus). Therefore a region
of interest (ROI) was set at the location of the hydrogel within the
culture dish (Figure S9A, Supporting Information) and the remaining
calcein-fluorescent area was obtained by subtracting the area of the ROI
(Figure S9C minus S9B and S9F minus S9E, Supporting Information).
The data were given as percentage of a cell control area (hMSC cultivated
in cell culture Petri dishes without hydrogel), which was set as 100%.

Statistical Analysis: All values were expressed as mean + standard
deviation (SD). The results were analyzed statistically using a one-way
ANOVA, followed by a Tukey post-hoc test. In all cases, the significance
was set at p < 0.05. Statistical analysis was carried out using OriginPro
2020b Software.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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