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LIRS 20 Iy 202 Hydrogels with good mechanical properties have great importance in biological

Published online: and medical applications. Double-network (DN) hydrogels were found to be

23 June 2021 very tough materials. If one of the two network phases is an inorganic material,
the DN hydrogels also become very stiff without losing their toughness. So far,
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phosphate, which takes about a week to be formed as an amorphous inorganic
phase by enzyme-induced mineralization. An alternative organic—-inorganic DN
hydrogel, based on amorphous CaCOj3, which can be formed as inorganic phase
within hours, was designed in this study. The precipitation of CaCO; within a
hydrogel was induced by urease and a urea/CaCl, calcification medium. The
amorphous character of the CaCO; was retained by using the previously
reported crystallization inhibiting effects of N-(phosphonomethyl)glycine
(PMGly). The connection between organic and inorganic phases via reversible
bonds was realized by the introduction of ionic groups. The best results were
obtained by copolymerization of acrylamide (AAm) and sodium acrylate (SA),
which led to water-swollen organic-inorganic DN hydrogels with a high
Young’s modulus (455 £ 80 MPa), remarkable tensile strength (3.4 £ 0.7 MPa)
and fracture toughness (1.1 & 0.2 k] m™2).
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GRAPHICAL ABSTRACT

The present manuscript describes the method of enzymatic mineralization of
hydrogels for the production of ultrastiff and strong composite hydrogels. By
forming a double-network structure based on an organic and an inorganic
phase, it is possible to improve the mechanical properties of a hydrogel, such as
stiffness and strength, by several orders of magnitude. The key to this is the
formation of a percolating, amorphous inorganic phase, which is achieved by
inhibiting crystallization of precipitated amorphous CaCO3; with N-(phospho-
nomethyl)glycine and controlling the nanostructure with co polymerized
sodium acrylate. This creates ultrastiff, strong and tough organic-inorganic
double-network hydrogels.
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Introduction

The development and synthesis of hydrogels with
good mechanical properties are of high relevance to
many research areas, such as biomaterials, tissue
engineering [1, 2] and regenerative medicine [3-5],
soft actuators [6, 7] and smart materials [8, 9], flexible
electronics [10, 11], membranes [12-14], ion exchange
materials [15] and many more. In addition to fiber-
reinforced materials [16], nanocomposite hydrogels
[17], dual cross-linked networks [18], amphiphilic
polymer conetworks (APCNs) [19-25] and other
diverse hydrogel-reinforcing mechanisms [26], dou-
ble-network (DN) hydrogels have recently received
increasing attention for improving the mechanical
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properties of hydrogels [27-30]. DN hydrogels are
composed of two hydrophilic networks that form
interpenetrating structures through a two-step poly-
merization. Thereby, one of these polymer networks
is higher cross-linked and usually synthesized first,
while the second, loosely cross-linked and highly
stretchable network is formed within the first net-
work structure [28]. The interactions between the two
polymer networks are based on sacrificial, reversible
bonds, such as ionic bond, hydrogen bridges, or n—n
stacking, and yield their high toughness. In contrast,
the increase of the Young’s modulus is limited to the
naturally weak binding strength, particularly in
aqueous environment.

Exchanging one of the organic networks in a DN
hydrogel with an inorganic network can improve the
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mechanical properties and create stiff hydrogels
[31-33]. Numerous approaches of adding inorganic
material to hydrogels have been described so far, for
example, by adding inorganic fillers to the monomer
solution [34-40], by adding silanes to the monomer
solution [41-43] or the first network [42-45] or by
forming an inorganic phase within the first hydrogel
[33, 46]. The best improvement in stiffness has been
achieved, if a percolated inorganic phase is formed
within the hydrogel [33].

Recently, we reported on the enzymatic mineral-
ization of hydrogels with alkaline phosphatase, cre-
ating a percolating organic/inorganic DN hydrogel
with Young’s moduli increased by several orders of
magnitude, while increasing the strength of the
composite [33]. This improvement in mechanical
performance is due to the percolation of the amor-
phous inorganic nanostructures, which form a sec-
ond network in the hydrogel matrix. According to
our hypothesis, the best mechanical properties of an
organic—inorganic DN hydrogel are achieved near the
percolation point of the inorganic phase, where the
latter yields the stiffness of the material, while the
organic phase contributes to the toughness. Thus, the
inorganic network needs to be isotropic and near the
percolation point for the best-performing properties.
Below this percolation point, there is no significant
advantage in stiffness, while beyond, the inorganic
network makes the hydrogel increasingly brittle. In
principle, this should be working with every inor-
ganic material. In order to generalize the concept,
amorphous calcium carbonate (ACC) is considered as
an alternative to amorphous calcium phosphate as an
inorganic phase.

Although the previously described urease-induced
precipitation of calcium carbonate generates water-
swollen and highly mineralized hydrogel composites
much faster than the alkaline phosphatase-induced
mineralization [32], the resulting materials are brittle,
which is due to crystallization and inhomogeneous
growth of the inorganic phase [31, 33]. Recently, we
described a method to inhibit the crystallization of
CaCOj; during the urease-induced precipitation in
hydrogels with N-(phosphonomethyl)glycine
(PMGly) as a solution additive. This led to homoge-
nous precipitation of spherical agglomerates of long-
term stable amorphous CaCOj3; (ACC) in high quan-
tity inside the hydrogel matrix. Although the urease-
induced calcification leads to a wuniform and
homogenous precipitation of inorganic material
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inside the hydrogel, no significant improvement of
the mechanical properties was observed, which
might be due to missing binding between polymer
matrix and the precipitated inorganic material [47].

The goal of this work is to tailor the composition of
the polymer matrix and the precipitation conditions
to afford a percolated amorphous CaCOj; matrix
within the hydrogel that is connected with the latter
via secondary, reversible bonds.

Experimental section
Materials

N,N-dimethyl acrylamide (DMA) with a purity of
99% was obtained from Merck. The monomer was
distilled, stored at — 25 °C under an argon atmo-
sphere, and used within the next two weeks. Acry-
lamide (AAm) with a purity of 99%, sodium acrylate
(SA) with a purity of 97% and triethylene glycol
dimethacrylate (TEG) with 95% purity were obtained
from Merck. N,N-methylene bis acrylamide (MBAm)
of 99% purity was supplied by Merck. Acrylic acid
(AA) with a purity of 99% was obtained from Merck
and freshly distilled and stored under inert atmo-
sphere at — 25 °C. Ethyl 2-[4-(dihydroxyphosphoryl)-
2-oxabutyl] acrylate (EDPOA) was kindly provided
by Ivoclar Vivadent GmbH. [2-(methacryloy-
loxy)ethyl]dimethyl-(3-sulfopropyl)ammonium

hydroxide (DMAPS) with a purity of 98% and
2-Acrylamido-2-methylpropane sulfonic acid
(AMPS) as a 50 wt.% aqueous solution were supplied
by Merck. [2-(methacryloyloxy) ethyl] trimethylam-
monium chloride (QuAAc) solution (72 wt.% in H,O)
was purchased from VWR. 3-Sulfopropyl acrylate
potassium (SPA) salt was purchased from Merck. The
photoinitiator Irgacure 2959 was supplied by TCI
Europe. Irgacure 651 was kindly provided by Ciba
Specialty Chemicals (part of BASF). Urease from
Canavalia ensiformis (Nr. 94,282) with an activity of 35
U/g was purchased from Merck and stored at
— 25 °C. The urease formulation contains 10 wt.% of
protein. Urea and calcium chloride were obtained
from Merck and Alfa Aesar, and N-(phospho-
nomethyl)glycine was provided by Glentham Life
Sciences, respectively. Triethanolamine (TEA) was
from Merck. A 32 wt.% solution of HCI was from
VWR. All chemicals were of analytical grade or purer
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and used without further purification if not noted
otherwise.

Preparation of TEA buffer

A 02M TEA buffer (29.84 g TEA dissolved in
1000 mL bi-distilled and degassed water) was
adjusted to a pH of 7.5 using a 1 M aqueous HCl
solution and stored under argon atmosphere at room
temperature.

Preparation of calcification solution

The different calcification solutions were prepared by
dissolving 1 g 1! N-(phosphonomethyl)-glycine)
and varying amounts of CaCl, and urea in 900 ml of
the TEA buffer (typically 30 g 17! CaCl,, 10 g 1" urea
and 1 g 17! PMGly). Then, the TEA buffer was added
to fill the solution up to 1000 ml (final concentrations:
30g1™" CaCl, 10g1" urea and 1gl™' PMGly,
unless noted otherwise). The concentrations of the
substances contained in the calcification solutions are
summarized in supplementary Tables 1-6.

Polymer film synthesis

First, 1 mg of the urease formulation was dissolved in
20 ul  of the TEA  Dbuffer (concentration of
50 mg ml ™).

For DM A-based networks: A mixture of 99 mg DMA
and 1 mg TEG was prepared in a vessel. Optionally,
up to 5 mg of the monomer was substituted with the
additive monomer AA or EDPOA, respectively.
Then, 0.5 mg of the photoinitiator Irgacure 651 and
20 wl of the urease solution were added to the mix-
ture. The final compositions of the networks are
summarized in supplementary Table 1.

For AAm-based conetworks: The monomer solution
was prepared by dissolving AAm (500 g 17" in pure
water. A mixture of 2 mg of the photoinitiator 1G
2959, 6 ul of a MBAm solution (10 g1™' in pure
water) and the AAm solution was given to a vessel.
Optionally, up to 100 mg of the monomer was sub-
stituted with the additive monomer SA. For every mg
of additive monomer, 2 pl of degassed and bidistilled
water was added to ensure solubility of SPA, DMAPS
and SA. 20 pul of the urease solution was added to the
mixture followed by vortexing. The final composi-
tions of the networks are summarized in supple-
mentary Tables 1-6.
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The whole monomer—initiator-enzyme mixture
was poured onto an adhesive-tape covered glass slide
(1 x 3 inch?®) with distance holders of 300 pm and
topped with another tape-covered slide. Polymer-
ization was carried out in an ultraviolet light chamber
(Emmi-Nail Premium at A = 340 nm for 480 s (flip-
ping the slide every 120 s)). Then, the glass slides
were carefully separated, and the formed polymer
film (thickness 300 4 30 um, ~ 15 x 30 mm?) was
calcified immediately.

Calcification

Two hundred milliliters of the tempered calcification
solution (same temperature as subsequent calcifica-
tion) was poured into a closed Schott glass bottle
containing one urease-loaded network (polymer
network to calcification solution ratio of 1 mg/1 ml).
The immersed networks in the calcification solution
were incubated at 20 °C in a climate chamber for
24 h, unless noted otherwise. The calcification tem-
perature of 30 to 40 °C was controlled using a tem-
pered oil bath. The resulting composite material was
taken out after calcification and thoroughly rinsed
with and stored in pure water at ambient tempera-
ture. The concentrations of the substances in the
calcification solution, the compositions of the net-
works and the conditions during calcification are
summarized in supplementary Tables 1-6.

Analytical methods

Calcified composite networks were broken in liquid
nitrogen prior to analysis. The fracture surfaces of the
cross sections were investigated by SEM. Samples
were mounted on aluminum stubs with double-sided
carbon tape and recorded using a Hitachi S-4500 SEM
with field-emission gun and Oxford Link Isis-System.
The acceleration voltage was set to 1 kV and the
working distance to 8 mm. The modification of the
inorganic phase was determined with a Bruker alpha
ATR-FTIR spectrometer with absorption bands
at ~ 863 cm™' (vp), 1074 cm™" (vy), 1386 em ™' (v3)
and 1474 cm™" (v3) being typical for ACC, 742 cm™"
(va), 874 cm™ ! (v,) and 1405 cm ™! (v3) for vaterite,
714 cm™! (vy), 852 em™! (v,) and 1447 cm™! (v3) for
aragonite and 712 cm ! (vy), 873 cm™' (v,) and
1393 em ™! (v3) for calcite [48-50].

The inorganic proportion of the calcified compos-
ites was determined via thermal gravimetric analysis
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(TGA; Netzsch STA 409 C) using sample sizes of
10-15 mg and a heating ramp of 10 C°/min up to 600
C. To determine the inorganic proportion of ACC, the
weight loss of the sample during pyrolysis was
measured. Water evaporation occurred below 200 °C,
while decomposition of organic content starts above
this temperature. The difference between m,,,, and
Meombusted Was used to calculate the inorganic content
Macc with wt.ace [%] = Mepmpustea X Mar,~ " x 100.

Stress—strain curves were recorded at ambient
temperature using an Instron 3340 tensile tester with
a cell with a load of 1 kN. Rectangular samples with
dimensions of 5 x 20 mm (width x length) were cut
using a razor blade. The thickness of each sample was
individually measured (typically between 0.4 mm
and 0.8 mm) and the samples mounted between the
clamps with an initial distance of 10 mm. Sandpaper
was used to prevent slippage of the samples between
the grips. The experiment was performed at a cross-
head speed of 5% min~" until the sample fractured,
while the sample was permanently moistened with
water using a spray can.

The fracture energy of a hydrated polymer net-
work was determined as described with a method
[51], which is used in the characterization of hydro-
gels [52]. At least three notched and three unnotched
samples per composite (length 20 mm, width 5 mm,
thickness 0.4-0.8 mm) were clamped in the Instron
3340 tensile tester (clamp-to-clamp distance 10 mm),
and their stress—strain curves were measured with a
crosshead speed of 5% min~'. The notched samples
were prepared by cutting a notch with a length of
50% of the sample width by using a razor blade
(notch length 2.5 mm). These samples were used to
determine the strain that is necessary to turn the
notch into a running crack. The corresponding frac-
ture energy (I in ] m~?) of the unnotched samples is
calculated as follows:

r—1 x/(o(s)ds
0

where ¢ is the stress (in MPa), ¢ is the strain (as a
percentage), ¢, is the strain that results in fracture of
notched samples (%) and I, is the initial distance from
clamp to clamp (in mm).

Swelling behavior

The mass of the dried (mg4,,) and the swollen (1161
len) COMposites or hydrogels was measured. Swelling

15303

was performed in pure water at room temperature
for 24 h. The swelling ratio is calculated with swel-
ling ratio = Mgyotien/ Mary-

Results and discussion

The objective of this work was to calcify hydrogels
with calcium carbonate toward ultrastiff and tough
organic-inorganic DN hydrogels. To this end, the
inorganic CaCO; phase has to be precipitated as an
amorphous and percolated structure, and the organic
and the inorganic phases need to be connected by
suited functional groups. The amorphous character
of the CaCOj; phase is realized by the previously
reported method of the urease-induced mineraliza-
tion in the presence of PMGIly. The connection
between the two phases is addressed by adding
functional groups to the organic polymer network
that can interact with calcium carbonate, e.g., phos-
phonate or carboxylate groups [33, 53, 54]. Thus, the
following charged monomers were copolymerized
with DMA and AAm, respectively, to achieve
charged hydrogels that show enhanced stiffness after
ACC precipitation: acrylic acid (AA) or ethyl 2-[4-
(dihydroxyphosphoryl)-2-oxabutyl] acrylate
(EDPOA) was used in PDMA-I-TEG networks.
2-Acrylamido-2-methylpropane sulfonic acid
(AMPS), N-(3-Sulfopropyl)-N-(methacryloxyethyl)-N,
N-dimethylammonium betaine (DMAPS),
2-methacryloyloxy ethyl trimethylammonium chlo-
ride (QuAAc), 3-Sulfopropyl acrylate potassium salt
(SPA) and sodium acrylate (SA) were used in PAAm-
[-MBAm networks, respectively (Fig. 1).

The ratio between the neutral and the charged
monomers was continually changed until the degree
of mineralization in the final DN hydrogel drops, i.e.,
the urease activity decreases. The mineralization was
performed using the same chemical conditions as
described earlier [47]. The calcification was per-
formed at 20 °C for 24 h. The degrees of mineraliza-
tion and Young’s modulus of the organic-inorganic
double-network hydrogels (O/I-DNHs) are provided
in Supp. Tab. 1. Only PAAm-I-MBAm networks with
carboxylate groups (SA as comonomer) afford min-
eralized hydrogels with strongly improved stiffness,
while PDMA-I-TEG networks with EDPOA or AA do
not undergo sufficient mineralization and PAAm-I-
MBAmM networks with AMPS, DMAPS, SPA and
QuAAc do not experience any significant increase in

@ Springer
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Figure 1 Monomers used for introducing charged functional
groups into urease containing hydrogels. Acrylic acid (AA) or
ethyl 2-[4-(dihydroxyphosphoryl)-2-oxabutyl] acrylate (EDPOA)
was used in PDMA-I-TEG networks and N-(3-Sulfopropyl)-N-
(methacryloxyethyl)-N,N-dimethylammonium betaine (DMAPS),

terms of stiffness. Figure 2a displays the degree of
mineralization and the degree of swelling of PAAm-I-
MBAm hydrogels with varying sodium acrylate
content in the starting monomer mixture after min-
eralization at 20 °C for 24 h. The introduction of low
amounts of SA of up to 10 wt.% leads to no higher
degree of mineralization, but to an increased swelling
ratio. This can be explained by the fact that the car-
boxylate ions increase the degree of swelling due to
the electrostatic repellence, and the interactions
between ACC and organic network are only possible
by very few ionic groups.

Further increase of the SA content leads to a
decrease in swelling with no significant change of the
inorganic content up to 50 wt.% SA. Hydrogels with
an SA content of more than 50 wt.% SA show a
decrease in inorganic content with the largest
decrease for a mineralized material fully based on
cross-linked SA. This behavior can be explained by
an increasing binding strength between polymer
matrix and ACC, which stands for higher cross-
linking density, and a possibly decreased urease
activity. The structure of the formed inorganic phase
was investigated with SEM. As seen in Fig. 2b, the
mineralized hydrogel without carboxylate groups is
filled with spherical structures of some 200 nm in
size. The addition of only 1 wt.% of the sodium
acrylate monomer affords significantly smaller
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Additiv monomer

2-Acrylamido-2-methylpropane sulfonic acid (AMPS),
2-methacryloyloxy ethyl trimethylammonium chloride (QuAAc),
3-Sulfopropyl acrylate potassium salt (SPA) and sodium acrylate

(SA) were used in PAAm-I-MBAm networks, respectively.

spheres (76 £ 8 nm) as seen in Fig. 2c. The addition
of higher amounts of the charged monomer up to 25
wt.% does not lead to different inorganic nanostruc-
tures. Increasing the acrylate content to 30 wt.%
results in finer ACC structures, which partially form
a continuous network (see Fig. 2d). Increasing the SA
content to 35 wt.% leads to an even finer, more con-
tinuous inorganic network structure throughout the
complete hydrogel (Supp. Figure 1), which also
affords a higher optical transparency for visible light
as seen in the photograph of Fig. 2e. A schematic
representation of the mineralization process with and
without carboxyl groups is shown in Fig. 3.

The degree of swelling for mineralized DN
hydrogels with 20 to 40 wt.% SA is in a range of 2—
2.5, which is typical for the best-performing compa-
rable DN hydrogels with calcium phosphate. These
materials were investigated regarding their mechan-
ical performance as seen in Fig. 4, which compares
the stiffness, the fracture energy, and the breaking
strength of the water-swollen materials. While
hydrogels with 20 and 25 wt.% SA show a moderate
stiffness of 18 and 16 MPa, an increase in carboxylate
content to 30 wt.% SA leads to a more than tenfold
higher stiffness of around 200 MPa, which reaches up
to 420 MPa for a 35 wt.% SA containing material. The
highest stiffness of 466 MPa was found for the
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Figure 2 (a) Swelling ratio and degree of mineralization
(Wt.acc%) of PAAm-I-MBAm networks (0.06 wt.% MBAm, 1
wt.% urease formulation (urease)) containing different amounts of
sodium acrylate (0-100 wt.%) after calcification in an aqueous
solution of CaCl, (30 g 1™"), urea (10 g 17") and PMGly (1 g 17"
at 20 °C for 24 h (a). SEM images of PAAm-I-MBAm networks
(0.06 wt% MBAm, 1 wt% urease formulation (urease))

hydrogel with 40 wt.% SA. A similar trend was found
for the tensile strength.

The highest strengths of 2.9 and 3.1 MPa were
found for ACC-mineralized hydrogels with 35 and 40
wt.% SA, respectively. The fracture energy increases
to up to 800 m~> (35 wt.% SA) with higher SA
contents; however, the material becomes increasingly
brittle when further increasing the SA content to 40
wt.%. Thus, the SA content clearly controls the
mechanical properties of the ACC-mineralized
hydrogels. Increasing amounts of SA do not influence
the degree of mineralization up to 50 wt.%, but the
materials become stiffer, stronger, and tougher with

'WV ..

:;fi

30 wt.%
71.7 £4.5 nm

T
60 80 100

40 wt.%
57.0+2.6 nm

35 wt.%
60.3+2.4nm

containing different amounts of sodium acrylate (0, 1, 30, 35, 40
wt.%) after calcification in an aqueous solution of CaCl,
(30 g1™"), urea (10 g17") and PMGly (1 g17") at 20 °C for
24 h (b-f). The figure also shows images with higher resolution.
Images were taken in the middle of the film. The figure further
shows photographs of the respective calcified hydrogels in the top
left corner of the SEM image.

higher SA content in the hydrogel. However, a SA
content of 40 wt.% or higher results in very brittle
materials. Obviously, the SA content of 35 wt.% is the
optimal amount, where the best mechanical proper-
ties are achieved after mineralization. This is most
likely due to the formation of an inorganic network
within the hydrogel and the optimal binding between
the organic and the inorganic networks. Higher SA
contents still allow the formation of the inorganic
network, but the binding between the organic and the
inorganic phase becomes too strong and the organic
phase cannot be used as sacrificial network anymore.
Consequently, the degree of swelling decreases and
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Figure 3 Schematic
representation of the -
mineralization process with
and without particle growth
control, leading to different
morphologies of the
precipitated inorganic phase.
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Figure 4 Stress—strain curves for PAAm--MBAm networks with
0.06 wt.% MBAm, 1 wt.% urease and 2040 wt.% sodium
acrylate after calcification in an aqueous solution of CaCl,
(30 g 17", urea (10 g17") and PMGly (1 g17") at 20 °C for
24 h (left diagram). Young’s modulus (black), fracture energy

the mechanical properties are dominated by the
inorganic phase, rendering the material brittle.

The great increase in the stiffness of the organic-
inorganic DN hydrogel has been explained by the
percolation of the inorganic phase. Seemingly, there
is an optimal structure, where the percolated inor-
ganic phase carries the mechanical load, while the
organic phase provides the toughness of the material.
This is only possible at a point, where the inorganic
phase does not yet form a massive and continuous
stiff scaffold that permeates the material, but is still
somewhat “imperfect” and thus flexible. In order to
find this “sweet spot”, the kinetics of the ACC-
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(red), and breaking stress (blue) of PAAm-I-MBAm networks with
0.06 wt.% MBAm, 1 wt.% urease and 2040 wt.% sodium
acrylate after calcification in an aqueous solution of CaCl,
(30 g 17", urea (10 g17") and PMGly (1 g17") at 20 °C for
24 h (right diagram).

mineralization of the PAAmM-I-MBAm with 35 wt.ga %
was investigated. To this end, the hydrogel was given
to the mineralization solution at 20 °C and samples
were taken at regular intervals and examined by
SEM, thermogravimetric analysis, and tensile tests to
get further insight in the formation and growth of the
respective ACC phase during calcification. As seen in
Fig. 5, the ACC content continuously increases for up
to 16 h, where it reaches 76 wt.%. After that, the
inorganic weight content increases more slowly,
reaching around 82 wt.occ% after 24 h. The first
significant improvement in mechanical properties is
observed after 16 h of mineralization, when the
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Figure 5 Swelling ratio and degree of mineralization (Wt.occ%)
of PAAm-I-MBAm networks (0.06 wt.% MBAm, 1 wt.% urease
formulation (urease)) containing 35 wt.% sodium acrylate after
calcification in an aqueous solution of CaCl, (30 g17"), urea
(10 g 1" and PMGly (1 g17") at 20 °C for up to 24 h (left).
Young’s modulus, fracture energy and tensile breaking stress of

tensile strength increases from 0.2 (after 14 h) to
1.0 MPa. The first significant improvement in stiff-
ness occurs after 14 h. Tensile strength and stiffness
continuously improve, reaching a Young’s Modulus
of 420 MPa and a breaking strength of 3.0 MPa after
24 h. A further increase in the mineralization time
beyond 24 h leads to severe embrittlement and thus
unreliable mechanical measurements. Obviously, the
percolation point is reached after a mineralization
time of 14-16 h.

As shown previously, it is possible to greatly
change mechanical properties before reaching the
percolation point, when only slightly changing the
degree of swelling. This was shown exemplary on
PAAmM-I-MBAmM networks with 35 wt.% SA, 0.06
wt.% MBAm and 1 wt.% urease, which were miner-
alized for 8 h and 10 h, respectively. Both composites
were slowly dried, and their Young’s moduli were
measured continuously. As seen in Fig. 6, the
Young’s modulus increases by a factor of 20 when the
degree of swelling decreases from 2.4 to 2.1, reaching
a seemingly critical threshold for networks after 8 h
of calcification. The same can be observed for net-
works after a calcification time of 10 h, with the
degree of swelling decreasing from 2.3 to 2.0. This
jump can only be explained by percolation of the
inorganic nanostructures according to a critical
threshold in wt.occ% and corresponds to the value
observed during the investigation of the time-de-
pendent calcification (cf. Figs. 5 and 6), leading to a
percolated second network.
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calcification in an aqueous solution of CaCl, (30 g 17), urea
(10 g 17" and PMGly (1 g17") at 20 °C for up to 24 h (right
diagram).
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Figure 6 Measurements of Young’s moduli (continuous lines)
and the respective degrees of swelling (dashed lines) for PAAm-I-
MBAm networks with 35.wt.% SA, 0.06 wt.% MBAm and 1
wt.% urease after 8 (red) and 10 (blue) hours of calcification at
different stages of drying.

Altogether, the urease-induced mineralization of
hydrogels with ACC results in composite materials
with similar stiffness and toughness and a threefold
higher tensile strength compared to the previously
described alkaline phosphatase-based DN hydrogels.
Due to the higher activity of urease, these properties
are achieved within 24 h in contrast to 3 to 7 days,
which are necessary for the alkaline phosphatase
mineralization. Due to the higher temperature sta-
bility of urease (compared to the temperature-sensi-
tive alkaline phosphatase), the mineralization process
might be accelerated with increasing temperature. In
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Figure 8 SEM images of cross-sections near the outer layer of
PAAm-I-MBAm hydrogels mineralized for 6.5 h at 40 °C (left),
stereomicroscope images of cross-sections of the same hydrogels
mineralized for 7 h at 35 °C (middle top) and for 6.5 h at 40 °C
(middle, bottom), and stress—strain curves of both mineralized

order to find the percolation point for the highest
stiffness and strength, while retaining high tough-
ness, the mineralization was studied over time at 35
and 40 °C until maximum mechanical properties
were achieved. As the substrate diffusion rate from
the calcification solution into the hydrogel might be a
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hydrogels (right top: mineralized for 7 h at 35°C, right bottom:
mineralized for 6.5 h at 40 °C). The PAAm-I-MBAm networks
contained 0.06 wt.% MBAm, 1 wt.% urease and 35 wt.% sodium
acrylate and were mineralized in an aqueous solution of CaCl,
45 g 1I™"), urea (15 g 1”") and PMGly (1 g 17") at 35 and 40 °C

reaction-limiting factor, the substrate concentrations
were increased to 45 g/L for CaCl, and 15 g/L for
urea. As seen in Fig. 7a, the mineralization process at
35 °C is greatly accelerated, compared to the experi-
ment at 20 °C. The percolation point for the optimal
mechanical properties in terms of highest stiffness for
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a still tough mineralized hydrogel is reached after
75h (Fig.7b), with a Young's modulus of
455 + 80 MPa, a tensile strength of 3.4 £ 0.7, and a
breaking energy of 1.1 &+ 0.2 kJ m > with a critical
strain of 13.0 & 3.5%. These properties are even
superior to the previously reported calcium phos-
phate-mineralized hydrogels, particularly with
respect to an almost tripled strength. Furthermore,
the excellent mechanic characteristics are achieved in
a more than tenfold shorter period of mineralization
time. The strongly accelerated mineralization at
higher temperatures suggests that the mineralization
process is controlled by a chemical reaction, which is
the urea hydrolysis.

Further increasing the reaction temperature to
40 °C leads to even faster mineralization, but without
achieving the mechanical properties achieved at
35 °C (Fig. 7c, d). The composite hydrogel becomes
significantly stiffer and stronger after 4 h and has a
degree of calcification of nearly 80 wt.% after this
time. However, the mineralized hydrogel is already
brittle at this point. We presume that this is due to the
reaction being diffusion controlled at this tempera-
ture. This leads to a depth-dependent and inhomo-
geneous mineralization, which generates a highly
stiff and brittle layer inside the hydrogel, while layers
near the surface appear to be soft (~ 15 pm, see
Supp. Figure 4 for more detailed SEM-overview),
because they are not yet mineralized, as SEM images
of the respective mineralized hydrogel suggest
(Fig. 8). Another explanation for the low toughness
could be the formation of anisotropic calcite or
aragonite crystals, which are known to make such a
hydrogel brittle. This, however, was not the case, as
the formation of a crystalline CaCOj structure could
be excluded by respective FTIR measurements (Supp.
Figure 5). Thus, depth-dependent inhomogeneous
mineralization seems to be the reason for the
observed mechanical properties. Increasing the CaCl,
and urea concentration in the mineralization solution
at 40 °C to 60 g 17" and 20 g 17!, respectively, resul-
ted in similar structures, while further increase to 75
and 25 g 1" yielded inhomogenously mineralized
hydrogels without any improvement in mechanical
properties, due to a drop in enzyme activity, as lower
inorganic wt.occ% suggest (70 wt.occ%). Thus, 35 °C
seems to be the highest possible calcification tem-
perature for homogenous mineralization of the here
used hydrogels, with CaCl, and urea concentrations
of 45 and 15 g 17"
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Conclusion

The present work shows that the synthesis of
organic-inorganic double network hydrogels based
on amorphous inorganic minerals and organic
hydrogel networks toward homogeneous, ultrastiff,
strong and tough composite hydrogel networks is not
limited to amorphous calcium phosphate and that
enzyme-induced mineralization can be used as a
general method to produce composite materials
based on a variety of components. Further, the
homogenous precipitation of percolating amorphous
inorganic nanostructures massively improves the
mechanical properties of the mineralized composites
when compared to networks containing crystalline
structures as a result of the isotropic nature of ACC.

The calcification process always shows a sudden
increase in stiffness at a certain time point of miner-
alization. This point clearly indicates the percolation
of the inorganic phase. The fast calcification process
then leads to further mineralization, which eventu-
ally renders the material very brittle. Thus, the
mechanical properties are mineralization time sensi-
tive, and the process needs to be stopped at the right
moment by removing the DN hydrogel from the
mineralization solution and storing the material in
water. This sharp percolation point is examined
currently for its suitability for designing DN hydro-
gels with thermally switchable stiffness.

Another advantage of the urease-induced calcifi-
cation is the robust enzyme, which allows mineral-
ization even at higher temperatures to accelerate the
process to 7.5 h at 35 °C. Higher temperatures of up
to 60 °C are possible, but the process becomes diffu-
sion controlled and leads to inhomogeneously min-
eralized materials. Thus, the 400-500 pum thick films
prepared in this work cannot be mineralized faster,
but this might not be true for smaller structures, such
as enzyme-loaded microparticles [55, 56], fibers [57],
or thin films [58], which might lead to new materials
with interesting mechanical and optical properties.
This will be addressed in future studies.
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