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Enzyme-Induced Ferrification of Hydrogels for Toughening

of Functional Inorganic Compounds
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Monika Meuris, Volker Brandt, and Joerg C. Tiller*

Enzyme-induced mineralization (EIM) has been shown to greatly enhance the
mechanical properties of hydrogels by precipitation of calcium salts. Another
feature of such hydrogels is their high toughness even when containing finely
nanostructured mineral content of ~75 wt%. This might be useful for
bendable materials with high content of functional inorganic nanostructures.
The present study demonstrates that EIM can form homogeneous
nanostructures of water-insoluble iron salts within hydrogels. Crystalline
iron(ll) carbonate precipitates urease-induced within polyacrylate-based
hydrogels and forms platelet structures that have the potential of forming
self-organized nacre-like architectures. The platelet structure can be
influenced by chemical composition of the hydrogel. Further, amorphous
iron(ll) phosphate precipitates within hydrogels with alkaline phosphatase,
forming a nanostructured porous inorganic phase, homogeneously distributed
within the double network hydrogel. The high amount of iron phosphate
(more than 80 wt%) affords a stiffness of 100 MPa. The composite is still
bendable with considerable toughness of 400 ] m~2 and strength of 1 MPa.
The high water content (>50%) may allow fast diffusion processes within the
material. This makes the iron phosphate-based composite an interesting
candidate for flexible electrodes and demonstrates that EIM can be used to
deliberately soften ceramic materials, rendering them bendable.

within one material. Purely organic ma-
terials, for instance amphiphilic polymer
conetworks (APCN), combine two polymer
nanophases with orthogonal swelling prop-
erties, resulting in fully transparent mate-
rials that swell in orthogonal solvents.l'-#!
A similar concept is also known from dou-
ble network hydrogels (DNH), which com-
bine two polymer networks — one usually
being higher cross-linked, while the sec-
ond, loosely cross-linked network provides
stretchability — with sacrificial bonds that
become orders of magnitude stiffer and
stronger than the respective single poly-
mer network.*13] Nature has employed re-
inforcing mechanisms in cartilage by form-
ing a DNH of collagen and hyaluronic
acid.'*] Further, the combination of or-
ganic and inorganic materials is found in
nacre and in bones, both of them show-
ing greatly improved toughness of the stiff-
ening ceramic component by combining it
with an organic nanophase.['*18] Recently,
this remarkable, synergistic behavior has

1. Introduction

Modern high performance biomaterials frequently derive their
superior performance from different nanostructured phases,
which combine their individual properties often synergistically
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been investigated and applied in the devel-

opment of synthetic materials, such as ar-

tificial nacre.®22] The most crucial part,
when combining an inorganic and an organic nanophase is the
homogenous formation of the inorganic nanostructures within a
given polymer matrix. For example, CaCO; crystals can be grown
inside hydrogels by different diffusion based methods,[2*-2*] like
vapor, 2%l or counter diffusion?®*?! or with the Kitanol*"! or
soaking method.?! Incorporating inorganic fillers is also pos-
sible by adding inorganic componentsl*28] or their respective
precursors, e.g., silanes,?** to monomer/polymer solutions
prior to network formation. However, the most prominent
problem of all these methods is either the inhomogeneous
distribution or an insufficient amount of precipitated inorganic
material inside the hydrogel. Further, preparation of nanocom-
posites can be very time-consuming and elaborate, and often
leads to small-scale samples. A recent method to achieve the
formation of highly ordered nanostructures within a polymer
matrix is the enzyme-induced mineralization (EIM).[*>#7] This
method allows the formation of percolated nanostructures of
amorphous and crystalline calcium carbonate and -phosphate
within hydrogels. The degree of mineralization of such materials
reaches 70-90 wt%, and the fully transparent materials can be
tuned in stiffness over several orders of magnitude while also
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showing a remarkable toughness, with fracture energies of
1000-2000 ] m~2. Thus, the enzyme-induced mineralization can
be used to significantly stiffen and strengthen organic hydrogels.
However, this method also allows the deliberate softening of
inorganic materials, rendering them tougher. Particularly iron
salts, such as iron phosphates and carbonates, are interesting
candidates for the enzyme-induced mineralization as flexible
iron-based composites might lead to the development of new
materials, such as bendable batteries,*®! catalytically active
membranes,*] or electrodes.’*>! The present study investi-
gates the EIM regarding the potential to form ordered iron salt
nanostructures homogenously precipitated within hydrogels
and how this ferrification might lead to tough and flexible, yet
highly filled and functional composite nanomaterials.

2. Results and Discussion

2.1. Urease-Induced Precipitation of FeCO,

Goal of this study was the adaptation of the EIM for iron salts in
order to create highly ordered, flexible and tough iron salt nanos-
tructures within a hydrogel. One interesting EIM-system is the
precipitation of iron carbonate assisted by the enzyme urease,
which catalyzes the hydrolysis of urea and thus locally produces
carbonate ions. Therefore, it was first investigated whether ure-
ase tolerates iron salts in relevant concentrations, as iron ions
are known inhibitors for the enzyme.[?! Since the carbonate of
iron(I1I) is unstable, only iron(II) ions were considered. The
experiment was performed in an iron(II) chloride solution sta-
bilized with triethanolamine (TEA) by adding 1 mg urease per
100 mL solution. The solution with concentrations of FeCl, in
a concentration range between 0.14 M and 0.41 without the en-
zyme is stable between pH 5 and 9.3, i.e., no precipitate is formed
within 1 week. The addition of urease to the FeCl,/TEA solution
leads to the formation of a white precipitate within 6 h, when the
concentration of the iron saltis higher than 0.14 M and lower than
0.41 and the pH is pH 7 or higher. The precipitate was found to be
FeCO, platelets, which is typical for this salt. In order to explore,
if the enzyme is truly inhibited at 0.41 m FeCl,, 0.27 m CaCl, was
added to this solution and urease was added. No precipitate is
formed in this experiment, while CaCOj, precipitates in the same
solution without the iron ions after 30 min. This indicates that
urease is fully inhibited at the high iron(II) concentration.

Having established that urease precipitates solids from
a Fe(II)Cl, containing solution, a network composed of
poly(N,N-dimethylacrylamide) cross-linked by triethylene glycol
dimethacrylate (PDMA-I-TEG) containing 1 wt% urease (typical
for CaCO, precipitation given previous experience) was added
to the above optimized ferrification solution and at 60 °C, the
highest applicable temperature for urease.[*>~*l After 15 min
the hydrogel became cloudy and showed a brownish coloration
(see Figure 1), while control networks without urease stayed clear
and colorless even after 7 d of incubation. This indicates that the
sole reason for the precipitation of the solid is the presence of
urease within the hydrogel.

As seen from the scanning electron microscopy (SEM) im-
ages in Figure 2, the urease-induced ferrification of the hydro-
gel network leads to the formation of sub-micrometer structures
evenly distributed and precipitated throughout the hydrogel. Sub-
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Figure 1. Exemplary image of PDMA-I-TEG networks (1 wt% TEG, 1 wt%
UF) after preparation and swelling in water A) and after ferrification B) in
a TEA buffered (0.2 M, pH 7.5) aqueous solution of FeCl,e4H,0 (53.9 g
L="y and urea (10 g L) at 60 °C for 24 h.

micrometer sized platelets are formed with lengths of 0.5-1 um
and a thickness of 50-70 nm, which are partially covered by the
polymer matrix. The platelets look similar to those formed in so-
lution, indicating that the polymer matrix does not influence the
crystallization within the hydrogel.

Although, the platelets are generally nonordered throughout
the majority of the mineralized hydrogel, they form well-ordered
brick-like structures around the few enclosed gas bubbles (Fig-
ure 3). This might be due to the stretching of the polymer chains
around the enclosed air bubble, by which the plates orientate
themselves during crystal growth. Alternatively, this orientation
can also be caused by localized, drying-related shrinking of the
hydrogel, which stacks the nanoplatelets on top of one another,
similar to architectures achieved with bidirectional freeze cast-
ing and hydrogel-film casting.>**! The observed structure has
a striking resemblance to natural, highly ordered and hierarchi-
cal composite materials such as nacre, as comparison shows (cf.
Figure 3A-C,D). Unfortunately, this highly ordered structure is
only found in the surrounding layers of occasionally occurring
gas bubbles.

Further investigations of the precipitated platelets inside the
hydrogels using transmission electron microscopy (TEM) and se-
lected area electron diffraction (SAED) measurements revealed
that the nanoplatelet structure can be attributed to siderite, a crys-
talline modification of iron(II) carbonate, which is supported by
respective fourier-transform infrared spectroscopy (FTIR) mea-
surements (Figure 4C). Energy-dispersive X-ray spectroscopy
(TEM-EDX) measurements reveal iron, oxygen, and carbon (Fig-
ure 4E), which make up the composition of the inorganic
platelets. In combination with respective X-ray diffraction (XRD)
measurements (Figure 4D), the crystalline component of the pre-
cipitated FeCO, was assigned to siderite.>*-8]

The ferrified PDMA-I-TEG was found to be highly filled with
inorganic material (70 wt,,,,%). Although the composite has a
fairly high water content (swelling ratio = 2.6) the material breaks
at minimal deformation. As found previously, one way to achieve
a tough composite hydrogel, the precipitated inorganic material
has to form a homogeneous percolated nanophase within the
polymer matrix.[#2743:45.59.90] In order to render the platelets into
such a phase, it was investigated, if pH has an influence on the
formed siderite crystals. Thus, the pH in the ferrification solution
was varied between pH 4 and 9.3. As seen in Figure S1 (Support-
ing Information), the EIM at pH 4 only occurred marginally at
the surface of the hydrogel, while the ferrification occurred at all
other pH values within the material. The precipitated white sub-
stance is typical for FeCO;, while the brown compounds on the
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Figure 2. A,B) SEM-images of a PDMA-I-TEG cross-section (1 wt% TEG, 1 wt% urease) after ferrification in a TEA buffered (0.2 m, pH 7.5) aqueous
solution of FeCl,e4H,0 (53.9 g L™") and urea (10 g L™"), at 60 °C 24 h. SEM-Images were taken in the middle of the network.

Figure 3. SEM-images of a PDMA-I-TEG cross-section (1wt% TEG, 1 wt% urease) after ferrification in a TEA buffered (0.2 m, pH 7.5) aqueous solution
of FeCl, (53.9gL™") and urea (10 g L™"), at 60 °C 24 h. Images were taken in the middle of the film, where air bubbles got trapped during polymerization.
D) SEM image of the fracture surface of an abalone shell (cross section) for comparison.

surface can be attributed to the respective oxidized Fe(III) salt.
Thus, the hydrogel protects the precipitated FeCO, from oxida-
tion. Investigation of the precipitated amount of inorganic con-
tent reveals that in all cases the FeCOj, precipitated as nonordered
platelets of similar size, rendering the material brittle.

Another important influencing factor for tough or-
ganic/inorganic hydrogels is to find the percolation point of
the inorganic matrix, because beyond this point the inorganic
phase renders the material brittle as well.[***¢] Thus, a PDMA-I-
TEG network with 1 wt% urease was ferrified at 20 and 60 °C,
respectively, and samples were taken at regular intervals and
examined optically and by SEM, as well as thermogravimetrically.

The stereomicroscopic image shows the formation of a contin-
uous layer just below the surface of the hydrogel after 15 min at
60 °C (Figure 5B). Starting from this layer, further FeCO, forms
inside the network, permeating the entire interior of the matrix
within 2 h (Figure 5A-F). Figure 5 also shows the mass fraction of
the iron carbonate precipitated in the network, plotted against the
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ferrification time. The dry ferrified network composite consists
of equal parts of organic and inorganic components by weight
after 45 min. After 6 h at a ferrification temperature of 60 °C,
the precipitation of inorganic material slows down and smaller
changes in inorganic weight content are observed, reaching al-
most 70% Wty % after 24 h.

Closer inspection of the formed crystals using SEM corre-
spond to the observations made by stereomicroscopy: At first, the
formation of tiny, few nm large, faceted particles can be observed
(Figure 5, blue excerpt), which ultimately develop into the iron
carbonate platelets within 45 min. The latter do not change even
after 24 h of ferrification (Figure 5, red excerpt). Further, a “ferri-
fication front” was observed, which — in accordance to stereomi-
croscopic images — begins below the surface of the hydrogel and
proceeds to grow into the network interior (Figure 5). The respec-
tive states of growth of the FeCO, nanoplatelets change along this
gradient during ferrification. The ferrifications appear to be ho-
mogeneous after 2 h (Figure 5, SEM images).
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Figure 4. Exemplary TEM image A), SAED image B), FTIR Spectrum C), and XRD pattern D) of the precipitated inorganic plate structures grown in the
ferrified PDMA-I-TEG conetwork A) (1 wt% TEG, 1 wt% urease) after ferrification in a TEA buffered (0.2 m, pH 7.5) aqueous solution of FeCl,+4H,0O
(53.9 g L") and urea (10 g L) at 60 °C 24 h, with typical SAED images in the right corner B). TEM-EDX pattern of a composite slice recorded on a

copper grid E).

The mechanical properties of the composite ferrified at 60 °C
are presented in Figure 6. Since homogeneous samples are re-
quired for mechanical measurement, the first samples was mea-
sured after 2 h of ferrification. This sample showed a consid-
erable stiffening compared to the starting hydrogel with the
Young s Modulus increasing from <1 to 4.1 + 0.4 MPa. After 24
h of mineralization, the Young " s Modulus of the ferrified PDMA-
I-TEG networks reaches 170 + 78 MPa. This high increase in stiff-
ness, however, is not associated with a noticeable increase in the
inorganic weight content (cf. Figures 5 and 6). This sudden in-
crease might be due to a complete filling of the hydrogel with the
FeCOj-nanoplatelets. The calculated fracture energies of the fer-
rified networks are low. Thus, in these cases, the incorporation
of FeCOj, into the hydrogel does not yield a combination of in-
creased stiffness of the hydrogel and increased toughness of the
inorganic compound.

One reason for the brittleness of the ferrified hydrogels might
be a missing singular percolation point, which is due to the

Macromol. Mater. Eng. 2022, 307,2200051 2200051 (4 of 12)

inorganic phase not growing uniformly within the hydrogel
(see Figure 5). This results in different densities of the pre-
cipitated FeCO; platelets, rendering the material brittle due to
being highly mineralized in some areas, while mineralization
is unfinished in others. Obtaining a more homogenous ferrifi-
cation might be possible by variation urease amount within the
hydrogel. To this end, PDMA-I-TEG networks with 0.25, 0.5, 2,
and 3 wt% urease were ferrified in a TEA buffered ferrification
solution (pH 7.5) at 60 °C for 24 h. Urease concentrations
lower than 1 wt% led to cloudy ferrification (0.25 Wty,epee%)
and a patchy (0.5 wty,.,.. %) material (Figure S2A,B, Supporting
Information). Higher amounts of enzyme loading led to the
precipitation of inorganic material near the surface, similar
to the FeCO,-precipitation observed during the first stages of
hydrogel ferrification (cf. Figure 5C-E and cross-section image
Figure S2C, Supporting Information), with significantly reduced
ferrification deeper inside. This was also observed in previous
work in the case of CaCO,-precipitation and is most probably a
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Figure 5. Increase in degree of ferrification (inorganic content wt%) over ferrification time in PDMA-I-TEG network (1 wt% TEG, 1 wt% urease) in a TEA
buffered (0.2 m, pH 7.5) aqueous solution of FeCl,e4H,0 (53.9 g L™") and urea (10 g L™") at 20 °C (blue) and 60 °C (red). Images of a PDMA-I-TEG
cross-section (1 wt% TEG, 1 wt% urease) after ferrification in a TEA buffered (0.2 m, pH 7.5) aqueous solution of FeCl,+4H,0 (53.9 g L™') and urea
(10 g L), at 60 °C after different ferrification times A-G). SEM-images of a PDMA-I-TEG cross-section (1 wt% TEG, 1 wt% urease) after ferrification in
a TEA buffered (0.2 m, pH 7.5) aqueous solution of FeCl,+4H,0 (53.9 g L™') and urea (10 g L™"), at 60 °C after different ferrification times at 60 °C for

30 min.

result of dramatically increased urea cleavage at the hydrogel sur-
face, which ultimately leads to fast precipitation of FeCO, on the
surface before the ions can diffuse deeper into the hydrogel.!*®!
In order to realize a more homogeneous ferrification over time,
ferrification was investigated at 20 °C. This way, the reaction
rate of the urea hydrolysis decreases, while the diffusion rate
is less affected. As expected, the ferrification is slower at 20 °C
(Figure 5, blue graph) and first indications of ferrification in the
form of white precipitants inhomogenously formed within the
network are observable after 4 h, with wty,,,,% reaching a max-
imum of 41 wt% after 24 h. However, even this slowed reaction
rate does not lead to a more homogeneous precipitation (Figure
3, Supporting Information). Further, ferrification experiments

Macromol. Mater. Eng. 2022, 307,2200051 2200051 (5 of 12)

at 30, 40, and 50 °C were conducted for 24 h (Table 1). However,
while temperature influence was observable, the hydrogels
either increased in stiffness, but became brittle (40-60 °C) or did
not show any significant stiffening at all (20-30 °C).

Thus, the precipitation of FeCO; platelets cannot be used to ob-
tain a flexible hydrogel highly filled with this iron salt. To avoid
the formation of platelets, the composition of the PDMA hy-
drogel was varied using ionic additives, as ionic groups in the
polymer network show strong interactions with iron ions.[61-64
Hence, the influence of carboxylate group containing hydrogel
networks on the precipitation of iron salts might be a way to ob-
tain finer structures of the precipitated FeCO,, which might lead
to better energy dissipation and higher fracture toughness of the

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 6. Fracture energy and Young 's Moduli of ferrified PDMA-I-TEG conetworks (1wt% TEG, 1wt% urease) after ferrification in a TEA buffered (0.2 m,
pH 7.5) aqueous solution of FeCl,#4H,0 (53.9 g L—') and urea (10 g L™"), at 60 °C 24 h and of PAam-/-MBA conetworks (0.06 wt% MBA, 1 wt% urease)
after ferrification in a TEA buffered (0.2 m, pH 9.3) aqueous solution of FeCl,e4H,0 (53.9 g L™") and urea (10 g L™"), at 60 °C 24 h. Young 's Modulus
(black), fracture energy (blue), and inorganic weight content (red) of ferrified PDMA-I-TEG conetworks (1 wt% TEG, 1wt% urease) after ferrification in
a TEA buffered (0.2 m, pH 7.5) aqueous solution of FeCl,+4H,0 (53.9 g L") and urea (10 g L™") at 60 °C after 2-24 h.

Table 1. Swelling ratio, inorganic weight content, fracture energy, Young s
Modulus and tensile strength of PDMA-I-TEG networks (1 wt% TEG,
1 wt% urease) after ferrification in a TEA buffered (0.2 m, pH 7.5) aqueous
solution of FeCl, (53.9 g L™") and urea (10 g L™), at 20 to 60 °C for 24 h.

Temperature [°C] S Whinorg % E [MPa] rym? o [MPa]
20 4.1 41 14+9 38 +21 03 +0.1
30 3.0 52 18+ 11 36+ 17 03+0.1
40 2.6 70 156 + 57 18+5 04+02
50 2.7 69 169 + 58 M+7 0.4+0.1
60 2.6 70 170+ 78 14+3 0.3+0.1

FeCO; composite. One way, to incorporate ionic groups is the
copolymerizing DMA with acrylic acid (AA) or with its sodium
salt (sodium acrylate, SA) during network formation. The ratio
between DMA and the additive monomer was continually var-
ied, until the degree of ferrification decreased, which might occur
due to inhibition of the immobilized enzyme or diffusion limita-
tions. The respective inorganic contents and swelling ratios are
summarized in Figure S4A,B (Supporting Information).

Even a small amount of 2.5 wt% of copolymerized AA leads
to a drop of the inorganic content in urease-loaded PDMA-I-TEG
to 10 wty,,, % (Figure S4A, Supporting Information), while
Young“s Moduli as well as tensile strength showed no increase
compared to the nonferrified material. The incorporation of
SA into PDMA networks leads to inhomogenous and patchy
ferrification.

As known from previous work, the activity loss of urease in
the presence of sodium acrylate groups is less pronounced in
polyacrylamide cross-linked by N, N’-methylenebisacrylamide hy-
drogels (PAAm--MBAm).[*}] Therefore, the ferrification experi-
ments were repeated with the PAAm-based hydrogel with vary-
ing amounts of copolymerized SA keeping all other parameters
constant.

Macromol. Mater. Eng. 2022, 307,2200051 2200051 (6 of 12)

As seen in Figure 7, the different chemical structure of the
hydrogel already influences the morphology of the precipitated
FeCO; platelets. They become thinner (<50 nm) and less regu-
larly sized compared to the platelets formed in PDMA--TEG (cf.
Figures 2 and 7), while still mineralizing homogenously through-
out the network (Figure 7A).

The addition of SA into PAAm--MBAm networks leads to
a further significant change of the morphology of the precipi-
tated FeCO; platelets. Whereas lower amounts of 10 wtg, % re-
sult in platelets arranged in stacked clusters (Figure 8C), higher
copolymerized amounts yield smaller platelets (*100-200 nm in
size, #10-20 nm thickness) and more homogenously dispersed
nanocrystals throughout the hydrogel matrix (Figure 8D). This
results in an increased stiffness of 341 + 98 MPa and an increased
strength of 2.2 + 1.1 MPa, indicating strong interaction between
the copolymerized ionic groups and the FeCO, nanoplatelets
(Figure 8), which is further supported by the decreasing swelling
ratio S of the networks from 2.2 at 10 wtg, % to 1.4 at 50 wtg, %
(Figure S4B, Supporting Information). However, this also leads
to severe embrittlement of the fully ferrified hydrogels under the
given conditions. Homogenous precipitation throughout the net-
work is not influenced by incorporation of SA (Figure 8B—E), and
the formation of a ferrification front is still present.

We conclude from this that the incorporation of ionic groups
has a strong influence on the precipitated inorganic iron carbon-
ate phase and that the nanostructures can be reduced in size and
distributed more homogeneously (Figure 8D,E) in the network if
charged groups are present in the hydrogel matrix. Even though
these modifications lead to stronger composites, the overall gain
in fracture toughness of the precipitated material is negligible.
Altogether, the precipitation of ordered platelets might greatly
change the toughness of the material. As seen on the example
of the air bubbles in Figure 3, it is generally possible to obtain
such an alignment, but so far, realization of such an arrangement
throughout the whole material was not successful.

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 7. A-C) SEM-image of a PAAm-/-MBA cross-section (0.06 wt% MBA, 1 wt% urease) after ferrification in a TEA buffered (0.2 m, pH 9.3) aqueous
solution of FeCl,+4H,0 (53.9 g L™') and urea (10 g L"), at 60 °C 24 h. SEM-Images were taken in the middle of the network.

2.2. Alkaline Phosphatase-Induced Precipitation of Iron
Phosphate

Another potentially useful iron salt that might be precipitated via
EIM is iron phosphate. A viable enzyme that could be suited for
this purpose is alkaline phosphatase (AP), which catalyzes the hy-
drolysis of glycerol phosphate, creating phosphate ions that can
precipitate with iron ions present in the solution. Further, en-
zymatic precipitation of iron phosphate might be of interest for
the design of new electrode materials, as the formation of metal
phosphates takes place under mild conditions and ambient tem-
perature and is less energy consuming compared to conventional
iron phosphate production.®]

Potential inorganic iron phosphate may exist as either Fe(II)-
or Fe(IIl)-salts, thus it was investigated whether alkaline phos-
phatase is active in Fe(II)- and Fe(IIl)-containing solutions of
glycerol phosphate. If active, the enzyme should precipitate in-
soluble iron phosphate. First, FeCl,e4H,O containing aqueous
solutions of TEA and glycerol phosphate at different iron con-
centrations and pH values were mixed with alkaline phosphatase
(0.4 mg per 100 mL). Only at a pH between 7.5 and 9.8 was for-
mation of the pale green-blue solid observed, at FeCl, concen-
trations above 0.03 and below 0.33 M. The respective solutions
of FeCl, did not show any precipitation in the whole pH range
between 5 and 9.8 and at iron(III) ion concentrations of 0.03—
0.33 M. Addition of CaCl, to these solutions revealed that alkaline
phosphatase is inhibited at all concentrations by the Fe(III) ions,
as no precipitation was observed after addition of CaCl, either.

To investigate whether enzymatic precipitation with AP in
the presence of Fe(II) ions is also occurring within hydrogels, a
PAAm--MBAm (0.06 wt% MBAm) network containing 0.4 wt%
AP was given to the ferrification and incubated at 20 °C for 7 days.
The hydrogel turned greenish cloudy after 24 h, as seen in Fig-
ure 9A, while control networks without the enzyme stayed trans-
parent even after 7 days. SEM analysis of the ferrified networks

Macromol. Mater. Eng. 2022, 307,2200051 2200051 (7 of 12)

revealed, that the ferrification leads to the formation of submi-
crometer structures, which are evenly distributed and precipi-
tated throughout the hydrogel (Figure 9A,B). Irrespective of the
investigated position within the network, nanospheres formed
with diameters of #100-200 nm, which seem to be partially cov-
ered by polymer matrix. The particles do not change in diame-
ter across the hydrogel, indicating a homogeneous mineraliza-
tion throughout the material. Also, no local ferrification, as was
found for the urease system (Figure 5), could be observed for the
AP-induced precipitation.

Further investigations on the spherical precipitant inside
the hydrogels reveal amorphous nanostructures, as SAED-
measurements shows that the precipitated material is missing
any reflexes that might be attributed to crystalline modifications
(Figure 9D). TEM-EDX measurements reveal the presence of
iron, oxygen and phosphorus, indicating, that the precipitated
material is indeed, amorphous iron phosphate (Figure 9E). Judg-
ing from the greenish color, it is most likely iron(II) phosphate,
as the corresponding mineral vivianite is of similar dark green
coloration when partially oxidized.[®] The salt is most likely that
of iron(II), as iron(III) ions showed strong inhibitory properties
for the enzyme AP and would not allow the formation of a precip-
itate in solution even at very low concentrations. Thus, contrary
to the precipitation of crystalline iron carbonate, iron phosphate
precipitates as an amorphous and spherical nanostructured ma-
terial during ferrification. The ferrified PAAm-l-MBAm hydrogel
is composed of 80 wt% of inorganic material, with a swelling ra-
tio S of 3.1. Ferrification at higher concentrations of FeCl,+4H,0O
with 0.22 and 0.33 mol L~! led to decreasing inorganic content of
74.7 and 72.7 wt%, respectively. The amorphous character of the
precipitated iron phosphate is of special interest, as this material
might be promising for use as amorphous electrodes.>!

The AP-ferrified PAAm-hydrogel with 80 wt% inorganic con-
tent is tougher (201 + 66 ] m~2) and stiffer (122 + 31 MPa) than
hydrogels ferrified at 0.22 and 0.33 mol L~! FeCl,+4H,0, which

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 8. Fracture energy, Young’s Modulus and tensile strength of PAAm-I-MBA networks with different sodium acrylate (SA) content (0-50 wtgs %,
0.06 wt% MBA, 1 wt% urease) after ferrification in a TEA buffered (0.2 M, pH 7.5) aqueous solution of FeCl, (53.9 g L™") and urea (10 g L™1), at 60 °C
24 h. Photograph of a PAAm-I-MBA network with 10 wt% sodium acrylate A) and SEM-images of the exemplary network cross sections of PAAm--MBA
networks with sodium acrylate content of 10 B,C) and 50 D,E) wt% after ferrification is also shown.

Counts

Energy [keV]

Figure 9. SEM-images of a PAAm--MBAm cross-section (0.06 wt% MBA, 0.4 wt% alkaline phosphatase) at different magnifications after ferrification in
a TEA buffered (0.2 m, pH 9.8) aqueous solution of FeCl,e4H,0 (22.5 g L™") and NaGP (11.7 g L™") at 20 °C for 7 d. C) Exemplary TEM image of spherical
micro structures grown in the ferrified PAAm-I-MBAm conetwork with D) typical SAED image. E) Typical TEM-EDX measurement of a composite slice
recorded on a copper grid. Images were taken in the middle of the film.

Macromol. Mater. Eng. 2022, 307,2200051 2200051 (8 of 12)  © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

SUONIPUOD pue SW 1 84} 88S [7202/20/62] U0 Ariqi8uIjuO 81 ‘Bunyjeyoseg pun uszueuld eusZa@ pUnWLOQ 18e)SBAIUN BYdSIUYDe L Aq TS0002202 BWRW/Z00T OT/10p/wo A8 1M Axelqipuljuo//Sdiy wouj papeojumod ‘8 ‘2202 ‘7S026ErT

fopmArigipullL

8sUB9| 7 SuowWoD aAIee.D a|gedi|dde sy Aq pausenob ale sapailie YO ‘SN JO S3jnJ Jo) ARiq1T8UIUO AB]IM UO (SUONIPUCD-PI



ADVANCED
SCIENCE NEWS

‘[M}glgco-ulqr

Materials ana Engineering

www.advancedsciencenews.com

www.mame-journal.de

Network T'[J/m*] E[MPa] o [MPa] 11
PAAm--MBAm 20166 122+31 13204 g os El

=
+10wtg,% 5637  14=8  03£02 o e

1723
+20wtg% 104+56  12+4 03x01 O

» 02
+30wtg% 217+56  S4=11  050.1

0 T T T T J
+40wrg,% 281+49  74=12 1102 o 05 115 2 25
Strain [%]

+50wtg,% 401£37 10114 1002

Figure 10. Fracture energy, Young’s Modulus and tensile strength of PAAm-I-MBA networks with different sodium acrylate (SA) content (0-50 wtgp %,
0.06 wt% MBA, 0.4 wt% alkaline phosphatase) after ferrification in a TEA buffered (0.2 m, pH 9.8) aqueous solution of FeCl,+4H,0 (22.5 g L™") and
NaGP (11.7 g L™ at 20 °C for 7 d. Exemplary stress—strain curve of a PAAm-I-MBA network with 50 wt% sodium acrylate A) and SEM-images of the
exemplary network cross sections of PAAm-/-MBA networks with sodium acrylate content of 0 B), 10 C), and 50 D) wt% after ferrification is also shown.
Bottom pictures are shown to illustrate the flexibility of the ferrified PAAm-I-MBA networks with 40 wt% sodium acrylate

showed insignificant increase in Young”s Modulus (18 + 7 and
11 + 5 MPa, respectively). In order to further increase the flexibil-
ity of the organic—inorganic DNH, AAm was copolymerized with
different amounts of sodium acrylate. As seen in Figure 104, an
increasing carboxylate content results in an increased toughness
of the ferrified composites. Incorporation of more than 50 wtg, %
leads to patchy, inhomogeneous material. Adding ionic groups
to the hydrogel matrix not only increases the mechanical prop-
erties of the materials most likely due to the improved adhe-
sion between the organic and the inorganic phase, but also con-
trols particle growth and influences the size of the precipitated
nanostructures (Figure 10B-D), with homogenous precipitation
throughout the network independent of the amount of copoly-
merized ionic monomer. Already 10 wtg, % afford a finer struc-
ture of the precipitated iron(II) phosphate aggregates. The inor-
ganic spheres show some 50 nm in diameter. Further increasing
the SA content results in even smaller structures of 10-20 nm.
This leads to a Young s Modulus of 101 + 14 MPa and a tensile
strength of 1.0 + 0.2 MPa, with the highest measured fracture en-
ergy of 401 + 37 ] m~2, obtained for a ferrified PAAm-hydrogel

Macromol. Mater. Eng. 2022, 307,2200051 2200051 (9 of 12)

containing 50 wtg, % with respect to the monomer AAm (Fig-
ure 10A). Although the fracture energy is comparatively low for
hydrogels mineralized by EIM, it does render the ferrified net-
work flexible and bendable to some degree and significantly in-
creases the fracture toughness of the functional ceramic itself
(Figure 10), making it an interesting material for future research
in regards to its use as flexible electronics. Thus, this example
shows the potential of enzymatic mineralization to create tough
functional ceramic materials. In order to avoid the brownish col-
oration of the surface areas, it is thinkable to use a reducing agent,
such as ascorbic acid to cross-link the alkaline phosphate in fu-
ture work.[®’”] Subsequent oxidation of the iron(Il) salt might cre-
ate the respective FePO,, which is of importance as battery elec-
trode material.

3. Conclusion

The aim of this work was to obtain bendable hydrogel composites
highly filled with a functional iron ceramic material by means
of enzymatic ferrification of hydrogels and deliberate softening

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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and toughening of ceramic components. Siderite could be pre-
cipitated urease-induced with up to 70 wt% within PDMA-I-TEG
networks as platelets of some 60 nm in thickness, which are ar-
ranged isotropically within the hydrogel. However, this compos-
ite is very brittle and no variation of pH, temperature, mineraliza-
tion time, network composition, or enzyme loading changed that.
Interestingly, the siderite platelets showed significant parallel
alignment toward a brick-and-mortar structure around gas bub-
bles formed in the hydrogel. Achieving such a structure through-
out the entirety of the hydrogel might result in comparable tough-
ness to highly ordered nacre.

The precipitation of amorphous iron(II) phosphate within a
hydrogel was achieved by alkaline phosphatase-induced ferrifica-
tion of a PAAm-I-MBAm. Copolymerization with sodium acrylate
afforded finer structures, with the resulting O-I-DNH containing
up to 80 wty,,,,% of iron(I) phosphate, while being still flexi-
ble with Young’s Moduli of 101 + 14 MPa, fracture energies of
401 + 37 ] m~2 and tensile strengths of 1.0 + 0.2 MPa. This makes
ferrified iron(II) phosphate based materials an interesting can-
didate for bendable batteries. The intercalation of lithium ions
into the flexible iron phosphate for the synthesis of amorphous
LiFePO, composites is of high interest and will be addressed in
future studies.

4. Experimental Section

Materials: ~ N,N-dimethyl acrylamide (DMA) with a purity of 99% and
acrylic acid with a purity of 99% was obtained from Merck. The monomers
were distilled, stored at —25 °C under an argon atmosphere, and used
within the next 2 weeks. Acrylamide (AAm) with a purity of 99%, N,N-
methylenebisacrylamide (MBAm) of 99% purity and triethylene glycol
dimethacrylate (TEG) with a purity of 95% were obtained from Merck and
used without further purification. The photoinitiators Irgacure 2959 and
Irgacure 651 were supplied by TCI Europe and by Ciba Specialty Chemi-
cals, respectively. Alkaline phosphatase from calf intestine with an activ-
ity of 36.7U mg™" was purchased from AppliChem and stored at —25 °C.
The alkaline phosphatase formulation contains about 40-50 wt% of pro-
tein. Urease from Canavalia ensiformis (Nr. 94 282) with an activity of 35 U
mg~! was purchased from Merck and stored at —25 °C. The urease for-
mulation contains 10 wt% of protein. Urea, sodium glycerol phosphate,
calcium chloride, and triethanolamine were obtained from Merck. A 32
wt% solution of HCl was purchased from VWR. FeCl,+4H,0 and FeCl;
were purchased from VWR. All chemicals were of analytical grade or purer
and used without further purification if not noted otherwise.

Preparation of Buffer and Ferrification Solution for Alkaline Phosphatase:
A 0.2 m TEA buffer solution (29.84 g TEA in 1000 mL water), made from
bidistilled and degassed water, was adjusted to a pH of 9.8 using an aque-
ous 1M HCl solution. The ferrification solution was formulated by dissolv-
ing 11.7 g NaGP and 22.5 g FeCl,+4H, 0O in 900 mL of the buffer solution.
Then the TEA buffer was added to fill the solution up to 1000 mL (final con-
centrations 11.7 g L™! FeCl,e4H,0 and 22.5 g L' NaGP, respectively).

Preparation of Buffer and Ferrification Solution for Urease: A 0.2 m TEA
buffer solution (29.84 g TEA in 1000 mL water), made from bidistilled
and degassed water, was adjusted to a pH of 7.5 or 9.3 (unless otherwise
noted), using an aqueous 1 M HCl solution. The ferrification solution was
formulated by dissolving 53.9 g FeCl,+4H,0 and 10 g Urea in 900 mL of
the buffer solution. Then the TEA buffer was added to fill the solution up to
1000 mL (final concentrations: 53.9 g L=! FeCl,#4H,0 and 10 g L™! urea).

Preparation of Polyglutaraldehyde Solution: A polyglutaraldehyde
(PGL) solution was formulated using a previously described method.[6®!
Briefly, 10 mL of aqueous glutaraldehyde solution (50 wt%), 10 mL of pure
water and 0.6 mL of Tm NaOH solution were mixed in a vessel under
constant stirring at room temperature to adjust the pH value to 10.5.
After 30 min, 0.6 mL of 1M HCI solution was added to neutralize the
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reaction mixture. Then, an aqueous 0.2 M TEA buffer (pH 9.8) was used
to dilute the PGL solution to a concentration of 20g L™! (4.24 mL PGL
solution, 45.76 mL TEA buffer).

Polymer Film Synthesis with Alkaline Phosphatase: ~Synthesis of poly-
mer networks was carried out according to a previously published
protocol.[447] First, 0.4 mg of the alkaline phosphatase formulation was
dissolved in a mixture of 10 uL of 0.2 m TEA buffer solution and 10 pL of
the polyglutaraldehyde solution.

DMA-Based Networks: A mixture of DMA and 1 mg TEG was added
to a vessel. Optionally, up to 50 mg of the monomer was substituted with
the additive monomer acrylic acid (AA). Then 0.5 mg of the photoinitiator
Irgacure 651 and 20 pL of the alkaline phosphatase solution were added
to the mixture.

AAm Conetworks: Two solutions were prepared by dissolving AAm
(500 g ') or MBAm (10 g L™') in pure water. Then, 200 pL (99.94 wt%
monomer) of the AAm solution was added to a vessel. Optionally, up to
100 pL per 50 mg were substituted with up to 50 mg additive monomer
sodium acrylate (SA, for every mg of additive monomer, 2 pL of degassed
and bidistilled water was added to ensure solubility). Then, 6 uL (0.06 wt%)
of the MBAm solution, 2 mg of the photo initiator Irgacure 2959 and 20 pL
of the alkaline phosphatase solution were added to the mixture.

Polymer Film Synthesis with Urease: Synthesis of polymer networks
was carried out according to previously published protocols.[42-44:46-47]
First, 1 mg of the urease formulation was dissolved in 20 pL of the TEA
buffer solution.

DMA-Based Networks: A mixture of DMA and 1 mg TEG was added
to a vessel. Optionally, up to 50 mg of the monomer was substituted with
the additive monomer acrylic acid (AA). Then 0.5 mg of the photoinitiator
Irgacure 651 and 20 pL of the urease solution were added to the mixture.

AAm Conetworks: Two solutions were prepared by dissolving AAm
(500 g L=") or MBAm (10 g L™") in pure water. Then, 200 pL (99.94 wt%
monomer) of the AAm solution was added to a vessel. Optionally, up to
100 pL per 50 mg were substituted with up to 50 mg additive monomer
sodium acrylate (SA). Then, 6 uL (0.06 wt%) of the MBAm solution, 2 mg
of the photo initiator Irgacure 2959 and 20 uL of the urease solution were
added to the mixture.

Polymerization: The whole monomer—initiator-enzyme mixture was
poured onto an adhesive-tape-covered glass slide (1 x 3 inch?) with dis-
tance holders of 300 um and another slide was placed on top. Polymer-
ization was carried out in an ultraviolet flash light chamber (Emmi-Nail
Premium) at A = 340 nm for 480 s (flipping the slide over every 120 s).
Then, the glass slides were carefully separated and the formed polymer
film (thickness 300 + 30 pm) was either ferrified or stored until use at
_25 oC [42-47]

Ferrification: 200 mL of the Ferrification solution was poured into a
closed Schott bottle containing one enzyme-loaded network (typical poly-
mer to solution ratio of 1 mg 1 mL~"). The immersed networks with immo-
bilized alkaline phosphatase were incubated at 20 °C in a climate chamber
for 7 d, while networks with immobilized urease were incubated at 20 °C
in a climate chamber or at 60 °C using a heated water bath for 24 h. The re-
sulting composite material was taken out after ferrification and thoroughly
rinsed with and stored in pure water at 20 °C.

Analytical Methods:  Analysis of the mineralized hydrogel was carried
out analogously to previous publications.[*?#’] The ferrified composite
networks were broken in liquid nitrogen prior to further analysis. The frac-
ture 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 1kV (10 kV for EDX)
and the working distance to 8 mm (15 mm for EDX). TEM, EDX, and SAED
images were acquired with a Talos F200X Thermo Fisher Scientific system
operating at 200 kV. The samples were prepared by cutting slices of thick-
ness of 50-100 nm of the dried composite using an ultra-microtome with a
diamond blade (Leica Ultracut S), and then transferred onto a carbon grid.
The XRD patterns were measured with Bruker D8 ADVANCE or Philips
PW 1080 diffractometer using Cu-anodes. For these measurements, the
ferrified composites were taped onto a sapphire glass slide using double-
sided TESA adhesive tape. The inorganic proportion of the ferrified films
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was determined with thermal gravimetric analysis (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, 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 my,, and M mpysied Was used to cal-
culate the inorganic content m,.s With Weinerg [%] = Mcompusted Mgry™
x 100.Stress—strain curves were recorded at room temperature using an
Instron 3340 tensile tester with a cell with load TkN. Rectangular samples
with typical dimensions of 5x 10mml[2l (width x length) were cut using
a razor blade. The thickness of each sample was individually measured
and was typically between 0.3 and 0.8 mm. The samples were mounted
between the clamps with an initial distance of 10 mm. Sandpaper was
used to prevent slippage of the samples between the grips. The experi-
ment was performed at a crosshead speed of 5% min~! until the sample
fractured. Meanwhile the sample was permanently moistened with water
using a spray can.

The fracture energy of the hydrated double network was determined
as described in previous work.[®] At least three notched and three un-
notched samples per composite (length 10 mm, width 5 mm, thickness
0.4-0.9 mm) were clamped in the Instron 3340 tensile tester (clamp-to-
clamp distance 10 mm) and their stress—strain-curves were measured with
a cross-head 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. These samples were used to determine the strain that is necessary
to turn the notch into a running crack. The corresponding fracture energy
(T, in ) m~2) of the unnotched samples was calculated as follows

F=/C></Ogco(e)d5 M)

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 (mg,) and the swollen
(Mgwollen) cOmposites or hydrogels were measured. Swelling was per-
formed in pure water at room temperature for 24 h. The swelling ratio (S)

.o — -1
was calculated as follows: S = Mg, jien Mary ™'
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