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ABSTRACT

In this study, the modified hydrophobin, engineered for biomimetic mineralization, has been employed as a
structure-directing agent for mineralization of calcium carbonate. For the first time amphiphilic calcium car-
bonate particles have been obtained, using engineered proteins. The mineral microparticles have been charac-
terized by optical microscopy, scanning electron microscopy (SEM) and X-ray diffraction (XRD). While miner-
alization in the presence of non-modified hydrophobin results in polymorph mineral structures, uniform micro-
spheres with an average particle diameter of one micron are obtained by employing hydrophobin which has been
modified with an additional ceramophilic protein sequence. Owing to the tri-functionality of the modified hy-
drophobin (hydrophilic, hydrophobic and ceramophilic), the obtained mineral microparticles exhibit amphi-
philic properties. Potential applications are in the areas of functional fillers and pigments, like biomedical and
composite materials. Pickering emulsions have been prepared as a demonstration of the emulsion-stabilizing
properties of the obtained amphiphilic mineral microspheres. The structure-directing effects of the studied en-
gineered hydrophobins are compared with those of synthetic polymers (i.e. polycarboxylates) used as crystalliza-
tion and scaling inhibitors in industrial applications.
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1. Introduction [9]. Earlier approaches of biomimetic mineralization
have been focusing on replacing natural proteins with
synthetic polymers, mimicking the structural design of
the natural proteins controlling the nucleation and growth
of biominerals [10-12]. In addition, also different biopo-
lymers have been investigated, such as dextrane, colla-
gen-, and extracted natural proteins [10].

Recent progress in biotechnology enables the engi-
neering of proteins for biomimetic mineralization, not
only for their structure-directing properties, but also for
inducing additional functionality of the obtained hybrid
materials. Such properties can be specific adsorption and
drug delivery properties, as well as amphiphilicity.

A highly interesting group of proteins are hydropho-

The natural process of biomineralization enables biolog-
ical materials with complex morphology and functional
design. Muscle shells, diatoms, bone and tooth structures
are prominent examples and show how small amounts of
structure-directing proteins can transform ordinary mate-
rials, like inorganic minerals, into high-performance com-
posites [1-8].

Complementary to biomineralization, the term biome-
metic mineralization describes the technical process of
mineralization in the presence of structure-directing ad-
ditives, mimicking the natural process of biomineraliza-
tion. Like other nanoparticle synthesis routes based on

self-assembly, it enables morphological control of inor-
ganic and composite particles and hierarchical structures
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bins produced by filamentous fungi [13-15]. Owing to
their intrinsic amphiphilic properties they are of high
relevance in biological systems, as well as technical ap-
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plications. Hydrophobins are divided into two classes,
class I and class II, according to their sequences, which
also relate to their properties. Typically class I hydropho-
bins exhibit irreversible assembly including conforma-
tional changes at interface [16], whereas class II hydro-
phobins are structurally more stable and such conforma-
tional changes have not been observed. Due to their glo-
bular and stable conformation and small size, class II
hydrophobins have been employed in formation of well-
defined layers at various interfaces [17-19]. By genetic
engineering, additional functionalities can be brought to
the protein layers by fusing the anchoring group with a
second functional domain allowing functionalization of
such interfacial layer [20,21]. However, only few studies
describe the use of this interesting group of self-assem-
bling proteins for the controlled nucleation-and-growth
of inorganic materials [22]. For instance, class I hydro-
phobins have been studied for the growth of titania films
[23] and the mineralization of hydroxyapatite at the wa-
ter-oil interface of emulsions [24]. One reason for their
so far very limited use in biomimetic mineralization might
be the lack of a higher affinity towards inorganic precur-
sors, like calcium ions.

This study describes the use of engineered hydropho-
bins, modified with an additional protein sequence for its
specific use as a structure-directing additive in biome-
metic mineralization. A glutamic acid-containing protein
sequence is introduced, resulting in a protein with am-
phiphilic as well as ceramophilic properties. In this way
the engineered protein design follows the very same
principles of earlier studied double-hydrophilic block co-
polymers. The ceramophilic, glutamic acid rich protein
sequence (ZE) enables binding of calcium ions and as-
sembly at crystal faces, while the remaining amphiphilic
protein sequences lead to self-assembly and stabilization
of the mineral suspension in water. Hydrophobin without
the additional ZE-protein sequence is known to adsorb
also well to surfaces and to self-assemble, however, it is
lacking the additional ceramophilic binding capacity. In
contrast to the latter this study describes how the minera-
lization of calcium carbonate in presence of the ceramo-
philic modified protein results in highly regular, micron-
sized and amphiphilic vaterite spheres. Pickering emul-
sions have been prepared as a demonstration of the addi-
tional amphiphilic functionality of the obtained mineral
particles. Synthetic polycarboxylates, used in industrial
applications as crystallization inhibitors and anti-scalants,
have been included in this study as reference systems
[25].

2. Experiments and Methods
2.1. Reagents and Materials

Hydrophobin (HFB II) has been produced according to
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the literature [26]. Modification of hydrophobin with a
glutamic acid-rich polymer sequence (HFB I-ZE) has
been performed by fusing the ZE peptide sequence [27]
to the N-terminal of HFBI using established procedures
[22]. The polyacrylate copolymers Sokalan CP5 and So-
kalan PM10 have been supplied by BASF SE, Ludwig-
shafen, Germany. As mineral precursors sodium carbo-
nate (Na,COs, supplied by Sigma-Aldrich) and calcium
chloride (CaCl,, supplied by Fluka) have been used as
0.05 M stock solutions.

2.2. Mineralization Experiments

Biomimetic mineralization experiments have been per-
formed using a double-jet-apparatus, consisting of two
syringe pumps (for measuring dosage volume and to en-
sure equal flow) and a 50 ml glass reactor. 30 ml of the
additive solution, containing 30 mg of structure-directing
additive (protein, respectively polyacrylate copolymer),
have been adjusted to pH 8 by addition of 0.1 M sodium
hydroxide solution. Subsequently 0.05 M solutions of
CaCl, and Na,CO; have been simultaneously added at
room temperature during magnetic stirring at a rate of 10
ml/h for 10 min.

2.3. Pickering Emulsions

Toluene has been emulsified in water in presence of cal-
cium carbonate microparticles. After suspending the mi-
croparticles in water, toluene has been added in a tolu-
ene/CaCOj ratio of 10 with a total oil content of 10 vol%.
Emulsification has been performed by using a Vortex
mixer.

2.4. Characterization

Optical micrographs have been taken using an Olympus
BH-2 microscope. SEM imaging has been performed us-
ing a Zeiss Sigma VP microscope operating at 3 kV. The
samples have been prepared from aqueous suspensions
by air drying at room temperature on a supported, self-
adhesive carbon film and sputtered using a platinum tar-
get. XRD measurements have been conducted using a
Philips PW1830 generator diffractometer with Cu-K,
radiation (1 = 1.542 A). The droplet size distribution of
the Pickering emulsion has been measured using light
scattering (Beckman Coulter, USA).

3. Result and Discussion

Calcium carbonate is a mineral of high importance in
nature and technology, e.g. as a pigment, filler and for
biomedical applications [28]. Therefore calcium carbo-
nate has been chosen as a model system for this study.
Polymers with specific binding sites for calcium ions
have been intensively studied for biomimetic mineraliza-
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tion of calcium minerals [10,29,30]. Especially double-
hydrophilic block copolymers have been used very suc-
cessfully [1]. In addition and owing to their very good
cost-performance, polycarboxylate copolymers are often
used as nucleation-and-growth controlling agents for
technical applications [25]. Therefore as references also
two different technical polyacrylates, Sokalan PM10 and
Sokalan CP5, have been included in this study. The main
focus of this study, however, is the development of engi-
neered proteins, i.e. hydrophobins, for their specific use
in biomimetic mineralization. Analogue to the mentioned
double-hydrophilic block copolymers and technical po-
lyacrylates, additional calcium binding sites have been
introduced to the protein structure of hydrophobin (HFB
II), by adding an additional glutamic acid-rich protein
sequence. This way the binding capacity of for calcium
ions and the affinity to the growing mineral phase is in-
creased. At the same time additional functionality is in-
troduced to the mineral matrix by adding amphiphilicity
due to the hydrophilic and hydrophobic protein se-
quences of the modified hydrophobin. A more detailed
description of the studied additives is given in Table 1.

3.1. Biomimetic Mineralization

Biomimetic mineralization of calcium carbonate has
been performed using a double-jet device, which is in-
spired by technical precipitation and pigment synthesis
processes [31]. During the mineralization process two
precursor solutions of calcium chloride and sodium car-
bonate are simultaneously dosed to an aqueous solution
of the nucleation-and-growth directing additive (engi-
neered protein, respectively polycarboxylate). The pre-
cursor solutions are added within 10 min at room tem-
perature in equimolar amounts at concentrations of 0.05
M and a dosage rate of 10 ml/h. The solutions stay clear
and transparent throughout the pre-nucleation phase. At
the final dosage point all studied systems turn into opa-
que suspensions of calcium carbonate particles, with the
exception of sample HBM 3, which stays clear and trans-
parent throughout the process. This sample contains So-
kalan PM10, demonstrating highly efficient crystalliza-
tion inhibition and complete suppression of macroscopic
crystal growth within the investigated parameter range.
The obtained mineral particles of all samples have
been investigated by optical microscopy directly after
mineralization. In case of the reference sample with no
additive (HBM 1), characteristic calcite rhomboeders can
be observed besides some irregular particles already at
low magnifications (see Figure 1). In contrast, the sam-
ple containing Sokalan PM10 (HBM 3) does not show
any larger mineral particles, indicating sufficient nuclea-
tion inhibition. All other mineral suspensions show mi-
croscopic calcium carbonate particles, though of quite

OPEN ACCESS

Table 1. Overview of additives and their physicochemical
properties.

Additive Description Properties
Sokalan CP5 Malew acid/acrylic Mw = 70,000 g/mol
acid-copolymer, Na-salt
Copolymer on basis of _
Sokalan PM10 maleic acid, Na-Salt Mw = 4000 g/mol
. Mw = 7.2 kD, no of
HEB I Hydrophobin carboxylic groups: 4
Hydrophobin with an additional Mw = 12.7 kD, no of
HFB I-ZE - .. ;
cysteine-containing sequence carboxylic groups: 13
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Figure 1. Optical micrographs of mineral suspensions: (a)
reference sample with no additive (HBM1), (b) mineral
particles obtained in the presence of Sokalan CP5 (HBM2),
(c) full crystallization inhibition in presence of Sokalan
PM10 (HBM3), (d) polymorphous mineral phase in the pre-
sence of HFB-11 (HBM4), (e) and (f) uniform microparticles
in presence of HFB I-ZE (HBMDb).

different sizes and shapes. The most striking difference
has been observed for the sample mineralized in the
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presence of the modified hydrophobin, HFB I-ZE, with
additional ceramophilic binding sites (HBM 5): the mo-
nodisperse mineral particles of this sample show under
the microscope Brownian motion, indicating very small
particle sizes.

3.2. Microparticle Morphology—Uniform
Mineral Microspheres

For further characterization all mineral suspensions have
been centrifuged and washed three times to remove resi-
dual dissolved additives and to isolate the mineral phase.
Samples for scanning electron microscopy (SEM) have
been prepared from the purified suspensions (see Figure
2). Subsequently the suspensions have been air-dried at
room temperature and the remaining mineral crystals
have been studied by X-ray diffraction (XRD). The re-
sults of the characterization of the obtained mineral par-
ticles are summarized in Table 2.

SEM micrographs of the purified and dried samples
are well in accordance with optical micrographs, ob-
tained in suspension directly after mineralization. In ad-
dition they show very interesting additional features. As
described in earlier studies, the reference sample with no
additive (HBM 1) has a polymorphous appearance [10]:
Besides rhombohedral calcite also spherical particles are
obtained, indicating thermodynamically instable vaterite
or amorphous calcium carbonate (Figure 2(a)). X-ray
diffraction of the purified and air-dried sample indicates
a transformation into calcite only (see Figure 3(a)), as
expected for additive-free, non-stabilized calcium carbo-
nate. As already indicated by optical microscopy, no ma-
croscopic mineral particles are observed for sample
HBM 3, confirming the very efficient crystal inhibition
by Sokalan PM10 (Figure 2(c)). To investigate the in-
fluence of the polymer on the mineral crystal modifica-
tion the clear solution has been air dried. The obtained
solid, white powder has been washed with water and
centrifuged to remove any access polymer. X-ray diffrac-
tion of this air-dried sample shows that the mineral phase
consists mainly of calcite and some sodium chloride
crystals, which remained by inclusion within the loose
sediment during centrifugation. In contrast to Sokalan
PM10, the copolymer Sokalan CP5 did not fully suppress
the formation of calcium carbonate crystals under the
studied reaction conditions. The observed mineral parti-
cles, however, show a very interesting morphology: a
roughly spherical superstructure of clustered, distorted
calcite rhomboeders, showing the strong interaction be-
tween the mineral phase and the structure-directing po-
lymer (Figure 2(d)).

Biomimetic mineralization, in presence of non-mod-
ified hydrophobin (HBM 4), results in a polymorphous
mineral phase, similar to the reference sample with no
additive (Figure 2(d)). However, in contrast to the de-
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Table 2. Characterization of mineral modification.

. CaCO;
Sample Additive Mlnerazsl\l/laij‘[;))hology modification
(XRD)
- polymorph, mainly .
HBM 1  no additive thombohedral crystals calcite
HBM 2  Sokalan CP5 distorted rhombohedrons, calcite
forming spherical clusters
HBM 3 Sokalan PMI0 crystallization inhibition, calcite
no macroscopic crystals
polymorph, thombohedral .
HBM 4 HFB I and spherical particles caleite
HBMS5  HFBLZE uniform microspheres, vaterite and

average diameter ~1 pm calcite

(@) (b)

© (d)

2 um

O] ®

Figure 2. Scanning electron micrographs: (a) reference
sample with no additive (HBM1), mineral particles ob-
tained in the presence of (b) Sokalan CP5 (HBMZ2) and (c)
Sokalan PM10 (HBM3), (d) polymorphous mineral phase
obtained in the presence of HFB-11 (HBM4), (e) and (f) uni-
form microspheres obtained in presence of HFB I-ZE
(HBMS).

a
A
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fault sample (HBM 1), a much stronger tendency towards
the formation of spherical particles is observed. The dif-
fractogram of the dried mineral particles shows no indi-
cation of vaterite formation (Figure 3(b)), and the ob-
tained particles are about double the size compared to the
sample containing ceramophilic modified hydrophobin
(HBM 5).

Already during mineralization the uniqueness of mi-
neralization in presence of the ceramophilic modified
hydrophobin with the additional acidic amino acid se-
quence (HFB I-ZE) becomes obvious, as obtained min-
eral particles have a much lower tendency for sedimenta-
tion. Scanning electron microscopy reveals the very ho-
mogeneous and spherical structure of the microparticles
(Figures 2(e), (f)). In contrast to all other samples, XRD
of the air dried sample of HBM 5 indicates, besides some
calcite, under normal conditions thermodynamically in-
stable vaterite as the predominant crystal modification
(Figure 3(c)). If the two crystalline phases coexist as
separate particles or as a mixed phase requires further
investigation. The primary particle size of the obtained
vaterite crystals, estimated on basis of the Scherrer equa-
tion from the diffraction peak broadening, is about 6 nm,
indicating a non-classical, nanoparticle mediated crystal-
lization mechanism.

3.3. Formation of Pickering Emulsions

Even after air-drying the aggregated minerals are fully
redispersible as discrete microparticles. In contrast to
non-modified calcite microparticles (HBM 1), they are
suitable stabilizers for Pickering emulsions [32,33]. For
this purpose oil-in-water emulsions have been prepared
at a weight ratio of mineral particles (HBM 5) to oil of
10. Optical micrographs of the emulsion droplets show a
golf-ball-like morphology, indicating the adsorption of
the amphiphilic calcium carbonate spheres at the oil-
water interface and distortion of the droplet surface (see
Figure 4). The default experiment, using non-modified
calcium carbonate particles (HBM 1), results in imme-
diate separation of oil and water phases.

As the biotechnological production of the engineered
proteins on lab scale is limited to the milligram scale, no
detailed variation of process parameters could be con-
ducted in this study. However, the presented proof-of-
concept of employing proteins specifically engineered
for biomimetic mineralization opens up manifold oppor-

tunities for future research, including mechanistic studies.

In addition to the demonstrated amphiphilicity of the
resulting mineral particles other fusion protein function-
nalities could be considered, such as specific binding
sides, biocompatibility and biological activity. The dem-
onstrated use of engineered, ceramophilic fusion proteins
for the production of functional fillers and pigments for
future studies might be especially interesting at the very
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Figure 3. X-ray diffractograms of calcium carbonate sam-
ples obtained with no additive, HBM1 (a), with non-mod-
ified hydrophobin, HBM 4 (b) and with ceramophilic mod-
ified hydrophobin, HBM5 (c). Main peaks of the calcium
carbonate crystal modifications calcite (C) and vaterite (V)
are indicated, as well as inclusions of sodium chloride (N).

Figure 4. Oil droplet of an oil-in-water Pickering emulsion,
showing the amphiphilic calcium carbonate microspheres
absorbed at the oil-water interface.

exciting and fascinating interface between biological sys-
tems, nano- and micromaterials.

4. Conclusion

The study demonstrates for the first time the synthesis of
amphiphilic calcium carbonate particles by using engi-
neered proteins. Mimicking the natural process of bio-
mineralization enables the synthesis of mineral particles
with potential application as novel functional fillers and
pigments [34]. Earlier studies of natural biomineraliza-
tion processes have revealed the crucial importance of
structure-directing agents, enabling binding of metal ions
and adsorption at crystal faces [35,36]. Synthetic poly-
mers, such as double-hydrophilic block copolymers and
polycarboxylates, have been successfully employed for
the morphological control of biomimetic minerals and as
crystallization inhibitors. In his study the concept of
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biomimetic mineralization has been extended from syn-
thetic polymers and natural proteins, to novel engineered
fusion proteins with additional ceramophilic binding sites,
i.e. hydrophobin containing an additional glutamic acid-
rich protein sequence (HFB I-ZE). In contrast to non-
modified hydrophobin, the calcium carbonate particles
obtained from biomimetic mineralization, are uniform in
size and morphology. The dried mineral phase shows un-
der normal conditions thermodynamically instable vate-
rite as the predominant crystal modification. In addition
to the observed size control, the engineered protein (HFB
I-ZE) induces additional functionality to the resulting
mineral particles. Pickering emulsions have been pre-
pared as a demonstration of their amphiphilicity and
emulsion stabilizing properties.
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