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1 General Introduction

- ”A complex system that works is invariably found to have evolved from a simple system
that worked. A complex system designed from scratch never works and cannot be patched
up to make it work. You have to start over with a working simple system.” - [1] This fa-
mous statement made by John Gall, an American author, describes one philosophical
approach of creating complex systems. Nowadays, this statement is known as Gall’s
law and can be applied to many different disciplines such as material science. Com-
bining elementary systems exhibiting intriguing properties with additional function-
alities and fusing them with further functional materials is a powerful pathway to
constructing novel composites or hybrids extending the field of application for the
utilized compounds. This work focuses on different self-assembled systems, especially
silica-biomorphs, and their combinations. The different parts of this thesis intertwine

like gear wheels as illustrated in Figure 1.1.

Figure 1.1: Illustration of the thesis structure combining multiple fields constituting new in-
novative functional materials based on silica-biomorphs.

The fundamental simple system in this thesis is a composite consisting of amorphous
silicon dioxide (silica; SiO,) and crystalline barium carbonate (witherite; BaCO;). This
one-of-a-kind system is able to form extraordinary morphologies in the micron range
similar to living organisms. For this reason, these structures are called silica-bio-
morphs.[2] The outstanding self-assembled purely inorganic sculptures give rise to the
desire to adapt and implement them into functional complex systems. Understanding

and modifying this system constitutes the key step for the first gear wheel (grey) which
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provides the bedrock for this work.

Based on the knowledge of additional functional materials, e.g. magnetite mesocrys-
tals, and functionalization pathways, advanced systems can be created raising the com-
plexity to the next level (central gear wheels).

In the third part (right gear wheels), the gained knowledge of the formation and func-
tionalization mechanism is utilized for the synthesis of the complex systems targeting
special applications such as biomorph-based micro-carriers. All the different parts of
the simple systems must work together to fulfil their complex purpose. The overall as-
signment of this work is the amalgamation of the previously illustrated meshing gear-
wheels to design complex systems with multiple functionalities and, finally, establish

a new class of biomorph-based materials.
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2 State of the Art

The following sections illustrate the current state of the art for the relevant inves-
tigated topics published at the beginning of this thesis in 2015. Investigations and
recent breakthroughs by other groups published during the project schedule will be

set in context in the Concluding Remarks and Outlook (Chapter 7).

2.1 Biominerals

Nature is a rich source of outstanding materials stimulating the imagination of sci-
entists for decades to understand and mimic materials’ formation, morphology, and
properties. Minerals, both geologic and biominerals, consist of mainly inorganic mat-
ter but the morphology of the living world differs tremendously from the non-living
realm. Geologic minerals are shown in Figure 2.1 where the strict symmetry and an-
gled facets are displayed. In this selection, the most important materials which will be
discussed in this thesis are presented in their macroscopic, geological, and non-living
form, i.e. earth alkaline carbonates, silica (and silicates), and iron oxides. Most of
the shown minerals also appear later in this work but vary in their morphology. Fig-
ure 2.1 displays only macroscopic morphologies. Macroscopic carbonates are shown
in 1 (calcite) and 7 (witherite). Calcite (trigonal crystal class, R3c) shows bitrigonal-
scalenohedral crystals while witherite as an orthorhombic crystal class (Pmcn) exhibits
elongated bipyramidal morphologies with a pseudo-hexagonal outline.[3, 4] Both are
supposed to be colourless but due to impurities, they show a pale brownish colour.
Besides the carbonate crystals, Figure 2.1 also shows Si containing minerals (2, 3, 4, 6;
Si0O, and silicates). (2) is a Topaz (orthorhombic, Pbmn) which is a part of the class of
the ortho-silicate minerals.[5] (3) is an a-quartz and called Morion (left-quartz, trig-
onal, P3,21). The colour originates from gamma rays and aluminium substitution
induces a brownish to grey hue.[5] Minerals consisting of iron are also shown in the
figure. The rose of iron (5) is formed from hematite (Fe(III) oxide, Fe,O,). Another iron
oxide mineral is shown at number (9) as cubic magnetite crystals (FeO - Fe,O5, Fe;O,).
Another cubic iron-containing mineral is shown in (8) (pyrite, FeS,). The ruby which
is shown in (10) was selected to show the clear symmetry of minerals and because of
its beauty.

In contrast to the strict symmetry of pure inorganic minerals, biominerals formed

by living organisms consisting of similar inorganic components exhibit elaborate ar-
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Figure 2.1: Photographs of selected crystals taken from the crystal collection of the Uni-
versity of Konstanz. (1) Calcite crystals (CaCO;, Unterschichen/Uri/Switzerland); (2)
Topaz orthorombic silicate (Al,[(F,OH),SiO,]); (3) Morion (SiO, - example for left quartz,
Goschener Alp/Uri/Switzerland); (4) Mountain crystal (smoked quartz, Galenstock/ Switzer-
land); (5) Hematite (Fe,O; - “Rose of Iron”, Fedenstock/Uri/ Switzerland); (6) bi-pyramidal
quartz (“Herkimer diamond”, New York/USA ); (7) Witherite (BaCO;, Settlingsstones
Mine/Northumberland/England); (8) Pyrite (FeS,, Navajan/Spain ); (9) Magnetite (FeO -
Fe,0;, Transversells/Piemonte/Italy), (10) Ruby (Al,O;, Beferona/Madagascar)

chitectures going beyond crystallographic restrictions and devouring the underlying
crystal phases (Figure 2.2). A wide morphological variety from sinuous surfaces and
smooth curvatures to hierarchical architectures can be attained.[6] Therefore, rounded
shapes are, simply put, associated with living organisms while strict symmetric crys-
tals with clear angled facets are attributed to the non-living world.! A collection of
different biominerals can be seen in Figure 2.2.

These biominerals consist of nano-sized building blocks, formed in a bottom-up ap-
proach, and are integrated into the structure to provide the composite with its function-
ality.[6] The functional adaptation drives the appearance of morphological features
resulting in remarkable structural diversity. Besides the multitude in shapes and
sizes, the composition of biominerals is also versatile.[11] One of the pervasive mineral
phases in nature is calcium carbonate.[12] Corals (Figure 2.2 B), Coccolith and other
algeas (Figure 2.2 C,E) or sea urchins (Figure 2.2 D) are just some organisms using

CaCOyj as inorganic phase in their (exo)skeleton.[6-10] Nacre, a prominent example

' This generalizing statement is challenged in the upcoming chapters

2.1 Biominerals
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200um

Figure 2.2: Collection of biominerals based on CaCOj;. A) Nacre shell (reprinted with permis-
sion from ref. [7]), B) Natural coral from southern Australia (reprinted with permission from
ref. [8]). C) Marine coccolith (reprinted with permission from ref. [6]). D) Tip of a sea urchin
spine (reprinted with permission from ref. [9]). E) Heterococcolith (reprinted with permission
from ref. [10])

for CaCO, biominerals, can be found in specific mussel shells (e.g., Haliotis pulche-
rina)[7] and is composed of 95 wt.% CaCO, (aragonite) mineralized in a structural
organic framework.[7, 13, 14] The organic matrix facilitates the partial orientation of

the mineral phase.[15]

It is still under investigation how these structures are formed and how the growth is
controlled by living organisms.[12, 16-24] Biominerals consist predominantly of inor-
ganic phases and only minor amounts of organic components. Organic constituents
influence the structural formation process and define the properties of the biomineral
pivotally on all length scales. During the structural formation process a high degree

of orientation of the building blocks is gained, leading to hierarchical architectures.

One example of the inner hierarchical structure of a biomineral is shown in Figure
2.3 A.[23] Here, a sea urchin spine was investigated with microtomography (uCT)
measurements to show the complex porous setup on the cm to mm range. Within

the porous structure, void spaces are interspersed with a composite of amorphous

2.1 Biominerals
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and crystalline materials. The mineral phase includes crystalline calcium carbonate
(calcite) and amorphous calcium carbonate (ACC) as well as biomolecules. It is as-
sumed that the spines form from an ACC precursor phase[9, 25] bearing a sufficient
amount of macromolecules and Mg?* ions. This stabilizes the amorphous phase and
so prevents fast crystallization.[26-29] The ACC precursor phase most likely acts as
an ion reservoir for the crystallization of calcite, which partly expels or includes bio-
macromolecules.[30] The calcite crystals are hierarchically ordered and form mesocrys-

talline parts, which will be explained in Chapter 2.3.

‘ e “wmu =

uCT of sea urchin spine

| Amorphous + Crystalline composite! 4
W Void space in structure h ‘
m ACC + Biomolecules

A-axis

® ACC + Biomolecule inclusions “ ¢ Cat+
| Crystalline phase ‘ ‘ e
porous structure mesocrystalline structure
centimeter (cm) millimeter (mm) mic (nm)
COMPLETE GROWTH  / § ; Z

INCOMPLETE
GROWTH

Figure 2.3: Structure of biominerals. A) Inner structure (microtomographic image) of a sea
urchin spine (reprinted with permission from ref. [23]). B) Crystal structure of calcite. C) A
coccolith growth sequence with the three typical stages. D) Transmission electron micrograph
of the proto-coccolith stage. E) Scanning electron micrograph of the intermediate stage of a
coccolith growth (reprinted from ref. [10], scale bars not defined by the author).

The crystal structure of calcite is shown in Figure 2.3 B. Depending on the additives,
e.g. the macromolecules in the sea urchin spine, the crystal growth is highly influ-
enced and the crystal morphology varies. Besides the quite large sea urchin spine, even
smaller species have mechanisms to influence the crystal growth of calcite to their spe-
cial needs; a group of these species are the coccoliths. An example of how these species
form exoskeletons with CaCQOyj is also shown in Figure 2.3 C-E. Their formation starts
with nucleation of a proto-coccolith ring of simple crystals with a vertically oriented

c-axis. These parts are named V-units. They are linked to the radially oriented units

2.1 Biominerals
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(R-units) and are found in the early stages in the proto-coccolith ring (cf. Figure 2.3
D).[10, 31] In the micrograph two types of nuclei are shown which are linked to the
postulated V- and R-units. According to Young et al., these two units grow from their
distinct crystal units towards an intermediate incomplete growth stage until the final
superstructure is formed.[10] The nucleation as well as the growth of the crystal are
considered as distinct stages in the biomineral formation.

These two systems are summarized examples of how complex the biomineralization
process can become.

Nature follows different approaches to control biomineralization. According to Mann

et al., the following key points are involved:[11]
* chemical control
* spatial control
* structural control
* morphological control
* constructional control

Chemical control includes physicochemical factors and processes, such as solubility,
supersaturation, nucleation, and particle growth. Furthermore, it includes the media
as well as additives which influence the mentioned parameters.[17, 32, 33]

Spatial control describes the mineral formation in confined spaces where the building
blocks (atoms, ions, and molecules) are selectively transported gaining control over
the chemistry and kinetics.[11]

The structural control describes the templating during mineral formation through an
organic matrix, containing functional groups acting as nucleation sites or capping
agents.[34]

The morphological control confines the available space and conducts the crystal growth
towards specific directions. Here, an amorphous precursor phase can influence the
morphology of a growing crystal.[29, 35]

Constructional control reflects the material’s hierarchical architecture built via the as-
sembly of individual building blocks over several length scales.

Additives play a ubiquitous role in biomineral formation: tuning functionality, con-

trolling size as well as shape, and influencing their growth. The mineral forms in the

2.1 Biominerals
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living and non-living world can, therefore, be explained by the presence or absence
of these organic (and inorganic) additives. As the only difference are the additives,
material scientists questioned themselves how to adapt their synthetic approaches to
nature and mimic the biominerals with the goal to create artificial and synthetic ma-
terials surpassing their natural archetypes.

The idea of synthetic biominerals and bio-inspired materials can be realized by various
approaches. In Figure 2.4 a selection of such materials is shown and the synthesis

according to the following approaches:
* molecular templates
* supramolecular templates
* surface templates

which differ mainly in the chosen additives.[17]

By equipping molecules with functional groups, a certain degree of selectivity to con-
trol nucleation, crystal growth, and stabilization of the nanoparticle is given. The
scheme presented in Figure 2.4 A, displays the process of a core-shell synthesis of
CdSe-ZnS particles with a bifunctional peptide as a molecular template.[36] The pep-
tide has a special amino acid sequence which provides selectivity to both cations needed
in the final material. The cadmium binding domain of the peptide interacts with the
provided Cd?* ions in a first step followed by the addition of NaHSe resulting in well-
defined and peptide-stabilized CdSe crystals. Afterwards, the material is incubated in
a ZnCl, solution and the second zinc-binding domain of the peptide binds the avail-
able zinc ions to control the formation of the ZnS shell around the CdSe cores. As a
final product, core-shell particles were obtained through a molecular-templated pro-
cess, inspired by biomineralization controlled by small molecules.

In the next examples (Figure 2.4 B and C) synthetic biominerals were prepared via the
supramolecular template route. In B the synthesis of CdS was controlled using coor-
dination of the ions at a polymer nanoribbon resulting in nanoscopic CdS helices.[37]
Within these helices, the CdS forms 4 to 8 nm large polycrystalline domains. The
whole structure of the assembly comes from the organic supramolecular template
which contains a triblock architecture called dendron rod coils. The cartoon illustrates
how the blue helix serves as a template for the polycrystalline CdS (yellow) growth

along the supramolecular surface. In Figure 2.4 C another supramolecular-templated

2.1 Biominerals
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Figure 2.4: A) Illustration of a biomineral inspired synthesis of core-shell nanoparticles of
CdSe with ZnS through bifunctional peptides (reprinted with permission from ref. [36]). B)
Chemical structure of dendron rod coil, a TEM image of CdS helicoidal structures precipi-
tated in the presence of the rod coil, and a 3D animated figure how CdS (yellow) is templated
(reprinted with permission from ref. [37]). C) Schematic illustration of nacreous layer forma-
tion of K,SO,-PAA composites and the corresponding SEM images (reprinted with permission
from ref. [20]). D) Cartoon of CdS formation around self-assembled amphiphiles and its corre-
sponding TEM image (reprinted with permission from ref. [38]). On the right side of D) calcite
crystals formed on a PVA-SbQ photomask (reprinted with permission from ref. [39]).

approach is shown. Here, the authors mimic nacre by preparing a hierarchically or-
ganized structure of K,SO, and polyacrylic acid (PAA).[20] The structure consists of
crystal plates which are up to 1 ym thick and form an oriented assembly. The struc-
tural appearance resembles nacre and is fabricated as illustrated in the figure. To
achieve the hierarchical structure, two polymer types are involved - soluble and insol-

uble ones. The layered assembly is controlled through the insoluble polymer (type I)

2.1 Biominerals
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and can be compared to chitin and hydrophobic proteins in biominerals.[40, 41] The
next layer can be formed via a mineral bridge. The soluble additives (type II) con-
taining polar groups (e.g. amines, carboxylates or hydroxides) interact with the polar
surfaces of the crystals to produce building blocks with controlled morphology and
orientation. In case of the mimetic nacre from Oaki et al., the PAA functions as the
soluble type II additive, and its excess which is not interacting with the crystal sur-
faces acts as a type I additive. This example demonstrates the action mechanism of
supramolecular templates for creating biomimetic materials.[20]

The example of a surface-templated approach shown in Figure 2.4 D is the formation of
biomimetic materials on organized surfaces. A modification of the surface can directly
influence the nucleation, a crystals’ orientation, polymorphism, and morphology of the
forming crystals.[42—44] This allows a controlled formation of films and arrays. These
surfaces can be 2D or 3D. A 2D example is presented on the right side in the scanning
electron micrograph: a substrate was coated with a poly(vinyl alcohol) (PVA) with a
photosensitive PVA derivate with styrylpyridinium groups (SbQ). Applying a mask
(e.g. the number 6 as shown in the figure) allows a selective light-induced formation
of CaCOj crystals.[39, 45] On the left side a 3D assembly of amphiphiles was used
to create an organic-inorganic composite with CdS as the inorganic phase.[38] This
structure can be obtained using an oleyl block which forms the core of the segments
while a hydrophilic domain is exposed to the solution and can work as a nucleation
site for the CdS crystals.

In this chapter, exemplary biominerals and presented biomimetic approaches demon-
strate the huge variety of structures and functionalities that have been discovered in
this field so far. The uniting component was that organic matter fused with inorganic
crystals outclass the pure inorganic substance in its properties. If only organic matter

is suited for these purposes will be answered in the upcoming chapters.

2.2 Silica-Biomorphs

The above-described principles of biomineralization state that only organic additives
are suitable as crystal growth modifiers and allow the formation of hierarchically or-
dered structures. So far, only slight impacts of inorganic additives are mentioned and
they draw far less attention in the mineralization processes. One example of inorganic

additives and their effect on mineralization is the influence of Mg?* ions on the poly-

2.2 Silica-Biomorphs
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morphism of CaCO,.[46] The potential to modify the materials and even to enable the
formation of superstructures was considered rather limited for simple inorganic addi-
tives. Due to this assumed limited impact of inorganics, silica (SiO,) - another simple
inorganic species which forms in gels - was considered an ideal media for the growth
of large single crystals and gained popularity in the renaissance of crystal growth in
gels in the early 1980s.[47, 48] In abiotic environments the formation of life-like mor-
phologies with non-crystallographic orientation was unthinkable until Garcia-Ruiz et
al. discovered crystal aggregates in silica-gels with very unusual shapes.[49, 50] These
forms mimic natural appearances and are therefore named silica-biomorphs. These
findings challenge the determination of biogenicity only by morphology as an indica-

tor of life.[2]

2.2.1 A Unique Appearance - General Introduction to Silica-Biomorphs

Silica-biomorphs are an outstanding finding in the field of self-organized, pure inor-
ganic matter. They are formed in moderately alkaline silica sols if earth-alkaline metal
ions like Ba*, Sr?* or Ca®* are present.[51-53] They appear in multiple forms which

are shown in the morphodrome in Figure 2.5.[51]

As shown in Figure 2.5, biomorphs can be quite compact and resemble worm-like
beings (first picture) or show more leaf-like and fragile appearances. Between these
structures, there are different transition states and structural mixtures.[54] The main
research aspect in this field is to understand the system, the formation process, and
parameters which allow to manipulate the final shape. The first discovered morpholo-
gies were twisted ribbons, helicoidal and leaf-like structures.[50] They were grown
in silica gels and named induced morphology crystal aggregates (IMCAs). The experi-
mental setup filled with silica gel is shown in Figure 2.6 A (adapted from [50] and
redesigned). Inside of a gel cassette, silica gel was prepared by acidifying a sodium
silicate solution.[49] After gelification, the gel was overlayed with an earth-alkaline
metal ion solution or a cation and anion precursor solution were injected. The mate-
rial formation occurred close to the centre of the gel cassette. In the first experiments
ever performed, biomorphs appeared at the gel-earth-alkaline solution interface. It
was quite surprising because the chosen counter ion in these experiments was sulfate
and barite (BaSO,) crystals were expected in the centre. After investing the formed

structures which looked like biological contamination, the formed crystalline material

2.2 Silica-Biomorphs
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Figure 2.5: SEM morphodrome of different silica biomorph motifs. (reprinted with permission
from ref.[51])

turned out to be witherite (BaCO;). Through counter diffusion of dissolved carbon-
ate from the gel to the gel-liquid interface and the cation into the gel, the formation
of biomorphs occured at various positions within the gel. In later studies, an addi-
tional carbonate source was placed on the other side of the gel or directly inside the
gel.[50, 55] Besides the gel capillary experiments, identical architectures were obtained
from diluted silica sols with SiO, contents of 250 to 1000 ppm and an earth-alkaline
metal ion concentration of 5 mM up to 0.5 M.[52-54, 56-59] Compared to gels with
an initial pH of 9.3-9.8 [60], the structures in solution are formed at initial pH values
of 10.2 to 11.1.[61] Furthermore, Figure 2.6 B-D shows the main morphologies that
were obtained in these conditions. A substitution of barium ions with strontium ions
resulted in the same structures. An explanation for this finding is that strontianite
(SrCO,) forms nearly identical crystal architectures as witherite (BaCO,) as they are
isomorphic minerals and part of the orthorhombic group Pmcn.[58, 62] Also, the in-
teractions of the lattice surfaces with the surrounding medium are nearly identical

which results in a comparable growth mechanism. Lighter earth-alkaline carbonates,
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Figure 2.6: A) Adapted scheme of the gel capillary of the first growth of biomorphs. B)-D):
scanning electron micrographs of a biomorph sheet (B), helix (C) and a biomorph worm (D)
(adapted with permission from ref. [51]).

especially the rhombohedral magnesite (MgCO,) and calcite (CaCO3)2 with the space
group R3c did not produce structures fitting the definition of biomorphs. Biomorphs
are defined as purely inorganic crystal aggregates with elaborate life-like architectures
and complex curved morphologies. Nonetheless, calcite also forms/formed interest-
ing structures in silica gels. e.g. finger-like structures which are cleaved rhombohe-
dral crystals, linked through their c-axis.[63, 64| Further calcite structures which ap-
pear in the presence of silica show a three-fold symmetry with a mutual angulation of
120° that originates from selective adsorption of silica species on the {110} calcite face,
transforming the crystals from rhombohedral to star-like shapes.[64-66] When mod-
ifying the reaction conditions towards aragonite formation (a polymorph of calcium
carbonate with orthorhombic crystal class and isomorph to witherite and strontianite)
structures were achieved that can be considered real biomorphs.[67] Unfortunately,
twisted ribbons and helicoidal structures were not obtained from calcium carbonate.
A possible explanation for this finding might be the higher polarity of small cations
and their hydration as well as their different interaction with the silicate species. This
agrees well with their tendency to promote silica condensation (v,,) with decreasing

cation size:[51]

Veond & c(Ba?") < ¢(Sr?*) << ¢(Ca’") < c(Mg?*) (1)

As the velocity of the silica condensation also influences the crystal precipitation these

2Biomorphic structures were later found for aragonite and monohydro calcite.
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two processes influence each other and lead to a further variety of life-like shapes.
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Figure 2.7: Comparison of naturally occurring morphologies and pure inorganic biomorphs.
A) Optical microscopy image of a protist Stentor roeseli compared to a trumpet-like silica
biomorph (B). C) Optical microscopy image of a late Precambrian microfossil (Calyptothrix
annulata) found in bitter springs (central Australia) compared to a biomorph worm (D). E) Op-
tical micrograph of bacteria G. ferrudinea and helicoidal biomorphs (F). G) Optical microscopy
image of a middle Precambrian Duck Creek microfossil Eoastrion (found in western Australia)
compared to silica biomorph leaves (H). I) SEM image of a carbonate aggregate found on the
Martian meteorite ALH84001 and an SEM image of a biomorph worm (J). (Images are reprinted

from [2, 68])

Due to the fascinating shapes formed in this abiotic system that resemble structures
occurring in the living world, the term biomorphs was established and is nowadays a
common expression used to describe these composites. The occurrence of such shapes
in purely inorganic systems mandates an additional task for the research concerning
biomorphs because many ancient microfossils show similar structures.[2] The deter-
mination techniques to specify the biogenicity of microstructured fossils is thus chal-
lenged because there cannot be a strict distinction between an organic and inorganic
form based only on its morphology.[2, 52, 69, 70] Figure 2.7 shows multiple examples
of how silica-biomorphs mimic living organisms or fossils. Therefore, the morphology

alone seems to be an ambiguous indicator of biogenicity at best, which was also the
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title of a manuscript published in 2002 by Garcia-Ruiz et al. in Astrobiology.[2] The
examples shown in Figure 2.7 were reprinted from this publication and demonstrate
the huge morphological variety of silica-biomorphs. In this figure, biomorphs are dis-
tinguished from their natural equivalents by the purple background in the polarized
light microscopy images (PLM). In A, a protist (Stentor roeseli, microscopic living be-
ing) in a trumpet-like shape is mimicked by a trumpet-shaped silica biomorph which
is shown in Figure 2.7 B. Another micrograph of a living being is shown in E. Here, the
presented bacteria exhibit a helicoidal shape. This shape can also be formed by silica-
biomorphs as shown in the PLM image F. Microfossils found in ancient rocks are shown
in C and G. Again, these morphologies can also be exhibited by silica biomorphs, e.g.
in D as a worm-like braid or in Figure 2.7 H as an aggregate of multiple biomorph
leaves. Besides finding primitive life on earth and ancient rocks, space provides fur-
ther interesting morphological formations (cf. Figure 2.7 I) which also resembles living

beings or a silica-biomorph which is shown in J.

2.2.2 Composition of Biomorphs

Different analytical technics can be employed to investigate the composition of silica-
biomorphs. X-ray diffraction analysis provides information about the crystalline phases
of the biomorphs, namely the carbonates.[2, 57, 59] The amorphous silica layer can be
investigated with spectroscopic methods like infrared (IR) or energy-dispersive X-ray
spectroscopy (EDX).[8, 54, 58, 62, 67, 71] While investigating the morphology with
scanning electron microscopy, an EDX analysis can be performed at the same time re-
sulting in space-resolved spectra. A layer of silica nanoparticles with typical diameters
between 50 and 150 nm can be observed around the silica-biomorphs. Depending on
the growth time and chosen conditions, the relative amount of silica compared to the
earth-alkaline metal content seems rather low (approximately 5-50 at.%). These huge
deviations originate mainly from the silica shell that covers the whole structure. Also,
the region where the measurement was performed influences the result tremendously.
One reason is that EDX measurements are surface sensitive and, as mentioned before,
biomorphs are mainly covered in a silica shell resulting in a higher silicon content
compared to the core material. Ground biomorphs yielded a far more realistic amount
of the Si/Ba ratio of 0.2-0.3.[71] If the structures did not contain an outer silica mem-

brane the Si/Ba ratio was even lower (0.02 to 0.1).[54] Therefore, the silica content
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within the core material linking the nanocrystals can be considered quite low.

Another interesting way to investigate the composition of biomorphs is by dissolving
the components selectively. Inserting the structures in sodium hydroxide solution dis-
solves the silica while acids, e.g. diluted acetic acid, result in the dissolution of the
inner carbonate core. In this way, a hollow biomorph structure which consists only of
the outer silica skin is obtained. These structures maintain their original morphology

and are called biomorph ghosts (cf. Figure 2.8 A).[2, 52, 56, 59, 62, 71]

Figure 2.8: Composition of biomorphs. A) time-resolved image of a biomorph worm in di-
luted acetic acid (reprinted from ref. [2]). B) Close up view of exposed witherite crystals in a
biomorph sheet (scale left 1 ym and right 500 nm; reprinted from ref. [51])

While dissolving the carbonate core with diluted acids, space-filling silica networks
were found in a few cases allowing for the assumption that the crystal phase bears
co-precipitated silica. Due to its rare appearance, it can further be assumed that the
amount of co-precipitated silica varies between each experiment and structures.[62]

Immersing the biomorphs in quite concentrated NaOH solution (1 M) exposes the
polycrystalline architecture. Figure 2.8 B shows a close-up scanning electron micro-
graph of a biomorph sheet without an outer colloidal silica membrane. The crystals
look quite uniform and are partly radially aligned. Each crystal can be seen as an in-
dividual nanorod which exhibits a pseudohexagonal habit.[54] This shape is common
for aragonite-type carbonates and the result of a twinning along the {110} plane.[72]
The obtained rods are 200 to 400 nm long and 5 to 100 nm in width.[52, 56, 57, 71, 73]
The amount of silica (in fact silicon) inside of the nanorods can be up to 5%. It is
unknown how the Si amount interacts with the nanocrystals, but it can be assumed
that silicate ions are incorporated into the carbonate lattice. This incorporation pro-
motes the pseudo-hexagonal growth and modifies the cell parameters which was ob-
served in X-ray diffraction studies.[59] Besides incorporation of silicate species in the
crystal structure itself, a coating of the single nanorods with a thin silica layer is dis-
cussed. This could not be verified yet but the growth conditions would allow such

an assumption.[54, 62] This might also explain the stability of the nanorods and the
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certain amount of silica that can be found in the bulk material of silica-biomorphs.
Additionally to coating, it might bridge the single units together. After understanding
the composition of biomorphs, it is mandatory to investigate the formation process to

be able to influence the biomorph form, composition, and functionality.

2.2.3 Formation Mechanism

The formation process of silica biomorphs can be separated into three fundamental
stages which were revealed by Kellermeier et al. and each stage can be separated by

the bulk pH value of the growth solution.[54]

Stage 1: globular particle formation through fractal branching

Despite the multiple morphologies which can manifest at the end of the growth pro-
cess, all structures originate from a single micron-sized carbonate crystal. This crystal
nucleates once the carbonate concentration in the alkaline solution, which gradually
increases through the diffusion of atmospheric CO, into the mixture, reaches the criti-
cal supersaturation. During the growth of the crystal, silicate species induce a poison-
ing resulting in the branching of the crystal tip.[53, 74] This branching process can be
seen in Figure 2.9 A) in the time-resolved light microscopy images where the first and
second generation of branching can be monitored. Figures 2.9 B-D provide the corre-
sponding scanning electron micrographs of these stages.[51] Despite the orthorhom-
bic crystal class of witherite (Pmcn), a hexagonal appearance can be observed in Figure
2.9 E as the initial crystal of the dumbbells.[74] This phenomenon results from the
twinning of the crystal that is quite common for the isomorphic CaCO; polymorph
aragonite as well. The continuous branching initiates the so-called “rod to dumbbell
to sphere” mechanism which can be found in many systems, e.g. in fluorapatite.[75]
This mechanism is illustrated in Figure 2.9 F and supported by the SEM images in G
and H.[75] In the beginning, the silica poisoning affects the splitting along the basal
{001} plane or the bipyramidal faces at the {102} and {021} plane. At this stage, the sil-
ica does not adsorb onto the surfaces and, as a consequence, it is pushed ahead of the
growing crystal. This has already been reported for other systems[76, 77] and results
in first-generation branches which encounter poisoning as well. This results in the
next generation of fractal branching. Through the ongoing branching, the structures

evolve into the cauliflower forms which are shown in Figure 2.9 F, G and H. Silica itself
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Figure 2.9: The formation mechanism of the globular apex or dumbbells. A) Light microscopic
time-lapse images of a growing witherite crystal including the first and second generation of
branching. B-D) Scanning electron micrographs of a single witherite crystal before branching
(B), after the first branching (C) and multiple branchings steps (D). E) SEM image of an open
dumbbell exposing the pseudo-hexagonal starting crystal. F) Computerized visualization of
the dumbbell formation. G, H) SEM images of dumbbells (here fluorapatite) at an early stage
(G) and after the full dumbbell formation (H). (Scale bars are: A: 20 um; B, C, D: 5 um; E: 2 um;
G,H: 10 um. Images are reproduced with permission from [51, 74, 75].)

is nearly not absorbed during all these branching processes resulting in Si/Ba atomic
ratios < 0.01.[54] This very low Si/Ba ratio can be explained with the high pH of the
growth solution and the majority amount of silica remaining dissolved. It can fur-
ther be assumed that the fractal branched mother crystal’s evolution to the dumbbells
is supported by nanoscale building blocks of carbonate. These subunits may be co-
aligned along with their c-axis and may exhibit single crystal-like diffraction patterns.
If this is true, these particles match the definition of mesocrystals (will be explained
in Chapter 2.3).[75, 78] Even if it is not fully discovered for this particular system, the
model of the impurity-induced branching in crystallographic and in later generations
also non-crystallographic angles is broadly accepted. The obtained globular sphere
serves as the starting point for even more complex morphologies. The first stage is
terminated once all active growth sites on a globular apex are blocked by silica. This

goes hand in hand with a significantly lower pH value. The next stage is initialized
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once the supersaturation of carbonate and the corresponding earth-alkaline metal ion
is high enough to induce further carbonate nucleation. The morphologies formed in

the second stage determine the final shape of the silica-biomorph.

Stage 2: polycrystalline growth

This stage is initialized through nucleation of carbonate crystals that orient themselves
to the underlying lattice of the globular particle. The crystals begin to generate a
growth front leading to polycrystalline mineralization. They are generated frequently
under the present conditions, but their growth is directly aborted by interfering silica.
Due to the direct abortion of the crystal growth, the continuously increasing saturation
pressure on the carbonate system can only be relieved through new carbonate nucle-
ation. This phenomenon results in a continuous formation of nanocrystalline building
blocks within this stage.[74] The building blocks attach and assemble to form laminar
segments.

It is crucial to understand why the crystal growth is blocked on the nanoscale and how
the attachment of the building blocks works to create superstructural motifs on the
micron scale. For this reason, the pH dependence of silica and carbonate formation
must be understood. In the pH range where the biomorph formation occurs, typically
between 9 and 11, carbonate and bicarbonate exist in an equilibrium (cf. Figure 2.10
B). Formation of earth-alkaline metal carbonates and their precipitation continuously
shifts the equilibrium while acidifying the solution. This continued release of protons
reduces the solubility of silica by forming free silanol groups (Si-OH) which can fur-
ther undergo polycondensation. Therefore, two pH-coupled reactions operate within

this system:

* earth-alkaline metal carbonate precipitation lowers the pH through proton re-

lease
* silica condensation consumes released protons and increases the pH.

The silica biomorph formation includes a stage where an autocatalytic co-precipitation
is continuously forming the two building units. This process is illustrated in Fig-
ure 2.10 A.[51] This autocatalytic process resembles other oscillating reactions which
are deflected from their equilibrium state like the popular Belousov-Zhabontinsky

reaction.[82] In the illustration, the carbonate nanorods are formed (red) and covered
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Figure 2.10: A) Autocatalytic co-precipitation depending on released protons in a witherite-
silica system. B) Distribution of the carbonate (black) and bicarbonate (grey) species as a func-
tion of the pH and the solubility of silica as a function of the pH (blue curve and second y-axis;
reprinted from ref. [51, 79]). C) Schematic illustration of the ongoing silica condensation and
its influence on the pH (reprinted from ref. [80]). D) Profile of the supersaturation as a function
of the distance from the growth front of silica and witherite (reprinted from ref. [81]).

by a thin silica layer(blue). Therefore, this cyclic process should result in local pH
gradients as shown in Figure 2.10 C. Once the carbonate is precipitated directly at the
growth front, the local pH close to the front decreases resulting in a promoted silica
condensation close to the edge of the structure. While silica is formed, the pH close
to the growth front is increased again leading to further carbonate nucleation events.
Therefore, it can be assumed that the material formation is not equally distributed in
the whole bulk solution. It seems to be a local effect which is observed in an active
region close to the growth front of the biomorph. This is also illustrated in Figure 2.10
D.[81] Nevertheless, until the beginning of this thesis, the local pH changes were not
yet proven by experiments. Also, the assumed pH oscillation is not represented in
the bulk solution. In fact, the bulk pH decreases over time through the ongoing dif-
fusion of atmospheric CO2 into the solution.> Another interesting finding is that the
bulk solution does not reach a sufficient supersaturation level to allow homogeneous
nucleation (Figure 2.10 D).[54, 61, 81]

The presented growth mechanism explains the material formation including the sizes
of the building blocks but not how the complex shapes in this stage are formed. A

quasi-two-dimensional radial growth of biomorph sheets around a globular apex would

3Investigations from 2016 by Nakouzi et al. showed biomorph formation under CO, exclusion and

constant bulk pH values.[83]
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be expected (cf. Figure 2.11 A).[74] Illustration A shows how a typical growth front
consists of merging co-aligned nanorods (red) connected through silica (blue). The

question remains how more complex structures evolve out of these structures. Sur-

Vo2 Vo

Figure 2.11: A) Biomorph sheet and illustration of the quasi 2D-growth. B) Illustration of the
curl of a biomorph sheet with its corresponding SEM image. C) Schematic illustration of the
tangential propagation of curls on a biomorph sheet. D) Schematic view on the edge to show
how the azimuthal growth velocities and the height form a regular helix. E) Light microscopic
time-lapse images of a forming helicoidal structure. (reprinted with permission from ref. [51,
74, 80])

prisingly, the growth of biomorphs does not follow an unhindered radial expansion of
the 2D sheets with a nearly constant radial growth velocity of V,,. In fact, it is limited in
most cases through curling at the rims. This curl is shown in Figure 2.11 B. In the SEM
image, it can be seen that also the nanocrystals align within the curl. This curling is
the true origin of the smooth curvatures and life-like appearances of silica biomorphs.

The curling has two consequences for the resulting superstructure:
* It hinders radial enlargement of the structure
* The curls itself propagate along the rim of the sheet

This means that most of the biomorph sheets emerge in a leaf-like form and not as a
disc. The propagating curls result in a limitation or a transformation of the growth.
This depends on the orientation of the curls as well. First, we will take a look at the
simplest example that is illustrated in Figure 2.11 C: a biomorph sheet growth with
the radial growth velocity V,,, which is typical 1£2 [51] The rims of the sheet exhibit
curls which arrest the radial growth and are propagating with the azimuthal growth

velocities Vy1 and Vyp. Assuming that the azimuthal growth velocities are slightly
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higher than the radial one, both curls encounter each other at the tip of the biomorph
sheet. Here, the growth will be stopped once the curls have a similar height (H) and do
not have the same orientation. The symmetry of the sheets varies due to the differences
in the azimuthal growth velocities. If they are nearly identical they result in a nearly
perfect cardioid.[74]

Accordingly, the morphology of each structure depends strongly on the described em-
piric parameters. The next shown example demonstrates the formation of a helicoidal
structure. Here, the orientation of the two propagating curls is identical (both clock-
wise or both anticlockwise). The helix formation is displayed in Figure 2.11 D and E.
Once the curls approach with an approximately identical velocity and the same height,
the sheet begins to wind around itself resulting in a helicoidal shape. This can be seen
in the light microscopy images in Figure 2.11 E. The helicoids are also not identical.
Depending on the different growth velocities and the height of the curls, the struc-
tures vary. To obtain a nearly perfect helicoidal structure the growth velocities should
be nearly the same:

V¢1 =~ V({)Z =~ Vp (2)

If structures exhibit a more tightly wound shape, the growth follows this condition:
V¢1 = V¢2 >> VP (3)

The last main structure of silica biomorphs is the worm-like braid. As they are the
predominant motif, their growth should also be explainable through the defined pa-
rameters. Observations allow the suggestion that a biomorph worm is developed once

one curl is significantly larger and propagates much faster than its counterpart:
H, >>H, and V(i’l >> V(PZ (4)

All these parameters do slightly vary at each growth front of each structure. Therefore,
all biomorphs are unique and inimitable. at this stage, the final shape of the biomorphs

is defined and will be finished and preserved within the last stage

Stage 3: Aging effects and secondary precipitations

In this stage, the polycrystalline growth of nanoparticle building blocks is finished.
The pH of the bulk solution has dropped significantly. The biomorphs are finished

with an outer layer of silica passivating the structure. If the structures stay in the
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growth solution longer, the silica layer becomes thicker. With increased growth times,
more carbon dioxide is dissolved in the solution and at a certain point, further car-
bonate crystals precipitate and grow. At this stage, no coupled co-precipitation occurs
anymore. These newly formed crystals attach to the structures as well. These sec-

ondary processes will get more important later.

2.3 Mesocrystals

As mentioned before, biominerals and biomorphs can exhibit mesocrystalline regions.
To understand what this means, the concept of mesocrystals needs to be introduced.
The definition of a mesocrystal was given by Colfen and Sturm stating that a mesocrys-
tal is a "nanostructured material with a defined long-range order at the atomic scale, which
can be inferred from the existence of an essentially sharp wide-angle diffraction pattern to-
gether with clear evidence that the material consists of individual nanoparticle building
blocks.”[84]

This means mesocrystals result from an oriented alignment of nanocrystalline build-
ing blocks.[85, 86] First, it is essential to understand how nanocrystals can be formed
and why they are interesting as a material. In general, nanoscopic particles have a
size between 1 and 1000 nm in at least one dimension.[87] They exhibit outstanding
properties which can differ from their macroscopic equivalents caused by the much
higher surface to volume ratio. Changed properties can be optical[88], catalytic[89],
chemical[90], physical[91], electronical[92], and magnetic[93]. The synthesis of nanopar-
ticles can be achieved by two methods - the top-down and bottom-up approach. In the
top-down-approach, a bulk material is broken down into nanoparticles. This can be
done mechanically, chemically or through lithographic methods.[94] The more widely
applied bottom-up approach results in much more monodisperse particles by build-
ing the particles from a (molecular) precursor which forms activation clusters that can
grow into nanoparticles. To control size and shape, stabilizers are commonly used
to prevent the particles from aggregation and secondary growth effects, e.g. Ostwald
ripening.[95]

Like all other nanoscopic structures, mesocrystals are thermodynamically unstable
and, therefore, an intermediate state of a macroscopic crystal. In the schematic il-
lustration in Figure 2.12 mesocrystal formation processes are described. The synthe-

sis starts via a bottom-up approach from ions or molecules from a single-source sys-
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Figure 2.12: Schematic illustration of different formation pathways of mesocrystals. Initial
states A-I and A-II generate nanoscopic intermediates N-I (stabilized), N-II(partly stabilized)
and N-III (not stabilized). These particles can generate mesocrystals (M-I - M-III) via different
pathways and may form a final single crystal (reprinted with permission from ref. [96]).

tem (A-I), e.g. gold nanoparticles, or multi-source system (A-II), e.g. calcium carbon-
ate. From this stage, they can remain as non-nucleated precursors in solution or start
to nucleate in a non-classical crystallization process to form an amorphous solid or
nanoscopic crystals that continue to grow (also non-crystalline particles can be formed,
but for the sake of introducing mesocrystals these materials are omitted here). The
nanoscopic crystals can be stabilized with surfactants which lower the surface ten-
sion and ensure that the nanoparticles stay dispersed. In the scheme, stabilized (N-I),
partly stabilized (N-II) and non-stabilized particles (N-III) are presented. Depending
on the stabilization, the mesocrystal formation might differ. If the nanocrystals pre-
cipitate very rapidly without any order, a random aggregation is formed resulting in
a polycrystal. If the nanoparticles undergo an oriented assembly, mesocrystals I to III
can be formed. In mesocrystal M-I the nanocrystals are isolated and strictly separated
through the stabilizer layer. In M-II the layer is not fully surrounding the particles
anymore and a fusion or bridging can occur to fuse the crystals. A direct mesocrystal
formation via classical crystal growth is also possible. The same goes for non-stabilized
nanocrystals forming M-III mesocrystals without stabilizing agent within the struc-
ture. A transformation from mesocrystal M-I to M-III is possible. This process is not

reversible. The obtained materials can also be separated by their type and properties:
* A — N-I - M-I is the classical mesocrystal formation

* A — N-II - M-Il is the formation of bridged nanocrystals
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* A — N-III — M-II — M-III describes the formation of porous single crystals
* A — N-III — M-III illustrates the formation of sponged crystals.

Also, the final transformation from thermodynamically unstable mesocrystals to sin-
gle crystals is not reversible. This step can be achieved through classical crystal growth
and fusion of the building blocks. The crystallinity of the materials increases from the
left to the right side of the scheme.[96]

To visualize the definition for mesocrystals Figure 2.13 shows schematic illustrations
and diffraction patterns of single crystals, colloidal crystals and crystalline powders as

well as a mesocrystal.
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Figure 2.13: Illustration of the differences of single crystals, colloidal crystals, crystalline pow-
ders and mesocrystals (adapted with permission from ref.[78] ).[78, 97]

A single crystal exhibits a well defined wide angel diffraction pattern and has a long-
range order of atoms. It is not made of nanoparticular building blocks. Colloidal
crystals show superstructural defined reflections in the small-angle region but do not
show a long-range orientation. Therefore, the diffraction patterns resemble that of a
crystalline powder. The mesocrystal shows a defined diffraction pattern in the wide-
angle region due to the nearly perfectly aligned nanocrystals while in the small-angle
region, superstructure reflections appear. If the alignment of the nanoparticular build-
ing blocks is not perfect, the reflexes can smear out, but a defined face and pattern
identification remains possible. In general, two types of mesocrystals exist: Type I
mesocrystals consist of monodisperse particles and show a single crystalline pattern
in small and wide-angle regions while Type II mesocrystals show a mutual orientation
of polydisperse crystals meaning that single-crystalline patterns are only found in the

wide-angle region and rings appear in the small-angle region. This work focuses on
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Type I mesocrystals and, accordingly, skips a deeper explanation of Type II.

As mentioned before, mesocrystalline parts can be found in biominerals and most
probably also in silica-biomorphs. In the following, the focus will be on synthetic
mesocrystals which are produced by lab-made nanocrystals with very well defined ge-
ometry and functionalities. The exemplary system introduced in the following consists
of magnetite nanocrystals formed using a heating-up method. The principle is shown
in Figure 2.14. The scheme presented in A shows the pathway to create and analyze the
building blocks which can be used for mesocrystal formation. The composition of the
nanocrystals can be determined using, for example, X-ray absorption near-edge spec-
troscopy (XANES) to distinguish between the possible products, magnetite (Fe;O,)
and maghemite (y-Fe,O;). The magnetic properties can be investigated with SQUID
measurements, and the shape of the formed nanocrystals can be analyzed by transmis-

sion electron microscopy (TEM) and high-resolution TEM (HRTEM). The formation of
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Figure 2.14: Synthetic route to magnetite mesocrystals. A) Scheme of the nanoparticle forma-
tion using iron(III) oleate as a precursor creating magnetite mesocrystals. B) Counter-diffusion
experiment setup to create magnetite mesocrystals from magnetite nanocrystals. C) TEM im-
age of a 2D monolayer of magnetite mesocrystals showing the assembly into two different lat-
tices which are shown in the corresponding fast Fourier transformed (FFT) images. D) Reflec-
tive light micrograph of 3D magnetite mesocrystals. E) SEM images of 3D mesocrystals.[98, 99]

the shown iron oxide mesocrystals was done using a counter-diffusion method shown
in Figure 2.14 B. The nanoparticle dispersion was placed into a vial containing a sili-
con wafer. The small vial was placed into a beaker containing an anti-solvent (in this

case ethanol) which continuously diffused into the nanoparticle dispersion lowering

the solubility of the particles. The particles begin to accumulate (comparable to nucle-
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ation of molecular building blocks) and attach on the substrate (silicon wafer) and the
glass of the vial. The formed agglomerates continuously grow into mesocrystals. The
nanoparticle dispersion changes its color from black to colorless, and the volume in the
vial increases through the infiltration of anti-solvent.[100] A close-up of the alignment
can be seen in the transmission electron micrograph shown in Figure 2.14 C.# Here,
a monolayer of cubic particles can be seen.[98, 99] The nanoparticles assemble in two
different patterns highlighted by blue and red rectangles. The fast Fourier transfor-
mation (FFT) of the selected areas give a more detailed insight into the packing. In
the blue rectangle, a primitive packing is shown which corresponds to the p4mm sym-
metry group while the particles in the red areas can be compared to a c2mm group.
In the 3D space, the mesocrystals are investigated by light microscopy. In reflective
light, bright field, the mesocrystals can be seen as up to 50 um large squares (cf. Figure
2.14 D). The inset shows an SEM image of a similar crystal. At higher magnifications,
the SEM shows more details of the packing of the nanocrystals into a 3D mesocrystal
shown in Figure 2.14 E. An FFT of this picture can be generated as well to highlight the
high degree of nanoparticle order. The obtained mesocrystals were grown on Si sub-
strates and TEM grids. If it would be possible to let them grow on selected parts of a
microsized architecture, this concept could be used as an additional functionalization
approach.

To sum up the introduction chapter, I would like to compare the presented self-assembled
systems and provide a short overview of the variety of morphologies of mineralized in-
organic matter in the fields of biominerals formed by nature, biomorphs and synthetic
mesocrystals based on lab-made nanocrystals.[6, 11, 16] The following table summa-

rizes the differences and similarities between these systems.

Table 1: Comparison of self-assembled materials discussed in this thesis.

Biominerals Biomorphs Synthetic Mesocrystals
Hybrid material Yes No Yes
Typical composition organic template and  Silica and earth-alkaline  stabilized nanoparticles
nanostructured miner- metal carbonate and nanocrystals
als
Size range multiple cm 1-500 pum up to mm
Dominant nanostructure  nanocrystals nanocrystals anisotropic nanoparti-

cles or nanocrystals

Present in nature Yes Maybe (pseudo fossils) No

4For the monolayer formation and investigation with the TEM, Brunner et al. used the solvent-

evaporation method and not the gas-phase-diffusion.

2.3 Mesocrystals
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In summary, there are clear differences between the presented self-assembled systems
but they also have a lot of things in common. Biomorphs and biominerals can exhibit
mesocrystalline parts, biomorphs can create formations which resembles biominerals.
As there are some linkages between the systems, advantages can be harnessed by com-
bining the different systems to improve their properties and reveal synergistic effects.
Their combination can lead to multifunctional and complex systems going far beyond

the functions a single system can achieve.

2.3 Mesocrystals
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3 Scope of the Thesis

This work should follow a pathway to transform a geochemical system, namely silica-
biomorphs, into a multi-functional material. Therefore, it is essential to learn more
about the formation process and morphogenesis.

To understand the formation mechanism, the postulation of oscillating pH variations
and local pH-drops must be proven. As normal pH indicators do not provide satisfac-
tory detection of local pH changes in the micrometre range, pH-sensitive fluorescence
dyes should be used. With confocal fluorescence microscopy, a very high z-resolution
is accessible and therefore the local pH changes directly at the growth front can be
visualized.

Once the mechanism is proven, strategies to modify and influence the biomorph growth
will be tested. As the growth is strongly influenced by parameters like the pH, mod-
ified growth conditions will influence the pH and result in tuned morphologies. A
broader variety of shapes helps to design shape-related applications for this system.
Tuning the micro composites for a special application needs pathways to apply func-
tionalities in the structures. Therefore, functionalization routes will be developed to
equip the structures with different features. These features can be fluorescence for
improved in-situ investigations, magnetized for a response in a magnetic field, cat-
alytic, conductive and much more. As a toolbox for providing functionalities onto the
biomorphs, the silica shell will be modified with silane chemistry. The usage of this
tool will allow the incorporation of further functional materials like several types of
nanoparticles.

Once a functionalization towards a responding property was successful, the composite
character might allow multi-functionality. As a selective dissolution of either silica or
carbonate is possible, also at least a double functionalization might be possible. With
multi-functional architectures, a new class of materials can be realized.

Appling functionality via organic materials, e.g. polymers, the biomorphs can be hy-
bridized. Furthermore, a structuration of an organic component through an inorganic
structure was never accomplished before and can be seen as an inverted biomineral

where the structure conducting component is the inorganic one.
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4 Results

4.1 Preamble

This chapter displays the results produced during the last years. For increased read-
ability, the subsections are not presented in their chronological order of publication.
Instead, they are ordered by their subject beginning from fundamental investigations
of silica-carbonate composites, routes to their functionalization, and their usage as a
functional material. Parts of the publications like experimental and supplementary in-
formation are omitted in the Results sections and presented later in the corresponding
chapters. All cited references are summarized in a shared library. The sections were
taken from my publications as first author and marked as such right before their corre-
sponding abstracts. Each chapter which was published includes its own introduction
which was literally reprinted from the publications. Thus, dealing with the same main
topic, repetitions in regard to content cannot be avoided. All publications included in
this thesis were finalized during my PhD even if some results were obtained during
my Master studies. The work done during the PhD is described prior to each chapter.
Depending on the journals which published my work, the language may switch be-

tween British and American English.
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4.2 Probing Local pH-Based Precipitation in Self-Assembled

Silica-Carbonate Hybrid Materials

This chapter is published in Nanoscale, 2015, 7, 17434-17440. SEM imaging, data anal-
ysis, and writing the article was performed in the first three months of my PhD (May
2015 - August 2015). This chapter was accepted as a paper on the 8th of September
2015. As the manuscript is published in an RSC journal, the authors keep the copy-

right, which allows a reprint for this thesis.

4.2.1 Abstract

Crystallisation of barium carbonate in

the presence of silica can lead to the
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Figure 4.1: Graphical abstract of Opel et al.
2015.[101] amorphous silica. The formation of these

Distancetofiont — superstructures, consisting of uniform

and largely co-oriented BaCO; nanocrys-

tals that are interspersed by a matrix of

biomimetic architectures (so-called silica
biomorphs) is thought to be driven by a dynamic interplay between the components,
in which subtle changes of conditions trigger ordered mineralisation at the nanoscale.
In particular, it has been proposed that local pH gradients at growing fronts play a
crucial role in the process of morphogenesis. In the present work, we have used a spe-
cial pH-sensitive fluorescent dye to directly trace these presumed local fluctuations by
means of confocal laser scanning microscopy. Our data demonstrate the existence of
an active region near the growth front, where the pH is locally decreased with respect
to the alkaline bulk solution on a length scale of few microns. This observation pro-
vides fundamental and, for the first time, direct experimental support for the current
picture of the mechanism underlying the formation of these peculiar materials. On the
other hand, the absence of any temporal oscillations in the local pH — another key fea-
ture of the envisaged mechanism — challenges the notion of autocatalytic phenomena
in such systems and raises new questions about the actual role of silica as an additive

in the crystallisation process.
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4.2.2 Introducion

Silica biomorphs are a unique class of inorganic-inorganic hybrid materials, which
form via bottom-up self-assembly of simple molecular species but nonetheless display
remarkably complex shapes and structures,[49-52, 80, 102, 103] comparable to solid
composite frameworks generated by organisms during biomineralisation[11, 104] as
well as artificial counterparts produced in vitro through state-of-the-art biomimetic
crystal engineering and morphosynthesis.[17, 105, 106] Just by precipitating alkaline-
earth carbonates in the presence of dissolved silica (usually by slow diffusion of carbon
dioxide into silica-containing solutions of corresponding metal salts),[52, 54, 57, 58] a
broad variety of smoothly curved, non-crystallographic architectures can be obtained
(Fig. 4.2). Characteristic morphologies range from flat sheets (Fig. 4.2 a,b) over worm-
like braids (Fig. 4.2 c) to, most prominently, regular helicoids (Fig. 4.2 d,e), but also
include more elaborate 3D entities reminiscent of corals or flowers.[8, 51, 56, 62, 67,
71, 102] The formation of these unusual structures essentially occurs in a spontaneous
manner as long as certain boundary conditions are met, in first place that the pH
of the growth medium is sufficiently, but not too alkaline (typically between 9 and
11).[53, 60, 61] Under these circumstances, the components self-assemble into intricate
superstructures that can otherwise only be achieved with the aid of relatively complex
organic (macro)molecules or matrices, thus rendering silica biomorphs easy-to-handle
model systems for investigating fundamental principles of self-organisation, in ad-
dition to their relevance in the context of primitive life detection.[2, 52] On the mi-
crometre level, growth of BaCO, biomorphs was reported to proceed along a sequence
of phenomenological stages.[51, 54, 61, 74, 80, 107] First, an initially nucleated car-
bonate seed crystal experiences fractal branching[76] induced by the poisoning influ-
ence of oligomeric silicate species, and thus evolves from a pseudohexagonal rod into
increasingly bifurcated forms that eventually show raspberry- or cauliflower-like mor-
phologies (Fig. 4.2 f). With time, these globular clusters develop laminar excrescences,
which usually grow flat and in contact with the walls of the vessel or the solution-air
interface in the following. At some point, the sheets may curl and adopt scrolled mar-
gins, thus giving rise to the more complex curved ultrastructures (i.e. helicoids and
worms),[74, 80] likely governed by the role of extrinsic and intrinsic surfaces in the

process of morphogenesis.[107]

At the nanoscale, silica biomorphs were found to consist of a multitude of fairly uni-
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Figure 4.2: Typical morphologies of silica biomorphs: (a,e) polarised optical and (b-d,f) SEM
micrographs of (a,b) even sheets, (c) worm-like aggregates, (d,e) twisted filaments, and (f) glob-
ular precursor particles.

form rod-like carbonate crystallites, typically about 200-300 nm and 50 nm wide,[51,
52, 54] each carrying a greater or lesser amount of associated silica[8, 54, 67] and being
mutually arranged to establish some specific long-range orientational order.[51, 56]
The driving force underlying the formation and continuous supply of these nanosized
building units was suggested to rely on a dynamic interplay of carbonate and sili-
cate species at molecular scales, based on the inverse pH-dependent solubilities of the
components.[51, 60, 61, 74, 79, 80, 108] The key point in the proposed model is that
during crystallisation of any carbonate material in moderately alkaline solutions, the

pH should be decreased at the surface of growing particles relative to the bulk due to
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dissociation of nearby bicarbonate ions, e.g. according to:
Ba’" + HCO;~ — BaCO; + H* (5)

This is thought to impact the speciation of silica by protonating charged silicate oligo-
mers, hence promoting condensation reactions and ultimately leading to precipitation
of silica around the carbonate particles. Continued silica polycondensation is in turn
expected to re-increase the local pH (owing to the consumption of acidic Si-OH groups)
and, with it, raise the supersaturation of carbonate, eventually triggering a novel event
of nucleation and thus maintaining an autocatalytic cycle of alternating co-mineral-
isation[81] While the described mechanism is able to explain many experimental obse-
rvations[51] and may be used to tailor or even program the morphological evolution
in these systems,[102] it has remained an essentially theoretical framework up to date.
Indeed, the notion that growth processes occur only at local scales in the vicinity of
active fronts has been confirmed indirectly by analyses of the growth behaviour in
stirred solutions,[81] but still, concrete evidence supporting the proposed scenario is
missing. Here we provide, for the first time, experimental data that directly prove
the envisaged local decrease in pH during the formation of silica biomorphs. To that
end, we have used a special H*-sensitive fluorescent dye, capable of indicating subtle

changes of pH in a spatially confined environment.

4.2.3 Analytical Approach

In order to study local pH gradients during the formation of biomorphs, it is necessary
to collect signal selectively from the growth front of single evolving crystal aggregates.
Confocal laser scanning microscopy (CLSM) is a very promising technique for this
purpose, due to its ability to deliver information from well-defined and highly limited
depths of focus in the sample, thus avoiding superimposition of signal across the entire
penetrated volume as in conventional optical microscopy. Sheets (Fig. 4.2 a-b) are
obviously the most suitable morphology for such analyses, because they grow in a
quasi-two dimensional fashion along interfaces and hence, focusing the bottom of the
measurement cell should allow for easy monitoring of their development in situ. If,

furthermore, a fluorescent dye is added to the mother solution that responds to protons

5Note that the fraction of HCO,~ ions existing in equilibrium with CO,?" is significant at conditions

typical for the formation of biomorphs, ranging from ca. 20% at pH 11 to 90% at pH 9.[79, 108]
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released (or consumed) during mineralisation, then local changes of pH at the growth

front should become directly visible.
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Figure 4.3: Schematic drawing of the experiment: a growing biomorph sheet (top panel) de-
creases the pH in the vicinity of its active front (corresponding gradient indicated in green), as
bicarbonate ions will dissociate to restore the local HCO3_/CO32_ equilibrium during BaCOj,
precipitation (middle panel). A suitable fluorescent dye (green circles) will respond to the lo-
cally increased proton concentrations by changing its emission behaviour, ideally switching on

its fluorescence at a given excitation wavelength in regions where the pH falls below a certain
threshold (bottom panel).

Fig. 4.3 shows a scheme illustrating the basic idea behind the experiment.The dye cho-
sen in this work was a boron dipyrromethene (BODIPY) derivative bearing an acidic
phenol functional group (1, BDP-OH, cf. inset in Fig. 3, R = F), which recently was re-
ported to show a decrease in fluorescence intensity with increasing pH over a dynamic
range of ca. 9-11.5in 1:1 mixtures of ethanol and water, with an emission maximum at
532 nm and a pKa of 9.98.[109] This behaviour was ascribed to fluorescence quenching
via efficient electron transfer induced by the electron-rich phenolate moiety, leading

to a complete switch-off of fluorescence at sufficiently high pH values. Since growth of
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biomorphs does hardly tolerate the presence of any organic (co)solvents,[58] the first
step in our study was to investigate the pH-dependence of the fluorescence of BDP-
OH in pure water, or rather in aqueous solutions containing barium ions and silica at
concentrations typical for biomorph syntheses (to check for potential interferences of
these ions). A corresponding plot of the fluorescent intensity as a function of pH is
given in Fig. 4.4 (black squares). It is evident that the dye still responds to changes
in pH under these conditions, exhibiting a continuous decrease in relative intensity
between pH 9 and 11.5. The pKa determined in the aqueous solution is 10.34 and
thus slightly higher than what was found in H,O/EtOH in the absence of Ba** and
silica.[109] Nonetheless, the working range of the dye should in principle still be suit-
able for probing the formation process of biomorphs, which usually occurs at bulk pH

values of 10-11.[61]

Relative intensity

Figure 4.4: Normalised intensity of fluorescence displayed by the dyes BDP-OH (black) and
BDP-PEG (red) at different pH levels. Values were derived from the maximum of the emission
peak at 532 nm (see Fig. 9.1 on page 113). Data were recorded at a constant dye concentration
of 1 uM. Inset: molecular structure of the BODIPY dyes, where the acidic and thus pH-sensitive
phenol-OH group is highlighted in green.

However, even though the solubility of BDP-OH in pure water was high enough to
allow for pKa determination, it turned out that the dye was prone to aggregation in so-
lution and adsorption/deposition onto solid surfaces (e.g. vessel walls or biomorphs),
which obviously complicates analyses as described above. Therefore, we have modified
the molecular structure of the dye, replacing each of the two fluorine substituents by
tetramers of ethylene glycol (EG,) in order to obtain derivatives with enhanced water
solubility (2, BDP-PEG, cf. inset in Fig. 4.4, R = EG,) (see Section 8 for details on ex-
perimental procedures and synthesis protocols). Pegylation significantly reduced dye

agglomeration, and moreover had a beneficial effect on its spectral properties, shifting
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the pKa towards lower values (9.29). From the pH-dependent fluorescence intensities
shown in Fig. 4.4 (red circles), it can be deduced that BDP-PEG will essentially be
colourless in the bulk growth solution (pH > 10), while it should switch on its fluores-
cence in local regions where the pH becomes | 10 due to proton release (which seems
realistic in view of the proposed mechanism). Thus, BDP-PEG appears to be a promis-
ing candidate to meet the dye requirements in an experiment as depicted by Fig. 4.3,
and therefore was used for most of the analyses conducted in this study. Before turn-
ing to the results of these measurements, it is worth noting that previous efforts with
conventional optical pH indicators failed, primarily because dyes covering the relevant
pH regime normally contain anionic groups (like carboxylates) that strongly interact
with the Ba®" ions in solution and form precipitates when added at concentrations
typically required to give significant colouration and measurable effects (mM range).
In this context, the main advantage of fluorescent dyes is their superior sensitivity, i.e.
that they deliver good signal even when applied at concentrations that are orders of

magnitude lower (ym range).

4.2.4 Results and Discussion

Fig. 4.5 shows laser scanning microscopy images depicting the early stages of the for-
mation of a biomorph in the presence of the fluorescent dye BDP-PEG Just before the
appearance of a distinct structure, a faint turbidity can be discerned in the transmis-
sion image (Fig. 4.5a), indicating the onset of mineralisation, while the fluorescence
channel does not display any noticeable features (Fig. 4.5 c). After some delay, a
raspberry-like particle is observed (Fig. 4.5 b), which results from fractal branching of
BaCOj crystals in silica-containing solutions (cf. Fig. 4.2 f) and is known to be a typical
precursor of the more complex biomorphic morphologies. Interestingly, fluorescence
is selectively enhanced in the vicinity of this carbonate aggregate, as evidenced by Fig.
4.5 d. These findings can be quantified by plotting the intensities of transmitted light
and fluorescence as a function of time (Fig. 4.5 e). As expected, the transmission sig-
nal is initially high and then decreases as the fractal structure nucleates and grows,
which essentially occurs within a period of about 30 s. The fluorescence intensity, on
the other hand, is generally rather low and drifts prior to crystallisation. However,
even though the measured changes are relatively small, there is a distinct peak in flu-

orescence shortly after the response in transmission, which is well above background
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Figure 4.5: Growth of a fractal barium carbonate aggregate in the presence of silica, as viewed
by CLSM in (a-b) transmission and (c-d) fluorescence mode. The dashed ellipsoid in (a) high-
lights a slightly blurred region, in which the structure appears about 30 s later (b). (e) Plot of
the transmission (grey circles) and fluorescence (blue squares) intensities measured in the area
shown in (a-d) over time before, during and after the formation of the carbonate structure. The
vertical dashed lines mark the times corresponding to the images above. Scale bars in (a-d) are
20 pm.

fluctuations and also becomes clearly evident in the corresponding image (Fig. 4.5 d).
According to the data shown in Fig. 4.4, this suggests that the pH around the globular
particle is lower than in the surrounding bulk solution for a certain time, i.e. during
the formation of the aggregate. These results are already a first indication that precipi-
tation of barium carbonate in alkaline media indeed leads to a local pH decrease at ac-
tive surfaces, as envisaged in the current model for the formation mechanism of these
materials.[51, 60, 61, 74, 79-81] In order to substantiate these observations and in par-
ticular to also show that this effect is a local phenomenon,[81] we performed further
CLSM analyses at higher magnification, mainly following the growth of flat sheets (for

reasons outlined above). One such structure is shown in Fig. 4.6 at two distinct stages
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Figure 4.6: In-situ monitoring of pH changes during the formation of silica biomorphs in solu-
tion. Top: confocal micrographs of a flat sheet at the beginning and at the end of the observed
period (time lapse: 15 min). Bottom: Plots of the fluorescence intensity as a function of time,
measured at different positions relative to the edge of the sheet in the first image (indicated by
vertical lines with the same colour code). Scale bars are 10 ym.

of evolution in the presence of BDP-PEG. The coloured vertical lines mark different
positions relative the growth front (which in this example moves from right to left), at
which the fluorescence intensity was continuously monitored. Time-dependent traces
resulting from these measurements (graph in Fig. 4.6) again display a maximum in
fluorescence; however, now the signal does not come from the entire structure, but
only from a confined area (here about 3 ym wide) at the respective indicated spot.
With growing distance to the initial position of the sheet edge, the maximum in in-
tensity is continuously shifted to later times. Obviously, fluorescence starts to increase
when the growth front approaches the monitored position (at around 150-200 s in Fig.

4.7) and reaches the highest value just before the sheet edge passes. Subsequently, a
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relatively sharp decrease in intensity is observed. This suggests strongly that there
is a zone nearby the growth front, in which the pH is locally reduced and gradually
increases from the rim of the evolving aggregate towards the more alkaline bulk so-
lution — well in line with the hypothetical situation drawn schematically in Fig. 4.3.

Fig. 4.7 shows another example for a sheet growing in alkaline silica solutions con-
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Figure 4.7: Local pH gradients in silica biomorphs. a) Fluorescence image of the edge of a
sheet growing from right to left. The arrows visualise how line scans of fluorescence intensity
were performed along the normal to the surface at different azimuthal angles. b) Resulting
intensity-distance profile , clearly evidencing the local decrease in pH near the growing front.

taining BDP-PEG. In this case, the local pH decrease can already be discerned in the
fluorescence image (Fig. 4.7 a) as a layer of slightly higher brightness around the rim
of the aggregate. To confirm this effect, we have performed fluorescence line scans
along the normal to the surface from the edge of the sheet outwards (cf. full arrow in
Fig. 4.7 a). Integration over different azimuthal angles, as illustrated by the dashed
arrow in Fig. 4.7 a, led to the intensity-distance profile displayed in Fig. 4.7 b. This
data unambiguously demonstrates the existence of a pH gradient at the active front of

growing biomorphs, most likely originating from the dissociation of bicarbonate ions
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during the formation of BaCOj; (as described above). From the results shown in Fig.
4.7, the thickness of this region can be estimated to ca. 2 ym (at the given level of
sensitivity), which is in good agreement with indirect predictions made on the basis
of simple fluid dynamics considerations in experiments at different stirring rates.[81]
It is worth noting that in none of our assays, there was any sign for a cycling of the
local pH, which one would expect if carbonate and silica were mineralised in an alter-
nating fashion according to the idea of coupled co-precipitation.[74, 81, 81] Although
we cannot yet translate the measured fluorescence values quantitatively into actual
pH changes , it seems as if the pH at the front is continually lower than in the bulk.
Indeed, the lack of any oscillating behaviour may be due to limited temporal and/or
spatial resolution in the current setup, or insufficient sensitivity of the used dye. Nev-
ertheless, our data strongly suggest that carbonate crystallisation dominates the local
pH and that there is little influence of silica in this context — at least under the condi-
tions investigated in the present work. This conclusion is supported by the fact that the
amount of silica co-precipitated with the carbonate phase during the growth process
is relatively low, with Si/Ba atomic ratios in the core of biomorphs typically ranging
from 0.05 to 0.10.[54] Constant reduction of the pH at the growth front would im-
ply that the supersaturation of silica is locally enhanced at all times (thus facilitating
its incorporation into the forming aggregate), whereas the driving force for carbonate
precipitation would in this case always be somewhat depressed at the active surface
as compared to the bulk. In our opinion, this is a feasible scenario as it was shown
that the bulk mother solution of biomorphs is sufficiently supersaturated throughout
the entire growth process[61] and hence BaCO, crystallisation does actually not need
a local increase in supersaturation, while this is not necessarily true for silica. On the
other hand, the high nucleation density observed in these materials (as manifested in
the myriads of nanocrystals constituting the structures) could then no longer be ex-
plained on the basis of a locally increased driving force for precipitation.[51, 81] Most
probably, this behaviour is caused by the presence of silica, which may act as an effi-
cient inhibitor for carbonate growth (thus restricting the size of the crystallites to the
nanoscale)[110] and/or accelerate nucleation by lowering interfacial energies through

epitaxial matching.[111]
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4.2.5 Conclusion and Outlook

In this work, we have developed a water-soluble fluorescent dye with pH sensitivity in
the alkaline regime, in order to probe local changes in conditions during the forma-
tion of biomimetic silica-carbonate hybrid structures. Our results reveal the existence
of a spatially confined region close to the front of growing aggregates, in which the pH
is significantly reduced as compared to the bulk medium, thus lending direct exper-
imental support to the postulated formation mechanism. This local pH gradient was
found to extend over lengths of few microns into the solution and persisted over time
periods of several minutes, while no oscillative behaviour could bedetected. This find-
ing challenges the notion of autocatalytic processes in these systems and stresses the
role of silica as a growth-inhibiting additive. Although the present approach does not
allow the quantification of local pH at every point in time, it nevertheless highlights
the potential of fluorescent dyes to directly trace local precipitation phenomena in self-
assembled silica-carbonate materials. Future work will befocused on the design of yet
more suitable probes possessing two distinctly fluorescent species in their protonated
and deprotonated form, the study of different experimental conditions in terms of pH
and species concentrations, as well as on translating measured fluorescence intensities

into actual local pH values.
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4.3 Structural Transition of Inorganic Silica-Carbonate Composites

Towards Curved Life-Like Morphologies

This chapter is published in Minerals, 2018, 8(2), 75. This chapter was accepted as a
paper on the 14th of February 2018. As the manuscript was published in an MDPI

journal, the authors keep the copyright, which allows a reprint for this thesis.

4.3.1 Abstract

The self-assembly of alkaline-earth carbonates in the presence of silica at high pH leads
to a unique class of composite materials displaying a broad variety of self-assembled
superstructures with complex morphologies. A detailed understanding of the forma-
tion process of these purely inorganic architectures is crucial for their implications in
the context of primitive life detection as well as for their use in the synthesis of ad-
vanced biomimetic materials. Recently, great efforts have been made to gain insight
into the molecular mechanisms driving self-assembly in these systems, resulting in a
consistent model for morphogenesis at ambient conditions. In the present work, we
build on this knowledge and investigate the influence of temperature, supersaturation
and an added multivalent cation as parameters by which the shape of the forming
superstructures can be controlled. In particular, we focus on trumpet- and coral-like
structures which quantitatively replace the well-characterised sheets and worm-like
braids at elevated temperature and in the presence of additional ions, respectively.
The observed morphological changes are discussed in light of the recently proposed
formation mechanism with the aim to ultimately understand and control the major

physicochemical factors governing the self-assembly process.

4.3.2 Introduction

Silica biomorphs are an interesting type of self-assembling inorganic-inorganic com-
posite materials with remarkably complex architectures. They form in silica-rich so-
lutions at high pH in the presence of alkaline-earth metal cations like barium, stron-
tium and calcium under ambient conditions [50, 52, 54, 57, 74, 107]. Upon diffusion
of atmospheric carbon dioxide into the system, slow crystallisation of carbonate un-
der the influence of dissolved silicate species results in the spontaneous formation of
unusual ultrastructures that consist of uniform elongated carbonate nanocrystals (ap-

proximately 200-300 nm long), which maintain long-range co-orientation and are in-
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terspersed by certain amounts of amorphous silica, the whole structure is surrounded
by a silica skin (typical Si/Ba ratios are 0.1-0.3) [54, 71]. On the multi-micron scale,
these assemblies display intricate morphologies such as flat sheets, helicoids or tightly
wound worms, as shown in Figure 4.8. While most of the work on silica biomorphs has
been carried out with witherite (BaCO,) as the carbonate phase [54], there is increasing
evidence that similar structures can also be obtained with other carbonates, includ-
ing orthorhombic analogues like strontianite (SrCO;) [58, 62] or aragonite (CaCO;,)
(8,59, 67].

Figure 4.8: Polarised light microscopy (PLM) and SEM images of the most common architec-
tures displayed by silica biomorph structures grown at room temperature from solutions con-
taining 8.9 mM silica and 5 mM barium chloride: A) flat sheet, B) regular helicoid, C) tightly
wound worm. Scale bars: 100 ym.

The mechanisms enabling the structural and morphological complexity observed in
this simple inorganic system have been investigated in detail over the past decade,
focusing on both the molecular interactions driving self-assembly at the nanoscale
and phenomenological aspects determining the final appearance at the micro- and
nanoscales [57, 101, 112-114]. With respect to the latter, it was found that growth of
biomorphs occurs in two general stages. At the beginning of the crystallisation process,
small witherite crystals nucleate and grow in a more or less classical way. With time,
oligomeric silica species induce fractal branching at the tips of the carbonate crys-
tal, causing progressive bifurcation and ultimately resulting in closed cauliflowerlike
spherulites [2, 74, 80, 81]. At this point, the system passes into the second stage, which
is characterised by polycrystalline growth, i.e. numerous nanocrystals are nucleated
continuously and/or episodically and co-assemble into aggregates with shapes beyond
any constraints of crystallographic symmetry. Typically, the first type of morphologies
observed in this stage are flat sheets (Figure 4.8A), which grow along vessel walls or

the solution-air interface. Randomly, these laminar structures start to curl at their
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rim and assume a new (orthogonal) growth direction along the perimeter of the sheet,
which arrests radial advancement and gives birth to more complex three-dimensional
shapes. The final morphology is then determined by the interplay of various local pa-
rameters, including the relative velocities of growth for different segments as well as
their heights. The most common twisted forms obtained at ambient conditions are
double helices (Figure 4.8B) and more tightly scrolled so-called worms (Figure 4.8C)
[74]. In many cases, the carbonate-rich core of the aggregates becomes covered by a
layer of amorphous silica, as a result of secondary silica precipitation in the later stages
of growth when the bulk pH has been lowered (due to CO, uptake) to values where
the solubility of silica is noticeably decreased [115].

At the molecular level, the unique behaviour of these inorganic precipitation systems
has been ascribed to the pH-mediated coupling of the speciations of carbonate and sili-
cate in solution [74].As the two components have opposite trends in terms of solubility
as a function of pH, it was proposed that they continuously stimulate each other’s min-
eralisation by periodic changes in the local conditions at actively growing fronts: car-
bonate crystallisation reduces the pH in the microenvironment and thus increases the
local supersaturation of silica, which in turn will precipitate and thereby re-increase
the pH-shifting the local carbonate speciation to the side of CO;%*~ and hence trig-
gering a new event of carbonate nucleation. This coupled chemistry allows numer-
ous silica-coated carbonate nanocrystals to be produced and integrated into the form-
ing superstructures as building units. Indeed, the postulated local pH-cycling at the
growing front could be verified experimentally in recent studies by using pH-sensitive
fluorescent dyes [101, 113]. Interestingly, most of the observations supporting the
mechanisms described above were made for the formation of biomorphs in solution or
gels under ambient conditions and within a narrow range of concentrations suitable
for the growth of the most striking morphologies. However, it is well known already
from early works [69] that the structural variety of silica biomorphs is not at all limited
to the forms displayed in Figure 4.8, but can be significantly expanded by adjusting
conditions such as pH, salinity and temperature, or by introducing certain additives
that are able to interfere with the growth process [51, 57, 60, 61, 71, 116, 117]. In the
present work, we have re-evaluated the role of temperature in biomorph formation,
in order to discuss corresponding changes of structure and morphology in light of the
current model of morphogenesis. We show that temperature variation is a straightfor-

ward means to obtain further interesting ultrastructures, if the conditions are carefully
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chosen. The resulting narrow distribution of morphologies highlights the possibility
of shape control in these systems, which seems crucial for the targeted design of re-
lated materials with potential for actual applications [118, 119]. Further experiments
performed in the presence of added multivalent ions at room temperature expand the
range of accessible morphologies and provide support for a morphogenetic scenario in
which the relative rates of silica and carbonate mineralisation determine the evolution

of the system on the micron scale.

4.3.3 Results and Discussion

In order to investigate the effect of temperature on the formation of silica biomorphs,
barium carbonate was crystallised using silica-containing solutions at a fixed compo-
sition ([SiO,] = 17.8 mM and pH = 11.3 (at 25 °C) before mixing with BaCl, solution)
and varying the temperature between 5 and 50 °C. Figure 4.9 provides an overview on
characteristic structures formed at different temperatures and barium concentrations

(i.e., a so-called morphodrome).

Figure 4.9: (A-L) PLM images of typical biomorphic morphologies obtained at varying barium
concentrations and temperatures (as indicated) after a growth period of 12 h using a silica
solution with [SiO,] = 8.9 mM and an initial pH of 11.3 (determined at 25 °C before mixing
with barium chloride solution). Note the presence of peculiar 3D trumpet-like shapes in (G),
as visualised by the optical depth of field. The arrow in (F) indicates a closed globular particle,
from which a polycrystalline sheet- like aggregate has emerged. Scale bars are 200 pm.
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Under “standard” conditions (25 °C and 5 mM BaCl, , Figure 4.9F), extended flat
sheets and helicoids (often intergrown) are observed, as expected and similar to the
structures shown in Figure 4.8. These morphologies can thus be considered as a refer-
ence. We note that most of these complex structures emerge from small closed glob-
ular particles (or aggregates thereof, as indicated by the arrow in Figure 4.9F). They
form in the fractal regime which has to be very short/fast for such small and discrete
morphologies to be observed at the end of the chosen period of growth (12 h).

When the barium concentration is increased to 10 mM (Figure 4.9]), the total number
of aggregates is higher and in particular the sheets grew slightly larger on average. In
turn, a Ba?t concentration of 2.5 mM results in fewer, smaller, and less defined struc-
tures (Figure 4.9B), but generally the morphologies are not strongly altered at both
higher and lower amounts of cations in the given concentration range. By contrast,
lowering the temperature to 5 °C changes the picture fundamentally, as most of the
morphologies observed at 2.5 and 5 mM BaCl, were isolated globular or cauliflower-
like structures (Figures 4.9A and 4.9E), and only few poorly developed polycrystalline
aggregates were formed at 10 mM even after 24 h (such as the small sheet in Figure
4.91). This indicates that growth is terminated at the end of the fractal stage in most
cases, i.e., the system fails to enter the second stage of dynamic nanocrystal formation
and aggregation. In other words, the conditions prevailing in these experiments do
not allow for chemically coupled co-precipitation to be initiated and/or maintained.
Probably, this behaviour is related to temperature-dependent changes in the kinetics of
carbonate and/or silica mineralisation, caused by differences in either diffusive trans-
port of reactants or the relative rates of precipitation. Generally, the following trends

and related consequences are expected with increasing temperature:

* Decrease in the solubility of BaCO5 [120]: higher carbonate supersaturation,

higher driving force for carbonate precipitation (thermodynamic factor);

* Decrease in the solubility of CO, in water [121]: reduced rate of CO, uptake
from the atmosphere, slower carbonate precipitation due to diffusion limitation

(kinetic factor);

* Acceleration of silica condensation kinetics [122]: reduced rate of silica poly-

merisation, faster SiO, precipitation (kinetic factor);

* Increased solubility of silica [123]: decrease in silica supersaturation, lower driv-
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ing force for precipitation (thermodynamic factor);

* Increase in the ionic product of water [124]: higher effective pH at the same
composition, leading to lower carbonate solubility and higher silica solubility

(thermodynamic factor).

Based on these qualitative considerations, it seems reasonable to assume that the growth
rates of both silica and carbonate are not sufficiently high to allow for complex ul-
trastructures to form at lower temperatures. This can be resolved to some extent by
increasing the barium concentration (Figure 4.91), but the influence of temperature
appears to be dominant.

At higher temperatures (35 and 45 °C), there are also regions in the morphodrome
where well-developed biomorphs are barely observed. This is particularly true for
lower and higher barium concentration (Figures 4.9C, D, K and L). In the former case
(2.5 mM BaCl, ), the slower rate of carbonate formation (lower supersaturation and
reduced CO, uptake) can probably not supply enough building units to keep the pace
of the accelerated silica condensation processes. In turn, at 10 mM BaCl, another
effect comes into play, namely the electrostatic screening of negative charges on sil-
icate species by dissolved divalent cations like Ba?* [116]. This bridging interaction
catalyses silica condensation and—along with the higher temperature—is expected to
accelerate silica precipitation kinetics in a way that is less or not suitable for coupling
with carbonate formation. As opposed to that, proper conditions for 3D self-assembly
are still maintained at the “standard” barium concentration of 5 mM and tempera-
tures up to 45 °C. Here, however, the resulting biomorphs show substantially different
morphologies than at room temperature and 5 mM Ba?* ion concentration, with large
(> 100 um) trumpetlike forms representing the major population of ultrastructures.
When the temperature is increased to 45 °C the biomorphic landscape changes again
and highly branched crystal networks are observed, as shown in Figures 4.9D,H,L.
These structures likely derive from a fractal route that shows substantially different
branching behaviour than at room temperature. Here, the initial pseudo-hexagonal
twinned crystal core transforms into an open star-like architecture that is poorly filled
with silica—carbonate composite matter. In some cases, sheet-like domains are formed
in between branches, but these structures are often heavily bended and limited in their
growth by the mother crystal branches (cf. Figure 4.9H). This suggests that an increase

in temperature changes the branching kinetics, presumably via modulated interactions
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between growing carbonate surfaces and dissolved silicate species that adsorb specifi-
cally on certain witherite faces. One potential scenario is that the accelerated carbonate
precipitation gives the silica less time to interfere. Alternatively, the speciation of silica
in solution may shift to larger oligomers that show different affinities to interact with
specific carbonate faces, thus resulting in a different branching behaviour. In any case,
high temperature in combination with high barium concentrations leads to a signifi-
cant increase in the amount of precipitated matter (probably due to faster carbonate
and silica formation). This is shown in Figure 4.9L, where large networks of tubular
filaments and/or twisted ribbons are seen along with various other types of biomor-
phic morphologies. Interestingly, these forms are much thinner than biomorphs grown
at ambient temperature, again indicating important changes in relative growth rates
of the components. In summary, the most outstanding feature of the morphodrome
established in our study was the formation of biomorphic ultrastructures with trum-
petlike appearance. They can sporadically be obtained at temperatures above 30 °C
and replace all sheet-like and most twisted morphologies at temperatures above 40 °C.
The formation process of the trumpetlike structures was analysed in more detail, in
particular with respect to both differences and similarities compared to biomorph
growth at room temperature, which leads to twisted (worms and helicoids) and flat
sheet-like (as described in previous works [51, 54, 74] and shown in Figure 4.8). Fig-
ure 4.10 provides schematic representations of the occurring processes (panels A and
B-E) along with selected SEM images showing the relevant stages of growth (panels
F-H). Despite the absence of any of the three “standard” morphologies, the nature
of the polycrystalline growth mechanism in the second stage of morphogenesis seems
comparable to the corresponding processes at room temperature, based on the char-
acteristic thickness oscillations observed for example in Figure 3H and detailed anal-
ysis of the texture of the aggregates at the nanoscale [54, 101, 114]. Consequently,
the main difference leading to distinct final shapes must occur at the beginning of
the structure formation. As at ambient conditions, morphogenesis starts with frac-
tal branching of a twinned pseudo-hexagonal witherite crystal due to the poisoning
influence of oligomeric silica species (Figure 4.10A). Closer analysis of the carbonate
surfaces suggests that adsorption of silicate species (Bittarello et al. [125]) will mainly
occur on the positively charged (110) faces but also on the polar (010) faces (cf. Figure
4.10A). At higher temperatures, the branching behaviour is different, though, and the

first step is a splitting into up to six crystal arms, as silicate-covered (110) and (010)
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faces are blocked while the remaining (021) and (111) faces can serve for heteroge-
neous nucleation of the up to six crystal arms in a more or less unhindered fashion, as
indicated in Figure 4.10A. This process repeats itself and produces second-generation

branches. Increasing the temperature leads to more ordered and larger branched enti-

Carbonate
Precipitation Silica
Precipitation

Figure 4.10: Formation of trumpet-like morphologies at 45 °C and 5 mM BaCl, . (A) Scheme of
a primary witherite crystal (top), which successively becomes branched due to specific interac-
tions of silica with different faces of the carbonate crystal. Vacuum surface cuts of these faces
(bottom) indicate that the (110) faces are positively charged and thus prone to be blocked by
negatively charged silicate species. Also, (010) is polar and therefore also likely to interact with
negative silica species. Further growth thus occurs through the neutral (021) and (111) faces,
so that up to six branches can emerge from the pseudo-hexagonal base. Repetition of this pro-
cess leads to multiple branching generations. (B-E) Schematic overview of the growth process
of a trumpet-like structure: an initial elongated BaCO, twin crystal seed grows and undergoes
fractal branching as described in (A). At high temperature, this leads to open architectures
with large branches, between which polycrystalline growth (i.e., autocatalytic co-precipitation
of silica/witherite nanoparticles) occurs and slowly fills up the empty space (inset). Depending
on the orientation of the branching, trumpet-like aggregates are formed. (F- H) SEM micro-
graphs of the initial stage of open fractal branching (F), followed by filling of the branches with
biomorphic composite material (G), ultimately leading to trumpet-like forms (H).
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ties as drawn in Figures 4.10B-D, compared to the much smaller and heavily bifurcated
dumbbell-shaped, spherical or raspberry-like forms observed at room temperature (cf.
Figure 4.8). This suggests that branching at high temperature is more symmetric and
of lower dimensionality than at ambient conditions, where a much higher branching
density and thus much less symmetric architectures are observed. In other words,
branching is more chaotic at low temperature and becomes well-defined at high tem-
perature. This could be related to changes in silica condensation kinetics at higher
temperatures, leading to different silica speciation and thus to different affinities of
silicate species to adsorb on the different relevant carbonate faces, as already proposed
above. That, together with changes in the growth rates of carbonate faces, could ex-
plain the different branching behaviour at elevated temperatures [120, 122]. Once
these open branched structures are formed (Figure 4.10F), the system enters into the
second stage of morphogenesis, where the accelerated kinetics of the precipitation of
both components leads to a fortification of the autocatalytic mechanism, which then
seems to stay in the tolerant zone for coupled co-precipitation to work. However, the
resulting nanocrystals do not assemble into the well-known shapes observed at room
temperature, but seem to fill the space in between the large branches formed in the
first stage of fractal branching (Figure 4.10G), leading to selective biomorphic growth
from open branched fractals into trumpet-like structures (Figure 3H) according to a
mechanism as indicated schematically in Figures 4.10D-E. Thereby, each structure is
unique and shows its own interesting shape, which seems to depend on the orienta-
tion of the branches. The pathway to the trumpet structure skips the formation of
globular particles and leads directly to 3D architectures of silica-barium carbonate
composites with curved surfaces. The dominant effect causing this behaviour could
be the increased silica solubility, which allows the system more time to develop in a
defined manner throughout the fractal stage. Then, the second stage of morphogenesis
is entered before a high degree of branching would lead to closed globular structures.
Interestingly, the multiple limbs lead to only one final trumpet structure in most cases,
suggesting that the different smaller leaf-like domains fuse to one surface or only the
most pronounced leaf develops to the final shape.

During the secondary growth process, the orientation of the growing crystals is crucial.
When the experiments are conducted under the same conditions but in petri dishes,
where the surface/volume ratio is much higher than in the linbro plates, the reaction

leads to trumpet-like structures with wider spreading exhausts. Some examples of
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Figure 4.11: Biomorphs with lifelike morphologies. (A,C) PLM and SEM images of biomorphs
in the shape of a marine coccolith. Formed from solution, containing 5 mM Ba 2+ and 9 mM
silica at 40 °C. (B) SEM image of a natural marine coccolith (Reproduced with permission from
ref. [6], Copyright 2012 Wiley-VCH Verlag GmbH & Co KGaA). (D) Schematic illustration of
the formation process of coccolith morphologies illustrating the supersaturation gradient into
the solution. (E) PLM micrograph of a biomorph structure grown at higher temperature (40
°C) showing a trumpet structure exfolding into two helicoidal structures. (F) SEM micrograph
of a flower-like biomorph grown from a 5 mM Ba 2+ solution containing alkaline silica sol at 50
°C. (G) SEM micrograph of a coral-like biomorph structure grown at higher Ba>* concentration
(250 mM; scale bar of the inlet: 10 ym) (H) SEM micrograph grown from a 5 mM Ba?* solution
containing alkaline silica sol with 1 mM La3* ions.

these forms are shown in Figures 4.11A and C. As it can be noticed, these structures
look similar to a marine coccolith element (cf. Figure 4B) [6]. A model of the possible
mechanism is presented in Figure 4.11D. When linbro plates are used, supersatura-
tion is lower and biomorphic aggregates have a narrower shape. Since the petri dish
setup favours the availability of CO, and therefore the carbonate in the growing front,

a higher supersaturation with respect to barium carbonate and a consequently sharper
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drop of pH (and higher supersaturation with respect to silica) would be explained.
This phenomenon is even more evident once the precipitation occurs nearer to the
solution/atmosphere interface. It would also explain the spreading of the branches
due to a faster (secondary) growth stage. A similar behaviour was already observed in
higher concentrated solution and the spreading could be triggered with a CO, burst
[102]. Therefore, it can be assumed that this sharp saturation gradient explains this be-
haviour when completely upright structures are forming. When tilted structures form
under the influence of the CO, , biomorphic aggregates develop irregular exhaust ori-
entation as the one shown in Figure 4.11C. Additionally, a continuum of different mor-
phologies can be detected in Figures 4.11A, C, and F. In Figure 4.11A a transformation
from a sheet over a small ribbon to the final trumpet can be found while C shows a
reverse exfoliation from a rolled-up trumpet to a 2D sheet-like structure while Figure
4.11E demonstrates a continuum of shapes and a transition of a trumpet at elevated
temperatures into two helicoidal structures.

Further lifelike morphologies can be produced by increasing the barium concentration
(Figure 4.11G; [Ba%*] = 250-500 mM), which shift the formation mechanism as well
[56]. The obtained brain coral-like structures skip the formation of a globular cen-
tre, have a nearly perfect spherical shape, and consist of a network of interpenetrating
sheet-like units which merge out of the leaf-like parts liked at the seed crystal (similar
pathway presented in Figure 4.10). Their formation is already described by Hyde et al.
[56] and reviewed here with consideration of newly obtained knowledge. The forma-
tion of these structures follows a similar pathway compared to the trumpets because
their formation skips the production of a globular centre. Coral-like architectures can
be obtained in a modified way with 5 mM Ba?" ions in solution by using modifiers such
as cationic surfactants like CTAB [71] or multivalent ions like La’". Using such modi-
fiers, similar but more homogenous morphologies were obtained and are shown in the
SEM micrograph in Figure 4.11H. The formation is again influenced in the first stage of
the formation which is in good accordance with time-resolved experiments with CTAB
additions. An addition of CTAB after a few minutes does not lead to coral structures
and “standard” biomorphs will be obtained. At first sight, it is comprehensible that
an increase of the pure number of multivalent ions like Ba?* (tested before) or La3*
has a similar effect on the system despite the effect on silica precipitation, which is
in good accordance with the Schulze-Hardy law [126]. A faster silica formation and

a reduced colloidal stability by multivalent cations show similarity to the ultrastruc-
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tures obtained at elevated temperature. Multivalent ions are known as efficient agents
to bridge charged colloids or oligomers like silica [127]. Furthermore, these ions will
not be free charged ions within this system due to their tendencies to form complexes
with hydroxide, carbonate, and silicate ions to reduce their effective charge. In the
end it should be noted that La®" as an additive has less effect on the carbonate pre-
cipitation rate and that no significant lanthanum adsorption within the BaCOj, lattice
was detected. Additionally, a higher ionic strength depresses the CO, uptake rate and
its solubility in water, which again leads to a deterioration of the carbonate formation
[128]. Therefore, we can assume an extreme of a reduced fractal regime time in the
case of coral-like structures. As shown in literature, upon the addition of sodium chlo-
ride (note the single charge of Na™ ) to the standard procedure, the process will not
enter the second stage at all and the crystal formation stops after the formation of the
globular particles formed in the first stage (described by Eiblmeier et al. [116]). A rea-
son for this might be the shifting of the equilibrium of free and sodium-coordinated
silicate species to the sodium terminated side [129]. Therefore, less silica is available
for the autocatalytic process, which is in line with observations made with decreased
silica concentrations, and the resident time in the fractal regime is much longer and

globules are formed.

4.3.4 Conclusion

The presented work describes the influence of several parameters on biomorph growth
and highlights the formation process of reported and unreported lifelike morpholo-
gies. The individual impact of the temperature, supersaturation, and ions as additives
on carbonate and silica formation is discussed in detail and meaningful, plausible
explanations were given for the formation mechanism of the strongly bended mor-
phologies. We showed a linkage between coral- and trumpet-like structures and that a
continuum of shapes is possible. Influences of the various and further tuning parame-
ters like the effects of the growth direction and surface/volume ratio were tested. The
most exciting growth conditions to lifelike morphologies were highlighted and allow

a superior reproducibility.
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4.4 Functionalization of Silica-Carbonate Biomorphs

This chapter is published in Nanoscale Horiz., 2016, 1, 144-149. Part of the results for
this publication was produced during my master thesis in 2015. The finalization, the
writing of the article as well as supplementary results, e.g. related to the pPCDA were
produced during the PhD (May 2015 - December 2015). This chapter was accepted
as a paper on the 11th of January 2016. As the manuscript was published in an RSC

journal, the authors keep the copyright, which allows a reprint for this thesis.

4.4.1 Abstract

Biomorphs are a unique class of self-organised
silica-carbonate mineral structures with elaborate

shapes. Here we report first approaches to mod-

ify these complex inorganic architectures through

silane chemistry, binding of nanoparticles, and or-

ganic polymerisation. This leads to functional

nanostructures in which the complexity of the orig-

inally inorganic template is preserved, and offers Figure4.12: Graphical abstract of
Opel et al. 2016.[119]

new diagnostic tools to study the mechanisms un-

derlying their formation.

4.4.2 Conceptual Insight

Biomorphs are a unique class of self-organised nanostructured silica—carbonate min-
eral structures with elaborate shapes. This complexity of shapes is otherwise only
formed in the living world in form of biominerals. We want to utilize the unique in-
organic biomorph structures to add function to create nanostructured materials with
complex shape and new and emergent properties. Here we report first approaches
to modify these inorganic architectures through silane chemistry, binding of nano-
particles, and organic polymerisation. This leads to functional nano-structures in
which the complexity of the originally inorganic template is preserved. The reported
three examples already show the large variability of our approach and especially the
post-functionalization with silanes provides the possibility to attach a variety of func-
tional nanoparticles.Therefore, our study introduces a new and variable platform to-

wards novel functional nanostructured materials with complex shapes.
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4.4.3 Introduction

Crystallisation of alkaline-earth metal carbonates in the presence of silica at high pH
can result in fascinating hybrid structures with curved morphologies and ordered tex-
tures across several length scales.[51] These so-called “biomorphs” consist of innumer-
ous carbonate nanocrystals that are stabilised by co-precipitating silicate species and
self-assemble into delicate forms like regular helicoids or sinuous sheets, which may
eventually become sheathed by an outer skin of silica on the micron level.[54] Despite
the absence of any organic matter, the obtained structures closely mimic biomineral
frameworks produced by living organisms[104] and moreover resemble some of the
oldest putative microfossils.[52] Therefore, biomorphs have been used as a model sys-
tem to study biomimetic self-organisation[102] and serve as a vital proof that complex
curved forms are not exclusive to the living world.[2] Over the past ten years, the mech-
anism for the formation of these unusual inorganic-inorganic hybrid structures has
been investigated in depth, leading to a meanwhile convergent picture of autocatalytic
reaction coupling being the driving force for self-assembly at the nanoscale.[74, 81] In
particular, it was shown that local changes in pH at the growth front trigger the dy-
namic co-mineralisation of silica and carbonate due to their inverse trends of solubil-
ity with pH, as depicted schematically in Figure 4.13 a-c and described in more detail
elsewhere.[101] The result is an array of crystalline carbonate nanoparticles (dark-grey
rods in Figure 4.13) embedded in a more or less continuous matrix of amorphous silica
(light-grey domains in Figure 4.13 c), which subsequently evolves free from crystallo-
graphic constraints towards curved superstructures.[107] Even though biomorphs ex-
hibit many interesting features in terms of structure and morphology, they still consist
of plain inorganic compounds (usually BaCO; and SiO,) and thus bear little to no dis-
tinct functionality. To address this issue and widen the scope of biomorphs towards
materials science, we have started to chemically modify the inorganic nanostructures,
either in situ during their formation or by post-treatment. Here we present three dif-
ferent approaches to achieve “functional” biomorphs: (1) silane co-condensation, (2)
immobilisation of metal nanoparticles and quantum dots, and (3) organic polymerisa-
tion. All three concepts yield hybrid materials with enhanced functionality and equal

structural complexity as inherited from the self-assembly process of biomorphs.
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4.4.4 Results and Discussion

The idea behind Approach (1) was to selectively modify the silica component in bio-
morphs and introduce functional groups via alkoxysilane chemistry.[130] In fact, Voi-
nescu et al. have shown that biomorphs can be formed with tetraethoxysilane (TEOS)
as an alternative organic silica source instead of commonly used inorganic water glass
(sodium silicate solution).[58] To obtain typical biomorphic structures, the TEOS (ca.
9 mM) was pre-hydrolysed in water with sodium hydroxide before adding Ba** ions (5
mM) to the alkaline solution (pH 10-11) and inducing crystallisation by exposure to at-
mospheric CO,. Based on this recipe, we grew biomorphs from mixtures of TEOS and
functional triethoxysilanes like 3-mercaptopropyltriethoxysilane (3-MPTES, for intro-
ducing thiol groups), 3-aminopropyltriethoxysilane (3-APTES, for amine groups) and
3-(2,4-dinitrophenylamino)propyltriethoxysilane (DNPTES, carrying a fluorescent la-
bel) (see Sections S1 and S2 in the ESIt for experimental details). Figure 4.13 sum-
marises the results of an experiment in which 5 vol% of TEOS were replaced by DNP-
TES. Confocal laser scanning microscopy (CLSM) images (Figure 4.13 h and i) clearly
evidence that the obtained biomorphs display strong fluorescence, demonstrating suc-
cessful incorporation of the functional silane into the structure in a one-pot synthesis.
Bright and homogeneous fluorescence signal from all parts of the aggregates moreover
suggests that co-condensation of TEOS and DNPTES leads to a statistical distribution
of the fluorescent dye in the silica component of the biomorph, showing that this sim-
ple method enables a complete functionalisation of the entire structure. Apart from
that, the incorporation of fluorescent groups allows the siliceous component to be eas-
ily detected and located. As already mentioned above, silica can be present both as
an external skin and — to a greater or lesser extent — also in the bulk material around
and in-between the carbonate nanocrystals. This can be analysed in detail by selective
dissolution experiments.[2] For example, by immersing the as-grown aggregates into
dilute acid (0.03 M HOACc), the carbonate component can be removed quantitatively
within minutes. This leaves a hollow structure of fluorescent silica (Figure 4.13 f and
h), corresponding to the thick outer skin covering the whole crystal assembly. On the
other hand, treatment with base (1 M NaOH) dissolves this outer skin and exposes the
inner carbonate-rich core (Figure 4.13 g and i). Owing to the fluorescent label, we are
now able to confirm that silica is also an integral part of the inner structure (which is

still under debate[54]), where it presumably serves as a “glue” holding the carbonate
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Figure 4.13: In-situ functionalisation of biomorphs by silane co-condensation. a) Schematic
drawing of the growth of a biomorph by the continuous formation of carbonate nanocrystals
(dark-grey rods) in the presence of silicate species (thin light-grey threads). b) CLSM image
(transmission channel) of a biomorph sheet. c¢) Co-precipitation of BaCO3 nanocrystals and
unfunctionalised amorphous silica. d) Co-condensation of TEOS and DNPTES into fluorescent
“functional” silica. e) Incorporation of fluorescently labeled silanes into the siliceous com-
ponent of biomorphs (magenta-coloured domains). f) Selective dissolution of the carbonate
component by acid post-treatment, leading to a hollow silica structure. g) Partial dissolution
of the (outer) silica component by NaOH post-treatment. h and i) CLSM images (fluorescence
channel) of functional biomorphs after acid and base treatment, respectively.

crystals together. The fact that this part of the silica was not dissolved in NaOH in-
dicates that it is intimately associated to the carbonate phase — which is well in line
with the proposed model of autocatalytic co-mineralisation of the two components at
the nanoscale.[74, 81] We note that pre-hydrolysis of the silanes proved to be crucial
to obtain characteristic biomorphic structures directly in solution. This emphasises
the key role of silica speciation in the process of morphogenesis. Besides the above-
described in-situ functionalisation of biomorphs by co-condensation of alkoxysilanes
with TEOS, we also conducted post-functionalisation experiments with already grown
structures. Freshly harvested biomorphs are expected to carry free silanol groups at
the surface of their outer silica skin (Figure 4.14 a and b), to which functional silanes

can be coupled via well-known surface modification methods.[131] In this way, a broad
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range of functional groups can be imparted on the biomorphs, as illustrated by Figure

4.14. Using the fluorescent silane DNPTES (Figure 4.14 c), structures similar to those
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Figure 4.14: Post-functionalisation of biomorphs with different trialkoxysilanes. a) Schematic
drawing of a biomorph sheet with a thick outer silica skin carrying free silanol groups acces-
sible for coupling reactions. b) Polarised optical micrograph of a typical biomorph sheet. c-e)
Schemes for the post-silanisation of as-grown biomorphs with ¢) DNPTES, d) 3-APTES and
further functionalisation with FITC, e) 3-MPTES and subsequent binding of CdSe@ZnS quan-
tum dots. In all cases, successful functionalisation is proven by corresponding CLSM images
(right).

in Figure 4.13 were obtained, but in this case, no fluorescence could be detected in
the inner part (after treatment with 1 M NaOH), indicating that only the silica in the
outer skin is accessible for silane coupling. Nevertheless, bright fluorescence from
the outer parts confirms that surface functionalisation by post-treatment is possible.
Based on these results, further functional groups were tested. For instance, amine
groups were introduced by the silane 3-APTES (Figure 4.14 d); their presence at the
surface was confirmed by direct coupling of isothiocyanate dyes like FITC (fluorescein

isothiocyanate),[132] which were subsequently again detected via their fluorescence
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(cf. CLSM image in Figure 4.14 d). Other organic compounds can be coupled to the
amine groups on the biomorph surface in the same way. Post-functionalisation of the
structures with thiol groups was performed using the silane 3-MPTES (Figure 4.14 e).
The presence of surface-bound thiol groups was verified with Ellman’s reagent,[133]
which forms nitrothiobenzoate (NTB) adducts in slightly alkaline solutions that can be
detected and quantified by their absorption at 408 nm. With the recipe used in this
study, about 1 pmol/g thiol groups could be anchored on the biomorphs (see Section
S3 and Figure S1 in the ESIt for details). Having shown that biomorphs can readily
be functionalised by either in-situ or post-silanisation, we now turn to Approach (2)
of our work, i.e. the immobilisation of functional nanoparticles on the surface of the
aggregates. To achieve this, we made use of the thiol-bearing biomorphs obtained as
described above (Figure 4.14 e), since SH groups have a strong affinity to bind to cer-
tain metals and minerals. As a proof of concept, two distinct types of nanoparticles
were chosen here: CdSe@ZnS core-shell quantum dots (QDs), about 9 nm in diam-
eter (with dcore = 4 nm), and spherical gold nanoparticles (AuNPs) with an average
size of 14 nm. In both cases, the thiol-modified biomorphs were incubated in dis-
persions of the nanoparticles for several hours and rinsed afterwards to remove any
loosely adhering material. Figure 4.14 e shows the result for a biomorph that was ex-
posed to the quantum dots. The strong fluorescence from the flat part of the sheet-like
structure demonstrates successful immobilisation of the QDs at the surface (note that
the black regions in the CLSM image are out of focus and hence do not show fluo-
rescence here). In addition, the presence of cadmium and zinc was verified by EDX
measurements (atomic ratio: Ba:Si:Zn:Cd = 1:0.6:0.05:0.01). In the case of the AuNPs,
surface modification cannot be directly confirmed by fluorescence microscopy. While
EDX analyses traced certain amounts of gold at the surface (atomic ratio: Ba:Si:Au =
0.94:1:0.01), two further methods were used to study the prepared hybrid materials.
First, the biomorphs were crushed after functionalisation and investigated by means
of transmission electron microscopy (TEM). The resulting images show small AuNPs
covering the larger silica spheres (see Figure S2a in the ESIt), supporting the assump-
tion that the metal nanoparticles bind to the thiol groups at the silica surface. Second,
we used catalytic reactions to prove the presence of AuNPs on the structures with-
out destroying them (Figure 4.15). The chosen test reactions were the reduction of
4-nitrophenol (pNP) with sodium borohydride16 and the reduction of resazurin with

hydroxylamine (cf. Figure 4.15 c).[134, 135] In the latter case, the formed resorufin
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could easily be observed by CLSM as a strongly fluorescent area around the biomor-
phic structures (Figure 4.15 b), suggesting that the reaction occurred directly on the
surface where the AuNPs were immobilised (note that unfunctionalised structures did
not show this behaviour). The resazurin-to-resorufin reaction also occurred without
AuNP-bearing biomorphs, but at a much slower rate. This shows that the surface-
bound gold particles act as a catalyst in this reaction, hence imparting distinct func-

tionality to the biomorph structure. The reduction of pNP by NaBH, in the presence
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Figure 4.15: Catalytic reactions with AuNPs immobilised on biomorphs. a) UV-Vis spec-
tra showing the reduction of p-nitrophenol by NaBH4. b) CLSM image of a AuNP-bearing
biomorph in a solution of resazurin and hydroxylamine. The formation of the reduced state (re-
sarufin) can be detected by enhanced fluorescence at the surface of the biomorph. ¢) Schematic
drawing of the two test reactions using the immobilised particles as catalyst. The coloured
molecules were analytically observed.

of gold-functionalised biomorphs was traced by UV/Vis spectroscopy (Figure 4.15 a).
In particular, the strong absorption band of pNP at 400 nm was used to monitor the
progress of the reaction. The thick red line in Figure 4.15a shows the change in the
peak area as a function of time. It is evident that functional biomorph structures can
efficiently catalyse this reaction as well (note that pNP is not reduced by NaBH, in the
absence of Au). Based on reaction rates derived from similar tests under various con-
ditions, and by using the EDX results for intact AuNP@Biomorph structures as well as

UV-Vis data from gold colloid dispersions, the loading of Au nanoparticles on the inor-
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ganic template was determined to be in a range of 0.03-0.7 nmol/g (see Section S4 and
Figure S2 in ESIt). Taken together, the experiments described above clearly illustrate
that functional nanoparticles can be immobilised on biomorphs, and that this yields
complex ternary hybrid nanostructures with interesting catalytic properties.

Finally, in Approach (3), we made attempts to coat and/or fill as-grown biomorphs
by a polymer, so as to imprint the structure of the hard inorganic template into soft
organic material (Figure 4.16). In order to avoid uncontrolled bulk polymerisation, it is
necessary to have a monomer that first binds onto the silica-carbonate aggregates and
then polymerises in and/or around the inorganic architecture. A suitable candidate
in this context is 10,12-pentacosadiynoic acid (PCDA), a monomer showing strong
affinity to bind on carbonate surfaces via its carboxyl groups.[136] Moreover, PCDA
polymerisation can be conveniently triggered by exposure to UV light (cf. Figure 4.16
e).

Thus, we removed the outer silica skin from native biomorphs by leaching in 1 M
NaOH and subsequently incubated the exposed carbonate core in a solution of PCDA.
After replacing the supernatant, the PCDA adsorbed on the biomorphs was poly-
merised by illumination at 365 nm. SEM images of the resulting structures (Figure
4.16 c) show that the treated biomorphs (a worm-like morphology in the present ex-
ample) had a rougher appearance than their native analogues (Figure 4.16 a) and were
more or less completely covered by a material with flake-like morphologies typical for
poly(PCDA). This notion is corroborated by optical micrographs of the samples (Fig-
ure 4.16 d), in which the biomorphs display a blue-coloured rim, again characteristic of
polymerised PCDA (note that poly(PCDA) can exist in two distinct forms, one blue and
one red, between which the polymer can switch upon heating or cooling).[137, 138]
The presence of poly(PCDA) on the crystal aggregates could furthermore be clearly
demonstrated by IR and Raman analyses of biomorphs before and after functionalisa-
tion (see Section S5 and Figure S3 in the ESIT). Another beneficial property of PCDA
is that its polymerised form shows significant fluorescence. This allowed us to localise
the polymer in the as-obtained hybrids by confocal microscopy. Corresponding images
(Figure 4.16 b) reveal that the polymerisation process led to the formation of a contin-
uous organic shell around the biomorphs (as confirmed by Z-stacking image series) —
or in other words, that the morphology of the inorganic architecture was transferred
to the emerging organic phase. Actually, this situation is inverse to common biolog-

ical and biomimetic mineralisation, where usually an organic template controls the
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Figure 4.16: Organic polymerisation on biomorphs. a) SEM image of a structure with worm-
like morphology before functionalisation. b) CLSM images (main window: fluorescence chan-
nel (Aot = 561 nm), inset: transmission channel) of another worm-like structure after func-
tionalisation. ¢) SEM image of a poly(PCDA)-coated worm. The inset shows a zoom on the
surface of the aggregate, revealing the flake-like character of the polymer coating. d) Opti-
cal micrograph of biomorphs after functionalisation, showing the characteristic blue colour of
poly(PCDA). e) Schematic drawing of the polymerisation of PCDA molecules adsorbed on the
biomorph surface.

shape (and structure) of a forming inorganic phase.[105] On the other hand, our anal-
yses suggest that polymerisation did not occur in the bulk volume of the biomorphs
(cf. Figure 4.16b), presumably due to insufficient infiltration of the PCDA monomer
into the dense nanostructure. This becomes further evident when the carbonate core

is dissolved in acid, leaving hollow polymer shells behind.

4.4.5 Conclusion

In summary, our results highlight different approaches to add functionality to self-
organised silica-carbonate structures by rather straightforward means. We have shown
that silane chemistry serves as a versatile toolbox for molecular functionalisation of the
silica component in biomorphs, either by direct co-condensation during self-assembly

or afterwards through surface modification, while in both cases the complex ultra-
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structures of the inorganic-inorganic hybrids are preserved. This represents a notable
and non-trivial achievement when considering that even slightest variations in the
growth conditions can change the shape and texture of biomorphs dramatically.[58]
These experiments have provided new insights into the role and distribution of sil-
ica in the aggregates by direct visualisation via fluorescent labeling. Apart from such
structural information, biomorphs carrying dinitrophenyl groups could be interesting
materials for the field of non-linear optics (NLO).[139, 140] DNPTES-labeled silica
is known to exhibit second order non-linearity due to the non-centrosymmetric en-
vironment, and hence it should show second harmonic generation (SHG) phenomena
if the dyes are aligned.[140, 141] In addition to fluorescent labeling, post-silanisation
of biomorphs also allows for anchoring various functional groups such as amines or
thiols at the surface, which can then be used for further functionalisation. In the
present work, this strategy was employed to generate biomorph-based superstructures
of semiconductor and metal nanoparticles as first examples to demonstrate the vari-
ability of our approach. The resulting materials may show special optical properties,
for instance through the coupling of the surface plasmons of nanoparticles immo-
bilised on helicoidal structures,[2, 51, 52, 54, 74, 81, 101, 102, 107] leading to chi-
ral plasmonics on single biomorphs.[142, 143] We are furthermore confident that also
other functional materials can be bound to the biomorph surfaces in a similar way.
In particular, it would be desirable to orient magnetic or electric dipoles along the
sinuous landscape provided by the inorganic template, as this is expected to produce
complex couplings and thus give rise to new physical properties. For example, ori-
ented attachment of suitable magnetic nanoparticles (such as iron oxides) on existing
biomorph architectures could lead to long-range ordered superstructures through self-
assembly,[144, 145] which in the case of twisted morphologies may yield micropro-
pellers capable of navigating in an applied external magnetic field.[118, 146] In turn,
electric dipole coupling could be realised by using anisotropic semiconductor nanopar-
ticles like zinc oxide.[147] Finally, selective dissolution of the inner carbonate core
gives easy access to hollow frameworks of functional materials with complex shapes
and additional possible advantages in terms of properties and applications.[148] Post-
functionalisation thus appears to be a simple and universal method with great poten-
tial to benefit from the unique structures of biomorphs in the design of nanoparticle
assemblies with new collective and emergent properties, which remain to be explored.

Along the same lines, it is possible to shape organic matter by in-situ polymerisation
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of suitable pre-adsorbed monomers on the inorganic architectures. This bears fascinat-
ing — though inverted — analogies to biomineralisation and may have profound impli-
cations for primitive life detection[2, 52] as well as the early evolution of increasingly

complex organic matter.
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4.5 Symbiosis of Silica-Biomorphs and Magnetite Mesocrystals

This chapter is published in Adv. Funct. Mater., 2019, 0, 1902047. This chapter was
accepted as a communication on the 18th of July 2019. As the manuscript was pub-
lished in Wiley journal, the authors keep the copyright, which allows a reprint for this

thesis.

4.5.1 Abstract

Silica biomorphs are extraordinary inorganic
superstructures formed via autocatalytic co-
precipitation and bottom-up self-assembly of
alkaline-earth carbonates and silica. How-
ever, they show no inherent functionality ex-
cept for their striking textural motifs and

curved morphologies. This work presents

strategies to magnetize silica biomorphs, thus

Biomorph Mesocrystal

creating thermally-stable ceramic microswim-
mers with unique elaborate shapes. This is Figure 4.17: Graphical abstract of Opel ef
achieved by growing superparamagnetic mag- @ 2019.

netite mesocrystals on and around the com-

plex curved surfaces of biomorphs, while keeping their morphology and maintain-
ing mesocrystal integrity. Selective mesocrystal formation on certain parts of the sub-
strates is induced by chemical modification of the biomorph surface, increasing the
loading of magnetite on the silica-carbonate structures and, in suitable cases, render-
ing them able to respond to external magnetic fields and move as microswimmer enti-
ties. In this way, the complex ultrastructure of silica biomorphs has been successfully
used as template for functional ceramics. Furthermore, selective dissolution of the

carbonate core from the biomorphs leads to hollow magnetic structures that could be

filled with actives, thus serving as microcarriers with considerable loading capacity.

4.5.2 Introduction

Controlled movement on the microscale is a worthwhile goal in materials science. In
principle, it necessitates a swimming unit and a responding unit or engine, which in-

teracts with outer fields or converts fuel.[118] However, so far, it has been challenging
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to fabricate microswimmers with varying complex shapes within a single batch, which
may enable interesting features such as self-propelling. Silica-carbonate “biomorphs”
could be promising archetypes for the design of such swimming units, since they form
spontaneously by self-assembly and grow into elaborate curved architectures on the
multi-micron to millimeter scale.[51, 102, 149] Among the morphologies commonly
displayed by these inorganic-inorganic hybrids, the most interesting shapes for swim-
ming or carrying applications are the chiral filamentous forms, i.e. worm-like braids,
helicoids and twisted ribbons. All these peculiar structures can be obtained in a sim-
ple one-pot synthesis from aqueous media at ambient conditions. Indeed biomorphs
form upon addition of alkaline-earth metal cations like barium, strontium or calcium
to alkaline, silica-rich solutions or gels, with subsequent diffusion of atmospheric
CO, triggering the slow crystallization of carbonates under the influence of silicate
species.[74, 81] The formation of complex ultrastructures relies on an autocatalytic co-
precipitation mechanism that produces uniform carbonate nanocrystals, which self-
assemble on the mesoscale and become embedded in a matrix of amorphous silica.[51]
The rich structural variety of biomorphs is shown in Figure 4.18 a-e (also compare with
Figure 9.7 in the Supporting Information (SI) for an overview on typical structures
obtained from a single batch) can be explained based on differences in local growth
velocities during the formation process, which can induce local curling and thus give
rise to curved and twisted architectures.[74, 81] Once these structures are formed and
self-assembly has ceased, secondary precipitation of silica (due to the lowered bulk
pH) often leads to the deposition of a continuous skin of amorphous silica all over the
structures.[115] Moreover, long reaction times can also cause secondary precipitation
of (regular) carbonate crystals, which typically grow more or less selectively at the
apex of the structures and their outer edges. In this stage, no coupled precipitation oc-
curs and carbonate formation is preferred (note that both of these secondary processes
will be used for functionalization below).

While many previous studies on silica biomorphs were focused on their morphogene-
sis and structural control[59, 71, 102, 150, 151] as well as relevance for primitive life
detection,[52] possible functional properties of biomorphs have hardly been explored
until recently. The first successful surface functionalization of the as-obtained silica-
carbonate hybrids was achieved using silane chemistry in combination with nanopar-
ticles or by controlled polymerization of organic matter around the inorganic temp-

late.[119] Later, the entire bulk composition of biomorphs was changed after growth
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Figure 4.18: Morphological variety of silica-biomorphs and the approach to magnetize them.
a-e) Scanning electron micrographs in false colors of a biomorphs sheet (a), helix (b), worm-like
braid (c), trumpet (d) and coral (e). f) Magnetization approach with magnetite mesocrystals.
Methodological approach of the magnetization of silica biomorphs by heterogenous nucleation
of magnetite mesocrystals. In the first step (i) decoration of the globular end with witherite
crystals followed by the selective mesocrystal formation (ii).

by ion exchange and subsequent conversion to semi-conducting perovskites.[152] In
the present work, we have investigated the potential of biomorphs to serve as swim-
ming units in microscale motors able to operate even at high temperature. Biomorph
shaped which have a potential as a swimming unit are the helicoidally and the worm-
like braids (c¢f. Figure 4.18b,c) and therefore this work focuses on this two types of
morphologies.

To control the movement of silica biomorphs on the micronscale, they need to be
equipped with a suitable engine or responding unit. One such engine could in prin-
ciple be iron oxide catalysts, which would have to be immobilized on the biomorph
surface, where they could then decompose hydrogen peroxide and generate gas bub-
bles that drive the motion of the microswimmers, as reported previously for other
systems.[118, 153] However, since the size of biomorphs is typically in the range of
at least tens of micrometers, they are likely too heavy to be propelled by this type of
motor (unpublished preliminary work). Instead, they require a stronger driving force
— such as that provided by an external physical field. Here we have chosen to equip
silica biomorphs with a magnetic responding unit that should allow them to navigate
in an applied magnetic field. A suitable responding unit for magnetic biomorph mi-
croswimmers was obtained by particle-based crystallization, namely the assembly of
superparamagnetic magnetite nanoparticles into “mesocrystals”.[84, 85] Mesocrystals

are superstructures consisting of nanocrystals that share the preferred crystallographic
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orientation over long-range distances. Compared to bulk materials, nanocrystals often
show outstanding size-dependent properties, but in turn they are difficult to handle as
a material.[154, 155] The assembly of nanocrystals into mesocrystals provides an im-
portant route to processability while maintaining the unique properties of nanocrys-
tals during “scale-up” to micron-sized or even macroscopic structures. In the case of
magnetite (Fe;O,), nanocrystals with sizes less than 30 nm show superparamagnetic
behavior at room temperature.[156, 157] This behavior allows to affect mesocrystal
formation using a magnetic field to create rather uncommon mesocrystals (in terms
of morphology and structure) as compared to those formed without the influence of
a magnetic field.[158] However, the superparamagnetic properties of the nanocrystals
are preserved as reported for millimeter-sized mesocrystals e.g. by Yin et al.[159] Such
magnetic mesocrystals seem to be a perfectly suited responding unit for microswim-
mers upon interaction with external magnetic fields. Uniting the concepts of silica
biomorphs and magnetite mesocrystals, a variety of new self-assembled ultrastruc-
tures with interesting functional properties can be prepared via explicitly simple ap-
proaches, as summarized in Figure 1f. In this approach a selective anchor point should
be generated at its end with witherite crystals followed by the mesocrystal formation.
The most promising symbiosis between barium carbonate (witherite) biomorphs and
superparamagnetic mesocrystals — leading to high temperature stable (up to 420°C),

ceramic, responsive microarchitectures — is highlighted in this work.

4.5.3 Results and Discussion

Magnetite mesocrystals as responding unit for microswimmers were formed via gas
diffusion of an anti-solvent into an organic solvent based dispersion of magnetite
nanoparticles stabilized by oleic acid (see the SI for details on the synthesis and a
sketch of the setup used for the formation of mesocrystals (Figure 9.8 a)). The mesocrys-
tals form on silicon wafers by a continuous and slow decrease of the colloidal stabil-
ity of the nanoparticle dispersion, leading to well-defined superstructures as shown
in Figure 2b and c. Their morphology can be described as a tetragonal truncated
pyramid exposing a p4mm projected symmetry on the basal (001) face, which shows
p4mm plane group symmetry of nanoparticles packing.[15] To act as responding unit,
these mesocrystals must crystallize on carbonate-rich surfaces as commonly displayed

by biomorphs. This precondition was tested by replacing the usual silicon wafer as
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growth substrate with single crystals of aragonite (see Figure 9.8 b in the SI) and cal-
cite (see Figure 9.8 c in the SI). Indeed, magnetite mesocrystals were found to grow
on carbonate surfaces, with preferred occurrence on notches and roughness, indicat-
ing heterogeneous nucleation. Based on these observations, as-grown biomorphs were
used directly and without any further chemical modification as microscopic substrates
to create magnetic microswimmers in a straightforward procedure (Route III in Figure
4.19 a). The result is shown in Figure 4.19 g, demonstrating a successful combina-
tion of a biomorph worm and quite large magnetite mesocrystals, which have grown
around the globular apex from which the worm has emerged. Here, selective attach-
ment of the mesocrystals to the apex is ascribed to the presence of regular witherite
crystals (i.e. bare carbonate surfaces without significant amounts of silica) on this
part of the biomorph (as shown by Figure 4.19 i and Figure S3 in the SI), which have
been generated by increasing the growth time from 8-10 h (bulk pH: 10.5) to 16-48 h
(bulk pH: 8.5). At the lower bulk pH, the chemical coupling between carbonate and
silicate speciation is no longer active, and hence the two components mineralize in-
dependently from one another (yielding regular carbonate crystals at the apex and a
continuous silica skin over the rest of the aggregate). When the size of the magnetite
mesocrystals is decreased (by adding less oleic acid stabilizer in the nanoparticle dis-
persion), the regular carbonate crystals covering the apex become visible and the se-
lective growth of many small mesocrystals on these surfaces is clearly observed (see
Figure 4.19 h and i). To further increase the mesocrystal loading, the surface of the
biomorphs was modified in different ways, as summarized by the scheme in Figure
4.19 a. This provides a toolbox allowing for the controlled deposition of mesocrystals
at various positions of the biomorph. For instance, treating the as-grown biomorphs
with NaOH solution removes the outer silica layer (as proven by IR spectroscopy, cf.
Figure 4.19 d) and exposes their bare core, which consists mainly of co-aligned bar-
ium carbonate nanorods (Route I in Figure 4.19 a). Such rough carbonate-rich surfaces
should be an excellent substrate for the immobilization of magnetite nanocrystals en-
abling magnetite mesocrystal formation. Moreover, the obtained biomorphs without
silica shell can be used to hydrophobize the surface via adsorption of a layer of oleic
acid (Route II in Figure 4.19 a; binding of oleic acid to the bare biomorph surface is
confirmed by the two IR bands at 2852 and 2922 cm™! in the black spectrum in Fig-
ure 4.19d). A hydrophobic surface should lead to enhanced interaction with the oleic

acid stabilizer shell around the magnetite nanoparticles and thus to a denser cover-

4.5 Symbiosis of Silica-Biomorphs and Magnetite Mesocrystals



4 RESULTS 71

B silica

I Oleic Acid
Hydrophobic Silica
Magnetite Nanoparticle

Figure 4.19: Functionalization of silica biomorphs with magnetite mesocrystals. a) Scheme il-
lustrating the various pathways leading to different composites of magnetite mesocrystals and
worm-like silica biomorphs. (I) Dissolution of the outer silica shell of biomorphs with NaOH
solution to obtain “naked” carbonate surfaces. (II) Subsequent hydrophobization of the naked
biomorph with oleic acid. (III) Magnetite mesocrystal formation via “gas diffusion method”
on top of the biomorph structure at different, potentially multiple positions. (IV) Hydropho-
bization of the outer silica shell via post-treatment with alkyl triethoxysilanes. The indicated
positions and amounts of the mesocrystals covering the biomorph worm are meant to illustrate
the quality and selectivity of the functionalization. b,c) Scanning electron microscopy (SEM)
images of magnetite mesocrystals grown from THF solution upon destabilization via gas diffu-
sion. d) IR spectra of biomorphs after modification according to pathways I, Il and IV in (a). e)
SEM image showing the successful formation of magnetite mesocrystals (white arrows) around
the apex and the tip of a worm-like biomorph that has been post-functionalized with dodecyl
triethoxysilane. f) TEM image of a carbonate nanocrystal obtained from the core of a biomorph,
which was functionalized with oleic acid and subsequently became covered with magnetite
nanocubes. g) SEM image of an unfunctionalized silica biomorph after mesocrystal formation.
h) SEM image of a magnetite mesocrystal showing a negative imprint of a biomorph worm
around which it originally grew. i) SEM image of the apex of a biomorph worm, which shows
pronounced overgrowth with regular barium carbonate crystals (long rods), which themselves
have been decorated by small magnetite mesocrystals (grown at reduced oleic acid concentra-
tion). Scale bars are (b) 10 ym, (c and f) 100 nm, (e and g) 50 ym, and (h and i) 25 pym. (Scale
bars B: 10 ym; C, F: 100 nm; E, G: 50 ym; H, I: 25 pm)

age of the entire structure with the nanoparticles. Alternatively, biomorphs that still
carry an outer silica skin can be hydrophobized by using alkyl triethoxysilanes (e.g.
octadecyltriethoxysilane) (Route IV in Figure 4.19 a).[119] Again, successful function-
alization is shown by IR spectroscopy (Figure 4.19 d). Having obtained a collection
of biomorphs exposing different surface chemistries (neat silica (hydrophilic), silane-
modified silica (hydrophobic), neat carbonate (hydrophilic) and oleic acid-modified

carbonate (hydrophobic)), we tested their ability to act as substrates for enhanced
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magnetite mesocrystal formation. Bare carbonate as well as hydrophobized surfaces
(regardless of whether silanes or oleic acid are used) showed an increased, though less
site-specific adsorption of magnetite nanoparticles at various positions all over the
biomorph architecture. The strong affinity of magnetite nanoparticles towards bare or
hydrophobized surfaces is also supported by TEM studies on crushed specimens: Fig-
ure 4.19 f shows a single carbonate nanorod, which is decorated by numerous smaller
magnetite particles. Analysis of several such carbonate rods suggests that they are
covered with mono- or multilayers of magnetite nanocubes on most faces. Due to the
strong affinity for magnetite to bind, bare carbonate and hydrophobic surfaces thus fa-
vor mesocrystal formation on several different positions on one given biomorph archi-
tecture (cf. white arrows in Figure 4.19 e), while on untreated biomorphs, rough areas
like those carrying secondary witherite crystals (usually the globular apex, cf. Figure
4.19 i) become preferentially overgrown by magnetite mesocrystals. The formation
and growth of mesocrystals can also occur in-between two or several neighbouring
biomorph structures, where the available (reduced) space is filled by the mesocrys-
tals with no noticeable interference due to the confinement. One such example can
be seen in Figure 4.19 h, where a negative imprint of a biomorph worm is present
on the mesocrystal (presumably the two domains were torn apart during isolation).
This underlines the adaptability of the mesocrystals to existing template structures
without abandoning the co-orientation of their nanoparticulate building units. In the
light of the different presented functionalization methods as well as the broad intrinsic
structural variability of silica biomorphs (including numerous other interesting mor-
phologies beyond those addressed here, such as coral- or flower-like forms), it seems
obvious that a large spectrum of magnetic microarchitectures can be designed using
the concept introduced above. With respect to microswimmer applications, each of
these forms may show different hydrodynamic behavior and thus can be selected from
the morphological pool for a given purpose.

To test the response of the mesocrystal-biomorph composites to an external magnetic
field, they were placed in a Petri dish that was mounted on a fixed platform under a
light microscope (cf. Figure 4.20 a-c). A permanent magnet ( 100 mT at the sample/
290 mT at the magnet surface) was then fixed to the stage of the microscope under-
neath the sample, enabling an exact tracking of the position of the magnet. First, the
swimming behavior in liquid media was studied by placing a magnetic microstructure

(biomorph worm carrying two magnetite mesocrystals) on the surface of a highly vis-
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cous aqueous solution of poly(ethylene glycol) (MW = 8000 g/mol; 50 wt%; 1 = 325.5
mPa-s), on which it floated randomly when no external field was applied. In the pres-
ence of the magnet, the superstructure can travel along predefined pathways through
the solution (cf. Figure 4.20 b and Movie S1 in the SI). Figure 4.20 b’ shows a time-
lapse sequence of images illustrating the linear movement of the responsive microar-
chitecture (see Movie S2 in the SI for the corresponding video) induced by locating
the magnet at a fixed position on the right side of the field of view (indicated by the
black dashed line). The biomorph microswimmer moves directly towards the magnet
through the viscous medium and can also be forced to travel forth and back following a
continuous displacement of the magnet (as shown by Figure 4.20 b and Movie S3 in the
SI). It is furthermore evident that response of the structure is somewhat delayed with
respect to the displacement of the magnet, likely due to inertial effects caused by the
high viscosity of the medium. In a second experiment, a biomorph worm carrying one
magnetite mesocrystal at its apex (cf. Figure 4.19 g) was put on a dry Petri dish, with
its contact point (red dot in Figure 4.20 c) slightly displaced relative to the center of
the path travelled by the moving magnet. This induces a rotating movement when the
magnet passes the structure, as illustrated schematically in Figure 4.20 c and Movie 54,
and observed experimentally in Figure 4.20 ¢’ and Movie S5. Here, the self-assembled
composite responds directly and with little delay (due to the lower viscosity) to the dis-
placement of the magnet (relative magnet positions are indicated as pointing angles by
the red lines in Figure 4.20 ¢’, with 0° corresponding to the starting position). It should
be noted that the biomorph-mesocrystal aggregate was not immobilized on the surface
of the Petri dish, but nevertheless remained at a fixed position and only rotated. Fur-
thermore as can be seen in Movie S5, also single mesocrystals follow the movement of
the magnet. They are a byproduct from the preparation procedure. This shows that
the motion of the microarchitecture can be precisely controlled in the dry state if the
applied forces are not too pronounced. All these observations clearly demonstrate that
magnetite mesocrystals attached to silica biomorphs indeed work as responding units
in an external magnetic field, enabling controlled movement on the micronscale.

Another very promising aspect about these materials is the possibility to transform the
magnetized architectures into hollow microcarriers, which can be easily achieved by
removing the carbonate core with dilute acid, leaving behind a hollow silica “ghost”
that still carries the mesocrystal responding unit. Such structures could serve as carri-

ers for molecular cargo, which after filling with actives travel to predefined locations
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Figure 4.20: Biomorphs as responsive microarchitectures. a) Schematic illustration of the ex-
perimental setup used to move magnetized biomorphs in an external magnetic field. 1: ob-
jective, 2: sample, 3: fixed Petri dish, 4: moving glass slide, 5: permanent magnet, 6: holders
for Petri dish. Moving the object holder will only displace the magnet (and not the sample),
whose relative position is tracked at all times. b) Sketch of a linear displacement of a magne-
tized biomorph across a highly viscous aqueous PEG solution guided by a permanent magnet.
Green and black arrows indicate the movement of the glass slide carrying the magnet below
the Petri dish and the delayed response of the biomorph above, respectively. b’) Snapshots
of an experiment according to the setup in (b), where the magnet is located at the right end
of the field of view as indicated by the dashed black line, while the magnetized microstruc-
ture (highlighted in red) is moving towards it. Scale bars are 1 mm. c) Sketch of a rotating
movement (indicated by the black arrow) of a dry magnetized biomorph in response to a linear
displacement of the permanent magnet (green arrow). The red dot marks the position where
the biomorph is fixed to the substrate (rotation axis), which in this case is not centered on the
path travelled by the magnet. ¢’) Snapshots of an experiment according to the setup in (c). The
biomorph-mesocrystal composite responds to the movement of the magnet (relative positions
are given below the micrographs) by rotation as indicated by the drawn angles. Scale bars are
100 pm.

and release their cargo there (targeted micro-release and/or spatial reaction control
in microenvironments). Movie S6 in the SI shows such a hollow ghost and its ability
for controlled movement in an external magnetic field (note that this structure moves

through a less viscous acetic acid solution and therefore the response to the moving
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magnet has no visible delay compared to the experiments in PEG solution). It could
further be envisaged that the hollow silica framework is functionalized by silane chem-
istry to enable selective uptake and release. At least, one should keep in mind that for
a pure inorganic system with these responsive architectures, a high thermal stability
is expected. To further investigate the thermal stability of mesocrystal-biomorph com-
posites, the magnetite mesocrystals were annealed at different temperatures in the
range between 350°C and 500°C, which is below the decomposition temperautre of
barium carbonate (SI Materials and Methods). Within the tested temperature range,
the specimens preserve the initial shape of the mesocrystals, however at 350°C - 420°C
the magnetite nanoparticles partially fuse together forming “mosaic” structures on the
aggregate surfaces. At 500°C, the phase transformation of magnetite to hematite is ob-
served and the faces of the specimens are overgrown by plate-like nanocrystals (Figure
9.10 a). Morphologically and compositionally the mesocrystal-biomorph composites
should therefore be stable at least up to 420°C. At even higher temperatures (1000°C)
the outer shape of the composite is still preserved (Figure 9.10 b) but new phases (incl.
barium silicate, barium oxide, crystalline SiO, (tridymite) and hematite) have replaced

the original materials which also goes along with a change of the magnetic responsiv-

ity.

4.5.4 Conclusion

In summary, our work highlights the successful symbiosis of two prominent exam-
ples for complex self-assembly in the field of crystallization: silica biomorphs and
mesocrystals. Their combination leads to functional microscopic ultrastructures in
straightforward processes at ambient conditions. Given the large variety of morpholo-
gies and structures accessible within one batch of biomorph synthesis (going far be-
yond the proof of concept established in this work), numerous types of responsive
microtools can be generated in just a few processing steps. By targeted modification
of the surfaces of silica biomorphs, the adsorption of superparamagnetite nanoparti-
cles and their assembly into mesocrystals on the biomorph substrate can be controlled.
This approach gives access to magnetic microarchitectures that can be applied as re-
sponsive tools ranging from microswimmers over microcarriers to micromanipulators.
In the present work, it was demonstrated that external magnetic fields can be used

to precisely control the movements of the architectures in a simplified setup. Since
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these structures are composed of purely inorganic material, they show high tempera-
ture stability. Finally, the possibility to remove certain components selectively — e.g.
carbonate by acid or silica by base post-treatment, leaving a hollow silica ghost or an
open porous carbonate network, respectively — offers further handles for enhanced
functionality, such as the incorporation and/or transport of active compounds, which

could eventually enable targeted release from the moving structure.
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4.6 Light-Switchable Anchors on Magnetized Biomorphic Micro

Carriers

This chapter is published in J. Mater. Chem. B, 2020, 8, 4831. This chapter was ac-
cepted as a communication on the 10th of June 2020. As the manuscript was pub-
lished in an RSC journal, the authors keep the copyright, which allows a reprint for

this thesis.

4.6.1 Abstract

Microcarriers with the ability to release and
catch substances are highly desired metama-
terials and difficult to obtain. Herein, we re-
port a straightforward strategy to these ma-
terials by combining silica-biomorphs with

mesocrystals. An easy access to microcarrier

hulls with covalently bound spiropyrans as

light switchable anchorpoints is presented. Figure 4.21: Graphical abstract of Opel et
al. 2020.

4.6.2 Introduction

The so-called silica-biomorphs are purely inor-

ganic composite materials that exhibit outstanding shapes.[51, 52, 74] Their prepara-
tion is performed in alkaline, silica-rich solutions containing earth-alkaline metal ions,
like Ba?*, Sr?* or Ca®*.[149, 160] The formation mechanism is assumed to be based on
autocatalytic co precipitation of earth-alkaline carbonates and silica linked to a local
pH cycling induced by alternating silica and carbonate precipitation.[81, 101, 113]
The huge variety of self-assembled carbonate nanorods is interesting for several appli-
cations. The elongated shape of worm-like and helicoidal shaped biomorphs bear the
potential to be used as microcarrier hulls.[161] Magnetic nanoparticles like magnetite
nanocubes are used as responding unit, which is needed for controlled movement
through various media.[162, 163] The benefit of this system is the ability to attach
mesocrystals at specific sides of the biomorph (cf. Fig. 4.22).[98, 161] Mesocrystals
form in a non-classical pathway via the oriented assembly of non-spherical nanocrys-
tals into superlattices.[85, 106] In order to create further functionality, the structures

must be equipped with an additional responding unit that allows addressing of a
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Figure 4.22: Scanning electron micrographs of a biomorph worm (left) and a biomorph helix
(right) decorated with magnetite mesocrystals (highlighted in red) at the globular apex of the
structures.

switchable anchor point for controlled compound load/release. Previous works em-

ploy post functionalization by use of silane coupling chemistry.[119, 161]

The incorporation of light-switchable molecules to various systems and the devel-
opment of so called dynamic materials came into the focus of attention during the
last decades. Not only the synthesis of materials for data storage[164], electronic
devices[165] or sensors[166] but also the biological applications of photo-responsive
compounds, e.g. in photopharmacology,[167-169] have been investigated. Photo-
switchable molecules show reversible transformation between at least two different
thermodynamically stable isomers induced by irradiation with light of a particular
wavelength. Among the wide range of photo-switches, spiropyrans achieved a privi-
leged status since they enable production of materials that are responsive to multiple
external stimuli in an orthogonal fashion. The two isomeric structures of a spiropy-
ran show vastly different properties, which results in an isomerization process that is
not only induced by irradiation with light but also by several other external stimuli
including temperature, solvent or pH-value.[170] In addition, covalent attachment of
spiropyran units to a solid support results in numerous advantages compared to the
non-immobilized counterparts, including an improved fatigue resistance[171, 172], or

the possibility to obtain biocompatible photoresponsive materials.[173, 174]

The incorporation of silane-containing switchable molecules like spiropyrans is a de-
sired method to new metamaterials.[170, 175] The typical structural formula of a
spiroindolinopyran (SP) is shown in Fig. 4.23, consisting of an indoline and a chromene
moiety, which are connected via a spiro center. The isomeric merocyanine (MC) is ac-
cessible by heterolytic cleavage of the Cspiro-O bond induced by irradiation with UV-

light. Population of the excited state is followed by an intersystem crossing process

4.6 Light-Switchable Anchors on Magnetized Biomorphic Micro Carriers



4 RESULTS 79

to the corresponding triplet state in which the ring opening takes place.[176] Inter-
nal rotation in the ground state to the cis- and trans-isomers is in most cases followed
by a thermal isomerization to the trans-isomer. The open-ring isomer exists as either

zwitterionic (2) or quinoidal species (3). The merocyanine often shows strong fluores-

NO, NO,
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Spiropyran (SP) Merocyanine (MC)

Figure 4.23: Typical structural formula of a spiroindolinopyran

cence and exhibits a remarkably higher affinity to different chemical structures[177],
a property that is caused by the additional free oxygen acting as a donor function. The
zwitterionic merocyanine has already been described as a ligand for (divalent) metal
ions[178-180] whereas the neutral spiropyran is a rather unfavorable donor. Utiliz-
ing the huge differences in the properties of the isomers, multi-fluorescent hybrid
particles[181], traps for ions[182] or small molecules[175] are prepared, the hydropho-
bicity of solid surfaces[183] can be tuned reversibly, or the electrochemical properties
of a surface[184] are controlled. Reverse isomerization to the initial spiro compound
is possible to occur by either thermal relaxation or irradiation with visible light. These
properties moved the spiropyran-merocyanine system to the focus of our interest with

regard to the design of a magnetized biomorphic microcarrier system.

4.6.3 Results and Discussion

The synthesis of a silane-functionalized spiropyran is desired for a carrier system
based on mesocrystal-biomorph composites (MCBCs). Spiropyrans for the desired
silica-modification were already published in literature[175], but accessibility and fea-
sibility were improved in this approach. Based on a literature-known synthesis of a
spiropyran bearing a carboxylic acid group[185], the desired compound was accessi-
ble by peptide coupling with 3 aminopropyl triethoxysilane. The reaction scheme is
shown in Fig. 4.24 A. Compound 7 was subsequently immobilized on silica biomorphs.
The attachment of functional silanes to various biomorphs was already proven and al-
lowed the desired functionalization of the particle surface with spiropyrans.15 The
scheme of this procedure is shown in Fig. 4.24 B.

Silica-biomorphs were precipitated from barium-containing alkaline silica sol through
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Figure 4.24: A) Synthesis route of the silanefunctionalized spiropyran (target compound 7).
B) Formation scheme of the light switchable MCBCs via the selective formation of magnetite
mesocrystals around silica-biomorphs tips and the post functionalization of their silica shell
with compound 7 and its ability of light induced switching on the MCBC surface which induces
the glowing (bright green).

continued CO, diffusion into the sol. The structures remained in the mother sol for 16
h to reach the secondary precipitation stage, where an outer silica shell and additional
witherite attach to the structures.[161] A thicker silica layer around the structures is
desirable to improve stability once the inner core dissolves for an improved carrier
capacity of the MCBCs. Selective secondary precipitation of witherite crystals around
the tips of the structures is desired to induce heterogeneous magnetite mesocrystal
formation. The obtained solid from the biomorph synthesis was rinsed several times
with deionized water and dried. The biomorph powder mainly consisted of worm-like
braids and helicoidal structures, decorated with witherite crystals on the former glob-
ular tips of the biomorphs. The structures were transferred into a magnetite nanocube
solution in THF containing a certain amount of oleic acid. The biomorphs act as sub-
strates for the mesocrystal formation. Mesocrystals were formed through gas phase
diffusion of the anti-solvent (ethanol) into the magnetite nanocube solution. The par-
ticle, as well as the oleic acid concentration were accurately chosen in order to generate
mesocrystals in the range of the tip size (cf. Fig. 4.22). Decreased nanocube concentra-
tion leads to smaller mesocrystals and a lower total magnetite loading of the structures.

The result is a different responding behaviour in the magnetic field. Decreased oleic
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acid concentration results in an increased number of smaller mesocrystals. The total
magnetite loading stayed constant.9 Obtained MCBCs allow a further post functional-
ization treatment with synthesized compound 7 by incubation of the structures in a 1
wt.% solution in ethanol/water (95:5) for several hours. The generated functionalized
silica layer can be seen in the Fig. 4.24 B as blue layer in the SP form. UV-irradiation of
the material induces the spiro-compound to switch to the MC form, which is indicated
by the glowing green colored layer (Fig. 4.24 B). As previously mentioned in literature,
the vastly different properties of the two isomers can be further used for selective catch
and release of compounds.[175]

To prove the postulated scheme of the formation of light switchable MCBCs, laser
scanning microscopy (LSM) was used. A selective switching of the SP by using the
bleach mode was induced with a different wavelength. Therefore, the excitation and
emission spectra of compound 7 were recorded and are shown in Fig. 4.25 A. The
black spectrum shows the excitation spectrum of the SP form detecting the intensity
of fluorescence at 625 nm while the excitation wavelength changes. The spectrum
has a maximum at 555 nm and a shoulder at 520 nm. In addition, several emission
spectra were measured to elaborate the obtained fluorescence as subject of the excita-
tion wavelength. Using an excitation wavelength of 555 nm, the highest fluorescence
intensity was obtained (green spectrum), while an excitation wavelength of 490 nm
exhibited lower fluorescence yields (blue spectrum). Nevertheless, 490 nm excitation
is the most important result due to the equipped analysing lasers on the LSM. For the
fluorescence experiments on the LSM, the imaging was performed with a 488 nm laser
(1% laser power, pin hole: 1 au).

Imaging the structures with visible light continuously decreased the obtained fluores-
cence. The degradation of fluorescence is worse with the 555 nm laser, which was
additionally chosen in other experiments to turn off the fluorescence while switching
the MC back to the SP form. To generate a high amount of fluorescent MCs on the sur-
face, the structures were “bleached” in a region of interest (ROI) with a 405 nm laser
(20% laser power, 4 scans). One result is shown in Fig. 4.25 B. The bleaching of the ROI
occurred after the first and every third following cycle, indicated by the bluish bars.
The measured data originated from a programmed times series. Continuous decrease
of the fluorescence intensity in the 3 steps after excitation to a level lower than before
the bleaching explains the ongoing decrease of the overall fluorescence intensity. The

effect becomes even clearer by considering several cycles. An example is shown in Fig.
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Figure 4.25: A) Excitation (black) and emission spectra of the synthesized compound 7 in
ethanol. The vertical coloured lines correspond to the excitation wavelength (blue: 490 nm;
red: 520 nm; green: 555 nm). B) ROI (region of interest) intensity measurement over twelve
scanning cycles on the LSM. Bleaching of the region (405 nm; 20% laser power; 4 scans; after
the 1st and every following 3rd image) is indicated as bluish areas. C) Long-term cycling at the
ROI over 72 cycles with the same settings chosen for B. D) LSM image (excitation wavelength:
488 nm, 1 % laser power) in false colours of a SP functionalized structure in the OFF (SP) state.
E) LSM image of a SP functionalized structure in the ON (MC) state.

4.25 C, where 72 cycles are recorded in the same area. To visualize this effect, Fig. 4.25
D shows a functionalized MCBC in its OFF state, before the frame was illuminated
with 405 nm light. Fig. 4.25 E shows the activated structure after excitation. It has to
be mentioned that the pictures show a lower end of a functionalized biomorph worm,
and the lowest part is in focus. The pin hole cuts off the fluorescent light emitted from
the upper part, allowing an improved image quality and spatial resolution. Therefore,
the LSM constitutes an appropriate method to prove the incorporation of the func-
tional silane on the structures. This has also been shown in previous works[119] and
demonstrates the suitability of spiropyrans as switchable anchor points on biomorph-

based microcarriers.
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4.6.4 Conclusion

This work highlights a rational designed pathway to generate easily accessible micro-
carriers by utilising the silane chemistry toolbox linked to light switchable spiropy-
rans and the exceptional shaped ultrastructures called silica-biomorphs. On top a
magnetite mesocrystal is used as a responding unit, which results in a full functional
metamaterial extending the frontiers in all three used fields (biomorphs, mesocrystals
and spiropyrans). The here described materials have potential in a number of applica-
tions. Since it is already literature known that the merocyanine form can bind metal
cations[178-180], the microcarriers could be used for the transport of metal ions by a
magnetic field. Ion release by switching to the spiropyran form would allow reactions
of the released cations like catalysis, mineralization, complexation etc. One could also
think of binding polar nanoparticles to the merocyanine form, which can be released
by light at the location of interest. Also, polar drugs could be bound, transported and
released. If the spiropyran form could be used for binding of unipolar species (drugs,
molecules etc.), release by light switching to the merocyanine form would enhance
the application spectrum of the microcarriers a lot. Future studies will show the ex-
citing applications, which will become possible with the mesocrystal functionalized

biomorph microcarriers.
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4.7 Hybrid Biomimetic Materials from Silica/Carbonate Biomorphs

This chapter is published in Crystals, 2019, 9, 157. It was accepted as a communication
on the 14th of March 2019. As the manuscript was published in an MDPI journal, the

authors keep the copyright, which allows a reprint for this thesis.

4.7.1 Abstract

The formation of a polymer protection layer
around fragile mineral architectures ensures
that structures stay intact even after treat-
ments that would normally destroy them go-
ing along with a total loss of textural informa-

tion. Here we present a strategy to preserve

the shape of silica-carbonate biomorphs with
polymers. This method converts non-hybrid zllg;;f; -26: Graphical abstract of Opel ef
inorganic-inorganic composite materials such
a silica/carbonate biomorphs into hybrid organic/carbonate composite materials sim-

ilar to biominerals.

4.7.2 Introduction

Silica-earth-alkaline carbonate composites show exceptional shapes which is so far
a one-of-a-kind appearance within the field of pure inorganic composites [51, 149].
They were named silica-biomorphs due to their morphology, which resembles prim-
itive living organisms and their inner textures mimic biominerals [52]. Compared to
biominerals, which are normally hierarchically ordered hybrid composites consisting
of inorganic minerals and structure conducting organic matter [6, 19, 186], biomorphs
are purely inorganic composite materials, the structuring role of organic compounds
being taken over by amorphous silica. They are self-organized structures that forms
upon the coupled co-precipitation of silica (5iO,) and alkaline -earth metal carbonates,
namely witherite (BaCO;), strontianite (SrCO;) or either aragonite or monohydrocal-
cite (CaCO;) [81, 187-189]. The formation of biomorphs can be described in three
stages which are related to pH [54]. In the first stage, the initial single crystal of alka-
line -earth metal carbonate experiences splitting provoked by selective adsorption of

silica. Iterative splitting triggers fractal growth and eventually leads to primary glob-
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ular particles [59, 74, 150]. The precipitation of the carbonate induces a local and bulk
decrease of the pH that can be monitored even at this very early stage [54, 101, 113].
At this stage nearly no silica is adsorbed within the structure [54]. The second stage
starts after some time (depending on the initial pH) and more complex structures form
by determining the final shape of the biomorph. During this stage a polycrystalline
growth of a myriad of elongated witherite nanorods with a typical size of 200-400
nm in length and 30-50 nm in thickness can be observed [54]. Once the pH drops
far enough, the biomorph formation enters the last stage where only secondary pre-
cipitation processes occur. Due to the inverse solubility of silica with respect to pH
[115, 129], the structures become embedded in a thick silica shell, which grows bigger
if the structures mature in the mother solution.

Once extracted from the mother solution, the biomorphs can be further treated as
shown in Figure 4.27. The composite is hollowed by acidic treatment. A diluted hy-
drochloric or acetic acid can be used to dissolve the inner part within minutes [2].
The result is a hollow structure, which is called a biomorph “ghost”. Alternatively,
an alkaline treatment with sodium hydroxide solution allows the removal of the sil-
ica shell and excavates the so-called “naked” biomorph (c¢f. Figure 4.27)[119]. A
naked biomorph is useful for attachment of molecules or particles with carboxylate
groups. One example for an attachment of a monomeric carboxylate species is 10,12-
pentacosadiynoic acid (PCDA), a light-polymerizable diacetylen [119]. Poly-PCDA
(pPCDA), as a member of the polydiacetylene family, comes with thermochromic prop-
erties and can be reversibly or irreversibly switched from a blue into a red state [138,
190]. Besides PCDA, conductive polymers like polypyrrole (pPy) or poly thiophenes
generated a growing interest in the field of biomineral preservation and replication
[191-193]. Furthermore they provide some additional functionality and are used as
chemical sensors [194, 195], in drug delivery [195], as electronic devices like fuel cells
[196] or electro-catalysts [197] and in combination with silica for chromatographic
applications [198]. Choi et al. presented hierarchically structured pPy in helicoidal
shapes and consequently, a pPy replica of a biomorph helix should also be usable as
stretchable supercapacitors [199].

So far, two known strategies exist to transfer hierarchical structures of a given material
into a new one of different composition. The first method is to demineralize a biomin-
eral to obtain an organic template and re-infiltrate the matrix with the new compound

[200]. TThe second strategy consists of replacing the organic matrix with a new ma-
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Figure 4.27: Schematic illustration of biomorph formation and pathways to dissolve each part
of composite selectively and return to its precursor state. As intermediate a naked biomorph
with an excavated carbonate surface or a hollow biomorph ghost can be obtained.

terial, as shown by Imai and coworkers with dyes or polymers between nanocrystals
[20, 201]. We show here that a polymer layer around a biomorphic structure sustains
the morphology after additional treatment with alkaline and/or acidic solutions while
an unpreserved structure vanishes into its precursor state. In total, the following work
demonstrates a successful preservation of micro-sculptures with two chosen straight-
forward pathways and elaborate a third strategy to transfer hierarchical structures into

functional organic materials.

4.7.3 Results and Discussion

Preservation with pPCDA The first preservation route focuses on a light-polymeriz-
able surfactant named PCDA. This molecule is immobilized on the witherite surface
by incubating naked biomorphs (without an outer silica shell) in a mixture of sodium
hydroxide, THF and water with different PCDA concentrations (120-12000 ppm). The
attachment process is schematically shown in Figure 4.28 A. To make sure that only
the monomer is attached on the surface the solution was pushed through a syringe
filter to remove polymer particles from the solution. The naked biomorphs were im-
mersed in the colorless solution for several hours. To ensure that the PCDA does not
polymerize during the attachment process, the samples were stored in darkness. Af-
ter the chosen incubation time (4-16 h) the solution was removed and the modified
biomorphs were dried under reduced pressure. The obtained modified structures were
investigated with scanning electron microscopy (SEM). Observation of the structures

with the electron beam induces polymerization of the attached monomers to the bluish
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Figure 4.28: A) Scheme of biomorph coverage with PCDA and the polymerization to pPCDA.
B) SEM image of a fully covered biomorph worm (inlet: colour transformation of the powder
after SEM investigation; ¢(PCDA)=12000 ppm). C) Attenuated total reflection Fourier trans-
formed infrared(ATR-FTIR) spectra of an untreated biomorph (black) a naked biomorph (red)
and a pPCDA covered biomorph (blue). D/E) Confocal Laser scanning microscopy (cLSM) im-
ages of a fully covered biomorph worm in the transmission (D) and fluorescence (E) channel. F)
SEM image of a partially covered biomorph worm (c(PCDA)=2000 ppm) with the correspond-
ing image at higher magnification (G, the blue coloured flakes indicate the pPCDA).

pPCDA (cf. inlet photos of the SEM stub before and after the SEM investigation in Fig-
ure 4.28B). To demonstrate the attachment of the PCDA on the structure, the process
was observed by FTIR-spectroscopy. The transformation of the silica-biomorphs to the
pPCDA-biomorphs is shown in Figure 4.28C. The black spectrum shows the charac-
teristic carbonate (witherite) vibrations as well as the most abundant signal for amor-
phous silica (peak at 1000 cm™!). After treatment with NaOH and the transformation
to the naked biomorphs, the broad peak vanishes and only the witherite signals re-
main (red spectrum). The modification with PCDA is observable as lines at 2870 and
2965 cm~!, which are the symmetric and asymmetric C-H vibrations. The carboxyl
signal of the PCDA appears at 1540 cm~! which is in good accordance to the litera-
ture [190]. Choosing a higher concentration of PCDA in the functionalization solution

leads to the full coverage of the biomorph worm with pPCDA flakes, which preserve

4.7 Hybrid Biomimetic Materials from Silica/Carbonate Biomorphs



88 4 RESULTS

and display the outline of the structure beneath quite well. A detailed replica of the
topography is not achievable with these high monomer concentrations. In previous
work, we have demonstrated that the shape of the biomorph structure was preserved
in acidic solutions even after removing the outer silica layer [119]. To ensure that a
full coverage was achieved confocal laser scanning microscopy (cLSM) was used due
to the strong fluorescence of pPCDA [119, 137] (c¢f. Figure 4.28D/E). Smoothening
the reprint might be possible by reducing the amount of monomer but a full coverage
is not sustainable because an enrichment of PCDA was found inside of the notches
of the biomorph worm (cf. Figure 4.28F/G). In Figure 4.28G at higher magnification
the witherite nanorods and pPCDA flakes (false coloured in blue) can be visualized
alongside each other. Excavated carbonate rods are not able to resist acidic solutions
and therefore, the structures vanish completely after acid treatment. Also, the pPCDA
flakes do not stick together and a polymer replica of the structures does not remain.
The pPCDA coverage is useful to passivate bigger carbonate structures but a smooth
and detailed replica cannot be obtained. Nevertheless, it still remains a readily appli-

cable strategy to produce inverse biominerals.

Preservation with pPy Polypyrrole has gained attention due to its ability to produce
polymer replicas of biominerals like sea urchin spines [192]. Recent breakthroughs
in the preparation of polymer replicas on the micro scale are a huge improvement to
preserve fragile structures and it now seems transferable to silica-biomorphs [191].
To obtain a full pPy coating around a biomorph we followed the route presented in
Figure 4.29A. At first CuCl, is brought onto the structure as a catalyst. Due to the
rough surface of the naked biomorph, many small crystals of CuCl, attach on the
surface. These small crystals do not affect the shape as can be seen in Figure 4.29B.
After drying, the structures were transferred into a desiccator. On the bottom of the
desiccator, pyrrole was deposited creating a pyrrole saturated atmosphere. The pyrrole
molecules diffuse to the catalyst and begin to polymerize. During this process, a color
change of the biomorphs can be observed by the naked eye. After 3 h the white powder
turns grey and after 6 h a black powder was obtained. To ensure that the polymer layer
is neither growing too big nor crosslinks the structures, the incubation time was kept
at 6 h. After extracting the structures from the desiccator, the shapes of the naked
biomorphs used as starting material remained nearly unchanged. Elemental analysis

via energy dispersive X-ray spectroscopy (EDX) showed Ba, Cu, Cl, C, O, N and traces
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Figure 4.29: A) Schematic illustration of the pPy route to preserve biomorphic structures.
CuCl, crystals are attached from iPrOH solution on the surface of a naked biomorph. In the
next step pyrrole diffuse via gas phase on the surface and is polymerized by CuCl,. After the
polymerization the inner parts can be removed by sodium hydroxide solution. B) SEM image
of catalyst crystals attached on biomorph worms. C) “Plastic” biomorphs after Polymerization
of Py and removal of the inner part. D) EDX of the different steps to plastic biomorphs. The
untreated biomorphs are shown in black. Naked biomorphs with CuCl, in red and the final
plastic biomorpsh without inorganics are shown in blue.

of Si. Except the higher amount of N and the signals from the catalyst, the spectrum
looks identical to an EDX of the naked biomorphs. The most meaningful proof of the
full coverage and subsequent preservation of the biomorph form is the dissolution of

the inner core which was achieved with 0.05 M acetic acid. The core dissolves much
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slower compared to normal silica-biomorphs and as a result hollow structures were
obtained and shown in the SEM image in Figure 4.29C. Note that the SEM images
were recorded with a backscatter detector, which gives a good material contrast. The
structures in Figure 4.29B show a higher contrast compared to the hollow structures
without BaCO, in C. The EDX spectrum of these polymer replicas as well as their
preliminary stages are shown in Figure 4.29D. The black spectrum shows the silica-
biomorphs, the red spectrum the naked biomorphs with CuCl,, which can be found at
8.02 eV. Here we can see that the outer silica layer has vanished and no Si signal was
measured at 1.75 eV. In the upper blue spectrum, the Ba signals (green rectangular
outline) have vanished and only traces of the raw material (Ba: 0.24; Si: 0.25 at.%)
and the catalyst (0.4 at.%) are detected. The main component consists of carbon and
nitrogen. Therefore, the pPy route is most suitable to preserve micro-sculptures on the

microscale and to obtain conductive inverse biominerals.

4.7.4 Conclusion

We have achieved a full coverage of silica-carbonate composites by using PCDA and
pyrrole to form an organic layer around the inorganic motifs. Thus, we have con-
verted purely inorganic-inorganic composites into hybrids than can be named inverse
biomorphs. The pathways to obtain these organic or hybrid structural motifes are de-
scribed in detail and the methodology can be adapted to other microscopic biominer-
als or synthetic biomimetic architectures. Furthermore, the inorganic and structuring
part of the biomorphs can be removed at ambient conditions resulting in a structured
organic replica of the biomorph. With this straight-forward method, micro-structured

functional materials can be formed and used as stretchable supercapacitors.
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5 Summary

As all chapters contain an individual summary of the corresponding publication, this
chapter provides a total summary of all publications and sets them in context to each
other. This work presents the combination of different well-controllable systems into
complex multi-functional hybrid structures. The silica-biomorphs’ formation chem-
istry was further investigated, shedding light on the emergence of novel morphologies.
The biomorphs were used as basic building units for the combination with a multitude
of functional nanoparticles and molecules implementing a geochemical system into

material science.

In the first part of this thesis, the detection of local pH changes during the formation
of biomorphs was visually substantiated with a pH-sensitive fluorescent dye for the
first time, verifying the postulated formation mechanism of the silica-biomorphs.[101]
A significant pH reduction during the biomorphs’ growth at their growth front was
revealed. A pH oscillation was not found during these experiments. It was later proven

by Montalti et al. by using acridine orange as a pH-sensitive dye.[113]

With the knowledge that the pH has a tremendous impact on the growth, the morpho-
genesis of silica-biomorphs was further investigated. As the pH also depends on the
temperature as well as growth kinetics, varying the temperature must result in differ-
ent biomorph architectures. During these studies, coral and trumpet structures were
obtained at slightly elevated temperatures and a modified formation mechanism was

established to explain these biomorph appearances.[150]

The ability to tune growth conditions, and thereby also the resulting structures, en-
abled the transformation of a geochemical system into a material by applying function-
ality onto the biomorph structures. In the first approaches, functional groups (e.g. thi-
ols, amines, and dyes) were grafted onto biomorphs by applying silane chemistry.[119]
These functional groups further acted as anchor points for secondary functionalization
steps by modifying the biomorphs’ surfaces with targeted molecular species, quantum
dots, and nanoparticles. In a second approach, the direct functionalization during the
growth of the biomorphs was accomplished, paving the way for better understanding
the inner structure of the biomorphs. The direct functionalization with fluorescing
silanes provided further insights into the role of silica during the formation of silica
biomorphs. Attaching quantum dots or organic dyes allowed further investigations of

the system with fluorescent microscopy. With gold nanoparticles, a catalytic reaction
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at the silica biomorphs’ surface was achieved.

The diverse functionalization concepts of biomorphs provide nearly unlimited pos-
sibilities to create functional structures for potential applications. One possible ap-
plication was tackled within this thesis: biomorphs as magnetically controllable ac-
tive transportation carriers. This was realized by combining silica-biomorphs with
magnetite mesocrystals.[161] With the combination and the already investigated func-
tionalization routes from ref.[119], the two self-assembled systems, mesocrystals and
biomorphs, could be combined in multiple approaches. Active transportation of the
structures through a solution was accomplished and was controlled and observed un-
der a light microscope. The active dissolution of the inner core of the biomorphs with
diluted acids provided a hollow interior capable to be loaded with additional sub-
stances, e.g. drugs. The combined structure of mesocrystal and biomorph shell re-
mained intact, facilitating the magnetically-controlled and targeted transportation of
the potential embedded material.

The controlled release of a substance was not possible at this stage. Therefore, the
next part of the work focused on grafting switchable molecules onto the mesocrystal-
biomorph superstructures with the ability to bind or release other substances triggered
by an external stimulus. During the investigations, spiropyrans proved to be a highly
suitable, light-switchable candidate for the controlled release of the carried substances.
The switches were anchored using an as-synthesized silane-modified spiropyran bind-
ing to the silica of the mesocrystal-biomorph composite.[202] The multi-functionalized
system (biomorph with magnetite mesocrystals and grafted spiropyran) enabled the
guidance of the biomorphs via an external magnetic field to a precisely desired loca-
tion. A subsequent light impulse switched the spiropyrans inducing controlled bind-
ing or release (depending on the states) of the carried substances.

The described biomorph-based systems exhibited a weak mechanical strength and
high brittleness due to the mainly inorganic composition. To overcome these disadvan-
tages, the first hybridization approach published in ref. [119] (by 10,12-pentacosadi-
ynoic acid, PCDA ) was developed further to yield an organic-inorganic composite ma-
terial preserving the brittle structures. A full hybridization was achieved by covering
the whole structure in polypyrrole (pPy).[203] Both approaches, with the previously
described PCDA and the pPy, allowed passivation of the biomorph motifs within the
organic polymer shell. Additionally to the passivation properties, the polymers pro-

vided further benefits through the introduction of additional functionalities. Polymer-
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ized PCDA (pPCDA), for example, provides outstanding thermochromism and fluo-
rescing properties. On the other hand, pPy as a conducting polymer could open up a
completely new field of electrical applications, such as micro-structured supercapaci-
tors.

Ultimately, to take up the introductory quotation of Gall’s law, this thesis impressively
demonstrates the synergistic properties by combining simple and well-controllable
systems to create an innovative class of biomorph-based multifunctional materials.
Thereby, the modification of silica-biomorphs with auspicious features such as cat-
alytically active, fluorescing, moving, magnetic, conducting, switchable, and organic-
inorganic hybridization functionalities were accomplished, opening novel broad ap-

plications for a geochemical system in the field of material science.
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6 Zusammenfassung

Da alle Kapitel eine individuelle Zusammenfassung der entsprechenden Veroffentlich-
ung enthalten, sollte dieses Kapitel alle Veroffentlichungen zueinander in Kontext
setzen. Diese Arbeit pradsentiert, wie verschieden, gut kontrollierbare Systeme zu
komplexen multifunktionalen Hybridstrukturen kombiniert werden konnen. Der Bil-
dungsmechanismus von Silica-Biomorphs wurde ndher untersucht, um die Entste-
hung neuer Morphologien zu beleuchten. Die Biomorphs wurden als Grundarchitek-
tur fiir die Kombination mit einer Vielzahl von funktionellen Nanopartikeln und Mole-
kiilen verwendet, um ein geochemisches System in die Materialwissenschaften zu im-

plementieren.

Im ersten Teil dieser Arbeit wurde der Nachweis lokaler pH-Anderungen wihrend
der Bildung von Biomorphs erstmals visuell mit einem pH-sensitiven Fluoreszenz-
farbstoff nachgewiesen und der postulierte Bildungsmechanismus verifiziert.[101] An
der Wachstumsfront wurde eine signifikante pH-Erniedrigung beobachtet. Wihrend
dieser Experimente wurde keine pH-Oszillation beobachtet. In spater veroffentlichten
Experimenten von Montalti et al. wurde unter Verwendung von Acridinorange als

pH-sensitiven Farbstoff diese Oszillation nachgewiesen.[113]

Da sich der pH-Wert, welcher auf das Biomorphwachstum einen enormen Einfluss
hat, dndert, wurde die Morphogenese von Silica-Biomorphen ebenfalls nidher unter-
sucht. Die Temperaturabhangigkeit des pH-Wertes beeinflusst die Wachstumskinetik
und daher muss eine Variation der Temperatur zu unterschiedlichen biomorphen Ar-
chitekturen fiihren. Wahrend dieser Studien wurden bei leicht erhéhten Tempera-
turen Korallen- und Trompetenstrukturen erhalten sowie ein modifizierter Bildungs-

mechanismus etabliert, um die Strukturen zu erkldren. [150]

Die Moglichkeit Wachstumsbedingungen und damit die resultierenden Strukturen zu
modifizieren, ermutigten dazu, ein geochemisches System in ein Material umzuwan-
deln. Dafiir wurden funktionelle Gruppen (z. B. Thiole, Amine und Farbstoffe) durch
Silanchemie auf Biomorphe aufgepfropft.[119] Diese funktionellen Gruppen fungierten
als Ankerpunkte fiir sekundare Funktionalisierungsschritte, indem die Oberfldchen
der Biomorphs mit Farbstoffmolekiilen, Quantenpunkte und Nanopartikel modifiziert
wurden. Eine direkte Funktionalisierung wahrend des Biomorphwachstums war er-
folgreich, womit die innere Struktur der Biomorph untersucht werden kann. Die

direkte Funktionalisierung mit fluoreszierenden Silanen ermdéglicht Einblicke in die




6 ZUSAMMENFASSUNG 95

Rolle des Silica wahrend der Bildung von Silica-Biomorphs. Durch Anbringen von
Quantenpunkten oder organischen Farbstoffen konnten ebenfalls die Untersuchung
des Biomorphs mit Fluoreszenzmikroskopie. Mit den eingesetzten Gold Nanopar-
tikeln konnte eine katalytische Reaktion an der Oberfliche der Silica-Biomorphen
durchgefiihrt werden.

Die vielfaltigen Funktionalisierungskonzepte von Biomorphs bieten nahezu unbegren-
zte Moglichkeiten, multifunktionale Strukturen zu designen. Eine mogliche Anwen-
dung dieser Materialien wurde in dieser Arbeit bereits vorgestellt: Biomorphs als
magnetisch steuerbare, aktive Transporter, was durch die Kombination von Silica-
Biomorphen mit Magnetit Mesokristallen realisiert wurde.[161] Auf Grundlage der
bereits untersuchten Funktionalisierungsmethoden aus Publikation [119], konnten die
selbstorganisierten Systeme, Mesokristalle und Biomorphe, auf mehreren Wegen mitein-
ander fusioniert werden. Der aktive Transport der Strukturen durch eine Losung
konnte realisiert und unter einem Lichtmikroskop kontrolliert und beobachtet wer-
den. Das selektive Herauslosen des inneren Kerns durch verdiinnte Sduren hinter-
lassen einen Hohlraum, welcher mit weiteren Substanzen, beispielsweise Arzneimit-
teln, beladen werden konnen. Die kombinierten Strukturen von Mesokristallen und
Biomorphbhiille blieb intakt und erméglichte einen magnetisch gesteuerten und geziel-
ten Transport einer eingebetteten Substanz.

Die Freisetzung einer eingebetteten Substanz konnte zu diesem Zeitpunkt noch nicht
kontrolliert werden, da ein schlatbarer Ankerpunkt fehlte. Daher sollte sich der ndchste
Teil der Arbeit auf die Pfropfung schaltbarer Molekiile auf die mesokristall-biomorphen
Superstrukturen konzentrieren, welche Substanzen mittels eines externen Impulses
binden oder freisetzen kénnen. Wéihrend der Untersuchungen wurden Spiropyrane
fir geeignet befunden. Die Verankerung der Schalter auf den Biomorph Oberfldchen
wurde durch ein synthetisiertes, silanmodifiziertes Spiropyran realisiert.[202] Das mul-
tifunktionalisierte System (Biomorphs mit Magnetit-Mesokristallen und gepfropftem
Spiropyran) ermoglicht die Steuerung der Biomorphs tiber ein externes Magnetfeld an
einen genau gewiinschten Ort. Ein nachfolgender Lichtimpuls schaltete die Spiropy-
rane und induzierte eine kontrollierte Bindung oder Freisetzung (abhédngig von dessen
Zustand) der Zielspezies.

Die beschriebenen auf Biomorph basierenden Systeme zeigten eine schwache mech-
anische Festigkeit und eine hohe Sprodigkeit aufgrund der hauptsédchlich anorganis-

chen Komponenten. Um diese Nachteile auszuhebeln, wurde der erste Hybridisierungs-
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ansatz aus der Publikation [119] (mit Hilfe von 10,12 Pentacosadiinsidure, PCDA) weit-
erentwickelt, um ein organisch-anorganisches Verbundmaterial zu bilden sowie die
Architektur der sproden Strukturen zu passivieren. Eine vollstindige Hybridisierung
der gesamten Struktur wurde mit Polypyrrol (pPy) erreicht.[203] Die beiden présen-
tierten Ansatze ermoglichen die Passivierung der biomorphen Motive innerhalb der
organischen Polymerhiille. Neben den Passivierungseigenschaften boten die Polymere
aufgrund der zusatzlichen Funktionalitdten weitere Vorteile. PPCDA zeigt zum Beispiel
hervorragende thermochrome und fluoreszierende Eigenschaften und pPy kann als
leitendes Polymer elektrische Anwendungen erméglichen, beispielsweise als mikrostruk-
turierte Superkondensatoren.

Um das einleitende Zitat des Gall’schen Gesetzes aufzugreifen, demonstriert diese
Arbeit eindrucksvoll die synergistischen Eigenschaften von einfachen und gut kon-
trollierbaren Systemen, welche kombiniert wurden um innovative, Biomorph basierte,
multifunktionale Materialien zu erhalten. Siliciumdioxid-Biomorphs konnten mit kat-
alytischen, fluoreszierenden, magnetischen, leitenden und schaltenden Funktionalitdten
ausgestattet sowie eine organisch-anorganischen Hybridisierung erreicht werden, womit
sich neue Anwendungen fiir ein geochemisches System auf dem Gebiet der Material-

wissenschaften eroffnen.
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7 Concluding Remarks and Outlook

As discussed above, the formation mechanism of biomorphs is still a controversial field
with the main bottleneck of in-situ investigations. First results on local pH drops in
2015, presented in chapter 4.2 [101], were refined by Montalti and Zhang with acridine
orange, another pH-dependent fluorescent dye.[113] Their work revealed an oscillat-
ing pH pattern on a similar timescale as investigated here for the solidified patterns
within the biomorphs. Biomorphs, especially the sheet-like structures, showed oscil-
lating patterns manifesting the pH cycling in burst phases of carbonate precipitation.
These solidified patterns, mainly in already grown biomorph sheets, were explored
ex-situ by Nakouzi et al. without the usage of a dye.[114] Nonetheless, the favoured
method to perform in-situ investigations on local pH changes during the biomorph
growth includes special dyes, which might change the system and its pH response,
wherefore the investigation of an additive-free formation mechanism is of particular
interest for the entire understanding of biomorphs’ emergence. Additive-free investi-
gations can evade measurement artefacts like dye activation and deactivation through
dynamical quenching or ion interference. Also trapping of the dye within silica out-
plays its pH-dependent indication ability.

To get further insights into the autocatalytic co-precipitation, in-situ methods have to
be conducted. Therefore, the principle of inverted atmospheric SEM (demonstrated
in ref.[204]) was utilized, visualizing the co-precipitation. In cooperation with Roland
Kroger from the University of York, we were able to monitor a growing biomorph sheet
in-situ (cf. Figure 7.1 A, results not published). Surface charges are critical for this in-
vestigation as they repel as-formed building blocks from the active region enforcing a
stop of the growth. Therefore, the ideal SEM settings have to be evolved. Furthermore,
the monitoring time is limited due to the restricted SiN window lifetime against so-
lutions, beam, and the chamber vacuum, impeding the measurements. Nevertheless,

this powerful technique can revolutionize the in-situ observation of crystal growth.

Further analytical techniques should also be applied to gain additional high-resolution
insights of the inner core, such as energy-dispersive Laue diffraction (EDLD).[205]
With this method, the individual crystals can be monitored and their orientation ac-
cording to their lattice planes can be revealed by using white X-rays (synchrotron ra-
diation) and a focused nanoscopic beam. In the first experiments on biomorph helices,

the results were promising with respect to reconstructing the projected orientation of
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Figure 7.1: A) Inverted atmospheric scanning electron microscope (ASEM) images of a grow-
ing biomorph sheet. The first image shows a light microscopy image of the SiN windows where
the structures grow on. B) Abrio microscope image of a biomorph sheet. C) Energy-dispersive
Laue diffraction (EDLD) mapping fused into an SEM image of a biomorph helix.

the crystal ensemble. To achieve the total 3D reconstruction of each crystal within the
structure, including its total orientation, the measurement setup must be expanded
to receive confocal z-resolution what goes along with longer measuring times. So far,
the quantifications of the orientation rest on the level of as utilised Abrio microscopy
that is limited by Abbe’s law but allows visualization of the overall orientation of the

crystal ensemble (cf. Figure 7.1 B and C).

Analytical methods that provide a very detailed view of the silica part in the inside
of the structures and can be used for in-situ investigation might need the addition
of a tracer. The basis for these investigations was laid by my studies shown in chap-
ter 4.4 by applying fluorescent silica.[119] Evading the Abbe’s limitation of optical
microscopy methods and take advantage of the fluorescence of silica can be realized
with Photoactivated Localization (PALM) respectively Stochastic Optical Reconstruc-
tion Microscopy (STORM). These methods reveal the structure even in more detail
during their formation. By applying all the mentioned, highly-specialized analytical
techniques, the next level of understanding of the biomorph structure and the forma-

tion mechanism can be attained.

Additional to advanced in-situ investigations, also further parameters were tested to
extend the variety of shapes. Therefore, various additives were applied, allowing the

allow a precise and targeted morphology control (cf. Figure 7.2 A and B). As variable
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Figure 7.2: A) Schematic illustration how additives get incorporated into the biomorph struc-
tures. I) displays the attachment on the carbonate surface followed by the silica enclosing
and II) the attachment of negative silica and cationic polyelectrolytes on the barium carbonate
crystals. B) Biomorph blowball structures, obtained in the presence of LTAB (lauryl trimethyl
ammonium bromide) as an additive. C) Animation of biomorph formation in the presence of
graphene oxide to obtain structured biomorph graphene composites. D) Selective carbonate
dissolution of a structure containing graphene oxide in a biomorph trumpet.

as the functionalities of the additives is (ionic, neutral, polymeric, molecular, etc.), so
are the possible interactions with inorganic components. For this reason, additional
detailed studies must be carried out for an entire understanding of the underlying
growth processes. Nonetheless, to evaluate the effect of each additive on the crystalline
component and the amorphous silica can result in special designed biomorphs. Due to
the different charged surfaces, cationic, anionic and non-ionic additives were tested.
Further investigations are still needed to deepen the understanding of the ongoing
processes. Auxiliary surveys, characterizing the influence of polyelectrolyte films and

inorganic additives, were performed by E. Nakouzi.[160, 206]

Besides modifying the structures by additives, incorporation of functional additives
was examined. As a suitable candidate graphene oxide was identified providing in-
creased stability and electric conductivity to the structures (cf. Figure 7.2 C and D).
This method was adapted from its incorporation in biomimetic mineralization.[207]
Incorporated graphene should also help to reduce the brittleness of the structures. By
applying a similar approach, more flexibility of the silica was induced by substituting
tetra methoxy orthosilicate (TMOS) with methylated derivates. Therefore, different
amounts of methyl trimethoxy silane and dimethyl dimethoxy silane were induced.
Keeping the same amount of hydrolyzed silanol groups by simultaneously lower link-

ing degrees, more flexible silica analogues were created.[130, 208, 209] Up to now, the
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Figure 7.3: A) Copper coil setup to induce rotating magnetic fields affecting magnetized
biomorphs. B) Rotating biomorph which moved through a rotating magnetic field. C) BaCrO,
microwheels and a modified synthesis beaker setup D) Light-induced crystallization of CaCO,
into a house pattern.

degree of substitution is limited.[58, 119] To prove the enhanced mechanical prop-
erties, nano-indentation experiments need to be conducted. The first approaches to

mount biomorph structures on a holder to indent them were successful.

When it comes to functionalizations, further mesocrystal-forming nanoparticle sys-
tems should be tested creating more superstructures that benefit from the architec-
ture of the biomorphs. First experiments to cover the structures with anisotropic (cu-
bic) gold nanoparticles in the same process as reported for magnetite were successful.
Also, the magnetite system should be further investigated. Due to the individual-
ity of biomorphic shapes, it can be assumed that they perform different self- motions
when they are propelled through rotating magnetic fields. First results indicated, that
depending on the structure a rotating magnetic field induces a rotation into the mag-
netized biomorphs (cf. Figure 7.3 A and B). The structure-dependent movement in
rotating magnetic fields might enable the separation of biomorph mixtures based on

the migration properties.

A different functionalization approach was followed by the group of Wim Noorduin by

transforming the crystalline phase from witherite to a functional semiconductor.[152,
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210] They transformed the witherite to PbCO; and through the addition of methylam-
monium halides (CH;NH,X), perovskite semiconductors (CH;NH,;PbX,) in the shape
of silica biomorphs were obtained. This route opens additional pathways to structured
functional materials if combined with the approaches presented in this thesis. A direct
formation of functional biomorphic structures was not realized yet. The formation of
biomorphic structures essentially needs a co-precipitation of materials, which form in
an autocatalytic process. Several candidates were already tested, e.g. BaCrO,, shown
in Figure 7.3 C. These first tests resulted in microscopic crystal aggregates resembling
gear wheels. A modified synthesis beaker setup was applied (schematically shown in
the Figure) carrying a substrate that can be used for fast analysis in an optical micro-
scope as well as an SEM because of the conducting indium tin oxide (ITO) coating.
Additional investigations should be carried out for light-induced carrier properties of
the light switchable biomorphs.[202] This system could be strongly improved towards
possible applications as biomorph-based carriers by stabilizing the different states for
longer time periods and preventing from external influences, e.g. surrounding media.
When it comes to experiments with light, it might be possible to modify the struc-
tures by adding photoactive molecules into the growth solution providing designing
on-demand of the silica-biomorph shape. Influencing a growing structure without
quenching the growth itself would pave the way for controlled fabrication of designed
structures. The first experiments in this field were accomplished a by proof of con-
cept for controlled calcium carbonate formation with a photosensitive molecule (ke-
toprofen), which released carbonate during its decomposition (cf. Figure 7.3 D).[211]
Designed structures like helicoidal biomorphs that are aligned in arrays can get deco-
rated with gold nanoparticles to access chiral plasmon resonances.

As shown in this chapter, biomorphs still bear a lot of potential for future investigation.
During the duration of this project, other groups adapted our published approaches to

transform these fascinating structures into functional materials.
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8 Experimental

This chapter presents the Materials and Methods as well as the experimental proce-

dures for all used materials shown in this work.

8.1 Materials and Analytic Methods

Materials and Sample Preparation Barium chloride dihydrate (> 99%), sodium
hydroxide (reagent grade, > 98%), lanthanum chloride heptahydrate (> 99.9%), and
sodium silicate solution (commercial water glass, containing 10.6% Na,O and 26.5%
SiO, , reagent grade, density: 1.39 g/mL) were purchased from Sigma-Aldrich and
used without further purification. All solutions were prepared using MilliQ water
with a conductivity of 18 uS/cm. Suitable silicate sols were obtained by diluting 1.39
g of water glass in 349 mL of water. The pH of the resulting sol was adjusted to
11.3 (at 25 °C) by adding aliquots of 0.1 M NaOH solution. The used triethoxysi-
lanes (3-MPTES: 92%; 3-APTES: 98%; DNPTES: 92%; 3-MPA: 99%) and TEOS (min.
99%) were purchased from ABCR. 10,12- Pentacosadiynoic acid (PCDA, 97%), pyrrole
(reagent grade 98 %), Ellman reagent (5,5’-dithiobis(2-nitrobenzoic acid), min. 98%),
4-nitrophenol (spectrophotometric grade, min. 99.5%), resazurin sodium salt (BioRe-
agent, dye content: 80%), fluorescein isothiocyanate (FITC, isomer I, min. 90%) and
hydroxylamine solution (50% in water) were obtained from Sigma-Aldrich. Sodium
borohydride (98%) was purchased from Merck. Ethyl acetate and hexane for column
chromatography were purchased in technical grade and distilled before usage. All
other chemicals were purchased from Sigma-Aldrich and TCI and used without fur-

ther purification.

Analytic Methods The pH was measured with a Eutech pH 510 and a Metrohm pH
lab 827 pH meter equipped with a glass electrode. For comparison, pH measurements
were also performed with a second digital pH meter (WTW pH 537), equipped with
a different glass electrode (InLab 423, Mettler-Toledo). Calibration of the instruments
was performed with standard aqueous buffer solutions of pH 4.00, 7.00 and 9.00 from
Metrohm. The measurement uncertainties of the pH electrodes are estimated to < 0.03
pH units.

Polarised light microscopy (PLM) was performed on a Nikon AZ100 microscope (Nikon
Co., Tokyo, Japan) and an Imager m2m from Zeiss EC Epiplan-Neofluar 5x/10x/20x
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and LD Epiplan 50x objectives, a lambda plate, and a Zeiss AxioCam MRc 5 CCD
camera for imaging.

Scanning electron microscopy (SEM) was performed on a Zeiss EVO15, Zeiss Cross-
beam 1540XB, Zeiss Auriga, Zeiss Neon 40 EsB and Hitachi TM3000. To obtain suit-
able specimens for the SEM studies, biomorphs were grown on indium tin oxide (ITO)
substrates (Osslia). Further Samples were prepared on SEM Stubs with carbon tape.
The acceleration voltage was between 2 and 20 kV.

Confocal laser scanning microscopy (CLSM) was performed using a Zeiss LSM 510
Meta laser scanning microscope and a Zeiss Axiovert 200M inverted microscope, equip-
ped with Plan-Neofluar 10x/0.3 and Plan-Neofluar 20x/0.5 objectives and PMT de-
tectors for the transmission and fluorescence channels and a Zeiss LSM 700 with a
63x/1.40 Plan Apochromat (Oil) objective and with Laser diodes (405, 488, 555 and
637 nm). The images were recorded in fluorescence a transmission channel on two
photomultipliers.

Thin-layer chromatography (TLC) was performed on Merck Silica Gel 60 F254 TLC
plates with a fluorescent indicator for 254 nm excitation. Compounds were visualised
under UV light at 254 nm. Column chromatography was carried out with Merck Sil-
ica Gel 60 (0.040-0.063 mm) using the specified eluents. Nuclear magnetic resonance
(NMR) spectra were recorded on Bruker AV 400 and Bruker AVANCE III 500 MHz
spectrometers at 27°C, using residual protonated solvent signals as internal standard
('H: 6[CDCl;]=7.26 ppm and '°C: §[CDCl,]=77.16). Assignments are based on chem-
ical shifts and/or DEPT spectra (where Ar is used as abbreviation to indicate aro-
matic moieties). High-resolution mass spectrometry (HR-MS) was performed with a
Thermo Scientific Exactive Orbitrap in the positive ion mode using the Thermo Xcal-
ibur operating and data acquisition software, or on a Waters LCT Premier XE instru-
ment. Ultrahigh-performance liquid chromatography mass spectrometry (UPLC-MS)
was performed with a Waters Acquity UPLC equipped with a Waters LCT Premier XE
mass detector for high-resolution MS (ESI ionisation), and with Waters Alliance sys-
tems (consisting of a Waters Separations Module 2695, a Waters Diode Array Detector
996 and a Waters Mass Detector ZQ 2000) equipped with an Acquity BEH C18 (2.1x50
mm) column. High-resolution mass spectra (HRMS) were recorded on a Fischer Scien-
tific Orbitrap Velos Pro.

UV/Vis absorption spectra were recorded on an Analytik Jena Specord 210 Plus spec-

trophotometer and a Cray 50. Steady-state fluorescence measurements were carried

8.1 Materials and Analytic Methods
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out on Horiba Jobin-Yvon FluoroMax-4P and Spectronics Instrument 8100 spectroflu-
orometers, using standard 10 mm path length quartz cuvettes or PMMA cells. Fluores-
cence lifetimes were determined with a unique customised laser impulse fluorometer
with picosecond time resolution, as described elsewhere.[212] The fluorescence life-
time profiles were analysed using the Horiba Scientific software package DAS 6.

Infrared spectra (IR) of thin films were measured on a Perkin Elmer Spectrum 100

spectrometer with ATR-unit.

8.2 Synthetic Procedures

Silica-Biomorph Formation Silica biomorphs were grown from aqueous solutions
containing 5.0 mM BaCl,, 8.4 mM SiO, and 8.9 mM Na™. Optionally 2 mM LaCl; was
dissolved in the BaCl, solution prior to the mixing with the silica sol. Portions of this
mixture (typically 10 mL) were filled into cylindrical wells of standard polystyrene
plates (VWR Nunclon 6-well plates, volume: 17 mL, area: 9.6 cm?, depth: 1.7 cm).
Subsequently, glass coverslips (15x15 mm) were placed on the bottom of the wells as
substrates for growth, and the well plate was covered loosely with a lid. They were
stored at room temperature (25 °C), inside a temperature-controlled oven (30-50 °C)
or a cooling chamber (5 °C). The crystallisation of barium carbonate occurred upon
gradual in-diffusion of CO, from the atmosphere into the alkaline solution (starting
pH: 11.0), where it was converted to HCO,~ and finally CO,°~ ions needed for precip-
itation. In this way, complex structures are formed spontaneously on interfaces over
periods of several hours. Their isolation is quite straightforward, as the glass sub-
strates can simply be removed from the mother liquor with a pair of tweezers and only

need to be rinsed with water and ethanol.

Synthesis of the used BODIPY Dye 8-(4-hydroxyphenyl)-1,3,5,7-tetramethyl-2,6-di-
ethyl-4,4-bis(3,6,9,12-tetraoxaheptadec-16-ynyl)-4- bora-3a,4a-diaza-s-indacene (dye 2):
The synthesis of 2 was carried out according to a procedure adopted from ref.[213] To
a solution of 2.10 g 2,5,8,11,14-pentaoxaheptadec-16-yne (8.0 mmol, 10.0 eq., synthe-
sised as described elsewhere [214] ) in 20 mL anhydrous tetrahydrofuran (THF), 9.50
mL ethylmagnesium bromide (9.5 mmol, 1.0 M solution in THF, 12.0 eq.) was added.
The reaction was heated at 60°C overnight. After cooling down to room temperature, a

solution of 317.0 mg 1 (0.8 mmol, 1.0 eq., synthesised as described elsewhere [109]) in

8.2 Synthetic Procedures
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15 mL anhydrous THF was added. The resulting mixture was stirred at 60°C for addi-
tional 5 h to achieve complete consumption of the starting material. Subsequently, the
solution was concentrated under reduced pressure to remove parts of the THE. Then
100 mL dichloromethane (CH,Cl,) was added and the organic phase was washed with
100 mL brine. After extraction of the aqueous phase for three times with CH,Cl, , the
combined organic solutions were dried over Na,SO, and concentrated under reduced
pressure. The crude product was purified by column chromatography on silica using
ethyl acetate/methanol as eluent to give compound 2 as purple-brown oil (0.407 g,
60%).

Analytical data:

HR-MS (ESI+): m/z calculated for C,,H.(BN,O,;Na [M+Na] + : 870.4923, found:
870.4908.

'TH-NMR (400 MHz, CDCl, ) [ppm]: 6 = 0.97 (t, 6H, ] = 7.5 Hz, 2 x CH,—CHj, ), 1.32
(s, 6H, 2 x C-CH; ), 2.30 (q, 4H, ] =7.5 Hz, 2 x CH,—CH; ), 2.67 (s, 6H, 2 x N-C-CH,
), 3.37 (s, 6H, 2 x CH; ), 3.54 (m, 4H, 2 x CH, ), 3.64 (m, 28H, 2 x CH, ), 4.18 (d, ] =
2.4 Hz, 4H, 2 xCH,-C), 6.92 (d, 2H, ] = 8.6,2 x CH,, ), 7.06 (d, 2H, ] = 8.6, 2 x CH,, ).
Absorption and emission spectra of dyes 1 and 2 in aqueous solution are shown in
Fig. 9.1, while Figs. 9.2 and 9.3 summarise the pH dependence of the absorption
and emission behaviour of 1 and 2, respectively, for a change from near-neutral to
alkaline conditions. Table 2 compiles the relevant spectroscopic data, including the

fluorescence lifetime (7y ).

Carboxylated Spiropyran (Compound 6) Compound 6 was synthesized in two steps
from commercially available 2,3,3-trimethylindolenine by a literature-known proced-
ure.[215] The obtained spectroscopic data are consistent with those reported previ-
ously.

'H-NMR (400 MHz, DMSO) [ppm]: 6 = 12.24 (bs, 1H), 8.24 (d, ] = 2.8 Hz, 1H ), 8.03
(dd, J = 2.8, 9.0 Hz, 1H), 7.24 (d, J = 10.3 Hz, 1H), 7.17-7.13 (m,2H), 6.88 (d, ] = 9
Hz, 1H), 6.83 (t, ] = 7.5 Hz, 1H), 6.69 (d, ] = 7.8 Hz, 1H), 6.03 (d, ] = 10.3 Hz, 1H),
3.57-3.39 (m, 2H), 2.64-2.44 (m, 2H), 1.21 (s, 3H), 1.10 (s, 3H).

Silanefunctionalized Spiropyran (Compound 7) Compound 6 (2.30 g, 6.05 mmol,
1.0 eq.), EDC-HCI (1.28 g, 6.66 mmol, 1.1 eq.) and DMAP (0.74 g, 6.05 mmol, 1.0
eq.) were dissolved in CH,Cl, (20 mL) and stirred for 10 minutes. (3-Aminopropyl)

8.2 Synthetic Procedures
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triethoxysilane (1.41 g, 6.35 mmol, 1.05 eq.) was added dropwise and the reaction was
stirred for 20 hours at room temperature. The solvent was removed under reduced
pressure and the crude product was purified by flash chromatography on silica gel (2:1
ethyl acetate/hexane). Compound 7 was obtained as a red solid (2.71 g, 4.64 mmol,
77% yield).

'H-NMR (400 MHz, DMSO) [ppm]: 6 = 8.20 (d, ] = 2.8 Hz, 1H), 7.99 (dd, ] = 2.8, 8.9
Hz, 1H), 7.86 (t, ] =5.5 Hz, 1H), 7.18 (d, ] = 10.4 Hz, 1H), 7.14-7.09 (m, 2H), 6.85 (d, ]
= 9.0 Hz, 1H), 6.78 (dt, ] =7.4, 0.6 Hz, 1H), 6.65 (d, ] = 7.7 Hz, 1H), 5.97 (d, ] = 10.4
Hz, 1H), 3.70 (q, ] = 7.0 Hz, 6H), 3.49-3.29 (m, 2H), 3.01-2.87 (m, 2H), 2.43-2.27 (m,
2H), 1.41-1.33 (m, 2H), 1.18 (s, 3H), 1.12 (t, ] = 7.0 Hz, 9H), 1.07 (s, 3H), 0.49-0.45 (m,
2H).

13C-NMR (101 MHz, DMSO) [ppm]: 170.1, 159.2, 146.4, 140.5, 135.6, 127.9, 127.5,
125.6,122.7,121.9,121.6,119.1,118.9,115.4,106.7,106.6, 57.6, 52.4, 41.3, 39.5, 34.9,
25.5,22.7,19.4,18.2,7.4.

IR (ATR): v(cm™1)= 3307, 2973, 2928, 1740, 1639, 1611, 1511, 1479, 1334, 1273, 1075,
951, 919, 808, 787, 748.

HRMS: m/z calculated for C30H42N3O7Si+: 584.2787; found: 584.2785.

One-Pot Synthesis of Fluorescent Biomorphs In-situ functionalisation was achieved
by replacing 5 vol% of the TEOS with 3-(2,4-dinitrophenylamino)propyltriethoxysilane
(DNPTES) in the above- described procedure (i.e. 8.6 mM TEOS and 0.4 mM DNPTES).
After 12-24 hours of growth, the glass substrates were removed from the mother liquor

and rinsed intensively with water and ethanol.

Post-Silanisation of Biomorphs Freshly synthesised biomorphs (stuck on glass cov-
erslips) were immersed into a 1 vol% solution of functional triethoxysilane (3-MPTES,
3-APTES or DNPTES) in a 95:5 mixture of ethanol and water. After 12 h, the substrates

were removed and washed intensively with water and ethanol.

Labeling of Amine-Functionalised Biomorphs Coverslips carrying aminosilane -
functionalised biomorphs were incubated in a FITC solution at pH 9 for 2 h. The
FITC solution was prepared by mixing 1 mL of borax buffer with 100 yL of 1 mM
FITC in ethanol. After incubation, the coverslips were washed with water and ethanol

and then directly observed under the CLSM.

8.2 Synthetic Procedures
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Labeling of Thiol-Functionalised Biomorphs with QDs Coverslips carrying thiol-
modified biomorphs were immersed into 1 mL of a 20 nM solution of CdSe@ZnS quan-
tum dots (d,,, = 9 nm) in toluene for 6 h. After the incubation step, the structures were
removed, washed several times with water and ethanol, and then directly investigated

under the CLSM.

Labeling of Thiol-Functionalised Biomorphs with AuNPs Coverslips carrying thiol-
modified biomorphs were immersed into 1 mL of a 10 nM aqueous gold colloid solu-
tion (d,,, = 14 nm) for 24 h. During incubation, the colour of the solution changed

from red to purple (cf. UV-Vis spectra in Figure 9.4b).

Formation and Post-Treatment of Silica Biomorphs Barium chloride dihydrate (99%),
sodium hydroxide (98%) and sodium silicate solution (water glass with 10.6% Na,O
and 26.5% SiO,, reagent grade) were purchased from Sigma Aldrich and used without
further purification. All solutions were prepared using Milli-Q water with a conduc-
tivity of 18 uS - cm™!. The silicate solution for growth of biomorphs was obtained by
diluting 1.39 g of sodium silicate solution in 349 ml of water. The pH was adjusted to
11.1 using 0.1 M sodium hydroxide solution. The resulting silica sol was then mixed
in a 1:1 ratio with 0.01 M barium chloride solution in 6-well plates (Linbro). After
16 h exposure to the atmosphere, formed structures were recovered, washed several
times with water and dried in air. Hydrophobization of the as-obtained biomorphs
with silanes was performed in an Eppendorf tube by dissolving 10 uL of the silane
in 1.5 mL of a 4:1 EtOH:H20O mixture. Then about 10 mg of biomorphs were added
to the solution and incubated overnight. To dissolve the outer silica shell, 10 mg of
biomorphs were incubated overnight in 1.5 mL of a 1 M sodium hydroxide solution.
The silica-free biomorphs were then covered with a layer of oleic acid by overnight
treatment with a sonicated mixture of 600 L THEF, 10 uL oleic acid, 10 yL 1 M NaOH,
2.5 mL cyclohexane and 0.5 mL EtOH. All modified structures were cleaned by re-
peated washing with deionized water and centrifugation, followed by drying under

reduced pressure.

Formation of Mesocrystal-Biomorph Composites Iron oxide nanocrystals were pre-
pared following a procedure described in the literature.[98, 163] Magnetite mesocrys-

tals were obtained via destabilization of a nanocrystal dispersion in THF (5 mg/mL

8.2 Synthetic Procedures
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magnetite nanocrystals with 3 yL/mL oleic acid) in the presence of a piece of sili-
con wafer or powdered biomorphs in a glass vial. The glass vial was left in an outer
surrounding reservoir, which contained EtOH:THF (1:1) as a destabilizing agent that
slowly diffused into the nanoparticle dispersion via the gas phase. Complete destabi-
lization of the nanocrystal dispersion and mesocrystal formation took about one week,

as observed by a color change of the dispersion from black to colorless.

Thermal Annealing of Mesocrystals In order to investigate the thermal stability
mesocrystals were annealed in an oven (Uni-Temp RTP-1200) under UHV conditions
using a slow ramp rate. Primarily, the oven was heated up to 90 °C to evaporate the
water out of the sample to avoid damage to the crystal upon expansion at high temper-
atures. After, the oven was heated to the desired temperature and kept at that temper-
ature for 7 hours before cooling down. Temperatures of 350, 380, 420 and 500°C were

investigated. The obtained samples were characterized by means of SEM and XRD.

Catalytic Reduction of pNP 3.4 mL water and 4 pL of a 50 mM aqueous solution of
4-nitrophenol were given into a quartz cuvette with a stirrer. Subsequently, 1 mg of
the AuNP-functionalised biomorph were dispersed in the solution. After addition of

1 mg NaBH, , the reaction was monitored over time with UV/Vis spectroscopy.

Catalytic Reduction of Resazurin First, AuNP-functionalised biomorph were pre-
pared in a p-dish forfluorescence microscopy (ibidi GmbH, diameter: 35 mm) accord-
ing to the protocol described above. After the dish had been placed on the specimen
stage of the CLSM, 2 mL of a freshly prepared aqueous solution of 16 yM resazurin
and 160 uM hydroxylamine were added and the progress of the conversion to resorufin

was followed in the fluorescence channel of the CLSM.

pPCDA Functionalization PCDA solution was prepared by dissolving 50 mg PCDA
in 10 ml tetrahydrofuran (THF). The solution was filtered through a syringe filter (pore
size: 0.22 ym) and diluted with 9 ml Water and 1 ml 0.1 M NaOH solution. 10 mg
of naked biomorphs were incubated for 8 h inside a PCDA solution with different
concentrations and stored in the dark. After extracting and washing, the structures
can be stored under UV-light for 5 minutes inducing the polymerization to pPCDA.

The color of the biomorph PCDA powder changes to blue.

8.2 Synthetic Procedures
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pPy Functionalization 10 mgnaked biomorphs were added to 1 mlofa 0.01 M CuCl,
solution in isopropanol (iPrOH). After 1 h, additional 750 ul were added. After 1 h
the structures were centrifuged and washed twice with 200 ul iso-propanol (iPrOH).
After drying the structures were stored in a desiccator containing 10 ml pyrrole. After
2 h the structures begin to darken and turned completely black after 6 h. After the
polymerization the inner core of the structures was removed with 0.05 M acetic acid.

The residue was washed several times with water and dried under reduced pressure.

8.2 Synthetic Procedures



110 9 APPENDIX

9 Appendix

9.1 Supplementary Information
9.1.1 Tracing Local pH Variations with the LSM

In order to be able to trace local variations of pH in situ during the formation of
biomorphs, growth was carried out directly underneath a confocal microscope. For
this purpose, we used special microdishes that had a flat glass bottom (ibidi GmbH,
p-dish, diameter: 35 mm) and thus were ideally suited for imaging the front of sheets
evolving along this interface. Initially, 4 mL of growth solution (prepared as described
above) were filled into the dishes and left open to the atmosphere to absorb CO, over
time. After 2 h (when the first structures had started to form), 0.1 mL of a 100 uM
solution of 2 in water:acetone 9:1 were added (note that the small amounts of acetone
introduced in this way did not affect the growth behavior of biomorphs to any notice-
able extent). The final concentration of the dye in the mother liquor thus was 2.44

uM.

9.1.2 Quantification of the Degree of Functionalization with the Ellman Reagent

The amount of thiol groups anchored on the biomorphs via silanisation was deter-
mined with the help of the Ellman reagent (5,5’-dithiobis(2-nitrobenzoic acid)). In the
presence of free thiol groups, this molecule splits and releases nitrothiobenzoate (NTB)
in a quantitative reaction, as illustrated in Figure 9.4c for the case of a thiol-bearing
biomorph. NTB exhibits significant absorption at 408 nm in alkaline solution and
thus the reaction can readily be monitored by UV-Vis spectroscopy. Figure 9.4a shows
a time-dependent series of corresponding spectra for a 8.8 yM solution of the Ellman
reagent in borax buffer (pH 9) containing 18 mg of thiol-functionalised biomorphs,
along with a plot of the area of the peak at 408 nm (red dots and line). In order to
convert this data into an actual number of free thiol groups on the biomorphs, we per-
formed reference experiments in which defined amounts of 3- mercaptopropionic acid
(3-MPA) (0-7 uM) were added to 8.8 uM Ellman reagent solution buffered at pH 9. The
resulting spectra after a reaction time of 15 min are shown in Figure 9.4b. Plotting the
area of the peak as a function of concentration (red dots) gives a calibration curve that
can be approximated by a linear fit (thick red line), which was used to calculate the ac-

tual number of thiol groups on the biomorphs after completion of the reaction shown
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in Figure 9.4a. This yields an effective thiol loading of 947 + 75 nmol per g biomorphs.

9.1.3 Estimation of the AuNP Loading on Functional Biomorphs

The amount of gold nanoparticles immobilised on the biomorphic structures was es-
timated in different ways. First, the catalytic activity — as derived from resazurin-
to-resorufin reaction rates determined by UV/Vis spectroscopy with and without Au
— was used as a measure. Here we assumed that the catalytic activity of the AuNPs
bound on the surface of biomorphs is comparable to that of the same particles in a
colloidal dispersion (reference experiment). Under these conditions, measured reac-
tion rates can easily be converted to apparent AuNP loadings on biomorphs (in mol
per g) if the used absolute mass of AuNP@Biomorph catalyst is known. Following this
approach, it needs to be considered that the obtained value will represent a lower limit
for the true loading, because the net catalytic activity of surface-bound particles is
most likely lower than that of the same amount of dispersed particles, due to the fact
that reagents need to be transported to/from the surface by diffusion and that some of
surface sites may not readily be accessible. The second used method was EDX spec-
troscopy on intact AuNP-bearing biomorphs. Corresponding measurements gave an
atomic ratio of Ba:Si:Au = 94:100:1. With the known density of solid gold (50 atoms
per nm®) and mean diameter of the used AuNPs (14 nm), the loading of AuNPs on
the biomorphs can be calculated from the EDX data. The problem of this approach
is that EDX is a surface-sensitive technique with a typical penetration depth of a few
microns. Consequently, the contribution of elements that are enriched at the surface
of the functionalised biomorph (Si and Au) will be disproportionately higher than that
of the bulk material below (mainly BaCO, ). Therefore, the resulting value for the

loading should be regarded as an upper limit.

The third way to calculate the loading is based on in-situ UV-Vis experiments during
the functionalisation step, i.e. when thiol-modified biomorphs were incubated in a
dispersion of gold colloids. In the absence of biomorphs, the dispersion showed sig-
nificant absorbance at 514 nm due to surface plasmon resonance, in good agreement
with the literature.[216] However, upon exposure to the thiol-bearing biomorphs, the
intensity of the band at 514 nm decreased and the colour of the solution changed from
red to a dark violet, accompanied by the emergence of an additional absorption peak at

ca. 595 nm (Figure 9.5¢). This second band indicates the formation of one-dimensional

9.1 Supplementary Information
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superstructures (chains) [217] of the gold colloids in dispersion and in fact, such aggre-
gated structures could also be observed by TEM (Figure 9.5b). Interestingly, this effect
only occurred in the presence of biomorphs, while neither BaCO; nor silica particles
alone did have any noticeable influence on the absorption spectra. In turn, when as-
grown biomorphs were used (no thiol modification), the new band at 595 nm formed,
but the peak at 514 nm did not decrease in intensity (cf. Figure 9.5d). While we cannot
explain these findings in detail at the moment, a comparison of the absorbance at 514
nm (peak area) after exposure to i) unmodified biomorphs (Figure 9.5d) and ii) thiol-
bearing biomorphs (blue curve in Figure 9.5¢) can be taken as a measure for how many
Au nanoparticles were bound on the thiol-modified biomorphs during AuNP function-
alisation. Values resulting for the loading from this approach are also considered to be
upper limits, because the formed aggregates of AuNPs have limited colloidal stability
and hence some of them may have precipitated in the course of the experiment (thus

reducing the detected absorption without actually binding to biomorphs).

Values resulting for the AuNP loading from the above-described approaches are com-
piled in Table 3. It is obvious that the agreement between the estimated loadings is not

good, but still the data give an idea about the order of magnitude.

9.1.4 Raman and IR Analyses of Polymer-Coated Biomorphs

In addition to optical microscopy, SEM and CLSM, the composition of the biomorphs
after functionalisation with PCDA was also investigated by means of Raman and IR
spectroscopy. Corresponding results are summarised in Figure 9.6. Local Raman spec-
tra (Figure 9.6a) collected from native aggregates before polymerisation show charac-
teristic signals of BaCO; at 135, 153 and 1063 cm1, along with a strong band at 523
cm~! that can be assigned to silica (blue spectrum Figure 9.6a).[218, 219] Upon treat-
ment with 1 M NaOH, this latter signal has vanished (red spectrum in Figure 9.6a), in-
dicating successful removal of the outer silica skin. After adsorption of PCDA and UV
illumination, the obtained Raman spectrum is completely different and displays bands
that can exclusively be attributed to poly(PCDA) (black spectrum in Figure 9.6a).[190]
The presence of the polymer is also reflected in the curved baseline of the spectrum,
which results from the fluorescence of poly(PCDA). In turn, the absence of distinct
carbonate and silica modes suggests that the newly formed polymer coating is rather

thick and hence the Raman signal can no longer be obtained from the inner part of the

9.1 Supplementary Information
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structure.

The above findings are further confirmed by IR data (Figure 9.6b). While the spectrum
measured for a biomorph after removal of the silica skin (black curve in Figure 9.6b)
shows only bands typical for barium carbonate (693, 855 and 1412 cm™! ), new signals
emerge after the polymerisation step, namely CO modes at 1511 and 1556 cm™! as well

as CH modes at 2748 and 2982 cm™! , both being characteristic for poly(PCDA).[190]

9.2 Supplementary Figures
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Figure 9.1: Normalized absorption (left) and emission spectra (right) of dyes 1 and 2 in water.
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Figure 9.2: Dependence of the absorption and fluorescence of dye 1 on a change in pH from 7.3
to 12.8 upon addition of aqueous KOH solutions (A, = 495 nm, ¢; = 1.39-107°M, EtOH/H,0);
pH 7.3 (dashed line), pH 12.8 (dotted line); selected intermediate steps (solid lines). Insets:
corresponding titration curves, given by the shift of the absorption maximum (left) and the
fluorescence intensity at the emission maximum (right) as a function of pH.
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Figure 9.3: Dependence of the absorption and fluorescence of dye 2 on a change in pH from
6.5 to 12.0 in neat water (A,, = 495 nm, ¢, = 1.39-107°M, H,0); pH 6.5 (dashed line), pH 12.0
(dotted line), intermediate steps (solid lines). Insets: corresponding titration curves, given
by the shift of the absorption maximum (left) and the fluorescence intensity at the emission
maximum (right) as a function of pH.
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Figure 9.4: a) UV/Vis spectra showing the progress of the Ellman reaction as a function of time
in the presence of 18 mg thiol-modified biomorphs at pH 9. b) UV/Vis spectra of solutions in
which the Ellman reagent was converted with different amounts of 3-MPA. The thick red line
is a linear fit to the experimental peak area-concentration data, which was used as a calibration
curve. ¢) Schematic drawing of the Ellman reaction on thiol-functionalised biomorphs.
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Figure 9.5: TEM image of thiol-modified biomorphs after incubation in AuNP dispersion, rins-
ing with water and crushing for TEM preparation. The remaining fragments consist of three
components: carbonate nanocrystals (ca. 200 nm long and 50 nm wide, not shown here), sil-
ica spheres (50-200 nm in diameter, indicated by the blue arrow), and small gold colloids (14
nm) with high contrast (highlighted by red arrows) that decorate some of the silica particles.
Corresponding electron diffraction (ED) patterns show strong reflections that can be assigned
to crystalline gold (note that the shown area of the sample mainly contains (amorphous) sil-
ica spheres and AuNPs). b) TEM micrograph of AuNP networks that were isolated from gold
dispersions after exposure to thiol-modified biomorphs. The ED pattern proves that the ag-
gregated particles consist of Au. c¢) UV/Vis spectra of the colloidal AuNP dispersion before
(red) and after (blue) incubation with thiol-modified biomorphs (blue). The inserted sketch
illustrates how the colour of the solution changed. d) UV/Vis spectra of the AuNP dispersion
at different times during incubation with unfunctionalised biomorphs (no thiol modification)
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Figure 9.6: a) Local Raman spectra collected from a native biomorph (blue), a biomorph after
removal of the outer silica skin (red), and a PCDA-modified biomorph (black). b) IR spectra of
biomorphs after leaching in 1 M NaOH (black) and after functionalisation with PCDA (red).

9.2 Supplementary Figures



116 9 APPENDIX

\\‘\‘ e

‘3'-. \”’” =

Figure 9.7: False-colored scanning electron micrograph giving an overview on typical
biomorph morphologies obtained from a single synthesis batch (blue: sheets, red: helicoids,
grey: worm-like braids).

Figure 9.8: Preparation of magnetite mesocrystals. (a) Sketch of the experimental setup used
for the formation of magnetite mesocrystals via diffusion of a destabilizing anti-solvent (EtOH)
into a dispersion of magnetite nanocrystals (1: desiccator; 2: dispersion of magnetite nanopar-
ticles in THF; 3: Si wafer; 4: EtOH/THF mixture). (b,c) Magnetite mesocrystals grown on
single-crystalline calcium carbonate macro-substrates, namely (b) aragonite and (c) calcite
(Scale bars: 100 ym).

9.2 Supplementary Figures
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Figure 9.9: Collection of different magnetite-biomorph composite structures. Magnetite
mesocrystals were grown on (a,b) native biomorphs, (c,d) biomorphs after removal of the outer
silica shell, (e,f) biomorphs without silica skin after modification with oleic acid, and (g,h)
biomorphs after hydrophobization of the outer silica skin with alkyl silanes.
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Figure 9.10: Thermal stability of mesocrystal-biomorph composites. (a) SEM images illustrat-
ing the structural features of of mesocrystals annealed at various temperatures. (b) SEM image
of an annealed (1000°C) mesocrystal-biomorph composite.

9.3 Supplementary Tables

Table 2: Spectroscopic data of dyes 1 and 2 in selected solvents at 298 K.

Compound  Solvent A, [nm] A, [nm] 7 [ns]

MeCN 517 526 n.d.

2 H,O/EtOH 518 527 4.72
H,0 517 527 3.42

MeCN 521 531 4.72

1 H,0/EtOH 523 532 5.57
H,0 523 532 2.67

Table 3: Loadings of AuNPs on biomorphs after functionalisation, as estimated by different
methods.

Method Calculated Loading [nmol/g]
Catalytic Reaction 0.03+0.01
EDX 0.5+0.05
UV-Vis Spectroscopy 0.74+£0.01

9.4 Supplementary Movie Captions

Movie S1. Schematic animation illustrating the response of a mesocrystal-biomorph
composite to a moving magnet centered below the structure. The indicated delay of
the response is caused by the viscosity of the surrounding (liquid) medium.

Movie S2. A magnetic worm-like aggregate follows a magnet in linear movement

(according to Movie S1) through a viscous PEG-8000 solution (50 wt% in water). Movie

9.3 Supplementary Tables
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S3. Movement of the microarchitecture shown in Movie S2 into the opposite direction.
Movie S4. Schematic animation illustrating the response of a mesocrystal-biomorph
composite to a moving magnet slightly displaced below the structure, inducing rota-
tional movement.

Movie S§5. Magnetized silica biomorphs respond to the movement of a magnet by
rotation in dry state.

Movie S6. A magnetized biomorph ghost swims through less viscous 0.05 M acetic

acid solution.

9.4 Supplementary Movie Captions
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Crystallisation of barium carbonate in the presence of silica can lead to the spontaneous assembly of
highly complex superstructures, consisting of uniform and largely co-oriented BaCO3z nanocrystals that are
interspersed by a matrix of amorphous silica. The formation of these biomimetic architectures (so-called
silica biomorphs) is thought to be driven by a dynamic interplay between the components, in which subtle
changes of conditions trigger ordered mineralisation at the nanoscale. In particular, it has been proposed
that local pH gradients at growing fronts play a crucial role in the process of morphogenesis. In the present
work, we have used a special pH-sensitive fluorescent dye to directly trace these presumed local fluctu-
ations by means of confocal laser scanning microscopy. Our data demonstrate the existence of an active
region near the growth front, where the pH is locally decreased with respect to the alkaline bulk solution on
a length scale of few microns. This observation provides fundamental and, for the first time, direct experi-
mental support for the current picture of the mechanism underlying the formation of these peculiar
materials. On the other hand, the absence of any temporal oscillations in the local pH — another key feature
of the envisaged mechanism — challenges the notion of autocatalytic phenomena in such systems and
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Introduction

Silica biomorphs are a unique class of inorganic-inorganic
hybrid materials, which form via bottom-up self-assembly of
simple molecular species but nonetheless display remarkably
complex shapes and structures,' ® comparable to solid compo-
site frameworks generated by organisms during biomineralisa-
tion,” as well as artificial counterparts produced in vitro
through state-of-the-art biomimetic crystal engineering and
morphosynthesis.® Just by precipitating alkaline-earth carbon-
ates in the presence of dissolved silica (usually by slow
diffusion of carbon dioxide into silica-containing solutions of
corresponding metal salts),”* a broad variety of smoothly
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raises new questions about the actual role of silica as an additive in the crystallisation process.

curved, non-crystallographic architectures can be obtained
(Fig. 1). Characteristic morphologies range from flat sheets
(Fig. 1a and b) over worm-like braids (Fig. 1c) to, most promi-
nently, regular helicoids (Fig. 1d and e), but also include more
elaborate 3D entities reminiscent of corals or flowers.">"*™"®
The formation of these unusual structures essentially occurs
in a spontaneous manner as long as certain boundary con-
ditions are met, in first place that the pH of the growth
medium is sufficiently, but not too alkaline (typically between
9 and 11)."®"® Under these circumstances, the components
self-assemble into intricate superstructures that can otherwise
only be achieved with the aid of relatively complex organic
(macro)molecules or matrices, thus rendering silica bio-
morphs easy-to-handle model systems for investigating funda-
mental principles of self-organisation, in addition to their
relevance in the context of primitive life detection.”*®

At the micrometre level, growth of BaCO; biomorphs was
reported to proceed along a sequence of phenomenological
stages.">*1>1820 Rirgt an initially nucleated carbonate seed
crystal experiences fractal branching®' induced by the poison-
ing influence of oligomeric silicate species, and thus evolves
from a pseudohexagonal rod into increasingly bifurcated
forms that eventually show raspberry- or cauliflower-like
morphologies (Fig. 1f). With time, these globular clusters
develop laminar excrescences, which usually grow flat and in
contact with the walls of the vessel or the solution-air interface

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Typical morphologies of silica biomorphs: (a, e) polarised optical
and (b—d, f) SEM micrographs of (a, b) even sheets, (c) worm-like aggre-
gates, (d, e) twisted filaments, and (f) globular precursor particles.

in the following. At some point, the sheets may curl and adopt
scrolled margins, thus giving rise to the more complex curved
ultrastructures (i.e. helicoids and worms),>* likely governed by
the role of extrinsic and intrinsic surfaces in the process of
morphogenesis.*

At the nanoscale, silica biomorphs were found to consist of
a multitude of fairly uniform rod-like carbonate crystallites,
typically about 200-300 nm and ~50 nm wide,"*** each carry-
ing a greater or lesser amount of associated silica'>'* and
being mutually arranged to establish some specific long-range
orientational order.”"® The driving force underlying the for-
mation and continuous supply of these nanosized building
units was suggested to rely on a dynamic interplay of carbon-
ate and silicate species at molecular scales, based on
the pH-dependent solubilities of the
ponents.'**17182> The key point in the proposed model is
that during crystallisation of any carbonate material in moder-
ately alkaline solutions, the pH will be decreased at the surface
of growing particles relative to the bulk due to dissociation of
nearby bicarbonate ions,} e.g. according to Ba®>" + HCO;~ —
BaCOj; + H'. This is thought to impact the speciation of silica

inverse com-

1 Note that the fraction of HCO,™ ions existing in equilibrium with CO;>~ is sig-
nificant at conditions typical for the formation of biomorphs, ranging from
ca. 20% at pH 11 to >90% at pH 9.>*

This journal is © The Royal Society of Chemistry 2015
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by protonating charged silicate oligomers (=Si-O~ + H' —
=Si-OH), hence promoting condensation reactions (=Si-OH
+ HO-Si= — =Si-0-Si= + H,0) and ultimately leading to pre-
cipitation of silica around the carbonate particles. Continued
silica polycondensation is in turn expected to re-increase the
local pH (owing to the consumption of acidic Si-OH groups)
and, with it, raise the supersaturation of carbonate, eventually
triggering a novel event of nucleation and thus maintaining an
autocatalytic cycle of alternating co-mineralisation.>

While the described mechanism is able to explain many
experimental observations' and may be used to tailor or even
program the morphological evolution in these systems,” it has
remained an essentially theoretical framework to date. Indeed,
the notion that growth processes occur only at local scales in
the vicinity of active fronts has been confirmed indirectly by
microscopy analyses of the growth behaviour in stirred solu-
tions,** but still, concrete evidence supporting the proposed
scenario is missing. Here we report, for the first time, experi-
mental data that prove the envisaged local decrease in pH
during the formation of silica biomorphs. For this purpose, we
have used a newly developed pH-sensitive fluorescent dye with
a suitable pH working range, to directly visualise subtle
changes of alkaline pH in a spatially confined environment.

Analytical approach

In order to study local pH gradients during the formation of
biomorphs, it is necessary to collect signals selectively from
the growth front of single evolving crystal aggregates. Confocal
laser scanning microscopy (CLSM) is a very promising tech-
nique in this context, due to its ability to deliver information
from well-defined and highly limited depths of focus in the
sample, thus avoiding superimposition of signal across the
entire penetrated volume as in conventional optical
microscopy. Sheets (Fig. 1a and b) are obviously the most suit-
able morphology for such analyses, because they grow in a
quasi-two dimensional fashion along interfaces and hence,
focusing on the bottom of the measurement cell should allow
for facile monitoring of their development in situ. If, further-
more, a fluorescent dye is added to the mother liquor that
responds to protons released (or consumed) during mineralis-
ation by distinct changes in fluorescence intensity, such local
variations of pH at the growth front should become directly
visible. Fig. 2 illustrates the basic idea of the experiment.

The dye chosen in this work is a boron-dipyrromethene
(BODIPY) derivative bearing an acidic phenol group
(1, ¢f. inset in Fig. 3, R = F). With increasing pH, this dye
shows a decrease in fluorescence intensity over a working
range of ca. 9.0-11.5 in 1:1 ethanol/water mixtures, with an
emission maximum at 532 nm and a pK, of 9.98.>* This
process is reversible and was ascribed to fluorescence quench-
ing via efficient electron transfer induced by the electron-rich
phenolate moiety, which results in a complete switching off of
the fluorescence at sufficiently high pH values. Since growth of
biomorphs does hardly tolerate the presence of any organic

Nanoscale, 2015, 7, 17434-17440 | 17435
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Fig. 2 Sketch of the experiment: a growing biomorph sheet (top panel)
decreases the pH in the vicinity of its active front (corresponding gradi-
ent indicated in green), as bicarbonate ions will dissociate to restore the
local HCO3 /CO3*>~ equilibrium during BaCOs precipitation (middle
panel). A suitable pH-sensitive fluorescent dye (green circles) will
respond to the locally increased proton concentrations by changing its
emission behaviour, ideally switching on its fluorescence at a given exci-
tation wavelength in regions where the pH falls below a certain
threshold (bottom panel).
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Fig. 3 Normalised intensity of fluorescence displayed by the dyes 1
(black) and 2 (red) at different pH levels. Values were derived from the
maximum of the emission peak at 532 nm (see Fig. S1 in the ESI{ for
corresponding spectra). Data were recorded at a constant dye concen-
tration of 1 pM. Inset: molecular structure of the BODIPY dyes, where
the acidic and thus pH-sensitive phenol-OH group is highlighted in
green.
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(co-)solvent,'" the first step in our study was to investigate the
pH-dependence of the fluorescence of 1 in pure water, or
rather in aqueous solutions containing barium ions and sili-
cate oligomers at concentrations typical for biomorph synth-
eses (to check for potential interferences of these ions). A
corresponding plot of the fluorescent intensity as a function of
pH is given in Fig. 3 (black squares). It is evident that the dye
still responds to changes in pH under these conditions, exhi-
biting a continuous decrease in relative intensity between pH
9.0 and 11.5. However, as can be expected for a change from
H,O/EtOH to a neat aqueous medium, a slightly higher pK, of
10.34 is found for 1 in the biomorph growth solution. None-
theless, the working range of the dye is in principle still suit-
able for probing the formation process of biomorphs, which
usually occurs at bulk pH values of 10-11."*

Although it was possible to follow pH-dependent changes
in the fluorescence of 1 in solution, we know from our earlier
studies®® that this dye is prone to aggregation in water (as is
evident from the broadened absorption spectrum shown in
Fig. S1 of the ESIf). Since this behaviour is not only concen-
tration- but also environment-dependent (ionic strength, nature
of electrolyte, etc.) and can potentially lead to adsorption/depo-
sition of the dye on solid surfaces (like vessel walls or bio-
morphs), 1 is practically not suitable for performing a precise
analysis of the growth process of biomorphs. Therefore, the
molecular structure of the dye was modified, replacing the two
fluorine substituents by tetramers of ethylene glycol (EG,, see
Section S2 in the ESIT for details on the synthesis), in order to
obtain a water-soluble analogue without changing the optical
properties (giving dye 2, with a structure as shown in the inset of
Fig. 3 with R = EG,). Pegylation significantly reduced dye agglo-
meration (¢f. Fig. S1t), again entailing straightforward spectro-
scopic BODIPY features while shifting the pK, towards a lower
value of 9.29. From the pH-dependent fluorescence intensities
shown in Fig. 3 (red circles), it can be deduced that 2 will essen-
tially be non-fluorescent in the bulk growth solution (pH > 10,
deprotonation of the dye), while its fluorescence should be
switched on in local regions where the pH decreases below
10 due to proton release according to the proposed mechanism.

Thus, 2 is a promising candidate that meets the dye require-
ments (such as high brightness and switching ratio, suitable
pH working range, and good water solubility) for an experi-
ment as depicted in Fig. 2. Therefore, it was used for all ana-
lyses described in the following.

Before turning to the results of these investigations, it is
worth noting that previous efforts with conventional optical
pH indicators failed, primarily because dyes covering the rele-
vant pH regime normally contain anionic groups (like carboxy-
lates or sulfonates)*® that can strongly interact with Ba>" ions
in solution and form precipitates when added at concen-
trations typically required to give significant colouration and
measurable effects (mM range). Here, the main advantage of
2 is its quasi-neutral character (the next-neighbour, formally
zwitterionic group is not relevant in this sense) and high
brightness, enabling its use at concentrations that are orders
of magnitude lower (UM range).

This journal is © The Royal Society of Chemistry 2015
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Results and discussion

Fig. 4 shows laser scanning microscopy images representing
the early stages of biomorph formation in the presence of the
fluorescent dye 2. Immediately before the appearance of a dis-
tinct structure, a faint turbidity is discernible in the trans-
mission image (Fig. 4a), indicating the onset of
mineralisation, while the fluorescence channel (Fig. 4c) does
not display any noticeable features (i.e. 2 is in its OFF state
and the pH is high). After some delay (20-30 s in this case), a
raspberry-like particle is observed (Fig. 4b), which results from
fractal branching of BaCOj; crystals in silica-containing solu-
tions (¢f. Fig. 1f) and is known to be a typical precursor of the
more complex biomorphic morphologies.*'*'® Interestingly,
at this stage fluorescence can only be detected locally in the
vicinity of the carbonate aggregate, as evidenced by Fig. 4d.
These findings can be quantified by plotting the intensities of
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Fig. 4 Growth of a fractal barium carbonate aggregate in the presence
of silica, as viewed by CLSM in (a—b) transmission and (c—d) fluor-
escence mode. The dashed ellipsoid in (a) highlights a slightly blurred
region, in which the structure appears about 30 s later (b). (e) Plot of the
transmission (grey circles) and fluorescence (blue squares) intensities
measured in the area delimited by the red boxes shown in (b) and (d)
over time before, during and after the formation of the carbonate struc-
ture. The vertical dashed lines mark the times corresponding to the
images above. Scale bars in (a—d) are 20 pm.
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transmitted light and fluorescence as a function of time
(Fig. 4e; the red squares in Fig. 4b and d mark the area from
which signal was collected for the plot in Fig. 4e).

As expected, the transmission signal is initially high and
then decreases as the fractal structure nucleates and grows
(which essentially occurs within a period of about 30 s). The
fluorescence intensity, on the other hand, is generally rather
low and decreases during the first 180 s prior to crystallisation.
The reason for this behaviour is that the dye was added shortly
after the experiment was started and deprotonation of 2 in the
bulk alkaline growth medium occurs rather slowly. After this
initial period of equilibration, there is a distinct peak in fluo-
rescence that nearly coincides with the response in trans-
mission and is well above background fluctuations (as is also
clearly evident in the corresponding image, Fig. 4d). According
to the pH-dependent fluorescence behaviour of 2 depicted in
Fig. 3, this suggests that the pH around the globular particle is
actually lower than in the surrounding bulk solution for a
certain time, ie. during the formation of the aggregate. These
results indicate that precipitation of barium carbonate in alka-
line media indeed leads to a local pH decrease at active sur-
faces, as envisaged in the current model for the formation
mechanism of such materials."*!7:1822.23

In order to confirm these observations and in particular to
also show that this effect is a local phenomenon,”® further
CLSM analyses were performed at higher magnification,
mainly following the growth of flat sheets (for reasons outlined
above). Fig. 5 shows one such structure at two distinct stages
of evolution in the presence of 2.

The coloured vertical lines mark different positions relative
to the growth front (that in this example moves from right to
left), at which the fluorescence intensity was continuously
monitored. Time-dependent traces resulting from these
measurements (graph in Fig. 5) again display a maximum in
fluorescence; however, now the signal does not come from the
entire structure, but only from a confined area (here about
3 um wide) at the respective indicated spot. With growing dis-
tance from the initial position of the sheet edge, the
maximum in fluorescence intensity continuously shifts to later
times. Obviously, the fluorescence starts to increase when the
growth front approaches the monitored position (at around
150-200 s in Fig. 5) and reaches the highest recorded value
just before the sheet edge passes. Subsequently, a relatively
sharp decrease in fluorescence intensity is observed. This
suggests strongly that there is a zone close to the growth front
in which the pH is locally reduced and gradually increases
from the rim of the evolving aggregate towards the more alka-
line bulk solution - well in line with the situation drawn sche-
matically in Fig. 2. We note that there is a continuous drift of
the fluorescence towards higher values after (and partly also
before) the maxima in Fig. 5 (as well as in Fig. 4e). This can
most likely be ascribed to the gradual lowering of the bulk pH
upon continued uptake of atmospheric CO, into the growth
solution, as described in detail elsewhere.'”> Another factor
that might play a role here is dye deposition and/or agglomera-
tion on the forming biomorph structure, although we expect

Nanoscale, 2015, 7, 17434-17440 | 17437



Open Access Article. Published on 28 September 2015. Downloaded on 02/08/2017 12:51:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Paper

4.0

Fluorescence intensity / a.u.

3.5+

400 600 800

Time /s

0 200

Fig. 5 In situ monitoring of pH changes during the formation of silica
biomorphs in solution. Top: confocal micrographs of a flat sheet at the
beginning and at the end of the observed period (time lapse: 15 min).
Bottom: Plots of the fluorescence intensity as a function of time,
measured at different positions relative to the edge of the sheet in the
first image (indicated by vertical lines with the same colour code). Scale
bars are 10 pm.

this effect to be fairly limited due to the enhanced solubility of
2 compared to 1. In any case, the occurrence of a maximum in
fluorescence intensity well above the aforementioned drift is
clearly resolved by the data in Fig. 5.

Fig. 6 shows another example of a sheet growing in alkaline
silica solution containing dye 2. Here, the local pH decrease
can already be discerned in the fluorescence image (Fig. 6a) as
a layer of slightly higher brightness in front of the rim of the
aggregate (highlighted by the red arrows). To confirm this
observation, we have performed fluorescence line scans along
the normal to the surface from the solution towards and over
the edge of the sheet (as shown by the yellow arrow in Fig. 6a).
Integration over different azimuthal angles, as illustrated by
the dashed blue arrow in Fig. 6a, led to the intensity-distance
profile displayed in Fig. 6b. This data unambiguously demon-
strates the existence of a pH gradient at the active front of
growing biomorphs, most likely originating from the dis-
sociation of bicarbonate ions during the formation of BaCO;
(as described above). From the results shown in Fig. 6, the
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Fig. 6 Local pH gradients in silica biomorphs. (a) Fluorescence image
of the edge of a sheet growing from right to left. The blue and yellow
arrows visualise how line scans of fluorescence intensity were per-
formed along the normal to the surface at different azimuthal angles,
while the red arrows point to a zone of slightly higher brightness near
the rim of the structure. Note that the image has been converted to
greyscale in order to better illustrate the higher brightness at the rim of
the structure. (b) Resulting intensity—distance profile, clearly evidencing
the local decrease in pH near the growing front.

thickness of this region can be estimated to ca. 2 um (at the
given level of sensitivity), which is in good agreement with
indirect predictions made on the basis of simple fluid
dynamics considerations in experiments at different stirring
rates.”

It is worth noting that we could not detect any hint for a
cycling of the local pH in our assays, which one would expect
if carbonate and silica were mineralised in an alternating
fashion according to the idea of coupled co-precipitation.*>?
Although absolute pH measurements are not possible in a
CLSM experiment with an ON/OFF dye such as 2, the intensity
profiles strongly suggest that the pH at the front is continually
lower than in the bulk. Indeed, the lack of any oscillating be-
haviour may be due to limited temporal resolution in the
current setup. Nevertheless, our data indicates that carbonate
crystallisation dominates the local pH and that there is little

This journal is © The Royal Society of Chemistry 2015
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influence of silica in this context (i.e. co-condensation of silica
does not lead to a measurable temporary increase of pH at the
front) - at least under the conditions investigated in the
present work. This conclusion is supported by the fact that the
amount of silica co-precipitated with the carbonate
phase during the growth process is relatively low, with Si/Ba
atomic ratios in the core of biomorphs typically ranging from
0.05 to 0.10."

Constant reduction of the pH at the growth front would
imply that the supersaturation of silica is locally enhanced at
all times (thus facilitating its incorporation into the forming
aggregate), whereas the driving force for carbonate precipi-
tation would in this case always be somewhat suppressed at
the active surface as compared to the bulk. In our opinion,
this is a plausible scenario as it was shown that the bulk
mother solution of biomorphs is sufficiently supersaturated
throughout the entire growth process'® and hence BaCO; crys-
tallisation does actually not need a local increase in super-
saturation, while this is not necessarily true for silica. On the
other hand, the high nucleation density observed in these
materials (as manifested in the myriads of nanocrystals consti-
tuting the structures) could then no longer be explained on
the basis of a locally increased driving force for precipi-
tation."*® Most probably, this behaviour is caused by the pres-
ence of silica, which may act as an efficient inhibitor for
carbonate growth (thus restricting the size of the crystallites to
the nanoscale)*® and/or accelerate nucleation by lowering
interfacial energies through epitaxial matching.””

Conclusions and outlook

In this work, we have developed a water-soluble fluorescent
dye with pH sensitivity in the alkaline regime, in order to
probe local changes in conditions during the formation of bio-
mimetic silica-carbonate hybrid structures. Our results reveal
the existence of a spatially confined region close to the front of
growing aggregates, in which the pH is significantly reduced
as compared to the bulk medium, thus lending direct experi-
mental support to the postulated formation mechanism. This
local pH gradient was found to extend over lengths of few
microns into the solution and persisted over time periods of
several minutes, while no oscillative behaviour could be
detected. This finding challenges the notion of autocatalytic
processes in these systems and stresses the role of silica as a
growth-inhibiting additive. Although the present approach
does not allow the quantification of local pH at every point in
time, it nevertheless highlights the potential of fluorescent
dyes to directly trace local precipitation phenomena in self-
assembled silica-carbonate materials. Future work will be
focused on the design of yet more suitable probes possessing
two distinctly fluorescent species in their protonated and
deprotonated form, the study of different experimental con-
ditions in terms of pH and species concentrations, as well as
on translating measured fluorescence intensities into actual
local pH values.

This journal is © The Royal Society of Chemistry 2015
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S1. Materials and Methods.

Barium chloride dihydrate (min. 99%) was purchased from Riedel-de Haén and used as received. The
silica source was a commercial sodium silicate solution (so-called water glass) containing about
12.5 wt% SiO, and 13.8 wt% Na, as supplied by Sigma-Aldrich (reagent grade). All solvents
employed for the spectroscopic measurements were of UV spectroscopic grade (Aldrich). Stock
solutions (0.1 and 1 M) of hydrochloric acid, hypochlorite acid, potassium hydroxide and sodium
hydroxide, required for pH adjustments, were obtained from Merck (p.a. grade). All solutions and
dilutions were prepared with water of MilliQ quality, sourced from a Milli-Q Synthesis A10 system
equipped with a Quantum EX Ultrapure Organex cartridge (Millipore). All air- and moisture-sensitive
reactions were carried out under argon atmosphere in oven-dried glassware.

Thin layer chromatography (TLC) was performed on Merck Silica Gel 60 F254 TLC plates with a
fluorescent indicator for 254 nm excitation. Compounds were visualised under UV light at 254 nm.
Column chromatography was carried out with Merck Silica Gel 60 (0.040-0.063 mm) using the
specified eluents. Nuclear magnetic resonance (NMR) spectra were recorded on Bruker AV 400 and
Bruker AVANCE III 500 MHz spectrometers at 27°C, using residual protonated solvent signals as
internal standard ('H: §[CDCl;] = 7.26 ppm and '3C: §[CDCIls] = 77.16 ppm). Assignments are based
on chemical shifts and/or DEPT spectra (where Ar is used as abbreviation to indicate aromatic
moieties). High-resolution mass spectrometry (HR-MS) was performed with a Thermo Scientific
Exactive Orbitrap in the positive ion mode using the Thermo Xcalibur operating and data acquisition
software, or on a Waters LCT Premier XE instrument. Ultrahigh-performance liquid chromatography
mass spectrometry (UPLC-MS) was performed with a Waters Acquity UPLC equipped with a Waters
LCT Premier XE mass detector for high-resolution MS (ESI ionisation), and with Waters Alliance
systems (consisting of a Waters Separations Module 2695, a Waters Diode Array Detector 996 and a
Waters Mass Detector ZQ 2000) equipped with an Acquity BEH C18 (2.1x50 mm) column.

UV/Vis absorption spectra were recorded on an Analytik Jena Specord 210 Plus spectrophotometer.
Steady-state fluorescence measurements were carried out on Horiba Jobin-Yvon FluoroMax-4P and
Spectronics Instrument 8100 spectrofluorometers, using standard 10 mm path length quartz cuvettes or
PMMA cells. Fluorescence lifetimes were determined with a unique customised laser impulse
fluorometer with picosecond time resolution, as described elsewhere.5!:52 The fluorescence lifetime
profiles were analysed using the Horiba Scientific software package DAS 6.

pH values were monitored with a digital pH meter (pH lab 827, Metrohm) equipped with a glass
electrode (Biotrode). For comparison, pH measurements were also performed with a second digital pH
meter (WTW pH 537), equipped with a different glass electrode (InLab 423, Mettler-Toledo).
Calibration of the instruments was performed with standard aqueous buffer solutions of pH 4.00, 7.00



and 9.00 from Metrohm. The measurement uncertainties of the pH electrodes are estimated to < 0.03
pH units.

Polarised optical microscopy (POM) studies were carried out on a Zeiss Imager.M2m microscope
equipped with EC Epiplan-Neofluar 5x/10x/20x and LD Epiplan 50x objectives, a lambda plate, and a
Zeiss AxioCam MRc 5 CCD camera for imaging. For scanning electron microscopy (SEM),
specimens were mounted on aluminium stubs by means of double-sided adhesive tape and
subsequently investigated on a Hitachi TM3000 tabletop microscope at acceleration voltages ranging
from 3 to 10 kV (without previous sputtering). Confocal laser scanning microscopy (CLSM) was
performed using a Zeiss LSM 510 Meta laser scanning microscope and a Zeiss Axiovert 200M
inverted microscope, equipped with Plan-Neofluar 10x/0.3 and Plan-Neofluar 20x/0.5 objectives and
PMT detectors for the transmission and fluorescence channels. All studies were carried out utilising an
Argon laser with a wavelength of 488 nm at a laser power of 15% to excite dye 2. For confocal
observation, the pinhole was set to 1 au (area unit).

S2.  Synthesis and Characterisation of BODIPY Dyes.

8-(4-hydroxyphenyl)-1,3,5, 7-tetramethyl-2,6-diethyl-4,4-bis(3,6,9, 1 2-tetraoxaheptadec- 1 6-ynyl)-4-
bora-3a,4a-diaza-s-indacene (dye 2): The synthesis of 2 was carried out according to a procedure
adopted from ref.S? To a solution of 2.10 g 2,5,8,11,14-pentaoxaheptadec-16-yne (8.0 mmol, 10.0 eq.,
synthesised as described elsewhere*) in 20 mL anhydrous tetrahydrofuran (THF), 9.50 mL
ethylmagnesium bromide (9.5 mmol, 1.0 M solution in THF, 12.0 eq.) was added. The reaction was
heated at 60°C overnight. After cooling down to room temperature, a solution of 317.0 mg 1
(0.8 mmol, 1.0 eq., synthesised as described elsewhere®’) in 15 mL anhydrous THF was added. The
resulting mixture was stirred at 60°C for additional 5 h to achieve complete consumption of the
starting material. Subsequently, the solution was concentrated under reduced pressure to remove parts
of the THF. Then 100 mL dichloromethane (CH,Cl,) was added and the organic phase was washed
with 100 mL brine. After extraction of the aqueous phase for three times with CH,Cl,, the combined
organic solutions were dried over Na,SO, and concentrated under reduced pressure. The crude product
was purified by column chromatography on silica using ethyl acetate/methanol as eluent to give
compound 2 as purple-brown oil (0.407 g, 60%).

Analytical data:
HR-MS (ESI+): m/z calculated for C4;HgBN,O;;Na [M+Na]*: 870.4923, found 870.4908.

'H-NMR (400MHz, CDCL;) [ppm]: 8 = 0.97 (t, 6H, J = 7.5 Hz, 2 x CH,-CHy), 1.32 (s, 6H, 2 x C-
CHs), 2.30 (q, 4H, J =7.5 Hz, 2 x CH,-CH3), 2.67 (s, 6H, 2 x N-C-CHs), 3.37 (s, 6H, 2 x CHs), 3.54
(m, 4H, 2 x CH,), 3.64 (m, 28H, 2 x CH,), 4.18 (d, J = 2.4 Hz, 4H, 2 x CH,-C), 6.92 (d, 2H, J = 8.6,
2 x CH,), 7.06 (d, 2H, J = 8.6, 2 x CH,)).

Absorption and emission spectra of dyes 1 and 2 in aqueous solution are shown in Fig. S1, while Figs.
S2 and S3 summarise the pH dependence of the absorption and emission behaviour of 1 and 2,
respectively, for a change from near-neutral to alkaline conditions. Table S1 compiles the relevant
spectroscopic data, including the fluorescence lifetime (ty).

The protonation constant of 2 was determined to be pK, = 9.31 + 0.01 in water by Boltzmann curve-
fitting as a function of pH using the fluorescence intensity at 527 nm (cf. Fig. S3). Although the pK,
shifts by ca. 0.5 units compared to 1, the modification with two amphiphilic PEG moieties increases
the solubility in water significantly while retaining the spectroscopic properties of the parent dye 1.
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Figure S1. Normalized absorption (left) and emission spectra (right) of dyes 1 and 2 in water.
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Figure S2. Dependence of the absorption and fluorescence of dye 1 on a change in pH from 7.3 to 12.8 upon
addition of aqueous KOH solutions (A = 495 nm, ¢; = 1.39-10° M, EtOH/H,0); pH 7.3 (dashed line), pH 12.8
(dotted line); selected intermediate steps (solid lines). Insets: corresponding titration curves, given by the shift of
the absorption maximum (left) and the fluorescence intensity at the emission maximum (right) as a function of
pH.
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Figure S3. Dependence of the absorption and fluorescence of dye 2 on a change in pH from 6.5 to 12.0 in neat
water (Ax = 495 nm, ¢, = 1.39-10° M, H,0); pH 6.5 (dashed line), pH 12.0 (dotted line), intermediate steps
(solid lines). Insets: corresponding titration curves, given by the shift of the absorption maximum (left) and the
fluorescence intensity at the emission maximum (right) as a function of pH.



Table S1. Spectroscopic data of dyes 1 and 2 in selected solvents at 298 K.

Compound Solvent Aabs / NIM Aem / DM T¢/ ns
MeCN 517 526 n.d.

2 H,O/EtOH 518 527 4.72
H,O 517 527 3.42

MeCN 521 531 4.72

1 H,O/EtOH 523 532 5.57

H,O 523 532 2.67¢

@ Longest lifetime component of a multiexponential fit.

S3.  Growth and Characterisation of Biomorphs.

Silica biomorphs were grown from aqueous solutions containing 5.0 mM BaCl,, 8.4 mM SiO,, and
8.9 mM Na'*, prepared as described in detail elsewhere.S¢ Portions of this mixture (typically 10 mL)
were filled into cylindrical wells of standard polystyrene plates (VWR Nunclon 6-well plates, volume:
17 mL, area: 9.6 cm?, depth: 1.7 cm). Subsequently, glass coverslips (15x15 mm) were placed on the
bottom of the wells as substrates for growth, and the well plate was covered loosely with a lid.
Crystallisation of barium carbonate occurred upon gradual in-diffusion of CO, from the atmosphere
into the alkaline solution (starting pH: 11.0), where it was converted to HCO;™ and finally CO;* ions
needed for precipitation. In this way, complex structures are formed spontaneously on interfaces over
periods of several hours. Their isolation is quite straightforward, as the glass substrates can simply be
removed from the mother liquor with a pair of tweezers and only need to be rinsed with water and
ethanol.

In order to be able to trace local variations of pH in situ during the formation of biomorphs, growth
was carried out directly underneath a confocal microscope. For this purpose, we used special
microdishes that had a flat glass bottom (ibidi GmbH, p-dish, diameter: 35 mm) and thus were ideally
suited for imaging the front of sheets evolving along this interface. Initially, 4 mL of growth solution
(prepared as described above) were filled into the dishes and left open to the atmosphere to absorb
CO, over time. After 2 h (when the first structures had started to form), 0.1 mL of a 100 uM solution
of 2 in water:acetone 9:1 were added (note that the small amounts of acetone introduced in this way
did not affect the growth behavior of biomorphs to any noticeable extent). The final concentration of
the dye in the mother liquor thus was 2.44 uM.

After a promising (and still growing) aggregate had been identified in the microscope and fluorescent
dye was added, the development of the structure was monitored in situ over time (as in many previous
studiesS®S7 with regular optical microscopy), while continuously collecting transmission and
fluorescence data.
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Biomorphs are a unique class of self-organised silica—carbonate
mineral structures with elaborate shapes. Here we report first
approaches to modify these complex inorganic architectures
through silane chemistry, binding of nanoparticles, and organic
polymerisation. This leads to functional nanostructures in which
the complexity of the originally inorganic template is preserved,
and offers new diagnostic tools to study the mechanisms underlying
their formation.

Crystallisation of alkaline-earth metal carbonates in the presence
of silica at high pH can result in fascinating hybrid structures with
curved morphologies and ordered textures across several length
scales." These so-called “biomorphs” consist of innumerous
carbonate nanocrystals that are stabilised by co-precipitating
silicate species and self-assemble into delicate forms like regular
helicoids or sinuous sheets, which may eventually become
sheathed by an outer skin of silica on the micron level.” Despite
the absence of any organic matter, the obtained structures closely
mimic biomineral frameworks produced by living organisms® and
moreover resemble some of the oldest putative microfossils.”
Therefore, biomorphs have been used as a model system to study
biomimetic self-organisation® and serve as a vital proof that
complex curved forms are not exclusive to the living world.®
Over the past ten years, the mechanism for the formation of
these unusual inorganic-inorganic hybrid structures has been
investigated in depth, leading to a meanwhile convergent
picture of autocatalytic reaction coupling being the driving
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Conceptual insights

Biomorphs are a unique class of self-organised nanostructured silica-
carbonate mineral structures with elaborate shapes. This complexity of
shapes is otherwise only formed in the living world in form of biomin-
erals. We want to utilize the unique inorganic biomorph structures to add
function to create nanostructured materials with complex shape and new
and emergent properties. Here we report first approaches to modify these
inorganic architectures through silane chemistry, binding of nano-
particles, and organic polymerisation. This leads to functional nano-
structures in which the complexity of the originally inorganic template is
preserved. The reported three examples already show the large variability
of our approach and especially the post functionalization with silanes
provides the possibility to attach a variety of functional nanoparticles.
Therefore, our study introduces a new and variable platform towards
novel functional nanostructured materials with complex shapes.

force for self-assembly at the nanoscale.”® In particular, it was
shown that local changes in pH at the growth front trigger the
dynamic co-mineralisation of silica and carbonate due to their
inverse trends of solubility with pH, as depicted schematically in
Fig. 1a—c and described in more detail elsewhere.’ The result is an
array of crystalline carbonate nanoparticles (dark-grey rods in Fig. 1)
embedded in a more or less continuous matrix of amorphous silica
(light-grey domains in Fig. 1c), which subsequently evolves free from
crystallographic constraints towards curved superstructures.'’

Even though biomorphs exhibit many interesting features in
terms of structure and morphology, they still consist of plain
inorganic compounds (usually BaCO; and SiO,) and thus bear
little to no distinct functionality. To address this issue and widen
the scope of biomorphs towards materials science, we have started
to chemically modify the inorganic nanostructures, either in situ
during their formation or by post-treatment. Here we present three
different approaches to achieve “functional” biomorphs: (1) silane
co-condensation, (2) immobilisation of metal nanoparticles and
quantum dots, and (3) organic polymerisation. All three concepts
yield hybrid materials with enhanced functionality and equal
structural complexity as inherited from the self-assembly process
of biomorphs.

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 In situ functionalisation of biomorphs by silane co-condensation.
(@) Schematic drawing of the growth of a biomorph by the continuous
formation of carbonate nanocrystals (dark-grey rods) in the presence of
silicate species (thin light-grey threads). (b) CLSM image (transmission
channel) of a biomorph sheet. (c) Co-precipitation of BaCO3z nanocrystals
and unfunctionalised amorphous silica. (d) Co-condensation of TEOS and
DNPTES into fluorescent “functional” silica. (e) Incorporation of fluores-
cently labeled silanes into the siliceous component of biomorphs
(magenta-coloured domains). (f) Selective dissolution of the carbonate
component by acid post-treatment, leading to a hollow silica structure.
(g) Partial dissolution of the (outer) silica component by NaOH post-treatment.
(h and i) CLSM images (fluorescence channel) of functional biomorphs after
acid and base treatment, respectively.

The idea behind approach (1) was to selectively modify the
silica component in biomorphs and introduce functional groups
via alkoxysilane chemistry.'" In fact, Voinescu et al. have shown
that biomorphs can be formed with tetraethoxysilane (TEOS) as an
alternative organic silica source instead of commonly used inor-
ganic water glass (sodium silicate solution).’* To obtain typical
biomorphic structures, the TEOS (ca. 9 mM) was pre-hydrolysed in
water with sodium hydroxide before adding Ba®>" ions (5 mM) to
the alkaline solution (pH 10-11) and inducing crystallisation by
exposure to atmospheric CO,. Based on this recipe, we grew
biomorphs from mixtures of TEOS and functional triethoxysilanes
like 3-mercaptopropyltriethoxysilane (3-MPTES, for introducing
thiol groups), 3-aminopropyltriethoxysilane (3-APTES, for amine
groups) and 3-(2,4-dinitrophenylamino)propyltriethoxysilane
(DNPTES, carrying a fluorescent label) (see Sections S1 and S2
in the ESIt for experimental details). Fig. 1 summarises the
results of an experiment in which 5 vol% of TEOS were replaced
by DNPTES. Confocal laser scanning microscopy (CLSM)
images (Fig. 1h and i) clearly evidence that the obtained
biomorphs display strong fluorescence, demonstrating

This journal is © The Royal Society of Chemistry 2016
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successful incorporation of the functional silane into the
structure in a one-pot synthesis.

Bright and homogeneous fluorescence signal from all parts of
the aggregates moreover suggests that co-condensation of TEOS
and DNPTES leads to a statistical distribution of the fluorescent
dye in the silica component of the biomorph, showing that this
simple method enables a complete functionalisation of the entire
structure. Apart from that, the incorporation of fluorescent
groups allows the siliceous component to be easily detected
and located. As already mentioned above, silica can be present
both as an external skin and - to a greater or lesser extent — also
in the bulk material around and in-between the carbonate
nanocrystals. This can be analysed in detail by selective dissolution
experiments.® For example, by immersing the as-grown aggregates
into dilute acid (0.03 M HOAc), the carbonate component can be
removed quantitatively within minutes. This leaves a hollow
structure of fluorescent silica (Fig. 1f and h), corresponding to
the thick outer skin covering the whole crystal assembly. On the
other hand, treatment with base (1 M NaOH) dissolves this outer
skin and exposes the inner carbonate-rich core (Fig. 1g and i).
Owing to the fluorescent label, we are now able to confirm that
silica is also an integral part of the inner structure (which is still
under debate®), where it presumably serves as a “glue” holding the
carbonate crystals together. The fact that this part of the silica was
not dissolved in NaOH indicates that it is intimately associated to
the carbonate phase - which is well in line with the proposed
model of autocatalytic co-mineralisation of the two components at
the nanoscale.”® We note that pre-hydrolysis of the silanes proved
to be crucial to obtain characteristic biomorphic structures directly
in solution. This emphasises the key role of silica speciation in the
process of morphogenesis.

Besides the above-described in situ functionalisation of
biomorphs by co-condensation of alkoxysilanes with TEOS,
we also conducted post-functionalisation experiments with
already grown structures. Freshly harvested biomorphs are
expected to carry free silanol groups at the surface of their
outer silica skin (Fig. 2a and b), to which functional silanes can
be coupled via well-known surface modification methods."?
In this way, a broad range of functional groups can be imparted
on the biomorphs, as illustrated by Fig. 2.

Using the fluorescent silane DNPTES (Fig. 2c), structures
similar to those in Fig. 1 were obtained, but in this case, no
fluorescence could be detected in the inner part (after treatment
with 1 M NaOH), indicating that only the silica in the outer skin is
accessible for silane coupling. Nevertheless, bright fluorescence
from the outer parts confirms that surface functionalisation by
post-treatment is possible. Based on these results, further functional
groups were tested. For instance, amine groups were introduced by
the silane 3-APTES (Fig. 2d); their presence at the surface was
confirmed by direct coupling of isothiocyanate dyes like FITC
(fluorescein isothiocyanate),* which were subsequently again
detected via their fluorescence (¢f. CLSM image in Fig. 2d).
Other organic compounds can be coupled to the amine groups
on the biomorph surface in the same way. Post-functionalisation
of the structures with thiol groups was performed using the
silane 3-MPTES (Fig. 2e). The presence of surface-bound thiol

Nanoscale Horiz., 2016, 1, 144-149 | 145
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Fig. 2 Post-functionalisation of biomorphs with different trialkoxysilanes.
(@) Schematic drawing of a biomorph sheet with a thick outer silica skin
carrying free silanol groups accessible for coupling reactions. (b) Polarised
optical micrograph of a typical biomorph sheet. (c—e) Schemes for the
post-silanisation of as-grown biomorphs with (c) DNPTES, (d) 3-APTES
and further functionalisation with FITC, (e) 3-MPTES and subsequent
binding of CdSe@ZnS quantum dots. In all cases, successful functionalisation
is proven by corresponding CLSM images (right).

groups was verified with Ellman’s reagent,"> which forms
nitrothiobenzoate (NTB) adducts in slightly alkaline solutions
that can be detected and quantified by their absorption at
408 nm. With the recipe used in this study, about 1 umol g~ *
thiol groups could be anchored on the biomorphs (see Section S3
and Fig. S1 in the ESIf for details).

Having shown that biomorphs can readily be functionalised
by either in situ or post-silanisation, we now turn to approach (2)
of our work, ie. the immobilisation of functional nanoparticles
on the surface of the aggregates. To achieve this, we made use of
the thiol-bearing biomorphs obtained as described above
(Fig. 2e), since SH groups have a strong affinity to bind to certain
metals and minerals. As a proof of concept, two distinct types of
nanoparticles were chosen here: CdSe@ZnS core-shell quantum
dots (QDs), about 9 nm in diameter (with dore = 4 nm), and
spherical gold nanoparticles (AuNPs) with an average size of 14 nm.
In both cases, the thiol-modified biomorphs were incubated in
dispersions of the nanoparticles for several hours and rinsed
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afterwards to remove any loosely adhering material. Fig. 2e shows
the result for a biomorph that was exposed to the quantum dots.
The strong fluorescence from the flat part of the sheet-like structure
demonstrates successful immobilisation of the QDs at the surface
(note that the black regions within the structure in the CLSM image
are not in the confocal plane and hence do not show fluores-
cence here). In addition, the presence of cadmium and zinc was
verified by EDX measurements (atomic ratio: Ba:Si:Zn:Cd =
1:0.6:0.05:0.01). In the case of the AuNPs, surface modification
cannot be directly confirmed by fluorescence microscopy.
While EDX analyses traced certain amounts of gold at the
surface (atomic ratio: Ba:Si:Au = 0.94:1:0.01), two further
methods were used to study the prepared hybrid materials.
First, the biomorphs were crushed after functionalisation and
investigated by means of transmission electron microscopy
(TEM). The resulting images show small AuNPs covering the
larger silica spheres (see Fig. S2a in the ESIt), supporting the
assumption that the metal nanoparticles bind to the thiol
groups at the silica surface. Second, we used catalytic reactions
to prove the presence of AuNPs on the structures without
destroying them (Fig. 3). The chosen test reactions were the
reduction of 4-nitrophenol (pNP) with sodium borohydride'®
and the reduction of resazurin with hydroxylamine (cf, Fig. 3c)."”'®
In the latter case, the formed resorufin could easily be observed by
CLSM as a strongly fluorescent area around the biomorphic
structures (Fig. 3b), suggesting that the reaction occurred directly
on the surface where the AuNPs were immobilised (note that
unfunctionalised structures did not show this behaviour).
The resazurin-to-resorufin reaction also occurred without AuNP-

time [min]
0 30

300 350 400

Wavelength [nm]

Fig. 3 Catalytic reactions with AuNPs immobilised on biomorphs. (a) UV-Vis
spectra showing the reduction of p-nitrophenol by NaBHj. (b) CLSM image of
a AuNP-bearing biomorph in a solution of resazurin and hydroxylamine. The
formation of the reduced state (resorufin) can be detected by enhanced
fluorescence at the surface of the biomorph. (c) Schematic drawing of the two
test reactions using the immobilised particles as catalyst. The coloured
molecules were analytically observed.

This journal is © The Royal Society of Chemistry 2016
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bearing biomorphs, but at a much slower rate. This shows that
the surface-bound gold particles act as a catalyst in this reaction,
hence imparting distinct functionality to the biomorph structure.

The reduction of pNP by NaBH, in the presence of gold-
functionalised biomorphs was traced by UV/Vis spectroscopy
(Fig. 3a). In particular, the strong absorption band of pNP at
400 nm was used to monitor the progress of the reaction.
The thick red line in Fig. 3a shows the change in the peak area
as a function of time. It is evident that functional biomorph
structures can efficiently catalyse this reaction as well (note that
PNP is not reduced by NaBH, in the absence of Au). Based on
reaction rates derived from similar tests under various conditions,
and by using the EDX results for intact AuNP@Biomorph
structures as well as UV-Vis data from gold colloid dispersions,
the loading of Au nanoparticles on the inorganic template was
determined to be in a range of 0.03-0.7 nmol g~ " (see Section S4
and Fig. S2 in ESIt). Taken together, the experiments described
above clearly illustrate that functional nanoparticles can be
immobilised on biomorphs, and that this yields complex
ternary hybrid nanostructures with interesting catalytic properties.

Finally, in approach (3), we made attempts to coat and/or fill
as-grown biomorphs by a polymer, so as to imprint the struc-
ture of the hard inorganic template into soft organic material
(Fig. 4). In order to avoid uncontrolled bulk polymerisation, it is
necessary to have a monomer that first binds onto the silica-
carbonate aggregates and then polymerises in and/or around
the inorganic architecture. A suitable candidate in this context
is 10,12-pentacosadiynoic acid (PCDA), a monomer showing
strong affinity to bind on carbonate surfaces via its carboxyl
groups.'® Moreover, PCDA polymerisation can be conveniently
triggered by exposure to UV light (¢f. Fig. 4e).

Thus, we removed the outer silica skin from native biomorphs
by leaching in 1 M NaOH and subsequently incubated the
exposed carbonate core in a solution of PCDA. After replacing
the supernatant, the PCDA adsorbed on the biomorphs was
polymerised by illumination at 365 nm. SEM images of the
resulting structures (Fig. 4c) show that the treated biomorphs
(a worm-like morphology in the present example) had a rougher
appearance than their native analogues (Fig. 4a) and were more
or less completely covered by a material with flake-like morphol-
ogies typical for poly(PCDA). This notion is corroborated by
optical micrographs of the samples (Fig. 4d), in which the
biomorphs display a blue-coloured rim, again characteristic of
polymerised PCDA (note that poly(PCDA) can exist in two distinct
forms, one blue and one red, between which the polymer can
switch upon heating or cooling).>**

The presence of poly(PCDA) on the crystal aggregates could
furthermore be clearly demonstrated by IR and Raman analyses
of biomorphs before and after functionalisation (see Section S5
and Fig. S3 in the ESIt). Another beneficial property of PCDA is
that its polymerised form shows significant fluorescence. This
allowed us to localise the polymer in the as-obtained hybrids by
confocal microscopy. Corresponding images (Fig. 4b) reveal
that the polymerisation process led to the formation of a
continuous organic shell around the biomorphs (as confirmed
by Z-stacking image series) — or in other words, that the

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Organic polymerisation on biomorphs. (a) SEM image of a structure
with worm-like morphology before functionalisation. (b) CLSM images (main
window: fluorescence channel (Lexe. = 561 nm), inset: transmission channel)
of another worm-like structure after functionalisation. (c) SEM image of
a poly(PCDA)-coated worm. The inset shows a zoom on the surface of
the aggregate, revealing the flake-like character of the polymer coating.
(d) Optical micrograph of biomorphs after functionalisation, showing the
characteristic blue colour of poly(PCDA). (e) Schematic drawing of the
polymerisation of PCDA molecules adsorbed on the biomorph surface.

morphology of the inorganic architecture was transferred to
the emerging organic phase. Actually, this situation is inverse
to common biological and biomimetic mineralisation, where
usually an organic template controls the shape (and structure)
of a forming inorganic phase.”” On the other hand, our
analyses suggest that polymerisation did not occur in the
bulk volume of the biomorphs (¢f. Fig. 4b), presumably due
to insufficient infiltration of the PCDA monomer into the
dense nanostructure. This becomes further evident when the
carbonate core is dissolved in acid, leaving hollow polymer
shells behind.

Conclusion

In summary, our results highlight different approaches to
add functionality to self-organised silica-carbonate structures

Nanoscale Horiz., 2016, 1, 144-149 | 147
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by rather straightforward means. We have shown that silane
chemistry serves as a versatile toolbox for molecular func-
tionalisation of the silica component in biomorphs, either by
direct co-condensation during self-assembly or afterwards
through surface modification, while in both cases the complex
ultrastructures of the inorganic-inorganic hybrids are preserved.
This represents a notable and non-trivial achievement when
considering that even slightest variations in the growth conditions
can change the shape and texture of biomorphs dramatically.'>
These experiments have provided new insights into the role and
distribution of silica in the aggregates by direct visualisation via
fluorescent labeling. Apart from such structural information,
biomorphs carrying dinitrophenyl groups could be interesting
materials for the field of non-linear optics (NLO):**** DNPTES-
labeled silica is known to exhibit second order non-linearity due to
the non-centrosymmetric environment, and hence it should show
second harmonic generation (SHG) phenomena if the dyes are
aligned.”**® In addition to fluorescent labeling, post-silanisation of
biomorphs also allows for anchoring various functional groups
such as amines or thiols at the surface, which can then be
used for further functionalisation. In the present work, this
strategy was employed to generate biomorph-based superstructures
of semiconductor and metal nanoparticles as first examples to
demonstrate the variability of our approach. The resulting materials
may show special optical properties, for instance through the
coupling of the surface plasmons of nanoparticles immobilised
on helicoidal structures,"**™° leading to chiral plasmonics on
single biomorphs.”**” We are furthermore confident that also
other functional materials can be bound to the biomorph
surfaces in a similar way. In particular, it would be desirable
to orient magnetic or electric dipoles along the sinuous land-
scape provided by the inorganic template, as this is expected
to produce complex couplings and thus give rise to new
physical properties. For example, oriented attachment of
suitable magnetic nanoparticles (such as iron oxides) on existing
biomorph architectures could lead to long-range ordered super-
structures through self-assembly,*®*?° which in the case of
twisted morphologies may yield micropropellers capable of
navigating in an applied external magnetic field.***! In turn,
electric dipole coupling could be realised by using anisotropic
semiconductor nanoparticles like zinc oxide.** Finally, selective
dissolution of the inner carbonate core gives easy access to
hollow frameworks of functional materials with complex shapes
and additional possible advantages in terms of properties and
applications.*

Post-functionalisation thus appears to be a simple and
universal method with great potential to benefit from the
unique structures of biomorphs in the design of nanoparticle
assemblies with new collective and emergent properties, which
remain to be explored. Along the same lines, it is possible to
shape organic matter by in situ polymerisation of suitable
pre-adsorbed monomers on the inorganic architectures. This bears
fascinating - though inverted - analogies to biomineralisation
and may have profound implications for primitive life detection®®
as well as the early evolution of increasingly complex organic
matter.
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S1. Materials and Methods.

Barium chloride dihydrate (min. 99%) was purchased from Riedel-de Haén and used as received. The
silica source was a commercial sodium silicate solution (so-called water glass) containing about
12.5 wt% SiO, and 13.8 wt% Na, as supplied by Sigma-Aldrich (reagent grade). All used solvents
were of UV spectroscopic grade (Aldrich). Stock solutions (0.1 and 1 M) of hydrochloric acid and
sodium hydroxide, required for pH adjustments, were obtained from Merck (p.a. grade), while
borax/HCI buffer solution (pH 9) was received from Fluka. All solutions and dilutions were prepared
with water of MilliQ quality, sourced from a Milli-Q Synthesis A10 system equipped with a Quantum
EX Ultrapure Organex cartridge (Millipore). The used triethoxysilanes (3-MPTES: 92%; 3-APTES:
98%; DNPTES: 92%; 3-MPA: 99%) and TEOS (min. 99%) were purchased from ABCR. 10,12-
Pentacosadiynoic acid (PCDA, 97%), Ellman reagent (5,5’-dithiobis(2-nitrobenzoic acid), min. 98%),
4-nitrophenol (spectrophotometric grade, min. 99.5%), resazurin sodium salt (BioReagent, dye
content: 80%), fluorescein isothiocyanate (FITC, isomer I, min. 90%) and hydroxylamine solution
(50% in water) were obtained from Sigma-Aldrich. Sodium borohydride (98%) was purchased from
Merck.

Polarised optical microscopy studies were carried out on a Zeiss Imager.M2m microscope equipped
with EC Epiplan-Neofluar 5x/10x/20x and LD Epiplan 50x objectives, a lambda plate, and a Zeiss
AxioCam MRc 5 CCD camera for imaging. The used confocal laser scanning microscope was a Zeiss
LSM780. All CLSM measurements were done with the PlanApo 63x / 1.40q; objective, using an Ar*
laser diode (458, 488, 514 nm), a DPSS laser (561 nm) or a HeNe laser (633 nm) as light source. The
microscope was equipped with three fluorescence detectors (one GaAsP array and two PMTs) and
another PMT for transmission images. For scanning electron microscopy and EDX analysis,
specimens were mounted on aluminium stubs by means of double-sided adhesive tape and were
subsequently investigated on a Hitachi TM3000 tabletop microscope at acceleration voltages ranging
from 3 to 10 kV (without previous sputtering). High-resolution SEM images were acquired with a
Zeiss Crossbeam 1540XB microscope with the SE2 detector at 5-15 kV. TEM studies were carried out
on a Zeiss Libra 120 microscope at 120 kV. UV-Vis and fluorescence spectra were recorded using an
Agilent Cary 50 spectrophotometer and a Perkin Elmer LS 50B fluorescence spectrometer,
respectively. Measurements were performed in quartz cuvettes with a path length of 10 mm from
Hellma Analytics. A Perkin Elmer Spektrum 100 ATR-FTIR instrument was used for IR
spectroscopy, while Raman microspectroscopy was performed by a custom-built setup installed with a
confocal Leica microscope with two lasers (488 and 633 nm).

S2.  Growth and Characterisation of Native and Functionalised Biomorphs.

Synthesis of native biomorphs. Silica biomorphs were grown from aqueous solutions containing 5.0
mM BaCl, and 9 mM SiO,, the latter being introduced either directly as sodium silicate (water glass)
or through hydrolysis of TEOS at pH 11.3 (adjusted by NaOH) prior to mixing with the barium



solution. 10 mL of the reaction mixture were filled into cylindrical wells of standard polystyrene plates
(VWR Nunclon 6-well plates, volume: 17 mL, area: 9.6 cm?, depth: 1.7 cm). Subsequently, glass
coverslips (15x15 mm) were placed on the bottom of the wells as substrates for growth, and the well
plate was covered loosely with a lid. Crystallisation of barium carbonate occurred upon gradual in-
diffusion of CO, from the atmosphere into the alkaline solution (starting pH: 11.0), where it was
converted to HCO;™ and finally CO;? ions needed for precipitation. In this way, complex structures are
formed spontaneously on interfaces over periods of several hours. Their isolation is quite
straightforward, as the glass substrates can simply be removed from the mother liquor with a pair of
tweezers and only need to be rinsed with water and ethanol.

One-pot synthesis of fluorescent biomorphs: In-situ functionalisation was achieved by replacing 5
vol% of the TEOS with 3-(2,4-dinitrophenylamino)propyltriethoxysilane (DNPTES) in the above-
described procedure (i.e. 8.6 mM TEOS and 0.4 mM DNPTES). After 12-24 hours of growth, the
glass substrates were removed from the mother liquor and rinsed intensively with water and ethanol.

Post-silanisation of biomorphs: Freshly synthesised biomorphs (stuck on glass coverslips) were
immersed into a 1 vol% solution of functional triethoxysilane (3-MPTES, 3-APTES or DNPTES) in a
95:5 mixture of ethanol and water. After 12 h, the substrates were removed and washed intensively
with water and ethanol.

Labeling of amine-functionalised biomorphs: Coverslips carrying aminosilane-functionalised
biomorphs were incubated in a FITC solution at pH 9 for 2 h. The FITC solution was prepared by
mixing 1 mL of borax buffer with 100 pL of 1 mM FITC in ethanol. After incubation, the coverslips
were washed with water and ethanol and then directly observed under the CLSM.

Labeling of thiol-functionalised biomorphs with QDs: Coverslips carrying thiol-modified biomorphs
were immersed into 1 mL of a 20 nM solution of CdSe@ZnS quantum dots (d,,. = 9 nm) in toluene
for 6 h. After the incubation step, the structures were removed, washed several times with water and
ethanol, and then directly investigated under the CLSM.

Labeling of thiol-functionalised biomorphs with AuNPs: Coverslips carrying thiol-modified biomorphs
were immersed into 1 mL of a 10 nM aqueous gold colloid solution (d,, = 14 nm) for 24 h. During
incubation, the colour of the solution changed from red to purple (cf. UV-Vis spectra in Figure S1b).
Afterwards, the coverslips were removed and washed several times with water and ethanol before
inspection under the CLSM.

Catalytic reduction of pNP: 3.4 mL water and 4 uL of a 50 mM aqueous solution of 4-nitrophenol
were given into a quartz cuvette with a stirrer. Subsequently, 1 mg of the AuNP-functionalised
biomorph were dispersed in the solution. After addition of 1 mg NaBH,, the reaction was monitored
over time with UV/Vis spectroscopy.

Catalytic reduction of resazurin: First, AuNP-functionalised biomorph were prepared in a p-dish for
fluorescence microscopy (ibidi GmbH, diameter: 35 mm) according to the protocol described above.
After the dish had been placed on the specimen stage of the CLSM, 2 mL of a freshly prepared
aqueous solution of 16 uM resazurin and 160 pM hydroxylamine were added and the progress of the
conversion to resorufin was followed in the fluorescence channel of the CLSM.

Synthesis of PCDA-functionalised biomorphs: First, 20 mg of native biomorphs were treated with 1 M
sodium hydroxide solution for 12 h to remove the outer silica skin. After repeated washing with water,
the biomorphs were re-dispersed in 4 mL 1 M NaOH and 100 mg PCDA in 1 mL THF were added
through a syringe filter. After 12 h incubation (adsorption of PCDA), the structures were washed



several times with water to remove non-adsorbed monomers, followed by exposure to UV light (A =
365 nm) for 5 min to trigger polymerisation.

S3.  Quantification of the Degree of Thiol Functionalisation with the Ellman Reaction

The amount of thiol groups anchored on the biomorphs via silanisation was determined with the help
of the Ellman reagent (5,5’-dithiobis(2-nitrobenzoic acid)). In the presence of free thiol groups, this
molecule splits and releases nitrothiobenzoate (NTB) in a quantitative reaction, as illustrated in Figure
Slc for the case of a thiol-bearing biomorph. NTB exhibits significant absorption at 408 nm in
alkaline solution and thus the reaction can readily be monitored by UV-Vis spectroscopy. Figure Sla
shows a time-dependent series of corresponding spectra for a 8.8 uM solution of the Ellman reagent in
borax buffer (pH 9) containing 18 mg of thiol-functionalised biomorphs, along with a plot of the area
of the peak at 408 nm (red dots and line). In order to convert this data into an actual number of free
thiol groups on the biomorphs, we performed reference experiments in which defined amounts of 3-
mercaptopropionic acid (3-MPA) (0-7 uM) were added to 8.8 pM Ellman reagent solution buffered at
pH 9. The resulting spectra after a reaction time of 15 min are shown in Figure S1b. Plotting the area
of the peak as a function of concentration (red dots) gives a calibration curve that can be approximated
by a linear fit (thick red line), which was used to calculate the actual number of thiol groups on the
biomorphs after completion of the reaction shown in Figure Sla. This yields an effective thiol loading
of 947 £ 75 nmol per g biomorphs.
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Figure S1. a) UV/Vis spectra showing the progress of the Ellman reaction as a function of time in the presence
of 18 mg thiol-modified biomorphs at pH 9. b) UV/Vis spectra of solutions in which the Ellman reagent was
converted with different amounts of 3-MPA. The thick red line is a linear fit to the experimental peak area-
concentration data, which was used as a calibration curve. c) Schematic drawing of the Ellman reaction on thiol-
functionalised biomorphs.



S4.  Estimation of the AuNP Loading on Functionalised Biomorphs.

The amount of gold nanoparticles immobilised on the biomorphic structures was estimated in different
ways. First, the catalytic activity — as derived from resazurin-to-resorufin reaction rates determined by
UV/Vis spectroscopy with and without Au — was used as a measure. Here we assumed that the
catalytic activity of the AuNPs bound on the surface of biomorphs is comparable to that of the same
particles in a colloidal dispersion (reference experiment). Under these conditions, measured reaction
rates can easily be converted to apparent AuNP loadings on biomorphs (in mol per g) if the used
absolute mass of AuNP@Biomorph catalyst is known. Following this approach, it needs to be
considered that the obtained value will represent a lower limit for the true loading, because the net
catalytic activity of surface-bound particles is most likely lower than that of the same amount of
dispersed particles, due to the fact that reagents need to be transported to/from the surface by diffusion
and that some of surface sites may not readily be accessible.

The second used method was EDX spectroscopy on intact AuNP-bearing biomorphs. Corresponding
measurements gave an atomic ratio of Ba:Si:Au = 94:100:1. With the known density of solid gold (50
atoms per nm?®) and mean diameter of the used AuNPs (14 nm), the loading of AuNPs on the
biomorphs can be calculated from the EDX data. The problem of this approach is that EDX is a
surface-sensitive technique with a typical penetration depth of a few microns. Consequently, the
contribution of elements that are enriched at the surface of the functionalised biomorph (Si and Au)
will be disproportionately higher than that of the bulk material below (mainly BaCO;). Therefore, the
resulting value for the loading should be regarded as an upper limit.

The third way to calculate the loading is based on in-situ UV-Vis experiments during the
functionalisation step, i.e. when thiol-modified biomorphs were incubated in a dispersion of gold
colloids. In the absence of biomorphs, the dispersion showed significant absorbance at 514 nm due to
surface plasmon resonance, in good agreement with the literature.5! However, upon exposure to the
thiol-bearing biomorphs, the intensity of the band at 514 nm decreased and the colour of the solution
changed from red to a dark violet, accompanied by the emergence of an additional absorption peak at
ca. 595 nm (Figure S2c). This second band indicates the formation of one-dimensional superstructures
(chains)®? of the gold colloids in dispersion and in fact, such aggregated structures could also be
observed by TEM (Figure S2b). Interestingly, this effect only occurred in the presence of biomorphs,
while neither BaCOs; nor silica particles alone did have any noticeable influence on the absorption
spectra. In turn, when as-grown biomorphs were used (no thiol modification), the new band at 595 nm
formed, but the peak at 514 nm did not decrease in intensity (cf. Figure S2d). While we cannot explain
these findings in detail at the moment, a comparison of the absorbance at 514 nm (peak area) after
exposure to 1) unmodified biomorphs (Figure S2d) and ii) thiol-bearing biomorphs (blue curve in
Figure S2c¢) can be taken as a measure for how many Au nanoparticles were bound on the thiol-
modified biomorphs during AuNP functionalisation. Values resulting for the loading from this
approach are also considered to be upper limits, because the formed aggregates of AuNPs have limited
colloidal stability and hence some of them may have precipitated in the course of the experiment (thus
reducing the detected absorption without actually binding to biomorphs).
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Figure S2. a) TEM image of thiol-modified biomorphs after incubation in AuNP dispersion, rinsing with water
and crushing for TEM preparation. The remaining fragments consist of three components: carbonate
nanocrystals (ca. 200 nm long and 50 nm wide, not shown here), silica spheres (50-200 nm in diameter,
indicated by the blue arrow), and small gold colloids (14 nm) with high contrast (highlighted by red arrows) that
decorate some of the silica particles. Corresponding electron diffraction (ED) patterns show strong reflections
that can be assigned to crystalline gold (note that the shown area of the sample mainly contains (amorphous)
silica spheres and AuNPs). b) TEM micrograph of AuNP networks that were isolated from gold dispersions after
exposure to thiol-modified biomorphs. The ED pattern proves that the aggregated particles consist of Au. ¢)
UV/Vis spectra of the colloidal AuNP dispersion before (red) and after (blue) incubation with thiol-modified
biomorphs (blue). The inserted sketch illustrates how the colour of the solution changed. d) UV/Vis spectra of
the AuNP dispersion at different times during incubation with unfunctionalised biomorphs (no thiol
modification).

Values resulting for the AuNP loading from the above-described approaches are compiled in Table S1.
It is obvious that the agreement between the estimated loadings is not good, but still the data give an
idea about the order of magnitude.

Method Calculated Loading [nmol/g]

Catalytic Reaction 0.03 £0.01
EDX 0.50+0.05
UV-Vis Spectroscopy 0.74 £ 0.01

Table S1. Loadings of AuNPs on biomorphs after functionalisation, as estimated by different methods.



SS. Raman and IR Analyses of Polymer-Coated Biomorphs.

In addition to optical microscopy, SEM and CLSM, the composition of the biomorphs after
functionalisation with PCDA was also investigated by means of Raman and IR spectroscopy.
Corresponding results are summarised in Figure S3. Local Raman spectra (Figure S3a) collected from
native aggregates before polymerisation show characteristic signals of BaCO; at 135, 153 and
1063 cm™!, along with a strong band at 523 cm’! that can be assigned to silica (blue spectrum Figure
S3a).838% Upon treatment with 1 M NaOH, this latter signal has vanished (red spectrum in Figure S3a),
indicating successful removal of the outer silica skin. After adsorption of PCDA and UV illumination,
the obtained Raman spectrum is completely different and displays bands that can exclusively be
attributed to poly(PCDA) (black spectrum in Figure S3a).5° The presence of the polymer is also
reflected in the curved baseline of the spectrum, which results from the fluorescence of poly(PCDA).
In turn, the absence of distinct carbonate and silica modes suggests that the newly formed polymer
coating is rather thick and hence the Raman signal can no longer be obtained from the inner part of the

structure.

The above findings are further confirmed by IR data (Figure S3b). While the spectrum measured for a
biomorph after removal of the silica skin (black curve in Figure S3b) shows only bands typical for
barium carbonate (693, 855 and 1412 cm™'), new signals emerge after the polymerisation step, namely
CO modes at 1511 and 1556 cm! as well as CH modes at 2748 and 2982 cm!, both being
characteristic for poly(PCDA).%>
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Figure S3. a) Local Raman spectra collected from a native biomorph (blue), a biomorph after removal of the
outer silica skin (red), and a PCDA-modified biomorph (black). b) IR spectra of biomorphs after leaching in 1 M
NaOH (black) and after functionalisation with PCDA (red).
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Abstract: The self-assembly of alkaline earth carbonates in the presence of silica at high pH leads to
a unique class of composite materials displaying a broad variety of self-assembled superstructures
with complex morphologies. A detailed understanding of the formation process of these purely
inorganic architectures is crucial for their implications in the context of primitive life detection as
well as for their use in the synthesis of advanced biomimetic materials. Recently, great efforts have
been made to gain insight into the molecular mechanisms driving self-assembly in these systems,
resulting in a consistent model for morphogenesis at ambient conditions. In the present work, we
build on this knowledge and investigate the influence of temperature, supersaturation, and an
added multivalent cation as parameters by which the shape of the forming superstructures can be
controlled. In particular, we focus on trumpet- and coral-like structures which quantitatively replace
the well-characterised sheets and worm-like braids at elevated temperature and in the presence of
additional ions, respectively. The observed morphological changes are discussed in light of the
recently proposed formation mechanism with the aim to ultimately understand and control the
major physicochemical factors governing the self-assembly process.

Keywords: biomorphs; barium carbonate; silica; self-assembly; temperature; precipitation kinetics

1. Introduction

Silica biomorphs are an interesting type of self-assembling inorganic-inorganic composite
material with remarkably complex architectures. They form in silica-rich solutions at high pH in the
presence of alkaline earth metal cations like barium, strontium, and calcium under ambient
conditions [1-6]. Upon diffusion of atmospheric carbon dioxide into the system, slow crystallisation
of carbonate under the influence of dissolved silicate species results in the spontaneous formation of
unusual ultrastructures that consist of uniform elongated carbonate nanocrystals (approximately
200-300 nm long), which maintain long-range co-orientation and are interspersed by certain amounts
of amorphous silica; the whole structure is surrounded by a silica skin (typical Si/Ba ratios are 0.1-
0.3) [4,7]. On the multimicron scale, these assemblies display intricate morphologies such as flat
sheets, helicoids, or tightly wound worms, as shown in Figure 1. While most of the work on silica
biomorphs has been carried out with witherite (BaCO:s) as the carbonate phase [4], there is increasing

Minerals 2018, 8, 75; d0i:10.3390/min8020075 www.mdpi.com/journal/minerals
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evidence that similar structures can also be obtained with other carbonates, including orthorhombic
analogues like strontianite (SrCOs) [8,9] or aragonite (CaCOs) [10-12].

Figure 1. Polarised light microscopy (PLM) and SEM images of the most common architectures

displayed by silica biomorph structures grown at room temperature from solutions containing 8.9
mM silica and 5 mM barium chloride: (A) flat sheet, (B) regular helicoid, (C) tightly wound worm.
Scale bars are 100 pm.

The mechanisms enabling the structural and morphological complexity observed in this simple
inorganic system have been investigated in detail over the past decade, focusing on both the
molecular interactions driving self-assembly at the nanoscale and phenomenological aspects
determining the final appearance at the micro- and nanoscales [6,13-16]. With respect to the latter, it
was found that growth of biomorphs occurs in two general stages. At the beginning of the
crystallisation process, small witherite crystals nucleate and grow in a more or less classical way.
With time, oligomeric silica species induce fractal branching at the tips of the carbonate crystal,
causing progressive bifurcation and ultimately resulting in closed cauliflowerlike spherulites [2,17—
19]. At this point, the system passes into the second stage, which is characterised by polycrystalline
growth, i.e. numerous nanocrystals are nucleated continuously and/or episodically and co-assemble
into aggregates with shapes beyond any constraints of crystallographic symmetry. Typically, the first
type of morphologies observed in this stage are flat sheets (Figure 1A), which grow along vessel walls
or the solution—air interface. Randomly, these laminar structures start to curl at their rim and assume
a new (orthogonal) growth direction along the perimeter of the sheet, which arrests radial
advancement and gives birth to more complex three-dimensional shapes. The final morphology is
then determined by the interplay of various local parameters, including the relative velocities of
growth for different segments as well as their heights. The most common twisted forms obtained at
ambient conditions are double helices (Figure 1B) and more tightly scrolled so-called worms (Figure
1C) [2]. In many cases, the carbonate-rich core of the aggregates becomes covered by a layer of
amorphous silica, as a result of secondary silica precipitation in the later stages of growth when the
bulk pH has been lowered (due to CO: uptake) to values where the solubility of silica is noticeably
decreased [20].

At the molecular level, the unique behaviour of these inorganic precipitation systems has been
ascribed to the pH-mediated coupling of the speciations of carbonate and silicate in solution [2]. As
the two components have opposite trends in terms of solubility as a function of pH, it was proposed
that they continuously stimulate each other’s mineralisation by periodic changes in the local
conditions at actively growing fronts: carbonate crystallisation reduces the pH in the
microenvironment and thus increases the local supersaturation of silica, which in turn will precipitate
and thereby re-increase the pH-shifting the local carbonate speciation to the side of COs*~ and hence
triggering a new event of carbonate nucleation. This coupled chemistry allows numerous silica-
coated carbonate nanocrystals to be produced and integrated into the forming superstructures as
building units. Indeed, the postulated local pH-cycling at the growing front could be verified
experimentally in recent studies by using pH-sensitive fluorescent dyes [14,16].
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Interestingly, most of the observations supporting the mechanisms described above were made
for the formation of biomorphs in solution or gels under ambient conditions and within a narrow
range of concentrations suitable for the growth of the most striking morphologies. However, it is well
known already from early works [21] that the structural variety of silica biomorphs is not at all limited
to the forms displayed in Figure 1, but can be significantly expanded by adjusting conditions such as
pH, salinity and temperature, or by introducing certain additives that are able to interfere with the
growth process [3,6,7,22-25]. In the present work, we have re-evaluated the role of temperature in
biomorph formation, in order to discuss corresponding changes of structure and morphology in light
of the current model of morphogenesis. We show that temperature variation is a straightforward
means to obtain further interesting ultrastructures, if the conditions are carefully chosen. The
resulting narrow distribution of morphologies highlights the possibility of shape control in these
systems, which seems crucial for the targeted design of related materials with potential for actual
applications [26,27]. Further experiments performed in the presence of added multivalent ions at
room temperature expand the range of accessible morphologies and provide support for a
morphogenetic scenario in which the relative rates of silica and carbonate mineralisation determine
the evolution of the system on the micron scale.

2. Materials and Methods

2.1. Materials and Sample Preparation

Barium chloride dihydrate (>99%), sodium hydroxide (reagent grade, >98%), lanthanum
chloride heptahydrate (299.9%), and sodium silicate solution (commercial water glass, containing
~10.6% Na20 and ~26.5% SiO2, reagent grade, density: 1.39 g/mL) were purchased from Sigma-
Aldrich and used without further purification. All solutions were prepared using MilliQ water with
a conductivity of 18 uS/cm. Suitable silicate sols were obtained by diluting 1.39 g of water glass in
349 mL of water. The pH of the resulting sol was adjusted to 11.3 (at 25 °C) by adding aliquots of 0.1
M NaOH solution. Crystallisation experiments were carried out in 24-well plates (Linbro) by mixing
1 mL of the dilute silicate solution with 1 mL of BaClz solution at different concentrations (5-500 mM).
Optionally, 2 mM LaCls was dissolved in the BaClz solution prior to mixing with the silica sol.
Subsequently, the well plates were covered loosely with a lid and stored, respectively, at room
temperature (25 °C) or inside a temperature-controlled oven (30-50 °C) or a cooling chamber (5-20
°C) for 12 h in contact with air, to enable diffusion of COz into the systems and slow crystallisation of
BaCOs under the influence of silica species.

2.2. Analytical Methods

The pH of the mother solutions was measured by a pH meter (Eutech pH 510) before growth.
The formed mineral structures were characterised routinely by means of polarised light microscopy
(PLM), using a Nikon AZ100 microscope (Nikon Co., Tokyo, Japan) and an Imager m2m from Zeiss
(Jena, Germany). In selected cases, scanning electron microscopy (SEM) was performed on a Zeiss
EVO15 microscope (Carl Zeiss SMY Ltd., Cambridge, UK). To obtain suitable specimens for the SEM
studies, biomorphs were grown on indium tin oxide (ITO) substrates (Osslia), which were placed in
Petri dishes with either 35 or 60 mm diameter and covered with 4-8 mL of growth solution.

3. Results and Discussion

In order to investigate the effect of temperature on the formation of silica biomorphs, barium
carbonate was crystallised using silica-containing solutions at a fixed composition ([SiO2] = 17.8 mM
and pH =11.3 (at 25 °C) before mixing with BaClz solution) and varying the temperature between 5
and 50 °C. Figure 2 provides an overview on characteristic structures formed at different
temperatures and barium concentrations (i.e., a so-called morphodrome).



Minerals 2018, 8, 75 40f11

Figure 2. (A-L) PLM images of typical biomorphic morphologies obtained at varying barium
concentrations and temperatures (as indicated) after a growth period of 12 h using a silica solution
with [SiOz2] =8.9 mM and an initial pH of 11.3 (determined at 25 °C before mixing with barium chloride
solution). Note the presence of peculiar 3D trumpetlike shapes in (G), as visualised by the optical
depth of field. The arrow in (F) indicates a closed globular particle, from which a polycrystalline sheet-
like aggregate has emerged. Scale bars are 200 pm.

Under “standard” conditions (25 °C and 5 mM BaCl;, Figure 2F), extended flat sheets and
helicoids (often intergrown) are observed, as expected and similar to the structures shown in Figure
1. These morphologies can thus be considered as a reference. We note that most of these complex
structures emerge from small closed globular particles (or aggregates thereof, as indicated by the
arrow in Figure 2F). They form in the fractal regime which has to be very short/fast for such small
and discrete morphologies to be observed at the end of the chosen period of growth (12 h).

When the barium concentration is increased to 10 mM (Figure 2J), the total number of aggregates
is higher and in particular the sheets grew slightly larger on average. In turn, a Ba** concentration of
2.5 mM results in fewer, smaller, and less defined structures (Figure 2B), but generally the
morphologies are not strongly altered at both higher and lower amounts of cations in the given
concentration range. By contrast, lowering the temperature to 5 °C changes the picture
fundamentally, as most of the morphologies observed at 2.5 and 5 mM BaCl: were isolated globular
or cauliflowerlike structures (Figures 2A and 2E), and only few poorly developed polycrystalline
aggregates were formed at 10 mM even after 24 h (such as the small sheet in Figure 2I). This indicates
that growth is terminated at the end of the fractal stage in most cases, i.e., the system fails to enter the
second stage of dynamic nanocrystal formation and aggregation. In other words, the conditions
prevailing in these experiments do not allow for chemically coupled co-precipitation to be initiated
and/or maintained. Probably, this behaviour is related to temperature-dependent changes in the
kinetics of carbonate and/or silica mineralisation, caused by differences in either diffusive transport
of reactants or the relative rates of precipitation. Generally, the following trends and related
consequences are expected with increasing temperature:
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e Decrease in the solubility of BaCOs [28]: higher carbonate supersaturation, higher driving
force for carbonate precipitation (thermodynamic factor);

e Decrease in the solubility of CO: in water [29]: reduced rate of CO: uptake from the
atmosphere, slower carbonate precipitation due to diffusion limitation (kinetic factor);

e Acceleration of silica condensation kinetics [30]: reduced rate of silica polymerisation,
faster SiO2 precipitation (kinetic factor);

e Increased solubility of silica [31]: decrease in silica supersaturation, lower driving force
for precipitation (thermodynamic factor);

e Increase in the ionic product of water [32]: higher effective pH at the same composition,
leading to lower carbonate solubility and higher silica solubility (thermodynamic factor).

Based on these qualitative considerations, it seems reasonable to assume that the growth rates
of both silica and carbonate are not sufficiently high to allow for complex ultrastructures to form at
lower temperatures. This can be resolved to some extent by increasing the barium concentration
(Figure 2I), but the influence of temperature appears to be dominant.

At higher temperatures (35 and 45 °C), there are also regions in the morphodrome where well-
developed biomorphs are barely observed. This is particularly true for lower and higher barium
concentration (Figures 2C, D, K and L). In the former case (2.5 mM BaClz), the slower rate of carbonate
formation (lower supersaturation and reduced CO:z uptake) can probably not supply enough building
units to keep the pace of the accelerated silica condensation processes. In turn, at 10 mM BaClz another
effect comes into play, namely the electrostatic screening of negative charges on silicate species by
dissolved divalent cations like Ba? [22]. This bridging interaction catalyses silica condensation and —
along with the higher temperature —is expected to accelerate silica precipitation kinetics in a way that
is less or not suitable for coupling with carbonate formation. As opposed to that, proper conditions
for 3D self-assembly are still maintained at the “standard” barium concentration of 5 mM and
temperatures up to 45 °C. Here, however, the resulting biomorphs show substantially different
morphologies than at room temperature and 5 mM Ba? ion concentration, with large (>100 pum)
trumpetlike forms representing the major population of ultrastructures. When the temperature is
increased to 45 °C the biomorphic landscape changes again and highly branched crystal networks are
observed, as shown in Figures 2D,H, L. These structures likely derive from a fractal route that shows
substantially different branching behaviour than at room temperature. Here, the initial pseudo-
hexagonal twinned crystal core transforms into an open star-like architecture that is poorly filled with
silica—carbonate composite matter. In some cases, sheet-like domains are formed in between
branches, but these structures are often heavily bended and limited in their growth by the mother
crystal branches (cf. Figure 2H). This suggests that an increase in temperature changes the branching
kinetics, presumably via modulated interactions between growing carbonate surfaces and dissolved
silicate species that adsorb specifically on certain witherite faces. One potential scenario is that the
accelerated carbonate precipitation gives the silica less time to interfere. Alternatively, the speciation
of silica in solution may shift to larger oligomers that show different affinities to interact with specific
carbonate faces, thus resulting in a different branching behaviour. In any case, high temperature in
combination with high barium concentrations leads to a significant increase in the amount of
precipitated matter (probably due to faster carbonate and silica formation). This is shown in Figure
2L, where large networks of tubular filaments and/or twisted ribbons are seen along with various
other types of biomorphic morphologies. Interestingly, these forms are much thinner than biomorphs
grown at ambient temperature, again indicating important changes in relative growth rates of the
components. In summary, the most outstanding feature of the morphodrome established in our study
was the formation of biomorphic ultrastructures with trumpetlike appearance. They can sporadically
be obtained at temperatures above 30 °C and replace all sheet-like and most twisted morphologies at
temperatures above 40 °C.

The formation process of the trumpetlike structures was analysed in more detail, in particular
with respect to both differences and similarities compared to biomorph growth at room temperature,
which leads to twisted (worms and helicoids) and flat sheet-like (as described in previous works [2—
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4] and shown in Figure 1). Figure 3 provides schematic representations of the occurring processes
(panels A and B-E) along with selected SEM images showing the relevant stages of growth (panels
F-H).

A

Carbor’a‘n

Precipitation Silica

Precipitation

Figure 3. Formation of trumpet-like morphologies at 45 °C and 5 mM BaCl. (A) Scheme of a primary

witherite crystal (top), which successively becomes branched due to specific interactions of silica with
different faces of the carbonate crystal. Vacuum surface cuts of these faces (bottom) indicate that the
(110) faces are positively charged and thus prone to be blocked by negatively charged silicate species.
Also, (010) is polar and therefore also likely to interact with negative silica species. Further growth
thus occurs through the neutral (021) and (111) faces, so that up to six branches can emerge from the
pseudo-hexagonal base. Repetition of this process leads to multiple branching generations. (B-E)
Schematic overview of the growth process of a trumpet-like structure: an initial elongated BaCOs twin
crystal seed grows and undergoes fractal branching as described in (A). At high temperature, this
leads to open architectures with large branches, between which polycrystalline growth (i.e.,
autocatalytic co-precipitation of silica/witherite nanoparticles) occurs and slowly fills up the empty
space (inset). Depending on the orientation of the branching, trumpet-like aggregates are formed. (F-
H) SEM micrographs of the initial stage of open fractal branching (F), followed by filling of the
branches with biomorphic composite material (G), ultimately leading to trumpet-like forms (H).
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Despite the absence of any of the three “standard” morphologies, the nature of the
polycrystalline growth mechanism in the second stage of morphogenesis seems comparable to the
corresponding processes at room temperature, based on the characteristic thickness oscillations
observed for example in Figure 3H and detailed analysis of the texture of the aggregates at the
nanoscale [3,15,16]. Consequently, the main difference leading to distinct final shapes must occur at
the beginning of the structure formation. As at ambient conditions, morphogenesis starts with fractal
branching of a twinned pseudo-hexagonal witherite crystal due to the poisoning influence of
oligomeric silica species (Figure 3A). Closer analysis of the carbonate surfaces suggests that
adsorption of silicate species (Bittarello et al. [33]) will mainly occur on the positively charged (110)
faces but also on the polar (010) faces (cf. Figure 3A). At higher temperatures, the branching
behaviour is different, though, and the first step is a splitting into up to six crystal arms, as silicate-
covered (110) and (010) faces are blocked while the remaining (021) and (111) faces can serve for
heterogeneous nucleation of the up to six crystal arms in a more or less unhindered fashion, as
indicated in Figure 3A. This process repeats itself and produces second-generation branches.
Increasing the temperature leads to more ordered and larger branched entities as drawn in
Figures 3B-D, compared to the much smaller and heavily bifurcated dumbbell-shaped,
spherical or raspberry-like forms observed at room temperature (cf. Figure 1). This suggests
that branching at high temperature is more symmetric and of lower dimensionality than at
ambient conditions, where a much higher branching density and thus much less symmetric
architectures are observed. In other words, branching is more chaotic at low temperature and
becomes well-defined at high temperature. This could be related to changes in silica
condensation kinetics at higher temperatures, leading to different silica speciation and thus
to different affinities of silicate species to adsorb on the different relevant carbonate faces, as
already proposed above. That, together with changes in the growth rates of carbonate faces,
could explain the different branching behaviour at elevated temperatures [28,30]. Once these
open branched structures are formed (Figure 3F), the system enters into the second stage of
morphogenesis, where the accelerated kinetics of the precipitation of both components leads
to a fortification of the autocatalytic mechanism, which then seems to stay in the tolerant zone
for coupled co-precipitation to work. However, the resulting nanocrystals do not assemble
into the well-known shapes observed at room temperature, but seem to fill the space in
between the large branches formed in the first stage of fractal branching (Figure 3G), leading
to selective biomorphic growth from open branched fractals into trumpet-like structures
(Figure 3H) according to a mechanism as indicated schematically in Figures 3D-E. Thereby,
each structure is unique and shows its own interesting shape, which seems to depend on the
orientation of the branches. The pathway to the trumpet structure skips the formation of
globular particles and leads directly to 3D architectures of silica—barium carbonate composites with
curved surfaces. The dominant effect causing this behaviour could be the increased silica solubility,
which allows the system more time to develop in a defined manner throughout the fractal stage.
Then, the second stage of morphogenesis is entered before a high degree of branching would lead to
closed globular structures. Interestingly, the multiple limbs lead to only one final trumpet structure
in most cases, suggesting that the different smaller leaf-like domains fuse to one surface or only the
most pronounced leaf develops to the final shape.

During the secondary growth process, the orientation of the growing crystals is crucial. When
the experiments are conducted under the same conditions but in petri dishes, where the
surface/volume ratio is much higher than in the linbro plates, the reaction leads to trumpet-like
structures with wider spreading exhausts. Some examples of these forms are shown in Figures 4A
and C.
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Figure 4. Biomorphs with lifelike morphologies. (A,C) PLM and SEM images of biomorphs in the

shape of a marine coccolith. Formed from solution, containing 5 mM Ba?" and 9 mM silica at 40 °C.
(B) SEM image of a natural marine coccolith (Reproduced with permission from ref. [24], Copyright
2012 Wiley-VCH Verlag GmbH & Co KGaA). (D) Schematic illustration of the formation process of
coccolith morphologies illustrating the supersaturation gradient into the solution. (E) PLM
micrograph of a biomorph structure grown at higher temperature (40 °C) showing a trumpet structure
exfolding into two helicoidal structures. (F) SEM micrograph of a flower-like biomorph grown from
a 5 mM Ba? solution containing alkaline silica sol at 50 °C. (G) SEM micrograph of a coral-like
biomorph structure grown at higher Ba?* concentration (250 mM; scale bar of the inlet: 10 um) (H)
SEM micrograph grown from a 5 mM Ba?* solution containing alkaline silica sol with 1 mM La3* ions.

As it can be noticed, these structures look similar to a marine coccolith element (cf. Figure 4B)
[34]. A model of the possible mechanism is presented in Figure 4D. When linbro plates are used,
supersaturation is lower and biomorphic aggregates have a narrower shape. Since the petri dish setup
favours the availability of CO2 and therefore the carbonate in the growing front, a higher
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supersaturation with respect to barium carbonate and a consequently sharper drop of pH (and higher
supersaturation with respect to silica) would be explained. This phenomenon is even more evident
once the precipitation occurs nearer to the solution/atmosphere interface. It would also explain the
spreading of the branches due to a faster (secondary) growth stage. A similar behaviour was already
observed in higher concentrated solution and the spreading could be triggered with a CO2 burst [35].
Therefore, it can be assumed that this sharp saturation gradient explains this behaviour when
completely upright structures are forming. When tilted structures form under the influence of the
CO, biomorphic aggregates develop irregular exhaust orientation as the one shown in Figure 4C.
Additionally, a continuum of different morphologies can be detected in Figures 4A, C, and F. In
Figure 4A a transformation from a sheet over a small ribbon to the final trumpet can be found while
C shows a reverse exfoliation from a rolled-up trumpet to a 2D sheet-like structure while Figure 4E
demonstrates a continuum of shapes and a transition of a trumpet at elevated temperatures into two
helicoidal structures.

Further lifelike morphologies can be produced by increasing the barium concentration (Figure
4G; [Ba?] = 250-500 mM), which shift the formation mechanism as well. [36]. The obtained brain
coral-like structures skip the formation of a globular centre, have a nearly perfect spherical shape,
and consist of a network of interpenetrating sheet-like units which merge out of the leaf-like parts
liked at the seed crystal (similar pathway presented in Figure 3). Their formation is already described
by Hyde et al. [36] and reviewed here with consideration of newly obtained knowledge. The
formation of these structures follows a similar pathway compared to the trumpets because their
formation skips the production of a globular centre. Coral-like architectures can be obtained in a
modified way with 5 mM Ba? ions in solution by using modifiers such as cationic surfactants like
CTAB [7] or multivalent ions like La%. Using such modifiers, similar but more homogenous
morphologies were obtained and are shown in the SEM micrograph in Figure 4H. The formation is
again influenced in the first stage of the formation which is in good accordance with time-resolved
experiments with CTAB additions. An addition of CTAB after a few minutes does not lead to coral
structures and “standard” biomorphs will be obtained. At first sight, it is comprehensible that an
increase of the pure number of multivalent ions like Ba?* (tested before) or La’ has a similar effect on
the system despite the effect on silica precipitation, which is in good accordance with the Schulze—
Hardy law [37]. A faster silica formation and a reduced colloidal stability by multivalent cations show
similarity to the ultrastructures obtained at elevated temperature. Multivalent ions are known as
efficient agents to bridge charged colloids or oligomers like silica [38]. Furthermore, these ions will
not be free charged ions within this system due to their tendencies to form complexes with hydroxide,
carbonate, and silicate ions to reduce their effective charge. In the end it should be noted that La® as
an additive has less effect on the carbonate precipitation rate and that no significant lanthanum
adsorption within the BaCO:s lattice was detected. Additionally, a higher ionic strength depresses the
CO: uptake rate and its solubility in water, which again leads to a deterioration of the carbonate
formation [39]. Therefore, we can assume an extreme of a reduced fractal regime time in the case of
coral-like structures. As shown in literature, upon the addition of sodium chloride (note the single
charge of Na*) to the standard procedure, the process will not enter the second stage at all and the
crystal formation stops after the formation of the globular particles formed in the first stage
(described by Eiblmeier et al. [22]). A reason for this might be the shifting of the equilibrium of free
and sodium-coordinated silicate species to the sodium terminated side [40]. Therefore, less silica is
available for the autocatalytic process, which is in line with observations made with decreased silica
concentrations, and the resident time in the fractal regime is much longer and globules are formed.

4. Conclusions

The presented work describes the influence of several parameters on biomorph growth and
highlights the formation process of reported and unreported lifelike morphologies. The individual
impact of the temperature, supersaturation, and ions as additives on carbonate and silica formation
is discussed in detail and meaningful, plausible explanations were given for the formation
mechanism of the strongly bended morphologies. We showed a linkage between coral- and trumpet-
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like structures and that a continuum of shapes is possible. Influences of the various and further tuning
parameters like the effects of the growth direction and surface/volume ratio were tested. The most
exciting growth conditions to lifelike morphologies were highlighted and allow a superior
reproducibility.
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Abstract: The formation of a polymer protection layer around fragile mineral architectures ensures
that structures stay intact even after treatments that would normally destroy them going along with
a total loss of textural information. Here we present a strategy to preserve the shape of silica-
carbonate biomorphs with polymers. This method converts non-hybrid inorganic-inorganic
composite materials such a silica/carbonate biomorphs into hybrid organic/carbonate composite
materials similar to biominerals.

Keywords: biomorphs; barium carbonate; silica; PCDA; pyrrole

1. Introduction

Silica-earth-alkaline carbonate composites show exceptional shapes which is so far a one-of-a-
kind appearance within the field of pure inorganic composites [1,2]. They were named silica-
biomorphs due to their morphology, which resembles primitive living organisms and their inner
textures mimic biominerals [3]. Compared to biominerals, which are normally hierarchically ordered
hybrid composites consisting of inorganic minerals and structure conducting organic matter [4-6],
biomorphs are purely inorganic composite materials, the structuring role of organic compounds
being taken over by amorphous silica. They are self-organized structures that forms upon the coupled
co-precipitation of silica (5iO2) and alkaline -earth metal carbonates, namely witherite (BaCOs),
strontianite (SrCOs) or either aragonite or monohydrocalcite (CaCOs) [7-10]. The formation of
biomorphs can be described in three stages which are related to pH [11]. In the first stage, the initial
single crystal of alkaline -earth metal carbonate experiences splitting provoked by selective
adsorption of silica. Iterative splitting triggers fractal growth and eventually leads to primary
globular particles [12-14]. The precipitation of the carbonate induces a local and bulk decrease of the
pH that can be monitored even at this very early stage [11,15,16]. At this stage nearly no silica is
adsorbed within the structure [11]. The second stage starts after some time (depending on the initial
pH) and more complex structures form by determining the final shape of the biomorph. During this
stage a polycrystalline growth of a myriad of elongated witherite nanorods with a typical size of 200-
400 nm in length and 30-50 nm in thickness can be observed [11]. Once the pH drops far enough, the
biomorph formation enters the last stage where only secondary precipitation processes occur. Due to

Crystals 2019, 9, 157; doi:10.3390/cryst9030157 www.mdpi.com/journal/crystals
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the inverse solubility of silica with respect to pH [17,18], the structures become embedded in a thick
silica shell, which grows bigger if the structures mature in the mother solution.

Once extracted from the mother solution, the biomorphs can be further treated as shown in
Figure 1. The composite is hollowed by acidic treatment. A diluted hydrochloric or acetic acid can be
used to dissolve the inner part within minutes [19]. The result is a hollow structure, which is called a
biomorph “ghost.” Alternatively, an alkaline treatment with sodium hydroxide solution allows the
removal of the silica shell and excavates the so-called “naked” biomorph (cf. Figure 1) [20]. A naked
biomorph is useful for attachment of molecules or particles with carboxylate groups. One example
for an attachment of a monomeric carboxylate species is 10,12-pentacosadiynoic acid (PCDA), a light-
polymerizable diacetylen [20]. Poly-PCDA (pPCDA), as a member of the polydiacetylene family,
comes with thermochromic properties and can be reversibly or irreversibly switched from a blue into
a red state [21,22]. Besides PCDA, conductive polymers like polypyrrole (pPy) or poly thiophenes
generated a growing interest in the field of biomineral preservation and replication [23-25].
Furthermore they provide some additional functionality and are used as chemical sensors [26,27], in
drug delivery [27], as electronic devices like fuel cells [28] or electro-catalysts [29] and in combination
with silica for chromatographic applications [30]. Choi et al. presented hierarchically structured pPy
in helicoidal shapes and consequently, a pPy replica of a biomorph helix should also be usable as
stretchable supercapacitors [31].

/\~

Naked Biomorph
Carbonate Silica

( Composite

.( -, _6h >

: e
Silica Sol Silica Shell /

Biomorph Ghost

NaOH

Figure 1. Schematic illustration of biomorph formation at room temperature (RT) and pathways to
dissolve each part of composite selectively and return to its precursor state. As intermediate a naked
biomorph with an excavated carbonate surface or a hollow biomorph ghost can be obtained.

So far, two known strategies exist to transfer hierarchical structures of a given material into a
new one of different composition. The first method is to demineralize a biomineral to obtain an
organic template and re-infiltrate the matrix with the new compound [32]. The second strategy
consists of replacing the organic matrix with a new material, as shown by Imai and co-workers with
dyes or polymers between nanocrystals [33,34]. We show here that a polymer layer around a
biomorphic structure sustains the morphology after additional treatment with alkaline and/or acidic
solutions while an unpreserved structure vanishes into its precursor state. In total, the following work
demonstrates a successful preservation of micro-sculptures with two chosen straightforward
pathways and elaborate a third strategy to transfer hierarchical structures into functional organic
materials.

2. Materials and Methods

Barium chloride dihydrate (>99%), sodium hydroxide (reagent grade, >98%), sodium silicate
solution (commercial water glass, containing 10.6% Na20 and 26.5% SiO, reagent grade, density 1.39
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g/ml), copper chloride (97%), 10,12-pentacosadiynoic acid (>97%) and pyrrole (reagent grade, 98%)
were purchased from Sigma-Aldrich and used without further purification. Aqueous solutions were
prepared using MilliQ water with a conductivity of 18 pS/cm.

2.1. Biomorph Formation

Silica-biomorphs were grown from alkaline silica sol which was prepared by 1.39 g of silica
solution diluted with 349 ml of water. The pH of the solution was adjusted to 11.3 with aliquots of
0.1 M NaOH solution. The crystallization occurs in a 6-wells linbro plate by mixing 4 ml of the silica
solution with 4 ml of a 10 mM BaClz solution. After 8-16 h the structures were extracted from the
wells and washed several times with water and ethanol (EtOH). The outer silica layer was removed
by incubating 20 mg biomorph powder in 1 ml of a 1 M NaOH solution for 6 h.

2.2. pPCDA Functionalization

PCDA solution was prepared by dissolving 50 mg PCDA in 10 ml tetrahydrofuran (THF). The
solution was filtered through a syringe filter (pore size: 0.22 um) and diluted with 9 ml water and 1
ml 0.1 M NaOH solution. 10 mg of naked biomorphs were incubated for 8 h inside a PCDA solution
with different concentrations and stored in the dark. After extracting and washing, the structures can
be stored under UV-light for 5 minutes inducing the polymerization to pPCDA. The colour of the
biomorph PCDA powder changes to blue.

2.3. pPy Functionalization

10 mg naked biomorphs were added to 1 ml of a 0.01 M CuCl: solution in isopropanol (iPrOH).
After 1 h, additional 750 pl were added. After 1 h the structures were centrifuged and washed twice
with 200 ul iso-propanol (iPrOH). After drying the structures were stored in a desiccator containing
10 ml pyrrole. After 2 h the structures begin to darken and turned completely black after 6 h. After
the polymerization the inner core of the structures was removed with 0.05 M acetic acid. The residue
was washed several times with water and dried under reduced pressure.

2.4. Analytical Methods

The pH of the solutions was measured with a pH meter (Eutech pH 510, Eutech Instruments,
Singapore). Scanning electron microscopy (SEM) images were recorded on a Hitachi Tabletop SEM
TM3000 (Hitachi-Hightech, Krefeld, Germany) with a backscatter detector and a Zeiss Crossbeam
1540XB (Zeiss, Oberkochen, Germany) with a secondary electron (SE2) and an inlens detector. Energy
dispersive X-ray spectroscopy (EDX) was also performed on the Hitachi TM3000. Light microscopy
was performed on a Zeiss Imager m2m (Zeiss, Jena, Germany) and Axio Zoom (Zeiss, Jena,
Germany). Confocal laser scanning microscopy (cLSM) was performed on a Zeiss LSM700 (Zeiss,
Jena, Germany). Attenuated total reflection Fourier transformed infrared (ATR-FTIR) spectroscopy
was performed on a Perkin Elmer Spectrum 100 (PerkinElmer, Waltham, MA, USA).

3. Results and Discussion

3.1. Preservation with pPCDA

The first preservation route focuses on a light-polymerizable surfactant named PCDA. This molecule
is immobilized on the witherite surface by incubating naked biomorphs (without an outer silica shell)
in a mixture of sodium hydroxide, THF and water with different PCDA concentrations (120-12000
ppm). The attachment process is schematically shown in Figure 2 A. To make sure that
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Figure 2. (A) Scheme of biomorph coverage with 10,12-pentacosadiynoic

biomorph worm (inlet: colour transformation of the powder after SEM investigation; c((PCDA) =12000
ppm). (C) Attenuated total reflection Fourier transformed infrared (ATR-FTIR) spectra of an
untreated biomorph (black) a naked biomorph (red) and a pPCDA covered biomorph (blue). (D/E)
Confocal Laser scanning microscopy (cLSM) images of a fully covered biomorph worm in the
transmission (D) and fluorescence (E) channel. (F) SEM image of a partially covered biomorph worm
(c(PCDA) = 2000 ppm) with the corresponding image at higher magnification (G), the blue coloured
flakes indicate the pPCDA).

only the monomer is attached on the surface the solution was pushed through a syringe filter to
remove polymer particles from the solution. The naked biomorphs were immersed in the colourless
solution for several hours. To ensure that the PCDA does not polymerize during the attachment
process, the samples were stored in darkness. After the chosen incubation time (4-16 h) the solution
was removed and the modified biomorphs were dried under reduced pressure. The obtained
modified structures were investigated with scanning electron microscopy (SEM). Observation of the
structures with the electron beam induces polymerization of the attached monomers to the bluish
pPCDA (cf. inlet photos of the SEM stub before and after the SEM investigation in Figure 2 B). To
demonstrate the attachment of the PCDA on the structure, the process was observed by FTIR-
spectroscopy. The transformation of the silica-biomorphs to the pPCDA-biomorphs is shown in
Figure 2 C. The black spectrum shows the characteristic carbonate (witherite) vibrations as well as
the most abundant signal for amorphous silica (peak at 1000 cm). After treatment with NaOH and
the transformation to the naked biomorphs, the broad peak vanishes and only the witherite signals
remain (red spectrum). The modification with PCDA is observable as lines at 2870 and 2965 cm,
which are the symmetric and asymmetric C-H vibrations. The carboxyl signal of the PCDA appears
at 1540 cm! which is in good accordance to the literature [22]. Choosing a higher concentration of
PCDA in the functionalization solution leads to the full coverage of the biomorph worm with pPCDA




Crystals 2019, 9, 157 5 of 8

flakes, which preserve and display the outline of the structure beneath quite well. A detailed replica
of the topography is not achievable with these high monomer concentrations. In previous work, we
have demonstrated that the shape of the biomorph structure was preserved in acidic solutions even
after removing the outer silica layer [20]. To ensure that a full coverage was achieved confocal laser
scanning microscopy (cLSM) was used due to the strong fluorescence of pPCDA [20,35] (cf. Figure 2
D/E). Smoothening the reprint might be possible by reducing the amount of monomer but a full
coverage is not sustainable because an enrichment of PCDA was found inside of the notches of the
biomorph worm (cf. Figure 2 F/G). In Figure 2 G at higher magnification the witherite nanorods and
pPCDA flakes (false coloured in blue) can be visualized alongside each other. Excavated carbonate
rods are not able to resist acidic solutions and therefore, the structures vanish completely after acid
treatment. Also, the pPCDA flakes do not stick together and a polymer replica of the structures does
not remain. The pPCDA coverage is useful to passivate bigger carbonate structures but a smooth and
detailed replica cannot be obtained. Nevertheless, it still remains a readily applicable strategy to
produce inverse biominerals.

3.2. Preservation with pPy

Polypyrrole has gained attention due to its ability to produce polymer replicas of biominerals
like sea urchin spines [25]. Recent breakthroughs in the preparation of polymer replicas on the micro
scale are a huge improvement to preserve fragile structures and it now seems transferable to silica-
biomorphs [23]. To obtain a full pPy coating around a biomorph we followed the route presented in
Figure 3 A. At first CuClz is brought onto the structure as a catalyst. Due to the rough surface of the
naked biomorph, many small crystals of CuClz attach on the surface. These small crystals do not affect
the shape as can be seen in Figure 3 B. After drying, the structures were transferred into a desiccator.
On the bottom of the desiccator, pyrrole was deposited creating a pyrrole saturated atmosphere. The
pyrrole molecules diffuse to the catalyst and begin to polymerize. During this process, a colour
change of the biomorphs can be observed by the naked eye. After 3 h the white powder turns grey
and after 6 h a black powder was obtained. To ensure that the polymer layer is neither growing too
big nor crosslinks the structures, the incubation time was kept at 6 h. After extracting the structures
from the desiccator, the shapes of the naked biomorphs used as starting material remained nearly
unchanged. Elemental analysis via energy dispersive X-ray spectroscopy (EDX) showed Ba, Cu, Cl,
C, O, N and traces of Si. Except the higher amount of N and the signals from the catalyst, the spectrum
looks identical to an EDX of the naked biomorphs. The most meaningful proof of the full coverage
and subsequent preservation of the biomorph form is the dissolution of the inner core which was
achieved with 0.05 M acetic acid. The core dissolves much slower compared to normal silica-
biomorphs and as a result hollow structures were obtained and shown in the SEM image in Figure 3
C. Note that the SEM images were recorded with a backscatter detector, which gives a good material
contrast. The structures in Figure 3 B show a higher contrast compared to the hollow structures
without BaCOs in C. The EDX spectrum of these polymer replicas as well as their preliminary stages
are shown in Figure 3 D. The black spectrum shows the silica-biomorphs, the red spectrum the naked
biomorphs with CuClz, which can be found at 8.02 eV. Here we can see that the outer silica layer has
vanished and no Si signal was measured at 1.75 eV. In the upper blue spectrum, the Ba signals (green
rectangular outline) have vanished and only traces of the raw material (Ba: 0.24; Si: 0.25 at.%) and the
catalyst (0.4 at.%) are detected. The main component consists of carbon and nitrogen. Therefore, the
pPy route is most suitable to preserve micro-sculptures on the microscale and to obtain conductive
inverse biominerals.
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Figure 3. (A) Schematic illustration of the pPy route to preserve biomorphic structures. CuCl: crystals
are attached from iPrOH solution on the surface of a naked biomorph. In the next step pyrrole diffuses
via the gas phase onto the surface and is polymerized by CuClz. After the polymerization the inner
parts can be removed by sodium hydroxide solution. (B) SEM image of catalyst crystals attached on
biomorph worms. (C) Inverse biomorphs after Polymerization of pyrrole (Py) and removal of the
inner part. (D) Energy dispersive X-ray (EDX) spectra of the different steps to plastic biomorphs. The
untreated biomorphs are shown in black. Naked biomorphs with CuClz in red and the final inverse
biomorphs without inorganics are shown in blue.

4. Conclusions

We have achieved a full coverage of silica-carbonate composites by using PCDA and pyrrole to
form an organic layer around the inorganic motifs. Thus, we have converted purely inorganic-
inorganic composites into hybrids than can be named inverse biomorphs. The pathways to obtain
these organic or hybrid structural motifs are described in detail and the methodology can be adapted
to other microscopic biominerals or synthetic biomimetic architectures. Furthermore, the inorganic
and structuring part of the biomorphs can be removed at ambient conditions resulting in a structured
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organic replica of the biomorph. With this straight-forward method, micro-structured functional
materials can be formed and used as stretchable supercapacitors.
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Symbiosis of Silica Biomorphs and Magnetite Mesocrystals

Julian Opel, Julian Brunner, Ramon Zimmermanns, Tristan Steegmans, Elena Sturm,
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Silica biomorphs are extraordinary inorganic superstructures formed via
autocatalytic co-precipitation and bottom-up self-assembly of alkaline-

earth carbonates and silica. However, they show no inherent functionality
except for their striking textural motifs and curved morphologies. This work
presents strategies to magnetize silica biomorphs, thus creating thermally
stable ceramic microswimmers with unique elaborate shapes. This is
achieved by growing super paramagnetic magnetite mesocrystals on and
around the complex curved surfaces of biomorphs, while keeping their
morphology and maintaining mesocrystal integrity. Selective mesocrystal
formation on certain parts of the substrates is induced by chemical
modification of the biomorph surface, increasing the loading of magnetite on
the silica—carbonate structures and, in suitable cases, rendering them able to
respond to external magnetic fields and move as microswimmer entities. In
this way, the complex ultrastructure of silica biomorphs is successfully used

may enable interesting features such
as  self-propelling. Silica—carbonate
“biomorphs” could be promising arche-
types for the design of such swimming
units, since they form spontaneously
by self-assembly and grow into elabo-
rate curved architectures on the multi-
micrometer to millimeter scale.l!l Among
the morphologies commonly displayed by
these inorganic—inorganic hybrids, the
most interesting shapes for swimming
or carrying applications are the chiral
filamentous forms, i.e., worm-like braids,
helicoids, and twisted ribbons. All these
peculiar structures can be obtained in a
simple one-pot synthesis from aqueous
media at ambient conditions. Indeed,

as a template for functional ceramics. Furthermore, selective dissolution
of the carbonate core from the biomorphs leads to hollow magnetic
structures that could be filled with actives, thus serving as microcarriers

with considerable loading capacity.

1. Introduction

Controlled movement on the microscale is a worthwhile
goal in materials science. In principle, it necessitates a
swimming unit and a responding unit or engine, which
interacts with outer fields or converts fuel.'l! However, so
far, it has been challenging to fabricate microswimmers
with varying complex shapes within a single batch, which

J. Opel, J. Brunner, R. Zimmermanns, T. Steegmans,

Dr. E. Sturm, Prof. H. Célfen

Physical Chemistry

University of Konstanz

Universitétsstrafle 10, D-78457 Konstanz, Germany

E-mail: helmut.coelfen@uni-konstanz.de

J. Opel, Prof. |.-M. Garcia-Ruiz

Laboratorio de Estudios Cristalograficos

Instituto Andaluz de Ciencias de la Tierra (CSIC-UGR)

Avenida de las Palmeras N° 4, ES-18100 Armilla, Granada, Spain
E-mail: jmgruiz@ugr.es

Dr. M. Kellermeier

Material Physics

BASF SE

RAA/OS-B007, Carl-Bosch-Strasse 38, D-67056 Ludwigshafen, Germany
E-mail: matthias.kellermeier@basf.com

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.201902047.

DOI: 10.1002/adfm.201902047

Adv. Funct. Mater. 2019, 1902047

1902047 (1 of7)

biomorphs form on addition of alkaline-
earth metal cations like barium, stron-
tium, or calcium to alkaline, silica-rich
solutions-, or gels, with subsequent dif-
fusion of atmospheric CO, triggering the
slow crystallization of carbonates under
the influence of silicate species.[?*]

The formation of complex ultrastructures relies on an
autocatalytic co-precipitation mechanism that produces
uniform carbonate nanocrystals, which self-assemble on the
mesoscale and become embedded in a matrix of amorphous
silica.l??l The rich structural variety of biomorphs is shown in
Figure la—e (also compare with Figure Sla in the Supporting
Information for an overview on typical structures obtained
from a single batch) and can be explained based on differ-
ences in local growth velocities during the formation process,
which can induce local curling and thus give rise to curved and
twisted architectures.}** Once these structures are formed
and self-assembly has ceased, secondary precipitation of silica
(due to the lowered bulk pH) often leads to the deposition of a
continuous skin of amorphous silica all over the structures.?!
Moreover, long reaction times can also cause secondary pre-
cipitation of (regular) carbonate crystals, which typically grow
more or less selectively at the apex of the structures and their
outer edges. In this stage, no coupled precipitation occurs and
carbonate formation is preferred (note that both of these sec-
ondary processes will be used for functionalization below).

While many previous studies on silica biomorphs were focused
on their morphogenesis and structural control?>3¢ as well as
relevance for primitive life detection,?¥ possible functional prop-
erties of biomorphs have hardly been explored until recently.
The first successful surface functionalization of the as-obtained
silica—carbonate hybrids was achieved using silane chemistry
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Figure 1. Morphological variety of silica biomorphs and the approach to magnetize them. a—e) Scanning electron microscopy images in false colors of
a) a biomorphs’ sheet, b) helix, c) worm-like braid, d) trumpet, and €) coral. f) Magnetization approach with magnetite mesocrystals. Methodological
approach of the magnetization of silica biomorphs by heterogeneous nucleation of magnetite mesocrystals. In the first step, i) decoration of the
globular end with witherite crystals is followed by ii) the selective mesocrystal formation.

in combination with nanoparticles or by controlled polymeriza-
tion of organic matter around the inorganic template.”] Later,
the entire bulk composition of biomorphs was changed after
growth by ion exchange and subsequent conversion to semicon-
ducting perovskites.® In the present work, we have investigated
the potential of biomorphs to serve as swimming units in micro-
scale motors able to operate even at high temperature. Biomorph
shapes which have a potential as a swimming unit are the heli-
coidally and the wormlike braids (cf. Figure 1b,c) and therefore
this work focuses on this two types of morphologies.

To control the movement of silica biomorphs on the
micrometer scale, they need to be equipped with a suitable
engine or responding unit. One such engine could, in
principle, be iron oxide catalysts, which would have to be
immobilized on the biomorph surface, where they could
then decompose hydrogen peroxide and generate gas bubbles
that drive the motion of the microswimmers, as reported
previously for other systems.'*?) However, since the size
of biomorphs is typically in the range of at least tens of
micrometers, they are likely too heavy to be propelled by
this type of motor pretested. Instead, they require a stronger
driving force—such as that provided by an external physical
field. Here we have chosen to equip silica biomorphs with a
magnetic responding unit that should allow them to navigate
in an applied magnetic field. A suitable responding unit
for magnetic biomorph microswimmers was obtained by
particle-based crystallization, namely the assembly of super
paramagnetic magnetite nanoparticles into “mesocrystals.”!")
Mesocrystals are superstructures consisting of nanocrystals
that share the preferred crystallographic orientation over long-
range distances. Compared to bulk materials, nanocrystals
often show outstanding size-dependent properties, but, in
turn, they are difficult to handle as a material.'! The assembly
of nanocrystals into mesocrystals provides an important route
to processability while maintaining the unique properties
of nanocrystals during “scale-up” to micrometer-sized or
even macroscopic structures. In the case of magnetite
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(Fe3O,4), nanocrystals with sizes less than 30 nm show
super paramagnetic behavior at room temperature.!Zl This
behavior allows them to affect mesocrystal formation using
a magnetic field to create rather uncommon mesocrystals (in
terms of morphology and structure) as compared to those
formed without the influence of a magnetic field.l'¥ However,
the super paramagnetic properties of the nanocrystals are
preserved as reported for millimeter-sized mesocrystals, e.g., by
Yin and co-workers and a further advantage is that the magnetic
moments of the individual nanocrystals in the mesocrystal
add up leading to excellent collective magnetization.) An
advantage of super paramagnetic functionalized biomorphs
is their preparation for further experiments compared to
ferrimagnetic materials. Ferrimagnetic materials would
permanently attract each other and simply agglomerate. A
preparation of a single specimen would be rather difficult. For
these reasons, magnetic mesocrystals seem to be a perfectly
suited responding unit for microswimmers upon interaction
with external magnetic fields. Uniting the concepts of silica
biomorphs and magnetite mesocrystals, a variety of new
self-assembled ultrastructures with interesting functional
properties can be prepared via explicitly simple approaches,
as summarized in Figure 1f. In this approach, a selective
anchor point should be generated at its end with witherite
crystals followed by the mesocrystal formation. The most
promising symbiosis between barium carbonate (witherite)
biomorphs and super paramagnetic mesocrystals—leading to
high temperature stable (up to 420 °C), ceramic, responsive
microarchitectures—is highlighted in this work.

2. Results and Discussion

Magnetite mesocrystals as responding unit for microswimmers
were formed via gas diffusion of an antisolvent into an organic
solvent-based dispersion of magnetite nanoparticles stabilized
by oleic acid (see Figures S1b-d and S2a in the Supporting
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Figure 2. a,b) SEM images of mesocrystals at different magnifications to visualize the nanocrystal packing. Inset in panel (b): scale bars are
20 pum. The fast Fourier transformed (FFT) pattern shows the p4mm packing symmetry of the mesocrystal surface. c) Transmission electron
microscopy (TEM) image of a mesocrystalline monolayer with its corresponding electron diffraction pattern. The indexed pattern is shown in Figure S2b

(Supporting Information).

Information for details on the synthesis, a sketch of the setup
used for the formation of mesocrystals and their imaging).
The mesocrystals form on silicon wafers by a continuous
and slow decrease of the colloidal stability of the nanoparticle
dispersion, leading to well-defined superstructures as shown in
Figures 2 and 3b,c, respectively.

Their morphology can be described as a tetragonal trun-
cated pyramid exposing a p4mm projected symmetry on the
basal (001) face, which shows p4mm plane group symmetry
of nanoparticles packing (Figures 2a,b and 3b,c; Figure S1b—d,
Supporting Information).’ To act as a responding unit,
these mesocrystals must crystallize on carbonate-rich surfaces
as commonly displayed by biomorphs. This precondition
was tested by replacing the usual silicon wafer as growth
substrate with single crystals of aragonite (see Figure S2b in
the Supporting Information) and calcite (see Figure S2c in the
Supporting Information). Indeed, magnetite mesocrystals were
found to grow on carbonate surfaces, with preferred occurrence
on notches and roughness, indicating heterogeneous nuclea-
tion. Based on these observations, as-grown biomorphs were
used directly and without any further chemical modification
as microscopic substrates to create magnetic microswimmers
in a straightforward procedure (Route III in Figure 3a). The
result is shown in Figure 3g, demonstrating a successful
combination of a biomorph worm and quite large magnetite
mesocrystals, which have grown around the globular apex
from which the worm has emerged. Here, selective attachment
of the mesocrystals to the apex is ascribed to the presence of
regular witherite crystals (i.e., bare carbonate surfaces without
significant amounts of silica) on this part of the biomorph
(as shown in Figure 3I and in Figure S3 in the Supporting
Information), which have been generated by increasing the
growth time from 8-10 h (bulk pH: 10.5) to 16-48 h (bulk
pH: 8.5). At the lower bulk pH, the chemical coupling between
carbonate and silicate speciation is no longer active; hence,
the two components mineralize independently of one another
(vielding regular carbonate crystals at the apex and a contin-
uous silica skin over the rest of the aggregate). When the size
of the magnetite mesocrystals is decreased (by adding less
oleic acid stabilizer in the nanoparticle dispersion), the regular
carbonate crystals covering the apex become visible and the
selective growth of many small mesocrystals on these surfaces
is clearly observed (see Figure 3e,i).
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To further increase the mesocrystal loading, the surface of
the biomorphs was modified in different ways, as summarized
by the scheme in Figure 3a. This provides a toolbox allowing for
the controlled deposition of mesocrystals at various positions
of the biomorph, which would be impossible for nanocrystals
only. For instance, treating the as-grown biomorphs with NaOH
solution removes the outer silica layer (as proven by attenuated
total reflection Fourier transformed infrared (ATR-FTIR) spec-
troscopy; cf. Figure 3d) and exposes their bare core, which
consists mainly of co-aligned barium carbonate nanorods
(Route I in Figure 3a). Such rough carbonate-rich surfaces
should be an excellent substrate for the immobilization of mag-
netite nanocrystals enabling magnetite mesocrystal formation.
Moreover, the obtained biomorphs without silica shell can be
used to hydrophobize the surface via adsorption of a layer of
oleic acid (Route II in Figure 3a; binding of oleic acid to the bare
biomorph surface is confirmed by the two IR bands at 2852 and
2922 cm™! in the black spectrum in Figure 3d). A hydrophobic
surface should lead to enhanced interaction with the oleic acid
stabilizer shell around the magnetite nanoparticles and thus to
a denser coverage of the entire structure with the nanoparticles.
Alternatively, biomorphs that still carry an outer silica skin can
be hydrophobized by using alkyl triethoxysilanes (e.g., octade-
cyltriethoxysilane) (Route IV in Figure 3a).”! Again, successful
functionalization is shown by IR spectroscopy (Figure 3d).

Having obtained a collection of biomorphs exposing
different surface chemistries (neat silica (hydrophilic), silane-
modified silica (hydrophobic), neat carbonate (hydrophilic), and
oleic acid—modified carbonate (hydrophobic)), we tested their
ability to act as substrates for enhanced magnetite mesocrystal
formation. Bare carbonate as well as hydrophobized surfaces
(regardless of whether silanes or oleic acid is used) showed
an increased, though less site-specific, adsorption of mag-
netite nanoparticles at various positions all over the biomorph
architecture. The strong affinity of magnetite nanoparticles
toward bare or hydrophobized surfaces is also supported
by transmission electron microscopy (TEM) studies on crushed
specimens. Figure 3f shows a single carbonate nanorod, which
is decorated by numerous smaller magnetite particles. Analysis
of several such carbonate rods suggests that they are covered
with mono- or multilayers of magnetite nanocubes on most
faces. Due to the strong affinity for magnetite to bind, bare
carbonate and hydrophobic surfaces thus favor mesocrystal
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Figure 3. Functionalization of silica biomorphs with magnetite mesocrystals. a) Scheme illustrating the various pathways leading to different composites
of magnetite mesocrystals and worm-like silica biomorphs. 1) Dissolution of the outer silica shell of biomorphs with NaOH solution to obtain “naked”
carbonate surfaces. Il) Subsequent hydrophobization of the naked biomorph with oleic acid. I11) Magnetite mesocrystal formation via “gas diffusion
method” on top of the biomorph structure at different, potentially multiple positions. IV) Hydrophobization of the outer silica shell via post-treatment
with alkyl triethoxysilanes. The indicated positions and amounts of the mesocrystals covering the biomorph worm are meant to illustrate the quality
and selectivity of the functionalization. b,c) Scanning electron microscopy (SEM) images of magnetite mesocrystals grown from tetrahydrofuran (THF)
solution upon destabilization via gas diffusion. d) ATR-FTIR spectra of biomorphs after modification according to pathways I, II, and IV in panel (a).
e) SEM image showing the successful formation of magnetite mesocrystals (white arrows) around the apex and the tip of a worm-like biomorph that
has been postfunctionalized with dodecyl triethoxysilane. f) TEM image of a carbonate nanocrystal obtained from the core of a biomorph, which was
functionalized with oleic acid and subsequently became covered with magnetite nanocubes. g) SEM image of an unfunctionalized silica biomorph
after mesocrystal formation. h) SEM image of a magnetite mesocrystal showing a negative imprint of a biomorph worm around which it originally
grew. i) SEM image of the apex of a biomorph worm, which shows pronounced overgrowth with regular barium carbonate crystals (long rods), which
themselves have been decorated by small magnetite mesocrystals (grown at reduced oleic acid concentration). Scale bars are b) 10 um, ¢,f) 100 nm,

e,g) 50 um, and h,i) 25 um, respectively.

formation on several different positions on one given biomorph
architecture (cf. white arrows in Figure 3e), while on untreated
biomorphs, rough areas like those carrying secondary with-
erite crystals (usually the globular apex, cf. Figure 3i) become
preferentially overgrown by magnetite mesocrystals. The
formation and growth of mesocrystals can also occur in between
two or several neighboring biomorph structures, where the
available (reduced) space is filled by the mesocrystals with
no noticeable interference due to the confinement. One such
example can be seen in Figure 3h, where a negative imprint of
a biomorph worm is present on the mesocrystal (presumably
the two domains were torn apart during isolation). This under-
lines the adaptability of the mesocrystals to existing template
structures without abandoning the co-orientation of their nano-
particulate building units. In the light of the different presented
functionalization methods as well as the broad intrinsic struc-
tural variability of silica biomorphs (including numerous other
interesting morphologies beyond those addressed here, such as
coral- or flower-like forms), it seems obvious that a large spec-
trum of magnetic microarchitectures can be designed using
the concept introduced above. With respect to microswimmer
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applications, each of these forms may show different hydrody-
namic behavior and thus can be selected from the morpholog-
ical pool for a given purpose.

To test the response of the mesocrystal-biomorph compos-
ites to an external magnetic field, they were placed in a Petri
dish that was mounted on a fixed platform under a light micro-
scope (cf. Figure 4a—c). A permanent magnet (=100 mT at the
sample/290 mT at the magnet surface) was then fixed to the
stage of the microscope underneath the sample, enabling an
exact tracking of the position of the magnet. First, the
swimming behavior in liquid media was studied by placing a
magnetic microstructure (biomorph worm carrying two mag-
netite mesocrystals) on the surface of a highly viscous aqueous
solution of (PEG, My = 8000 g mol™'; 50 wt%; 1= 325.5 mPa s),
on which it floated randomly when no external field was
applied. In the presence of the magnet, the superstructure
can travel along predefined pathways through the solution (cf.
Figure 4b; Movie S1 in the Supporting Information). Figure 4b’
shows a time-lapse sequence of images illustrating the linear
movement of the responsive microarchitecture (see Movie S2
in the Supporting Information for the corresponding video)
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Figure 4. Biomorphs as responsive microarchitectures. a) Schematic illustration of the experimental setup used to move magnetized biomorphs in an
external magnetic field—1: objective, 2: sample, 3: fixed Petri dish, 4: moving glass slide, 5: permanent magnet, and 6: holders for Petri dish. Moving
the object holder will only displace the magnet (and not the sample), whose relative position is tracked at all times. b) Sketch of a linear displacement
of a magnetized biomorph across a highly viscous aqueous polyethylene glycol (PEG) solution guided by a permanent magnet. Green and black arrows
indicate the movement of the glass slide carrying the magnet below the Petri dish and the delayed response of the biomorph above, respectively. b")
Snapshots of an experiment according to the setup in panel (b), where the magnet is located at the right end of the field of view as indicated by the
dashed black line, while the magnetized microstructure (highlighted in red) is moving toward it. Scale bars are T mm. c) Sketch of a rotating movement
(indicated by the black arrow) of a dry magnetized biomorph in response to a linear displacement of the permanent magnet (green arrow). The red dot
marks the position where the biomorph is fixed to the substrate (rotation axis), which in this case is not centered on the path travelled by the magnet.
c’) Snapshots of an experiment according to the setup in panel (c). The biomorph—-mesocrystal composite responds to the movement of the magnet
(relative positions are given below the microscopic images) by rotation as indicated by the drawn angles. Scale bars are 100 um.

induced by locating the magnet at a fixed position on the right
side of the field of view (indicated by the black dashed line).
The biomorph microswimmer moves directly toward the
magnet through the viscous medium and can also be forced
to travel forth and back following a continuous displacement
of the magnet (as shown in Figure 4b and in Movie S3 in
the Supporting Information). It is furthermore evident that
response of the structure is somewhat delayed with respect to
the displacement of the magnet, likely due to inertial effects
caused by the high viscosity of the medium. In a second
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experiment, a biomorph worm carrying one magnetite
mesocrystal at its apex (cf. Figure 3g) was put on a dry Petri dish,
with its contact point (red dot in Figure 4c) slightly displaced
relative to the center of the path travelled by the moving
magnet. This induces a rotating movement when the magnet
passes the structure, as illustrated schematically in Figure 4c
and in Movie S4 (Supporting Information), and observed exper-
imentally in Figure 4c” and in Movie S5 (Supporting Informa-
tion). Here, the self-assembled composite responds directly
(due to the lower viscosity) to the displacement of the magnet
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(relative magnet positions are indicated as pointing angles by
the red lines in Figure 4¢’, with 0° corresponding to the starting
position). It should be noted that the biomorph—-mesocrystal
aggregate was not immobilized on the surface of the Petri dish,
but nevertheless remained at a fixed position and only rotated.
Furthermore, as can be seen in Movie S5 (Supporting Infor-
mation), also single mesocrystals follow the movement of the
magnet. They are a byproduct from the preparation procedure.
This shows that the motion of the microarchitecture can be pre-
cisely controlled in the dry state if the applied forces are not
too pronounced. All these observations clearly demonstrate that
magnetite mesocrystals attached to silica biomorphs indeed
work as responding units in an external magnetic field, ena-
bling controlled movement on the micrometer scale.

Another very promising aspect about these materials is the
possibility of transforming the magnetized architectures into
hollow microcarriers, which can easily be achieved by removing
the carbonate core with diluted acid, leaving behind a hollow
silica “ghost” that still carries the mesocrystal responding unit.
Such structures could serve as carriers for molecular cargo,
which after filling with actives travel to predefined locations and
release their cargo there (targeted microrelease and/or spatial
reaction control in microenvironments). Movie S6 in the
Supporting Information shows such a hollow ghost and its
ability for controlled movement in an external magnetic field
(note that this structure moves through a less viscous acetic acid
solution and therefore the response to the moving magnet has
no visible delay compared to the experiments in PEG solution).
It could further be envisaged that the hollow silica framework
is functionalized by silane chemistry to enable selective uptake
and release.

At least, one should keep in mind that for a pure inorganic
system with these responsive architectures, a high thermal sta-
bility is expected. To further investigate the thermal stability of
mesocrystal-biomorph composites, the magnetite mesocrystals
were annealed at different temperatures in the range between
350 and 500 °C, which is below the decomposition tempera-
ture of barium carbonate (Materials and Methods section in the
Supporting Information). Within the tested temperature range,
the specimens preserve the initial shape of the mesocrystals;
however, at 350-420 °C the magnetite nanoparticles partially
fuse together forming “mosaic” structures on the aggregate
surfaces. At 500 °C, the phase transformation of magnetite
to hematite is observed, and the faces of the specimens are
overgrown by plate-like nanocrystals (Figure S4a, Supporting
Information). Morphologically and compositionally the mes-
ocrystal-biomorph composites should therefore be stable at
least up to 420 °C. At even higher temperatures (1000 °C) the
outer shape of the composite is still preserved (Figure S4b,
Supporting Information), but new phases (including barium
silicate, barium oxide, crystalline SiO, (tridymite), and hema-
tite) have replaced the original materials which also goes along
with a change of the magnetic responsivity.

3. Conclusion

In summary, our work highlights the successful symbiosis of
two prominent examples for complex self-assembly in the field
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of crystallization: silica biomorphs and mesocrystals. Their
combination leads to functional microscopic ultrastructures
in straightforward processes at ambient conditions. Given
the large variety of morphologies and structures accessible
within one batch of biomorph synthesis (going far beyond the
proof of concept established in this work), numerous types
of responsive microtools can be generated in just a few pro-
cessing steps. By targeted modification of the surfaces of silica
biomorphs, the adsorption of super paramagnetite nano-
particles and their assembly into mesocrystals on the biomorph
substrate can be controlled. This approach gives access to
magnetic microarchitectures that can be applied as respon-
sive tools ranging from microswimmers over microcarriers to
micromanipulators. In the present work, it was demonstrated
that external magnetic fields can be used to precisely control
the movements of the architectures in a simplified setup.
Since these structures are composed of purely inorganic
material, they show high-temperature stability. Finally, the
possibility of removing certain components selectively—e.g.,
carbonate by acid or silica by alkaline post-treatment, leaving
a hollow silica ghost or an open porous carbonate network,
respectively—offers further handles for enhanced function-
ality, such as the incorporation and/or transport of active com-
pounds, which could eventually enable targeted release from
the moving structure.

4. Experimental Section

Formation and Post-Treatment of Silica Biomorphs: Barium chloride
dihydrate (>99%), sodium hydroxide (>98%), and sodium silicate
solution (water glass with =10.6% Na,O and =26.5% SiO,, reagent
grade) were purchased from Sigma Aldrich and used without further
purification. All solutions were prepared using Milli-Q water with a
conductivity of 18 uS cm™. The silicate solution for growth of biomorphs
was obtained by diluting 1.39 g of sodium silicate solution in 349 mL
of water. The pH was adjusted to 11.1 using 0.1 m sodium hydroxide
solution. The resulting silica sol was then mixed in a 1:1 ratio with 0.01 m
barium chloride solution in 6-well plates (Linbro). After 16 h exposure
to the atmosphere, formed structures were recovered, washed several
times with water and dried in air.

Hydrophobization of the as-obtained biomorphs with silanes was
performed in an Eppendorf tube by dissolving 10 uL of the silane in
1.5 mL of a 4:1 EtOH:H,0 mixture. Then about 10 mg of biomorphs was
added to the solution and incubated overnight. To dissolve the outer
silica shell, 10 mg of biomorphs was incubated overnight in 1.5 mL of
a 1 m sodium hydroxide solution. The silica-free biomorphs were then
covered with a layer of oleic acid by overnight treatment with a sonicated
mixture of 600 puL THF, 10 pL oleic acid, 10 uL 1 m NaOH, 2.5 mL
cyclohexane, and 0.5 mL EtOH. All modified structures were cleaned by
repeated washing with deionized water and centrifugation, followed by
drying under reduced pressure.

Formation  of  Mesocrystal-Biomorph ~ Composites:  Iron  oxide
nanocrystals were prepared following a procedure described in the
literature.l>3 16l Magnetite mesocrystals were obtained via destabilization
of a nanocrystal dispersion in THF (5 mg mL™" magnetite nanocrystals
with 3 uL mL™" oleic acid) in the presence of a piece of silicon wafer
or powdered biomorphs in a glass vial. The glass vial was left in an
outer surrounding reservoir, which contained EtOH:THF (1:1) as a
destabilizing agent that slowly diffused into the nanoparticle dispersion
via the gas phase. Complete destabilization of the nanocrystal dispersion
and mesocrystal formation took about 1 week, as observed by a color
change of the dispersion from black to colorless.
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Thermal Annealing of Mesocrystals: In order to investigate the thermal
stability, mesocrystals were annealed in an oven (Uni-Temp RTP-1200)
under ultra high vacuum (UHV) conditions using a slow ramp rate.
Primarily, the oven was heated up to 90 °C to evaporate the water out
of the sample to avoid damage to the crystal upon expansion at high
temperatures. After, the oven was heated to the desired temperature and
kept at that temperature for 7 h before cooling down. Temperatures of
350, 380, 420, and 500 °C were investigated. The obtained samples were
characterized by means of scanning electron microscopy (SEM) and X-ray
diffraction (XRD).

Analytical Methods: The pH was controlled by a pH meter (Eutech
pH 510). For polarized light microscopy (PLM), a Zeiss Imager M2m
equipped with a A/4 plate, EC Epiplan Neofluar objectives (5%, 10x, and
20x), a LD Epiplan 50x objective, and an Axiocam MRc 5 was used. SEM
was performed with a Hitachi table-top SEM TM3000 at an acceleration
voltage of 15 kV and a Zeiss Crossbeam at 5 kV. TEM studies were
carried out on a Zeiss Libra 120 operated at an acceleration voltage of
120 kV. For measurement, the samples were mounted on carbon-coated
200 mesh Cu grids. ATR-FTIR measurements were performed on a
Perkin-Elmer Spectrometer 100.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1. a) False-colored scanning electron micrograph giving an overview on typical
biomorph morphologies obtained from a single synthesis batch (blue: sheets, red: helicoids,
grey: worm-like braids). b) Indexed pattern of the mesocrystalline iron oxide film depicted in

Figure 2.
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Figure S2. Preparation of magnetite mesocrystals. (a) Sketch of the experimental setup used

for the formation of magnetite mesocrystals via diffusion of a destabilizing anti-solvent
(EtOH) into a dispersion of magnetite nanocrystals (1: desiccator; 2: dispersion of magnetite
nanoparticles in THF; 3: Si wafer; 4: EtOH/THF mixture). (b,c) Magnetite mesocrystals
grown on single-crystalline calcium carbonate macro-substrates, namely (b) aragonite and (c)

calcite (Scale bars: 100 pm).
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Figure S3. Collection of different magnetite-biomorph composite structures. Magnetite
mesocrystals were grown on (a,b) native biomorphs, (c,d) biomorphs after removal of the
outer silica shell, (e,f) biomorphs without silica skin after modification with oleic acid, and

(g,h) biomorphs after hydrophobization of the outer silica skin with alkyl silanes.

a Annealing temperature (*C/7h)

[ . =

350°C 380°C 420°C

b s 7 4

Magnetite

Hematite

Figure S4. Thermal stability of mesocrystal-biomorph composites. (a) SEM images
illustrating the structural features of of mesocrystals annealed at various temperatures. (b)

SEM image of an annealed (1000°C) mesocrystal-biomorph composite.

Movie Captions:

Movie S1. Schematic animation illustrating the response of a mesocrystal-biomorph
composite to a moving magnet centered below the structure. The indicated delay of the
response is caused by the viscosity of the surrounding (liquid) medium.

Movie S2. A magnetic worm-like aggregate follows a magnet in linear movement (according
to Movie S1) through a viscous PEG-8000 solution (50 wt% in water).

Movie S3. Movement of the microarchitecture shown in Movie S2 into the opposite direction.

Movie S4. Schematic animation illustrating the response of a mesocrystal-biomorph
composite to a moving magnet slightly displaced below the structure, inducing rotational
movement.
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Movie S5. Magnetized silica biomorphs respond to the movement of a magnet by rotation in
dry state.

Movie S6. A magnetized biomorph ghost swims through less viscous 0.05 M acetic acid
solution.
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Microcarriers with the ability to release and catch substances are
highly desired metamaterials and difficult to obtain. Herein, we
report a straightforward strategy to synthesize these materials by
combining silica-biomorphs with mesocrystals. An easy access
to microcarrier hulls with covalently bound spiropyrans as light-
switchable anchor points is presented.

Introduction

The so-called silica-biomorphs are purely inorganic composite
materials that exhibit outstanding shapes.'™ They are prepared
in alkaline, silica-rich solutions containing earth-alkaline metal
ions, such as Ba**, Sr** and Ca®".*® Their formation mechanism is
assumed to be based on autocatalytic co-precipitation of earth-
alkaline carbonates and silica linked to a local pH cycling induced
by alternating silica and carbonate precipitation.®® A huge variety
of self-assembled carbonate nanorods are attractive for several
applications. The elongated architecture of worm-like and
helicoidal shaped biomorphs renders them with the potential to
be used as microcarrier hulls.” Magnetic nanoparticles like mag-
netite nanocubes are used as responding units, which are needed
for controlled movement through various media.’®'* The benefit
of this system is the ability to attach mesocrystals at specific
sides of the biomorph (¢f Fig. 1).”'> Mesocrystals form in a
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Fig.1 Scanning electron micrographs of a biomorph worm (left) and a
biomorph helix (right) decorated with magnetite mesocrystals (highlighted
in red) at the globular apex of the structures.

non-classical pathway via the oriented assembly of non-
spherical nanocrystals into superlattices.">**

In order to create further functionality, the structures
must be equipped with an additional responding unit that
allows addressing of a switchable anchor point for controlled
compound load/release. Previous studies employed post-
functionalization by the use of silane coupling chemistry.”'?

The incorporation of light-switchable molecules into various
systems and the development of so-called dynamic materials
came into the focus of attention during the last decades. Not
only the synthesis of materials for data storage,'® electronic
devices'” or sensors'® but also the biological applications of
photo-responsive compounds, e.g. in photopharmacology,'®*
have been investigated. Photo-switchable molecules show rever-
sible transformation between at least two different thermo-
dynamically stable isomers induced by irradiation with light of
a particular wavelength. Among the wide range of photo-switches,
spiropyrans achieved a privileged status since they enable the
production of materials that are responsive to multiple external
stimuli in an orthogonal fashion. The two isomeric structures of a
spiropyran show vastly different properties, which results in
an isomerization process that is not only induced by irradiation
with light but also by several other external stimuli including
temperature, solvent and pH-value.”” In addition, the covalent
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Spiropyran (SP) Merocyanine (MC)

Fig. 2 Typical structural formula of a spiroindolinopyran.

attachment of spiropyran units to a solid support results
in numerous advantages compared to the non-immobilized
counterparts, including an improved fatigue resistance,**
and the possibility to obtain biocompatible photoresponsive
materials.>>?°

The incorporation of silane-containing switchable molecules like
spiropyrans is a desired method to obtain new metamaterials.***”

The typical structural formula of a spiroindolinopyran (SP) is
shown in Fig. 2, consisting of an indoline and a chromene
moiety, which are connected via a spiro-center. The isomeric
merocyanine (MC) is accessible by heterolytic cleavage of the
Cspiro—O bond induced by irradiation with UV-light. The popu-
lation of the excited state is followed by an intersystem crossing
process to the corresponding triplet state in which the ring
opening takes place.® Internal rotation in the ground state to
the cis- and trans-isomers is in most cases followed by a thermal
isomerization to the trans-isomer. The open-ring isomer exists
as either zwitterionic (2) or quinoidal species (3).

Merocyanine often shows strong fluorescence and exhibits a
remarkably higher affinity to different chemical structures,* a
property that is caused by the additional free oxygen acting as a
donor function. The zwitterionic merocyanine has already been
described as a ligand for (divalent) metal ions**> whereas the
neutral spiropyran is a rather unfavorable donor. Utilizing
the huge differences in the properties of the isomers, multi-
fluorescent hybrid particles,*® traps for ions** and small mole-
cules®® are prepared, the hydrophobicity of solid surfaces®® can be
tuned reversibly, and the electrochemical properties of a surface®
are controlled. Reverse isomerization to the initial spiro-compound
is possible by either thermal relaxation or irradiation with visible
light. These properties made the spiropyran-merocyanine system
to be the focus of our interest with regard to the design of a
magnetized biomorphic microcarrier system.

Experimental
Materials and methods

The purchased ethyl acetate and hexane for column chromato-
graphy were of technical grade and distilled before usage.
All other chemicals were purchased from Sigma-Aldrich and
TCI and used without further purification. NMR spectra were
recorded on a Bruker Avance III 400. Chemical shifts are
referred relative to the solvent residual peaks. Data are reported
as: chemical shift, multiplicity, coupling constant J, and inte-
gration. Infrared spectra (IR) of thin films were recorded on a
PerkinElmer Spectrum 100 spectrometer with an ATR-unit.
UV/Vis spectra were recorded on a Cary 50 spectrometer.
High-resolution mass spectra (HRMS) were recorded on a

J. Mater. Chem. B
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Fischer Scientific Orbitrap Velos Pro. Scanning electron micro-
graphs (SEM) were recorded on a Hitachi table-top SEM TM3000
with an acceleration voltage of 15 kV. Laser scanning micrographs
(LSM) were recorded on a Zeiss LSM 700 with a 63x/1.40 Plan
Apochromat (Oil) objective and with laser diodes (405, 488, 555
and 637 nm). The images were recorded in fluorescence and
transmission channel on two photomultipliers.

Synthesis of magnetite mesocrystal silica-biomorph composites

The formation of silica biomorphs and the needed functiona-
lization for mesocrystal attachment is described elsewhere.’
The analysis of the structures was performed by IR-spectroscopy,
light- and scanning electron microscopy.

Synthesis of compound 6

Compound 6 was synthesized in two steps from commercially
available 2,3,3-trimethylindolenine by a literature-known
procedure.®® The obtained spectroscopic data are consistent
with those reported previously.

'H-NMR (400 MHz, DMSO): § [ppm] = 12.24 (bs, 1H), 8.24
(d, *Juu = 2.8 Hz, 1H), 8.03 (dd, */yy = 2.8/, 9.0 Hz, 1H), 7.24
(d, *Juu = 10.3 Hz, 1H), 7.17-7.13 (m, 2H), 6.88 (d, *Ji4 = 9.0 Hz,
1H), 6.83 (t, *Jun = 7.5 Hz, 1H), 6.69 (d, *Juy = 7.8 Hz, 1H), 6.03
(d, *Jun = 10.3 Hz, 1H), 3.57-3.39 (m, 2H), 2.64-2.44 (m, 2H),
1.21 (s, 3H), 1.10 (s, 3H).

Synthesis of compound 7

Compound 6 (2.30 g, 6.05 mmol, 1.0 eq.), EDC-HCI (1.28 g,
6.66 mmol, 1.1 eq.) and DMAP (0.74 g, 6.05 mmol, 1.0 eq.)
were dissolved in CH,Cl, (20 mL) and stirred for 10 minutes.
(3-Aminopropyl)triethoxysilane (1.41 g, 6.35 mmol, 1.05 eq.)
was added dropwise and the reaction was stirred for 20 hours at
room temperature. The solvent was removed under reduced
pressure and the crude product was purified by flash chroma-
tography on silica gel (2:1 ethyl acetate/hexane). Compound 7
was obtained as a red solid (2.71 g, 4.64 mmol, 77% yield).

'H-NMR (400 MHz, DMSO): § [ppm] = 8.20 (d, *Jgy; = 2.8 Hz,
1H), 7.99 (dd, iy = 2.8, 8.9 Hz, 1H), 7.86 (t, *Jyuy = 5.5 Hz, 1H),
7.18 (d, *Jyy = 10.4 Hz, 1H), 7.14-7.09 (m, 2H), 6.85 (d, *Juy =
9.0 Hz, 1H), 6.78 (dt, *Juy = 7.4, 0.6 Hz, 1H), 6.65 (d, *Juy = 7.7 Hz,
1H), 5.97 (d, *Juy = 10.4 Hz, 1H), 3.70 (q, *Jun = 7.0Hz, 6H), 3.49-
3.29 (m, 2H), 3.01-2.87 (m, 2H), 2.43-2.27 (m, 2H), 1.41-1.33
(m, 2H), 1.18 (s, 3H), 1.12 (t, Juy = 7.0 Hz, 9H), 1.07 (s, 3H),
0.49-0.45 (m, 2H).

3C-NMR (101 MHz, DMSO): § [ppm] = 170.1, 159.2, 146.4, 140.5,
135.6, 127.9, 127.5, 125.6, 122.7, 121.9, 121.6, 119.1, 118.9, 115.4,
106.7, 106.6, 57.6, 52.4, 41.3, 39.5, 34.9, 25.5, 22.7, 19.4, 18.2, 7.4.

IR (ATR): ¥ [em™'] = 3307, 2973, 2928, 1740, 1639, 1611,
1511, 1479, 1334, 1273, 1075, 951, 919, 808, 787, 748.

HRMS: m/z calculated for C;oH,,N;0,Si": 584.2787; found:
584.2785.

Functionalization of mesocrystal-biomorph composites with
compound 7

A 1% solution of compound 7 in a mixture of EtOH:water (95 : 5)
was prepared. 10 mg of mesocrystal biomorph composites were

This journal is © The Royal Society of Chemistry 2020
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incubated in 2 mL of the solution overnight. After reaction, the
material was centrifuged and washed several times with milliQ
water. The structures were dried in a vacuum oven at 40 °C and
reduced pressure.

Results and discussion

The synthesis of a silane-functionalized spiropyran is desired
for a carrier system based on mesocrystal-biomorph compo-
sites (MCBCs). Spiropyrans for the desired silica-modification
were already published in the literature,”” but their accessibility
and feasibility were improved in this approach. Based on a
literature-known synthesis of a spiropyran bearing a carboxylic
acid group,* the desired compound was accessible by peptide
coupling with 3-aminopropyl triethoxysilane. The reaction
scheme is shown in Fig. 3A. Compound 7 was subsequently
immobilized on silica-biomorphs. The attachment of func-
tional silanes to various biomorphs was already proven and
allowed the desired functionalization of the particle surface
with spiropyrans.'® The scheme of this procedure is shown
in Fig. 3B.

Silica-biomorphs were precipitated from barium-containing
alkaline silica sol through continued CO, diffusion into the sol.
The structures remained in the mother sol for 16 h to reach the
secondary precipitation stage, where an outer silica shell and

A % 1) 3-iodopropionic acid 2
2-butanone, 80 °C, 12h, 99%
// > /
+
I_
4 5
(o]
H
2
§_ 4) immobilization on
silica piomorphs
NO,
(o]
H
Si
oo
B BaCl
+ —>
Na-silicate

Fig. 3

2) 3-nitrosalicylaldehyde, piperidine
b
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additional witherite attach to the structures.’ A thicker silica
layer around the structures is desirable to improve the stability
once the inner core dissolves for an improved carrier capacity
of the MCBCs. Selective secondary precipitation of witherite
crystals around the tips of the structures is desired to induce
the heterogeneous magnetite mesocrystal formation. The
obtained solid from the biomorph synthesis was rinsed several
times with deionized water and dried. The biomorph powder
mainly consisted of worm-like braids and helicoidal structures,
decorated with witherite crystals on the former globular tips of
the biomorphs. The structures were transferred into a magne-
tite nanocube solution in THF containing a certain amount of
oleic acid. The biomorphs act as substrates for the mesocrystal
formation. Mesocrystals were formed through gas phase diffu-
sion of the anti-solvent (ethanol) into the magnetite nanocube
solution. The particle and the oleic acid concentrations were
accurately chosen in order to generate mesocrystals in the range
of the tip size (¢f. Fig. 1). The decreased nanocube concentration
leads to smaller mesocrystals and a lower total magnetite loading
of the structures. The result is a different responding behaviour
in the magnetic field. The decreased oleic acid concentration
results in an increased number of smaller mesocrystals. The total
magnetite loading remained constant.’ The obtained MCBCs
allow a further post-functionalization treatment with synthesized
compound 7 by incubation of the structures in a 1 wt% solution
in ethanol/water (95:5) for several hours. The generated

W

*,,

2-butanone, 80 °C, 3 h, 61%

>

3) EDC'HCI, DMAP,
(3-aminopropyl)triethoxysilane
CH,Cl, rt., 20 h, 77%

2
2

(Et0)3Si

",

(A) Synthesis route of the silane functionalized spiropyran (target compound 7). (B) Formation scheme of the light switchable MCBCs via the

selective formation of magnetite mesocrystals around silica-biomorphs tips and the post functionalization of their silica shell with compound 7 and its
ability of light induced switching on the MCBC surface which induces the glowing (bright green).

This journal is © The Royal Society of Chemistry 2020
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functionalized silica layer can be seen in Fig. 3B as a blue layer
in the SP form. The UV-irradiation of the material induces the
spiro-compound to switch to the MC form, which is indicated
by the glowing green colored layer (Fig. 3B). As previously
mentioned in the literature, the vastly different properties of
the two isomers can be further used for selective catch and
release of compounds.*”

To prove the postulated scheme of the formation of light
switchable MCBCs, laser scanning microscopy (LSM) was used.
A selective switching of the SP by using the bleach mode was
induced with a different wavelength. Therefore, the excitation
and emission spectra of compound 7 were recorded and are
shown in Fig. 4A. The black spectrum shows the excitation
spectrum of the SP-form detecting the intensity of fluorescence
at 625 nm while the excitation wavelength changes. The spec-
trum has a maximum at 555 nm and a shoulder at 520 nm.
In addition, several emission spectra were recorded to elaborate
the obtained fluorescence as the subject of the excitation
wavelength. Using an excitation wavelength of 555 nm, the
highest fluorescence intensity was obtained (green spectrum),
while an excitation wavelength of 490 nm exhibited lower
fluorescence yields (blue spectrum). Nevertheless, the excitation
wavelength of 490 nm is the most important result due to the
equipped analysing lasers on the LSM. For the fluorescence
experiments on the LSM, the imaging was performed with a
488 nm laser (1% laser power, pin hole: 1 a.u.). Imaging the
structures with visible light continuously decreased the obtained
fluorescence. The degradation of fluorescence is worse with the
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Fig. 4 (A) Excitation (black) and emission spectra of the synthesized
compound 7 in ethanol. The vertical coloured lines correspond to the
excitation wavelength (blue: 490 nm; red: 520 nm; green: 555 nm). (B) ROI
(region of interest) intensity measurement over twelve scanning cycles on
the LSM. Bleaching of the region (405 nm; 20% laser power; 4 scans; after
the 1st and every following 3rd image) is indicated as bluish areas.
(C) Long-term cycling at the ROI over 72 cycles with the same settings
chosen for B. (D) LSM image (excitation wavelength: 488 nm, 1% laser
power) in false colours of a SP functionalized structure in the OFF (SP)
state. (E) LSM image of a SP functionalized structure in the ON (MC) state.
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555 nm laser, which was additionally chosen in other experi-
ments to turn off the fluorescence while switching the MC back
to the SP form. To generate a high amount of fluorescent MCs on
the surface, the structures were “bleached” in a region of interest
(ROI) with a 405 nm laser (20% laser power, 4 scans). The result is
shown in Fig. 4B. The bleaching of the ROI occurred after the first
and every third following cycle, indicated by the bluish bars. The
measured data originated from a programmed times series.
A continuous decrease of the fluorescence intensity in the 3 steps
after excitation to a level lower than before the bleaching explains
the ongoing decrease of the overall fluorescence intensity. The
effect becomes even clearer by considering several cycles.
An example is shown in Fig. 4C, where 72 cycles are recorded
in the same area. To visualize this effect, Fig. 4D shows a
functionalized MCBC in its OFF state, before the frame was
illuminated with 405 nm light. Fig. 4E shows the activated
structure after excitation. It has to be mentioned that the pictures
show a lower end of a functionalized biomorph worm, and the
lowest part is in focus. The pin hole cuts off the fluorescent light
emitted from the upper part, allowing for an improved image
quality and spatial resolution. Therefore, LSM seems to be an
appropriate method to prove the incorporation of the functional
silane on the structures. This has also been shown in previous
studies’ and demonstrates the suitability of spiropyrans as
switchable anchor points on biomorph-based microcarriers.

Conclusions

This work highlights a rationally designed pathway to generate
easily accessible microcarriers by utilising the silane chemistry
toolbox linked to light switchable spiropyrans and the excep-
tionally shaped ultrastructures called silica-biomorphs. On top
a magnetite mesocrystal is used as a responding unit, which
results in a full functional metamaterial extending the frontiers in
all three used fields (biomorphs, mesocrystals and spiropyrans).
The materials described here have potential in a number of
applications. Since it is already known from the literature that
the merocyanine form can bind metal cations,’*>* the micro-
carriers could be used for the transport of metal ions by a magnetic
field. Ion release by switching to the spiropyran form would allow
reactions of the released cations like catalysis, mineralization,
complexation, etc. One could also think of binding polar nano-
particles to the merocyanine form, which can be released by light
at the location of interest. Also, polar drugs could be bound,
transported and released. If the spiropyran form could be used for
binding of unipolar species (drugs, molecules, etc.), release by light
switching to the merocyanine form would enhance the application
spectrum of the microcarriers a lot. Future studies will show
exciting applications, which will become possible with the meso-
crystal functionalized biomorph microcarriers.

Authors contributions

JO and HC conceived the project. LCR and AS synthesized and
analysed compound 7 under supervision of TG. JO, JB and RZ

This journal is © The Royal Society of Chemistry 2020



Open Access Article. Published on 20 May 2020. Downloaded on 5/28/2020 5:40:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Journal of Materials Chemistry B

designed the magnetized biomorphs. JO and AS functionalized the
biomorphs with compound 7. JO, AS and RZ performed the
microscope experiments. The results were discussed by all authors.

Conflicts of interest

The authors declare that there is no conflict of interests
regarding the publication of this communication.

Acknowledgements

The authors thank the bioimaging center Konstanz for providing
the LSM700 and the European Research Council under the
European Unions’s Seventh Framework Programme (FP7/2007-
2013)/ERC grant agreement no. 340863. The Deutsche
Forschungsgemeinschaft (DFG) is acknowledged for funding
of the work on mesocrystals within SFB 1214 (project B1).

Notes and references

1 J. M. Garcia-Ruiz, S. T. Hyde, A. M. Carnerup, A. G. Christy,
M. J. Van Kranendonk and N. J. Welham, Science, 2003, 302,
1194-1197.

2 J. M. Garcia-Ruiz, E. Melero-Garcia and S. T. Hyde, Science,
2009, 323, 362-365.

3 M. Kellermeier, H. Colfen and ]J. M. Garcia-Ruiz, Eur.
J. Inorg. Chem., 2012, 5123-5144.

4 E. Nakouzi and O. Steinbock, Sci. Adv., 2016, 2, e1601144.

5 E. Nakouzi, R. Rendina, G. Palui and O. Steinbock, J. Cryst.
Growth, 2016, 452, 166-171.

6 M. Montalti, G. Zhang, D. Genovese, ]. Morales,
M. Kellermeier and J. M. Garcia-Ruiz, Nat. Commun., 2017,
8, 14427.

7 J. Opel, M. Hecht, K. Rurack, J. Eiblmeier, W. Kunz, H. Colfen
and M. Kellermeier, Nanoscale, 2015, 7, 17434-17440.

8 M. Kellermeier, E. Melero-Garcia, W. Kunz and J. M. Garcia-
Ruiz, J. Colloid Interface Sci., 2012, 380, 1-7.

9 J. Opel, J. Brunner, R. Zimmermanns, T. Steegmans,
E. Sturm, M. Kellermeier, H. Colfen and J. M. Garcia-Ruiz,
Adv. Funct. Mater., 2019, 0, 1902047.

10 M. V. Kovalenko, M. 1. Bodnarchuk, R. T. Lechner, G. Hesser,
F. Schiffler and W. Heiss, J. Am. Chem. Soc., 2007, 129,
6352-6353.

11 S. Disch, E. Wetterskog, R. P. Hermann, G. Salazar-Alvarez,
P. Busch, T. Briickel, L. Bergstrom and S. Kamali, Nano Lett.,
2011, 11, 1651-1656.

12 J. Brunner, L. A. Baburin, S. Sturm, K. Kvashnina, A. Rossberg,
T. Pietsch, S. Andreev, E. Sturm and H. Colfen, Adv. Mater.
Interfaces, 2017, 4, 1600431.

13 H. Coelfen and M. Antonietti, Mesocrystals and nonclassical
crystallization, John Wiley & Sons, 2008.

14 H. Colfen and M. Antonietti, Angew. Chem., Int. Ed., 2005,
44, 5576-5591.

15 J. Opel, F. P. Wimmer, M. Kellermeier and H. Colfen,
Nanoscale Horiz., 2016, 1, 144-149.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Communication

16 M. H. Sharifian, A. R. Mahdavian and H. Salehi-Mobarakeh,
Langmuir, 2017, 33, 8023-8031.

17 D. Kim, H. Jeong, H. Lee, W.-T. Hwang, J. Wolf, E. Scheer,
T. Huhn, H. Jeong and T. Lee, Adv. Mater, 2014, 26,
3968-3973.

18 S. Heng, P. Reineck, A. K. Vidanapathirana, B. J. Pullen,
D. W. Drumm, L. J. Ritter, N. Schwarz, C. S. Bonder, P. J.
Psaltis, J. G. Thompson, B. C. Gibson, S. J. Nicholls and
A. D. Abell, ACS Omega, 2017, 2, 6201-6210.

19 W. A. Velema, W. Szymanski and B. L. Feringa, J. Am. Chem.
Soc., 2014, 136, 2178-2191.

20 W. Szymanski, J. M. Beierle, H. A. V. Kistemaker, W. A.
Velema and B. L. Feringa, Chem. Rev., 2013, 113, 6114-6178.

21 M. Borowiak, W. Nahaboo, M. Reynders, K. Nekolla,
P. Jalinot, J. Hasserodt, M. Rehberg, M. Delattre, S. Zahler,
A. Vollmar, D. Trauner and O. Thorn-Seshold, Cell, 2015,
162, 403-411.

22 R. Klajn, Chem. Soc. Rev., 2014, 43, 148-184.

23 J. Whelan, J. T. C. Wojtyk and E. Buncel, Chem. Mater., 2008,
20, 3797-3799.

24 A. Radu, R. Byrne, N. Alhashimy, M. Fusaro, S. Scarmagnani
and D. Diamond, J. Photochem. Photobiol., A, 2009, 206,
109-115.

25 M.-Q. Zhu, G.-F. Zhang, C. Li, M. P. Aldred, E. Chang,
R. A. Drezek and A. D. Q. Li, J. Am. Chem. Soc., 2011, 133,
365-372.

26 Y.-H. Chan, M. E. Gallina, X. Zhang, I. C. Wu, Y. Jin, W. Sun
and D. T. Chiu, Anal. Chem., 2012, 84, 9431-9438.

27 E. Aznar, R. Casasus, B. Garcia-Acosta, M. D. Marcos,
R. Martinez-Maiiez, F. Sancenoén, ]J. Soto and P. Amoros,
Adv. Mater., 2007, 19, 2228-2231.

28 H. Gorner, Phys. Chem. Chem. Phys., 2001, 3, 416-423.

29 N. Shao, J. Y. Jin, S. M. Cheung, R. H. Yang, W. H. Chan and
T. Mo, Angew. Chem., Int. Ed., 2006, 45, 4944-4948.

30 K. H. Fries, J. D. Driskell, G. R. Sheppard and ]. Locklin,
Langmuir, 2011, 27, 12253-12260.

31 M. Inouye, K. Akamatsu and H. Nakazumi, J. Am. Chem.
Soc., 1997, 119, 9160-9165.

32 T. Suzuki, T. Kato and H. Shinozaki, Chem. Commun., 2004,
2036-2037, DOI: 10.1039/B407342H.

33 T. Wu, G. Zou, J. Hu and S. Liu, Chem. Mater., 2009, 21,
3788-3798.

34 K. Fries, S. Samanta, S. Orski and J. Locklin, Chem. Commun.,
2008, 6288-6290, DOI: 10.1039/B818042C.

35 E. Aznar, R. Casasus, B. Garcia-Acosta, M. D. Marcos,
R. Martinez-Manez, F. Sancenodn, ]J. Soto and P. Amords,
Adv. Mater., 2007, 19, 2228-2231.

36 S. Samanta and J. Locklin, Langmuir, 2008, 24, 9558-9565.

37 T. Niazov, B. Shlyahovsky and I. Willner, J. Am. Chem. Soc.,
2007, 129, 6374-6375.

38 L. Baumann, K. Scholler, D. de Courten, D. Marti, M. Frenz,
M. Wolf, R. M. Rossi and L. J. Scherer, RSC Adv., 2013, 3,
23317-23326.

39 L. Dingbin, C. Wenwen, S. Kang, D. Ke, Z. Wei, W. Zhuo and
J. Xingyu, Angew. Chem., Int. Ed., 2011, 50, 4103-4107.

J. Mater. Chem. B






	General Introduction
	State of the Art
	Biominerals
	Silica-Biomorphs
	A Unique Appearance - General Introduction to Silica-Biomorphs
	Composition of Biomorphs
	Formation Mechanism

	Mesocrystals

	Scope of the Thesis
	Results
	Preamble
	Probing Local pH-Based Precipitation in Self-Assembled Silica-Carbonate Hybrid Materials
	Abstract
	Introducion
	Analytical Approach
	Results and Discussion
	Conclusion and Outlook

	Structural Transition of Inorganic Silica-Carbonate Composites Towards Curved Life-Like Morphologies
	Abstract
	Introduction
	Results and Discussion
	Conclusion

	Functionalization of Silica-Carbonate Biomorphs
	Abstract
	Conceptual Insight
	Introduction
	Results and Discussion
	Conclusion

	Symbiosis of Silica-Biomorphs and Magnetite Mesocrystals
	Abstract
	Introduction
	Results and Discussion
	Conclusion

	Light-Switchable Anchors on Magnetized Biomorphic Micro Carriers
	Abstract
	Introduction
	Results and Discussion
	Conclusion

	Hybrid Biomimetic Materials from Silica/Carbonate Biomorphs
	Abstract
	Introduction
	Results and Discussion
	Conclusion


	Summary
	Zusammenfassung
	Concluding Remarks and Outlook
	Experimental
	Materials and Analytic Methods
	Synthetic Procedures

	Appendix
	Supplementary Information
	Tracing Local pH Variations with the LSM
	Quantification of the Degree of Functionalization with the Ellman Reagent
	Estimation of the AuNP Loading on Functional Biomorphs
	Raman and IR Analyses of Polymer-Coated Biomorphs

	Supplementary Figures
	Supplementary Tables
	Supplementary Movie Captions

	References
	List of Figures
	List of Tables
	Publications
	Records of Contribution
	Orginal Documents




