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Summary 

Living organisms are able to produce highly sophisticated materials. An especially interesting 

example are biominerals which are organic-inorganic hybrid materials and abundant in Nature. 

They are formed under controlled conditions, show complex morphologies and are very often 

hierarchically structured. On each hierarchical level, the optimum structure is realized and 

consequently, improved physical properties are obtained. Inspired by these material design 

concepts, the primary aim of this thesis was the development of a multifunctional layered 

magnetic composite material inspired by three different biominerals, namely nacre, the teeth 

of chitons and the magnetotactic bacteria. For the purpose to realize this aim the demineralized 

insoluble matrix of the natural nacre structure was used as a scaffold which was filled with a 

gelatin gel as a mimic for the natural silk hydrogel. In this fixed template, magnetite 

nanoparticles were synthesized in different size regimes and amounts in order to influence the 

mechanical and magnetic properties of the resulting material. Apart from that the magnetic 

properties of the composites were also adjusted by an external magnetic field in order to 

obtain interesting magnetic properties. Therefore the first part of this work focuses on the 

mineralization of magnetite nanoparticles in water based on two different synthesis methods 

which allow control over particle size and therefore magnetic properties. Apart from that, the 

influence of the biopolymer gelatin was investigated. Based on results from the first part, 

magnetite mineralization was transferred into the gelatin hydrogel matrix in the second 

section. The performed experiments demonstrate the viability of the developed in-situ 

synthesis process which results in control over particle size, mineral content as well as 

mechanical and magnetic properties. Moreover, magnetic measurements showed that applying 

an external magnetic field under drying is generating a magnetic anisotropic composite 

material which leads to a coupling of the magnetic dipoles. The last part of this work deals 

with the successful synthesis of a multifunctional layered magnetic composite material by 

transferring the developed ferrogel synthesis protocol into the demineralized nacre matrix. 

Thus, by applying different techniques the structure function relationship of the resulting 

materials are described. 

 

 



Zusammenfassung 

Lebende Organismen sind in der Lage hochkomplexe Materialien hervorzubringen. Ein 

besonders interessantes Beispiel hierfür sind Biomineralien. Als Biomineralien werden 

Verbundmaterialien bestehend aus organischen und anorganischen Komponenten bezeichnet, 

welche ein hohes Vorkommen in der Natur aufweisen. Sie werden unter kontrollierten 

Bedingungen gebildet, zeigen komplexe Morphologien und weisen sehr oft eine ausgeklügelte 

hierarchische Strukturierung auf. Um verbesserte physikalische Eigenschaften zu erhalten, ist 

auf jeder Hierarchieebene die optimale Strukturierung realisiert. Inspiriert durch diese 

Gestaltungskonzepte des Materialaufbaus war das primäre Ziel dieser Arbeit die Entwicklung 

eines multifunktionell geschichteten magnetischen Kompositmaterials. Die Hauptinspirations-

quelle dieser Arbeit basiert auf den Eigenschaften von drei verschiedenen Biomineralien. 

Perlmutt, die Zähne der Käferschnecken und die magnetotaktischen Bakterien. Zur 

Realisierung dieses Projekts wurde die unlösliche Matrix von natürlichem demineralisiertem 

Perlmutt als Gerüstsubstanz verwendet, welche mit einem Gelatinegel als Kopie des 

natürlichen Seide Hydrogels gefüllt wurde. Um die mechanischen und magnetischen 

Eigenschaften des entstandenen Materials zu beeinflussen, wurden in der fixierten Matrix 

magnetische Nanopartikel in unterschiedlichen Größenbereichen synthetisiert. Darüber hinaus, 

wurden die magnetischen Eigenschaften des Verbundmaterials durch ein externes Magnetfeld 

manipuliert, was zur Kopplung der magnetischen Dipole führte. Der erste Teil dieser Arbeit 

fokussiert sich auf die Synthese von Magnetit Nanopartikel in Wasser unter Verwendung von 

zwei unterschiedlichen Synthesemethoden. Durch Variationen der beiden Synthesen wurde die 

Partikelgröße und somit deren magnetische Eigenschaften gesteuert. Des Weiteren wird der 

Einfluss des Biopolymers Gelatine auf die Mineralisierung von Magnetit diskutiert. Basierend 

auf den Ergebnissen des ersten Teils wurde das Synthesekonzept der Magnetit Nanopartikel 

Herstellung im zweiten Teil der Arbeit in die Gelatine-Hydrogel-Matrix übertragen. Die 

durchgeführten Experimente zeigen, dass das entwickelte in-situ Syntheseverfahren im 

Gelatinegel eine Kontrolle über die Partikelgröße, den Mineralgehalt sowie deren 

mechanische und magnetische Eigenschaften liefert. Magnetische Messungen zeigten, dass 

durch die Anwendung eines externen Magnetfelds ein magnetisch anisotropes 

Verbundmaterial mit gekoppelten magnetischen Dipolen entsteht. Durch die Transferierung 

des entwickelten Magnetit-Hydrogel Synthesekonzepts in das demineralisierte natürliche 



Perlmuttgerüst, wird im letzten Teil der Arbeit die erfolgreiche Synthese eines 

multifunktionell geschichteten magnetischen Kompositmaterials vorgestellt. 

Zusammenfassend konnte durch das Anwenden verschiedener Analysetechniken die Struktur 

Funktionsbeziehung des resultierenden Materials beschrieben werden. 
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Chapter I General Introduction 

1. Biomineralization 

Biomineralization is known as the process by which living organism precipitate mineral. The 

process creates composites composed of organic and inorganic material with complex shapes, 

hierarchical ordering and outstanding material properties (see Figure 1.1). These materials are 

formed under highly controlled conditions where unusual external morphologies are formed 

which strongly differ from the inorganic counterparts.[1] Indeed, biomineral formation exists 

since almost 570 million years and has significant impact on the environment, for example in 

huge chalk depositions as it can be seen in the white cliffs of Dover or Rügen. This evolution 

has provided organisms with mechanical strength and other important biological functions 

such as motion, storage, cutting and grinding, buoyancy and optical and magnetic sensing.[2] 

Most mineral formation occurs in an organic framework under biogenic control. In general, 

biomineral formation requires a localized zone in order to maintain sufficient supersaturation. 

In most organisms physical delimiting geometry is used. Throughout the diverse variety of 

biominerals calcium carbonates and phosphates have a special place. Over 50 % of all 

biominerals are Ca bearing, where the most appearing form is carbonate based but also 

calcium phosphate is a relatively widespread component in biogenic materials. One major 

reason may be the thermodynamic stability and low solubility which makes them stable within 

the biological environment. Calcium carbonate is a polymorph component which can 

generally appear in five different modifications. The most common ones are the anhydrous 

phase calcite, aragonite and vaterite, with calcite being the thermodynamically most stable 

form under ambient conditions. Apart from that also amorphous calcium carbonate (ACC) can 

be found in different species and recently increasing evidence is found that some organisms 

use ACC as a precursor phase during mineral formation. Another common occurring mineral 

is Si which forms amorphous biominerals in a wide variety of complex architectures (see 

Figure 1.1a). Moreover, iron oxides represent a very interesting and fascinating class of 

bioinorganic material formed in living organisms. It is not surprising that mankind tries to 

copy these ideas from Nature in order to create biomimetic materials with superior properties. 

However, only rare examples exist were the formation process and the role of the organic 
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matrix is resolved. Even the exact composition as well as the in vitro structure and their 

specific function are for most studied systems unknown. Indeed some examples could 

demonstrate that selected proteins serve for special functions in order to promote 

crystallization or influence crystal morphology and size. Therefore straightforward 

experimental pathways to mimic nature are given for few examples. 

 

Figure 1.1: Images of different biominerals occurring in nature. a) SEM images of different Diatoms[3] b) Nacre 
the inner protecting layer of some mollusks[4] c) sea urchin spine[5] and d) tooth enamel found in different animals 
and humans[6]. 

1.1. Nacre 

Mollusks are known for their hard shell which has adapted to their environment over millions 

of years, in order to protect their bodies against external attacks. In principle, this class of 

invertebrates is built up through a three layered structure. The first layer is the outermost 

coating the so-called periostracum (formed by hardened proteins) with a thickness of around 

200 – 500 nm. The middle layer is the prismatic layer which is composed of columnar calcite 

a) b)

c) d)



Chapter I General Introduction 
 

3 
 

followed by the well-known and highly intriguing inner layer, namely nacre (see Figure 1.2).[7] 

Nacre is a composite material built up through a layered structure of organic and inorganic 

material resulting in an extraordinary though and fracture resistance material with beautiful 

iridescent appearance.  

 

Figure 1.2: Schematic overview of red abalone (gastropod) shell anatomy. The three layered structure of 
peristracum, pristmatic layer and nacre is shown. The schematic also illustrates the successive amplifications of 
columnar nacre and sheet nacre stacking mode.[7] 

The inorganic part which is mostly aragonite makes up to 95 wt% and only 5 wt% are of 

organic nature.[8] It reveals a complex hierarchical architecture, also called ―brick and mortar‖ 

like structure, which spans form the nanoscale to the macroscale as can be seen in Figure 1.3. 
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Pseudohexagonally shaped nacreous tablets are forming the inorganic part and display 

dimensions of 0.3 – 0.8 m in thickness and 5 - 15 m in diameter, varying for different 

species.[9] These highly organized polygonal platelets are interspaced by an organic layered 

scaffold, mainly consisting of -chitin and silk like proteins, which is 30 – 50 nm in 

thickness.[10-12]  

 

Figure 1.3: Representation of hierarchical structuring of nacre in five different levels shown for the red abalone 
from nano-, to micro-, to meso-length scale.[7] 
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Although the organic matrix makes up only 5 wt%, it plays an important role in nucleation 

control and growth, microarchitecture and mechanical performance. Due to its particular 

microarchitecture nacre shows a 3000 times enhanced fracture strength compared to pure 

CaCO3.
[13] In general it can be distinguished between two different mineralization types, 

bivalve and gastropod nacre which reveal two different stacking modes of CaCO3 tablets, the 

so-called sheet (bivalves) and columnar nacre (gastropods) (see Figure 1.2).[1] Various nacre 

species examine differences in the microstructure for example in tablet thickness or diameter 

which is resulting in differing mechanical resistance. Since the main studies of this thesis are 

based on a special gastropod species, the following part will mainly focus on mineralization 

principles found in gastropod nacre. 

1.1.1. Nacre Formation Process 

Nacre shows a sophisticated formation behavior where the organic matrix is formed first, 

building the framework in which the mineral phase is precipitated. Layered structured -chitin 

sheets were found to be surrounded by a gel like silk fibroin matrix which is hydrophobic, 

being rich in glycine and alanine units.[14] The silk like proteins are usually the main protein 

fraction and stay mostly insoluble in acid or EDTA, this is the reason why the -chitin and the 

silk like proteins are also named as the insoluble organic matrix. It was reported that this gel 

like material is present in between the chitin layers in order to aid mineralization.[8] Apart from 

that, proteomic studies displayed the presence of acidic proteins being rich in aspartic acid 

which assume the -sheet conformation in presence of calcium.[15] Those proteins are known 

to specifically promote the formation of aragonite rather than the thermodynamically more 

stable polymorph calcite[16, 17] and are soluble in acidic media, why they are considered as the 

soluble organic matrix part. Antibody staining studies demonstrated that a fraction of these 

acidic proteins is located in the center of the mineral tablets and assumed to be the site of 

crystal nucleation (see Figure 1.4). It was found that those proteins are especially rich in 

carboxylate and sulfate groups.[8] The nacreous tablets, which diffract as single crystals[18, 19] 

reveal under a closer look a granular substructure of smaller nanograins in the size range of 

around 45 nm (see Figure 1.3).[20] Formation of aragonite tablets is believed to occur over an 

amorphous colloidal transition state which forms small nanograins and fuses to bigger 

crystallites with inclusion of acidic proteins during the growth process.[21] 
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Figure 1.4: Schematic representation of the proposed nacre formation process. The upper image represents the 
unmineralized organic matrix filled with silk like hydrogel. The lower image demonstrates formed crystal 
platelets grown at the nucleation sites. Nucleation is thought to be induced by the acidic proteins and therefore 
the silk hydrogel is displaced by the growing mineral front. The latter is possibly entrapped in between different 
platelets and the chitin matrix.[8]  

In 2006 Adaddi et al. proposed an updated growth mechanism for nacre formation process 

inside the silk fibroin gel matrix via a transition of ACC to aragonite directed by the organic 

matrix.[8] They also reported about charged nucleation sites, located in the middle of the 

mineral tablets, which induce crystal formation. Once nucleation occurs, the crystals grow 

vertically along the fast growing c-axis and then laterally due to space limitations of the chitin 

scaffold. The successive growth of aragonite, mediated by the organic matrix follows a so-

called ―Christmas tree pattern‖. Mineralization in terms of arrangement and growing 

nucleation front is significantly different in gastropod and bivalve nacre, resulting in different 

stacking modes, as can be seen in Figure 1.3. It was Schäffer et al. who first observed the 

presence of mineral bridges (see Figure 1.3) connecting individual aragonite tablets with each 

other.[22] Those bridges are formed through holes in the chitin matrix which enable mineral 

transport during the growth process and also allow mineral connection between the proceeding 
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layers. It is proposed that these interlamellar connections enhance fracture resistance when 

cracking takes place.[9]  

1.1.2. Nacre Mechanical Properties 

One key feature about nacre is its toughness, resulting from several different mechanisms 

playing together and thus enhancing stability. Well-studied phenomena are the crack 

deflection, fiber pull-out, sacrificial bonds[23] and organic matrix bridging which are thought to 

be the main aspects for toughening enhancement.[24] Moreover, recent considerations reveal 

that rotation of nanograins upon deformation demonstrates high impact on energy 

dissipation.[25] One major toughening mechanism in nacre is crack deflection.[26]  

 

Figure 1.5: a) SEM images of nacre cross section demonstrating the nanoasperties and the organic fibrils, 
bridging a delamination crack. b) Different models for inter-tile stabilization mechanisms.[9] 

The genius construction of layered organic-inorganic material provides a crack deflection 

layer, so that cracks are adsorbed in the organic layers and makes it very difficult to penetrate 

through the inorganic material. This is one of the key differences between the composite and 

inorganic monolithic material, where cracks can easily propagate along crystal faces and thus 

resulting in a more brittle material. Katti et al was the first to report about interlocking effects 

in nacreous tablets, additionally enhancing fracture toughness.[27] Small rotations of stacked 

tablets results in interlocking of the crystals with each other. In combination with the energy 

nanoasperties
organic fibrils

nanoasperties

organic layer acting as glue

mineral bridges

combination of the three models

a) b)
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dissipating organic coverage of the tablets, the stacks add supplementary strength to the 

material. It was Evans et al and Wang et al who proposed that small nanoasperties on the 

tablets are increasing the toughness of the material due to an inter-tile toughening mechanism 

as it can be seen in Figure 1.5. Apart from that also the gluing units of organic molecules in 

combination with mineral bridges, significantly promote the strength of the material. In 

general it can be said that the interaction of different mechanisms happening at the nano- to 

the macroscale is responsible for the outstanding performance of nacre.[9] 

1.2. The Teeth of Chiton 

One group of biominerals that has received noticeable attention are chitons, which are 

mollusks commonly found on hard substrates located close to coastlines all over the world. 

Like most mollusks they use a radula for feeding, which is a tongue like organ decorated with 

teeth to scratch or cut the food (see Figure 1.6). Chitons are fed by algae from rocks through 

the usage of their radula. The teeth sitting on the radula need to provide outstanding 

mechanical properties, in particular they require abrasiveness and wear resistance.[28, 29] Chiton 

teeth are worn-out after approximately 1 – 4 days and replaced by new ones. They provide a 

consistent formation of new teeth which reminds a production line from new unmineralized to 

applicable fully mineralized teeth. This production line is quite unique under all found 

biominerals and gives an exclusive insight into every stage of biocomposite formation.[30] 

Figure 1.6 represents the tooth decorated tongue with different degrees of maturation. As can 

be seen the macroscale tooth consists of a tricuspid curved structure.[31] It was found that these 

teeth consist of different iron oxides including magnetite, which are deposited under ambient 

temperature and standard pressure.[32] This is remarkable since it is in contrast to what is found 

in industry, where high temperatures or pressures with low oxygen values are required to 

produce magnetite, as found in the chitons. The formation and composition of these 

biominerals have attracted interest since a long time and it was found that extraordinary wear 

resistance and fracture toughness is due to the combination of complex organic-inorganic 

structures.[33] Evans et al. found that the organic part of the tooth mainly consists of an α-chitin 

matrix, forming organic fiber like structures as well as of some acidic proteins being rich in 

glutamic and aspartic acid.[34, 35] Mature chiton teeth consist of a softer core mainly apatite 

which is capped by a hard magnetic layer (see Figure 1.6). 
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Figure 1.6: Representative images of the chiton radula, with demonstration of the a) external and b) internal 
appearance clearly revealing the location of the radula. Details of the toothed tongue by c) light microscopy and 
d) SEM investigations. e) Schematic of the radula, of Acanthopleura echinata showing the different stages of 
development, visible due to color differentiation. Diagram depicting the various regions in the tooth cusp.[31] 
 
Depending on the species the coating can cover the whole tooth or just the leading edge as 

well. Mineral composition and nature can also vary to some degree.[36-39] Lowenstam was the 

first to find ferrihydrite being the first mineral phase precipitated in the outer layer and readily 

transformed to magnetite.[40] Systematic studies about tooth mineralization demonstrate 

progressive magnetite crystal growth along the α-chitin fibers (see Figure 1.7). The organic 

fiber guided mineralization forms highly mineralized rods which are located parallel to the 

long axis in the outer shell. In the fully mineralized tooth, those rods were found to be around 

200 nm in size and are decorated with aggregated magnetite nanoparticles in the size range of 

56 – 128 nm.[41] The completely matured magnetite nanoparticles have demonstrated to be of 

ferrimagnetic nature, which is consistent with their particle size.[42] The resulting mature teeth 

exhibit a decreasing hardness and modulus profile from the surface to the core due to the core 

shell structure and differences in chemical composition. The tooth shell being composed of 

approximately 95 wt% magnetite,[39] actually displays the highest hardness of any reported 

biomineral.[31] This design feature of a soft core and a hard layer is suggested to be important 

for shock absorbing abilities as well as crack deflection.[31] Since chiton teeth are the hardest 

and most wear resistant known biomineral an in depth understanding and implementation of 

their synthesis principles could lead to highly sophisticated bio-inspired materials. 



Chapter I General Introduction 
 

10 
 

 

Figure 1.7: SEM analysis of a fractured tooth surface from cryptochiton stelleri, visualizing sequential stages 
during tooth maturation from a poorly mineralized a) to a fully mineralized tooth e).[41] 

1.3. Magnetotactic Bacteria 

Another interesting iron mineralizing species are the magnetotactic bacteria (MTB), which are 

prokaryotes found in almost all aquatic systems. All known magnetotactic bacteria are mobile 

by means of a flagella and contain a cell wall. These bacteria have the ability to internalize Fe 

and convert it into magnetite (Fe3O4) or Greigite (Fe3S4) which are enclosed in special 

membrane vesicles, the so called magnetosomes.[43, 44] They are arranged in intracellular 

chains that enable the navigation in the earth magnetic field.[45] This phenomenon is also 

known as magnetotaxis which refers to mobility directed by a magnetic field. Interestingly 

MTB living in the northern hemisphere navigate northward and those living in the southern 

hemisphere are south seeking.[46] However, also other parameters were found to influence the 

navigation, like oxygen sensing, that take part in locating the best living conditions. Such 

bacteria give rare examples for controlled mineral growth under genetic influence in a 

nanoreactor.  

Increasing tooth maturation

a) b) c) d) e)
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Figure 1.8: Electron micrographs of different MTB species and magnetosome chains. The images reveal the 
diversity of the cell morphology and the arrangement of magnetosomes present in the bacteria. Scale bar from a – 
f is 1 m in size and from g – h 100 nm.[45] 

All studied MTB synthesize inorganic ferrimagnetic crystals of either Fe3O4, in aerobic 

conditions or Fe3S4, in anaerobic H2S environment. The morphology, size, size distribution 

and chemical purity are species specific. Usually crystallite sizes, vary in the single domain 

(SD) size range from 30 – 120 nm, ensuring a permanent magnetic moment at room 

temperature and thus serve for magnetotaxis (see Figure 1.8).[45] Although crystal habitats 

differ significantly between different species, morphologies are all based on combinations of 

[100], [110] and [111] crystal faces.[47] Since cultivation of MTB is only possible for several 

species, only little is known about the mineralization process as well as genetic control over 

this process. The most studied species is Magnetospirillum Gryphiswaldense,[48] where most 

knowledge about the protein composition of the magnetosome membrane has been obtained. It 

was identified that membrane vesicles pre-exist to mineral formation and are arranged along 

protein chains.[49] For well-studied systems it was found that the protein containing lipid 

bilayer contains a high amount of phospholipids. Attached to this membrane several proteins 

were identified to serve for specific functions during crystallite growth. Systematic names 
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were given for different proteins, like Mam (magnetosome membrane),[49, 50] Mms (magnetic 

particle membrane specific)[51] and Mtx (magnetotaxis),[52] assigning the name to the 

biological purpose. The knowledge of specific functions of individual analyzed proteins exists 

only for rare examples. Knock out experiments could demonstrate that for example MamK is 

responsible for the presence of the filament network,[49] connecting the different 

magnetosomes with each other and thus forming the so-called ―magnetosome filament‖. 

Moreover, in vitro studies about magnetite mineralization exhibited that the protein Mms6 has 

significant effect onto crystal size and morphology.[53]  

However, the iron metabolism and crystallization process occurring in the MTB is poorly 

understood. Figure 1.9 displays a scheme of a proposed magnetite formation process inside a 

magnetotactic bacterium. It is assumed that Fe(II) and/or Fe(III) are taken up from the 

environment into the cell, where it is converted to a intercellular high spin Fe(II) species 

located in the membrane and in membrane-associated ferritin.[54] The iron transport has to 

guarantee supersaturation inside the preexisting vesicles. In the membrane, magnetite is 

formed by co-precipitation of Fe2+ and Fe3+ under alkaline conditions in order to stabilize 

magnetite crystals. Therefore perfectly crystalline magnetite nanoparticles are formed which 

arrange into chains resulting in a single magnetic dipole which is the sum of the individual 

magnetic moments.[55] This was shown by off-axis electron holography investigations (see 

Figure 1.9), where the magnetic field lines are parallel to the chains and showing field lines in 

between different magnetosomes therefore proving that the chains act as a single magnetic 

dipole.[56, 57] Compared to reported synthetically produced magnetite nanoparticles, membrane 

enclosed crystallites derived from MTB exhibit a narrow size distribution with uniform 

morphology in a size range which is not easy accessible. Evolution and natural selection have 

generated magnetite particles with a chemical purity and crystallographic perfection which is 

not possible to be mimicked synthetically. Therefore the magnetic properties of the particles 

are optimized, demonstrating high saturation magnetization values as well as high coercive 

fields.[58] They also demonstrate low toxicity in comparison to other magnetic nanoparticle 

compounds. Due to the possible specific membrane functionalization,[45] they display an 

intriguing material for a variety of potential applications which can be addressed in fields like 

immuno-[59] and receptor binding,[60] magnetic cell separation,[61] DNA extraction[62] and many 

others.[63, 64] The magnetite nanoparticles alone already find usage in the field of magnetic 
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resonance imaging[65] and magnetic hyperthermia therapy.[66] Thus it is not surprising that 

these small organisms are one major source of inspiration in the field of bio-inspired 

mineralization.  

 

Figure 1.9: a) Proposed magnetite mineralization pathway in MTB.[54] b) Off-axis electron holography map 
displaying the magnetic contours between magnetite nanoparticles extracted from MTB.[57] 

1.4. Bio-inspired mineralization 

The outstanding mechanical properties of biominerals and the sophisticated hierarchical 

structures have attracted a broad interest, especially in the field of bio-inspired mineralization. 

A lot of different artificial biomimetic materials of structured inorganic-organic assemblies 

inspired by the architecture of biominerals are known.[67, 68] There are several studies on 

materials artificially mimicking the architecture of nacre with several fabrication methods. 

One example is the chemical self-assembly of ZnO-Gelatin Mesocrystals, which imitate an 

organic-inorganic composite material with comparable mechanical properties to nacre.[69] 

Another approach is the layering of montmorillonite clay platelets and polyelectrolytes[70] or 

the fabrication of multilayered polymeric films with crystal growth of CaCO3 by layer-by-

layer assembly.[71-74] Besides the layer-by-layer assembly, a simple centrifugal deposition 

process can lead to an ordered structure on the nano-scale, for example with montmorillonite 

and polyimide.[75] Hierarchically structured materials were also built by freeze casting and 

electrophoretic deposition.[76] Microelectromechanical systems technology was used to 

produce materials mimicking the organic matrix of molluscan shells and therefore display 

properties like crack deflection.[68] Also ice templating methods were used to generate ceramic 

a) b) 



Chapter I General Introduction 
 

14 
 

based biomimetic material.[77, 78] The most outstanding synthetically produced material is 

described by Munch et al[78] which exhibit the highest fracture toughness reported to date, 

even outperforming natural nacre. Also interesting is a material reported by Erb et al.[79]
 which 

describes a wear-resistant material containing micrometer-sized reinforcing anisotropic 

particles coated with superparamagnetic magnetite nanoparticles, thus allowing control over 

orientation and distribution of the magnetically responsive particles. In general, it can be said 

that these different synthesis strategies lead to a number of advantages like low cost, control 

over structure, creation of bulk materials and fast production but also various disadvantages 

like low mechanical properties, time consumption and difficulties upscaling have to be 

considered.  

Apart from that not only structural mimetic principles are followed, also biomimetic control of 

nucleation and crystal growth is one major concern in this field. Due to the use of additives 

like proteins, peptides, polyelectrolytes, inorganic ions and many more, the nucleation and 

crystal growth can be influenced significantly and thus affect different parameters like 

supersaturation, nucleation time, morphology and phase transformation.[80] There exist various 

major routes in order to control bio-inspired mineralization. One possible way is the use of 

templates which mimic the organic matrix involved in biomineralization processes and 

therefore influence mineral formation.[81] Another approach is mineralization performed in a 

confined reaction environment which can be either used as a templating approach to reproduce 

the organic scaffold shape[82, 83] or as a nanoreactor.[84, 85] Biomimetic mineralization can also 

occur over non-classical crystallization pathways[86] which include self-organization of 

preformed particles to an ordered superstructure which can fuse to a single crystal. Whereas 

for biominerals, single crystal formation was only observed via amorphous precursor 

phases.[87, 88]  

The approach of bio-inspired mineralization was also transferred to the synthesis of magnetite 

nanoparticles under genetic control. Various studies exist reporting about size, morphology, 

crystallinity and crystal growth influenced by using different additives like for example 

peptides and proteins mimicking function in the magnetotactic bacteria[89-91] but also other 

structures are used to create a bio-inspired magnetic material.[92]  
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Bio-inspired mineralization is therefore a rapidly developing field in materials science and the 

amount of existing literature in the field is already very hard to overlook. Several reviews 

show the width of the field[93-96]. A large amount of studies exists for the construction of 

templates to aid mineralization. To summarize the field of bio-inspired mineralization: (i) 

There exists a large experimental database showing what is possible with this approach, also 

showing mimics of individual biominerals. (ii) However, the fundamental knowledge of the 

underlying mechanisms as well as theoretical explanations are so far given for rare examples. 

A partial reason for this is that many of the biomineralization mechanisms are still not 

understood due to their complexity. However, recent work underlines the importance of 

amorphous precursor phases[97] and also non-classical crystallization mechanisms in 

biomineralization[98]. 
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2. Aim of this thesis 

Inspired by the above described findings, the aim of this thesis is the synthesis of a new bio-

inspired organic-inorganic hybrid material, which combines the favorable properties of three 

biominerals in one material. Basically, the design of a material with the fracture resistance of 

nacre[13] and the hardness and stiffness of chiton teeth[30] is desired. In regard to the 

magnetotactic bacteria additionally a 3 D ordering of the magnetic nanoparticles to influence 

the magnetic moment of the material[44] is one additional goal of this thesis. Therefore a 

combination of 3 biominerals namely, nacre, teeth of chiton and magnetotactic bacteria 

should be achieved.  

To reach this goal, different key synthesis principles were adapted from the respective 

biominerals. In order to create a template which enables the construction of a layered scaffold 

original demineralized organic nacre matrix from the species haliotis leavigata is used. This 

matrix is filled with a gelatin solution via the holes in the chitin matrix and subsequent 

gelation of the thermoreversible gelatin inside the scaffold is performed, where the gel filled 

organic matrix is mimicking the gel precursors inside the chitin nacre scaffold. Via the gelatin 

solution concentration, the crosslinking density of the gelatin gel can be controlled. Gelation is 

induced by simple cooling of a 40 – 50 °C gelatin solution to room temperature. The 

application of a demineralized nacre matrix, to act as structural template was already 

successfully demonstrated in previous studies.[73] For the purpose to mimic the chiton tooth 

structure, magnetite nanoparticles are synthesized inside the gel matrix in order to form a 

highly mineralized organic-inorganic hybrid body which resembles the nacre aragonite 

platelets in size and shape. By variation in the synthesis protocol the control of the magnetite 

nanoparticle size to be superparamagnetic (< 30 nm) for inducible magnetic dipoles or 

ferrimagnetic (> 30 nm) for fixed magnetic dipoles can be achieved. Therefore, mineralization 

in a magnetic field can imprint magnetic dipole orientation for ferrimagnetic nanoparticles 

adding highly anisotropic magnetic properties to the hybrid material on top of the envisaged 

beneficial mechanical properties. The chosen synthetic concept is presented and summarized 

in Figure 1.10. 
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In order to reach the envisaged aim, this thesis is organized in three main chapters. The first 

part focuses on the nucleation of magnetite nanoparticles in water in two distinct size ranges 

with different magnetic properties. Moreover, the mineralization process under the influence 

of the biopolymer gelatin and magnetite binding peptides is investigated. Based on these 

results, the second part deals with magnetite mineralization inside a gelatin gel matrix for 

producing a highly mineralized organic-inorganic hybrid body. Using the knowledge of the 

first part, magnetic hydrogels with controllable magnetic properties are presented. Finally, the 

last part presents the synthesis of a hierarchical ordered multifunctional composite material 

based on the combined knowledge of the first two chapters. The material synthesis as well as 

advanced characterization by x-ray diffraction and Neutron scattering to reveal fine structural 

details of the composite materials and modelling work for a fundamental understanding of 

magnetite mineralization inside the organic matrix is given. Further, a mechanical 

characterization of the synthesized materials and comparison with the natural archetypes is 

shown which includes the relation of mechanical and structural features in order to optimize 

the mechanical performance. Due to their biomimetic character, these investigations also have 

the potential to allow for a partial mechanistic understanding of the formation of the original 

biominerals.  

 

Figure 1.10: Magnetite mineralization inside a gelatin gel matrix (grey) which is placed inside the chitin scaffold 
of demineralised nacre (black lines). t1, t2 and t3 symbolize different experimental times demonstrating the 
progress of mineralization by increase of the magnetite nanoparticle number resp. repeated mineralization cycles. 
At zero time, only the gel matrix is present. For clarity reasons, magnetite nucleator peptides, which shall be 
chemically coupled to the gelatin matrix are not shown. 
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Chapter II Synthesis and Characterization of Magnetite NPs 

1. Introduction 

1.1. Iron Oxides 

Before discussing in detail the obtained results of the first part of this thesis, basic knowledge 

about iron oxides and especially magnetite is given in the following part, for understanding the 

drawn conclusions of this chapter. Iron oxides, hydroxides and oxide-hydroxides formations 

are materials which have attracted extensive attention due to both their complexity and their 

importance for various fields of research. They play an important role in a variety of 

applications like inorganic pigments, magnetic storage media, clays and ceramic media, 

catalysis and biomedical applications.[99-106] For all these purposes a deep understanding of the 

formation processes and factors influencing these mechanisms is required. Table 2.1 presents 

an overview of the most important iron oxides and describes their structure and properties.  

Table 2.1: General properties of selected iron oxides and hydroxides. 

 

All the above shown minerals are mainly produced in ores, rocks and water, which can be 

followed by redistribution processes and thus spread into the environment through mining, 

soils, animals, man and industry. The logical consequence of the above shown widespread 
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properties of the different iron oxides, hydroxides and oxy-hydroxides is a high interest in 

various disciplines in science.  

1.2. The Iron Oxide Magnetite 

Iron oxides exist in many forms in nature with Magnetite (Fe3O4), Maghemite ( -Fe2O3) and 

Hematite (α-Fe2O3) being the most common ones.[99] Due to the wide spread usage, magnetite 

is nowadays one of the most studied nanomaterials. Not only the potential function but also 

the low toxicity, the biocompatibility, the available quantities and low price make this material 

attractive.[99] The following part will specially focus on the inverse spinel structured mineral 

magnetite. It has a face-centered cubic (FCC) unit cell based on 32 O2- ions, which are closed 

packed along the [111] axis and the iron ions are occupying the interstitial sites.[99] Magnetite 

contains iron in two valence states, where the formula can be written as X[XY]O4 and X 

stands for FeIII and Y for FeII. The FeIII ions occupy the entire tetrahedral sites, the octahedral 

sites are mixed occupied by FeII and FeIII. Figure 2.1 shows a magnetite unit cell structure with 

the arrangement of the octahedral and tetrahedral sites.  

 

Figure 2.1: a) Schematic representation of the inverse spinel structure of Fe3O4 with tetrahedral (A) and 
octahedral (B) sites. b) Stacking of the cationic and anionic planes along the [111] crystallographic direction.[107] 
 

At room temperature and under ambient conditions magnetite easily transforms to maghemite 

( -Fe2O3). It has the same inverse spinel structure as magnetite but no divalent Fe ions. 

Therefore maghemite can be considered as FeII deficient magnetite with vacancies at the 

octahedral sites. Equally to magnetite it has a Fd3m space group and undergoes a transition to 

a) b)
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hematite above 600 °C. Different formation and transformation pathways for the major iron 

oxides are shown in Figure 2.2. Naturally occurring single crystalline magnetite appears 

typically in an octahedral shape. The properties of bulk the material can strongly differ from 

the properties of the nano-crystalline material.[108] The change of the magnetic properties with 

a change in particles size, is a well-known phenomenon for magnetite nanoparticles, which 

makes them very attractive for a number of applications like biomedicine, sensor technology, 

magnetic ink, magnetic recording and so on.[109, 110]  

 

Figure 2.2: Schematic representation of major formation and transformation pathways of selected iron oxides 
and hydroxides.[99] 

1.3. Magnetic Properties of Magnetite Nanoparticles 

Magnetism arises from unpaired electron spins in the atomic orbitals. Magnetic effects result 

from the net spin and the arrangement of the atoms in the crystal lattice. These properties are 

usually found in transition metals, lanthanides and their compounds due to the unpaired d and f 

electrons. Magnetic materials can be classified into five different classes of magnetism: 

diamagnetism, paramagnetism, superparamagnetism, ferromagnetism and ferrimagnetism (see 

Figure 2.3). 
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Figure 2.3: Schematic representation of different types of magnetic ordering. The arrows denote direction and 
size of magnetic moments and H denotes the direction of the magnetic field. 

Diamagnetic and paramagnetic materials have zero magnetization at any temperature without 

an external magnetic field. Diamagnetism is a basic property of all materials; it shows a small 

repulsion in a magnetic field. Paramagnetic materials have the tendency to align in an external 

magnetic field but the magnetic spins align in a random orientation without applied field. This 

effect is similar to a superparamagnetic material, which also reacts to an external magnetic 

field and carries no magnetization at zero fields. However, it has to be mentioned that the net 

saturation magnetization values are much higher than for paramagnetic material. 

Ferromagnetic material carries an overall aligned magnetic moment, whereas 

antiferromagnetic material has a total magnetic moment of zero. A material is considered as 

ferrimagnetic, if the spins are oriented anti-parallel but do have a magnetic net moment due to 

the different net values of the spins.  

1.4. Magnetic Hysteresis 

As already mentioned in section 1.2, the characteristics of magnetite nanoparticles are strongly 

influenced by so-called finite size and surface effects.[108] Ferrimagnetic bulk materials consist 

of magnetic domains which are several tens to hundreds of nanometer in size. When sample 

dimensions are drastically decreased, the formation of magnetic domains is energetically 

unfavorable causing a single domain (SD) particle. This SD particle can be aligned in an 

external magnetic field by spin rotation. With decreasing particle size the magnetic properties 

change from a ferrimagnetic material to a superparamagnetic material.[111] Particles 

underneath a threshold of around 20 nm exhibit superparamagnetic (SP) behavior at room 

temperature. Due to thermal fluctuations of the magnetic spins at room temperature, these 

particles do not carry a magnetic moment without applied field. Above the critical threshold 

the particles are stable single-domain (SSD) ferrimagnets which can be magnetized as can be 

seen in the scheme in Figure 2.4. If an external magnetic field of strength H is applied to 

b) ferromagnetism c) antiferromagnetism d) ferrimagnetism e) paramagnetism

H

a) diamagnetism
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ferrimagnetic magnetite particles, the magnetic moments of the material are following the 

field until a saturation value, the so-called saturation magnetization MS is reached (see Figure 

2.4). MS is usually given in the unit emu which is a measure of the magnetic moment and can 

also be written as 10-3 A m2. Even though the applied field is removed, some part of the 

alignment will retain. This effect can be seen in Figure 2.4, where the so called remanent 

magnetization MR is present at zero fields. 

 

Figure 2.4: Schematic representation of size effects of magnetite onto magnetic properties in the three different 
size ranges of unstable single domain (SD), stable single domain (SSD) and multi domain (MD). M stands for the 
magnetization plotted against the applied field H, with the saturation magnetization MS and the remanent 
magnetization MR. 

Depending on crystallite size, magnetite is a multi- or single domain particle. To overcome the 

remanent magnetization it is necessary to apply a field in opposite direction and intensity, a 

so-called coercive field Hc. The magnetization reversal appears in multidomain particles by 

displacement of the domain walls. In stable single-domain particles, the aligned spins are 

arranged by rotation which is more energy consuming than domain wall displacement and 

therefore causing a higher coercive field. Hence, the highest observed coercivity is close to the 

SSD – MD transition. If particle size is beneath the critical size of around 20 nm, the 

coercivity is zero due to thermal fluctuation of the spins. By decreasing the temperature of 

superparamagnetic material, thermal fluctuations are also decreasing and underneath a critical 
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temperature, the so called blocking temperature TB the material is blocked and exhibits a small 

coercive field.[112]  

1.5. Aim of this Chapter 

The first part of this thesis reports about the synthesis and characterization of magnetite 

nanoparticles (MNPs) in water. A variety of methods are known to synthesize magnetite 

nanoparticles such as the gas phase method, thermal decomposition method, two phase 

method (microemulsion method), sol gel method, high pressure hydrothermal method and the 

liquid phase method. These methods have been developed to give control over size, size 

distribution, magnetic properties, shape, crystal structure and surface chemistry.[110] For the 

realization of this project a room temperature synthesis method in water is required. Since the 

synthesis of magnetite forms the base of the inorganic filling material, a deep understanding of 

the synthesis process as well as the control of the mineralization process by additives is 

necessary. The first part of this chapter presents the synthesis of superparamagnetic NPs. The 

influence of the biopolymer gelatin onto the mineralization process at two different pH values 

and addition rates of Fe-ions is given. The second part of this chapter addresses the synthesis 

of ferrimagnetic NPs in water at different aging temperatures as well as the control over 

particle size by varying Fe2+ concentration. Apart from that, also the influence of gelatin 

molecules onto the magnetite formation process at different Fe2+ concentrations is reported. 

This chapter closes with the analysis of different peptide- and protein additives onto magnetite 

mineralization in two distinct size regimes.  
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2. Synthesis and Characterization of Superparamagnetic Magnetite 

2.1. Synthesis of Superparamagnetic Magnetite in Water 

2.1.1. Introduction 

The so-called co-precipitation method is a well-known synthesis method for magnetite 

nanoparticles in aqueous solution to yield superparamagnetic MNPs.[113] For this reaction 

ferrous and ferric chloride in a molar ratio of 1:2 are precipitated to magnetite by the usage of 

a base, according to the following reaction scheme seen below. In previous studies it could be 

shown that size, shape and composition of nanoparticles are dependent on pH, ionic strength, 

counter ions and temperature.[114-116]  

Fe2+ + 2 Fe3+ + 8 OH-  Fe3O4 ( ) + 4 H2O  (1) 

As reported before by various authors, this method leads to the formation of well crystalline 

nanoparticles with an average saturation magnetization of 30 – 50 emu/g.[117] Once the 

reaction conditions are chosen it shows well reproducible results.  

The following paragraph presents the successful synthesis of superparamagnetic magnetite 

nanoparticles using the so-called co-precipitation method. The crystal size and phase are 

analyzed with transmission electron microscopy (TEM), selected electron area diffraction 

(SAED) and x-ray diffraction analysis (XRD). The magnetic properties of the material are 

measured using a superconducting quantum interference device (SQUID). As the synthesis of 

magnetite nanoparticles is the base for the synthesis of multifunctional layered magnetic 

composite materials this section will give an introduction into the magnetite synthesis in 

water. In order to be able to understand the ongoing processes, a deep insight knowledge about 

the reference system is necessary. This paragraph will build the base for the following topics 

and highlight the limitations of this approach.  
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2.1.2. Experimental Section 

Materials 

The following commercially available chemicals were purchased and applied in the synthesis 

without any further purification. FeCl2 ·  4 H2O (Sigma-Aldrich), FeCl3 ·  6 H2O (Sigma-

Aldrich), 0.1 M NaOH solution (Merck), HCl 1 M (Merck), Ethanol (VWR). For the 

preparation of the reactant solutions double-distilled and deionized (Milli-Q) water was used. 

All solutions were degassed with nitrogen before usage. 

Synthesis 

For the synthesis of magnetite nanoparticles with the so-called co-precipitation method an 

already known synthesis protocol was followed.[113] It is summarized here briefly. A solution 

of 10 ml containing FeCl2 ·  4H2O (0.25 mol/l) and FeCl3 ·  6 H2O (0.5 mol/l) was prepared. In 

order to prevent uncontrolled iron ion speciation, which is a well-known pH dependent 

phenomenon, the pH was fixed to a value of 1 with HCl (0.01 mol/l ). The resulting solution 

was added drop wise using a syringe pump with an addition rate of 0.2 ml/min into 100 ml of 

NaOH (1 M) solution under vigorous mechanical stirring. The last step showed the formation 

of a black precipitate which can be attracted by an external magnetic field. The resulting 

product was washed magnetically with degassed Milli-Q water until the product suspension 

showed pH neutrality. For further studies, the precipitate was separated by centrifugation 

(7500 rpm, 40 min) washed with Ethanol and dried under a weak nitrogen stream.  

Analysis 

For transmission electron microscopy (TEM) analysis, water dispersed samples were dropped 

on a Formvar film coated 400 mesh copper grid and excess solution was blotted using a filter 

paper. The TEM experiments were carried out on a Zeiss Libra 120 operating at 120 keV. 

Magnetization measurements were carried out by using a quantum design SQUID 5 T 

magnetic properties measurement system (MPMS). For measurements, dried powder samples 

were introduced into gelatin capsules and magnetization loop measurements at 2 K and 293 K 

were performed. The phase of the iron oxide nanoparticles was characterized by powder x-ray 

diffraction (XRD). The x-ray diffraction patterns were collected between 10 ° – 80 ° (2) 
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using a Bruker D8 advance diffractometer operating with CuK radiation. In order to study 

the presence of side products IR spectroscopy was used. The Fourier transformed infrared 

spectra were recorded between 3600 and 400 cm-1
 with a Perkin Elmer Spectrum 100 FT-IR 

spectrometer. Samples were prepared by diluting the iron oxide powder in KBr at 2 % by 

weight and following compression of the mixture, pressing into a pellet.  

2.1.3. Results and Discussion 

Crystal morphology and size 

The transmission electron microscopy (TEM) data in Figure 2.5 reveal the formation of 

magnetite nanoparticles with a mean diameter of about 12.2 ± 3.0 nm. The presented results 

are in agreement with already published data, reporting similar values for average particle size 

and shape.[113] Obtained TEM images disclose strong particle aggregation for MNPs prepared 

in water at neutral pH values. This is close to the point of zero charge of magnetite (6.5),[118] 

which is the pH value were the dispersed nanoparticles carry no net charge at their surface. 

This effect can explain the attractive particle interaction causing aggregation. The synthesis 

method leads to sphere-like morphology with well-developed crystallinity which is supported 

by selected area electron diffraction (SAED) and x-ray diffraction (XRD) studies (see Figure 

2.5). Analysis of the SAED pattern exhibits d-spacing values that can be indexed to the 

mineral phase of magnetite or maghemite. XRD analysis of magnetic nanoparticles given in 

Figure 2.5 are consistent with results collected from SAED, no other impurity products like 

goethite or lepidocrocite could be detected. Due to the similar diffraction pattern of magnetite 

and maghemite, it is not possible to distinguish between those two mineral phases with the 

used technique. To avoid the formation of side products, the exclusion of oxygen during 

synthesis steps is crucial. The observed diffraction peak broadening suggests a small 

nanocrystal size. Using Scherrer’s equation the particle grain size of the product can be 

calculated but needs to be considered carefully due to different possible peak broadening 

effects not originating from the crystallite size, like non uniform lattice distortion, faulting, 

lattice strain, dislocation or chemical inhomogeneity.[119] Also the Fe fluorescence of 

magnetite resulting from the Cu radiation has to be taken into account, possibly leading to 

wrong peak to background ratios. The calculated crystallite size resulting from XRD peak 

broadening using the Scherrer’s formula is 16 ± 2 nm. This is in part higher than the average 
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particle size obtained by statistical size measurements and the deviation is likely to be 

explained by the latter described factors. 

 

Figure 2.5: a) Representative TEM image of magnetite nanoparticles synthesized in water with according SAED 
image. b) XRD pattern of a representative magnetite sample. 

In addition to XRD and SAED examinations also FTIR spectroscopic studies were recorded. 

The collected spectrum from 3500 cm-1 to 450 cm-1 is shown in Figure 2.6 and demonstrates 

strong absorption bands at 635 cm-1 and 580 cm-1 which can be attributed to the Fe-O 

absorption bands of magnetite. According to reported data Fe-O vibration modes of bulk 

magnetite appear at 590 cm-1 and 400 cm-1,[120] nevertheless it was also described that the 

decrease in particle size consequences an increase in surface bond force constants thus likely 

shifting the absorption bands to higher wavenumbers.[121] Infrared spectra of magnetite and 

maghemite are considerably different and IR spectroscopy is an easy, fast and accessible 

method to distinguish between the two polymorphs.[99] Apart from the typical magnetite Fe-O 

bands, no other absorption bands due to the presence of other iron oxide phases could be 

determined. Systematic studies of samples prepared under ambient or protective conditions 

showed that the absence of oxygen is crucial during synthesis in order to obtain pure 

magnetite without impurity products like goethite, lepidocrocite or maghemite. It is worth to 

mention that the performed analytical investigations as well as visual observations support the 

formation of the black iron oxide magnetite, however it cannot be excluded that during sample 
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handling and further processing partial oxidation, especially at the surface to maghemite 

occurs. 

 

Figure 2.6: IR spectra of magnetite nanoparticles prepared in water. 

Magnetic Properties  

The magnetic properties of the prepared nanopowders were analyzed using a superconducting 

quantum interference device (SQUID) magnetometer at 293 K and 2 K. The measurements 

were performed by Aleksej Laptev in the group of Apl. Prof. Dr. Fonin at the University of 

Konstanz. The recorded magnetic hysteresis loops for both temperatures can be seen in Figure 

2.7, displaying superparamagnetic behavior for room temperature measurements. 

Investigations at 2 K demonstrate typical magnetic hysteresis at 0 field, which is due to 

thermal blocking and magnetic anisotropy of the material. The examinations give saturation 

magnetization values of 40 emu/g at 293 K which is in part lower than known values for bulk 

magnetite (92 emu/g).[99] However this effect has been observed before for similar samples 

and is considered as a particle size effect. Due to the significant increase in surface to volume 

ratio for the nanoparticles compared to the bulk material the effect of surface disorder is more 

pronounced and therefore leads to decreasing saturation magnetization values.[122] Apart from 

that also field cooled (FC) and zero field cooled (ZFC) experiments were performed in order 

to obtain information about the blocking temperature (TB) of the synthesized material. 

Experimentally, TB can be determined by so called zero field cooled experiments, where a 

magnetic field is applied to a sample at very low temperatures and magnetic response is 
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measured upon increasing temperature. TB can be noticed by a maximum peak in the M(t) 

curve, which is 140 K in the studied sample and therefore definitely proves the 

superparamagnetic properties of the material. 

 

Figure 2.7: a) Magnetic hysteresis loop collected at 2 and 293 K. b) FC and ZFC studies as a function of 
temperature. 

  

a) b)



Chapter II Synthesis and Characterization of Magnetite NPs 
 

31 
 

2.2. Synthesis and Characterization of Superparamagnetic Magnetite under 

the Influence of the Additive Gelatin 

2.2.1. Introduction 

The previous section presented the successful synthesis and characterization of 

superparamagnetic nanoparticles in water. In the following part, the studies focus on the 

influence of magnetite mineralization by the presence of the biopolymer gelatin. Since the 

general aim of this thesis is the synthesis of a multifunctional layered magnetic composite 

material which involves the magnetite synthesis in a gelatin hydrogel, the role of the 

biopolymer in the mineralization process during magnetite synthesis in water is crucial for the 

understanding of the ongoing processes. There exist several studies investigating the colloidal 

stabilization of magnetite by gelatin.[123-127] However, to the best of my knowledge no 

investigations about the influence of gelatin onto magnetite mineralization exist. A strategy to 

study the influence of the biopolymer onto the mineralization process is to use a titration set 

up. The arrangement equipped with inlet capillaries enables slow iron dosing with a constant 

pH adjustment. Therefore magnetite formation under influence of different concentrations of 

gelatin and variation in pH and iron dosage rate can be examined. Reported data, as well as 

performed studies showed that the co-precipitation of ferrous and ferric ions leads to the 

formation of crystalline magnetite nanoparticles above a pH of 9.[114-116, 128] Investigations 

performed by Vayssier et al pointed out, that the formed particle size depends on the alkalinity 

of the reaction media.[114, 129] Earlier studies announced that different additives like peptides 

and proteins can have an influence onto the crystal phase formation, particle size and 

morphology.[90, 91, 130-132] The synthesis method for magnetite nanoparticles produced by the 

co-precipitation method in a titration device, using an ultra-slow addition rate was developed 

in the group of Dr. Damien Faivre. The following presented data were performed during a 

research stay at the MPI of colloids and interfaces in the group of Dr. Damien Faivre, in direct 

collaboration with his PhD student Marc Widdrat. For the purpose to elucidate the role of 

gelatin onto the magnetite mineralization, two different addition rates as well as different 

gelatin concentrations were investigated. In order to perform the synthesis under similar 

conditions as performed in the magnetic hydrogels (see chapter III 2.2) the mineralization 
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process was conducted at pH 11. Apart from that also studies at pH 9 were performed, which 

should clarify the effect of the additive at low and high pH values.  

2.2.2. Experimental Section 

Materials 

The following commercially available chemicals were purchased and applied in the synthesis 

without any further purification. FeCl2 ·  4 H2O (Sigma-Aldrich), FeCl3 ·  6 H2O (Sigma-

Aldrich), 1 M NaOH solution (Merck), Gelatin Type B (bloom ~ 225, Sigma-Aldrich). For the 

preparation of the reactant solutions double-distilled and deionized (Milli-Q) water was used. 

Synthesis 

Stock solutions were prepared using gelatin in an appropriate amount and dissolving it in 100 

ml Milli Q water. A 1 M iron solution consisting of FeCl2 ·  4 H2O (0.33 M) and FeCl3 ·  6 H2O 

(0.67 M) was prepared in Milli Q water. All solutions were degassed with nitrogen prior 

usage.  

Magnetite reactions in presence of gelatin were performed with a computer-controlled titration 

system (Metrohm AG), operated with a costume designed software (Tiamo). The dosing 

device consisted of a 776 Dosimat with an 806 exchange unit (1 ml dosing cylinder) and a 719 

Titrino titration device with an 806 exchange unit (5 ml dosing cylinder). For the Fe-solution 

addition Microloader tips (Eppendorf) were used as inlets into the reaction vessel. All 

reactions were performed at room temperature in a 50 ml titration vessel. Throughout the 

whole synthesis process solutions were stirred with a mechanical stirrer. The pH was 

measured during the whole reaction procedure using a Biotrode pH meter (Metrohm). In order 

to avoid side product formation all experiments were performed under a nitrogen atmosphere. 

Ten milliliters minus the additive volume of deionized water was initially set to the pH of 

interest with NaOH (1 M). In case of precipitation in the presence of gelatin, the gelatin stock 

solution was then supplied in appropriate amounts and the pH was reset. Magnetite 

precipitation was initiated by the addition of an iron chloride solution (Fe3+/Fe2+ = 2/1) to the 

reactor at a rate of 1 l/min or 10 l/min. The pH of the solution in the reaction vessel was 
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simultaneously kept constant (ΔpH ± 0.1) by the addition of sodium hydroxide. A scheme of 

the reaction set up can be seen in Figure 2.8. 

 

Figure 2.8: Schematical representation of a titration set-up. 

Analysis 

For transmission electron microscopy (TEM) analysis, in water dispersed samples were 

dropped on a Formvar film coated 400 mesh copper grid and excess solution was blotted using 

a filter paper. The TEM experiments were carried out on a Zeiss Libra 120 operating at 120 

keV. The phase of the iron oxide nanoparticles was characterized by XRD at the -Spot 

synchrotron beamline (BESSY II, Helmholtz Zentrum Berlin) with a 100 m beam at 15 keV. 

Nanoparticle dimensions were calculated using Scherrer’s formula (dc = kλ/βcosθ) after 

instrumental peak broadening processes described somewhere else were taken into 

account.[133]  

2.2.3. Results and Discussion 

The following presented data were performed in a collaboration of different groups in a 

priority program project of the DFG (SPP 1569 Generation of multifunctional inorganic 

materials by molecular bionics). Parts of the presented results in this chapter will be submitted 

to an invited paper for the ―Zeitschrift für anorganische und allgemeine Chemie― with 
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1 M Fe2+/Fe3+
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contributions of the following authors Cölfen, H.; Faivre, D.; Kollmann, T.; Siglreitmeier, M.; 

Widdrat, M.; Zahn, D., 

pH 11 and 1 l/min Addition Rate 

Magnetite formation at pH 11 under the influence of the biopolymer gelatin at concentrations 

varying from 10 mg/ml to 0.1 mg/ml was performed. The dosage rate for the ferrous and ferric 

ions was set to 1 l/min for 1 hour of addition time.  

 

Figure 2.9: TEM investigations of precipitation products in the presence of gelatin and the according particle 
size distributions a) 10mg/ml b) 5 mg/ml c) 1 mg/ml and d) 0.1 mg/ml. Inset in all images shows electron 
diffraction pattern for the shown areas. 
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TEM investigations in Figure 2.9 present the formed particles with varying additive 

concentrations and the obtained particle size distributions from statistical size measurements. 

It can be noticed that the average particle diameter is decreasing with increasing gelatin 

concentration. With an additive concentration of 10 mg/ml, very small cluster-like particles 

with an average size of 3.1 ± 1.3 nm can be observed. In comparison to lower gelatin 

concentration of 0.1 mg/ml, more pronounced crystals appear. An additive concentration of 5 

mg/ml shows particles in the size range of 4.1 ± 1.0 nm, whereas the results for an additive 

concentration of 1 mg/ml exhibit dense sphere like particles of 7.1 ± 2.3 nm which are 

coexisting with smaller cluster-like particles. The SAED studies of different synthesized 

samples show the presence of magnetite for samples with an additive concentration of 1 

mg/ml and 0.1 mg/ml, no other impurity products were recorded. Electron diffraction analysis 

with an additive concentration of 5 mg/ml and 10 mg/ml reveal amorphous diffraction profiles 

which might be due to the lack of crystallinity of the small formed particles. Furthermore, 

synchrotron x-ray diffraction was used to analyze the mineral phase and the average grain 

size. Due to the lack of formed precipitates, it was not possible to collect diffraction patterns 

for all synthesized samples. XRD studies (see Figure 2.10) collected for 0.1 mg/ml additive 

concentration display diffraction peaks which can be assigned to the mineral phase of 

magnetite. Peak broadening calculations using Scherrer’s equation provide a mean particle 

size of 14.3 nm which is in good agreement with the average particle diameter obtained by 

TEM studies (12.1 ± 2.9 nm). It is worth to mention that collected TEM data also expose small 

nano-sized particles (3.8 ± 0.7 nm) similar to the ones obtained with high additive 

concentration.  
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Figure 2.10: X-ray diffraction pattern of a precipitate formed under the presence of 0.1 mg/ml gelatin 
concentration. 

Comparable particles have been observed before and are suggested to be the poorly ordered 

iron hydroxide ferrihydrite, which is expected to be a metastable primary phase in the 

magnetite formation process. The ferrihydrite intermediate phase is thought to be able to 

transform into nanometer-sized primary particles that fuse together to form crystalline iron 

oxide phases.[134] In addition it can be observed that the bigger particles show a rough surface 

profile which could indicate the formation from smaller particles. As a conclusion it can be 

summarized that the TEM data reveal an increase in particles size with decreasing gelatin 

concentration. Furthermore, it can be detected that the nucleation of magnetite is inhibited 

with a high biopolymer concentration. One possible reason for these observations could be the 

attractive interaction of the gelatin molecules and the iron ions. Iron is known to show a 

complex speciation behavior in water and can form several different charged iron hydroxide 

species which can interact with the free carboxyl and amine groups of the biopolymer. 

Molecular dynamic simulation studies could already show the attractive hydrogen bonding 

between the iron speciation products in water Fe(OH)6 and Fe(OH)4 and the gelatin 

molecule.[92] This attractive interaction could likely lead to the stabilization of amorphous 

structures and therefore inhibit the nucleation of crystalline magnetite. Apart from that gelatin 

was detected to be able to act as buffering agent in solution[135] and could therefore also play 

an important role in changing ionic strength and pH of the reaction medium.  
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pH 11 and 10 l/min Addition Rate 

In order to gain information about the importance of added Fe-concentration, the dosing rate 

of the total iron concentration was changed from 1 l/min to 10 l/min. This is not only a 

change of iron ions present per time but also a change in the total amount of iron added. The 

formation process of magnetite under the influence of different gelatin concentrations (10 

mg/ml, 1 mg/ml and 0.1 mg/ml) by varying the Fe dosing rate at pH 11 was studied.  

 

Figure 2.11: TEM images and corresponding particle size distributions of magnetite nanoparticles grown in the 
presence of gelatin with a) 10 mg/ml b) 1 mg/ml and c) 0.1 mg/ml. Inset in all images shows electron diffraction 
pattern for the shown areas. 
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The particle size distributions were analyzed by means of TEM and XRD, plots of the particle 

size distributions are shown in Figure 2.11. TEM studies of the prepared samples reveal the 

presence of sphere-like polydisperse particles in the size range of about 10 nm. Additionally 

the presence of small nano-sized particles arranged in chains and aggregated to bigger 

particles can be detected in all prepared samples. Again inhomogeneous electron density 

profiles can be noticed that lead to the assumption that formed precipitates are built up through 

smaller sub units. ED and XRD (see Figure 2.12) examinations show the presence of 

magnetite in all samples, no other impurity products could be determined. The calculated 

average grain size gave values of 9.5 nm and 9.7 nm for 1 mg/ml and 0.1 mg/ml gelatin added, 

respectively. Values obtained from XRD investigations are in good agreement with average 

particle diameters obtained from TEM particle size measurements. For a high additive 

concentration (10 mg/ml) it was not possible to collect XRD patterns but surprisingly SAED 

gives d-values consistent with the mineral phase of magnetite. In summary a slightly 

increasing particle size with decreasing gelatin concentration can be noticed, however the 

effect is not as pronounced as with 1 l/min addition rate. 

 

Figure 2.12: Collected x-ray diffraction patterns of magnetite obtained in the presence of 1 mg/ml and 0.1 mg/ml 
gelatin. 

Faivre et al reported a trend of increasing particle size with decreasing iron dosing rate during 

systematic magnetite synthesis studies, using the same synthetic set-up.[128] They argue that 
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experiments at low additive concentrations (0.1 mg/ml). An increase in particle size with 

decreasing dosing rate can be observed. In general a significant effect of the biopolymer 

gelatin onto the mineralization behavior of magnetite can be recorded. Furthermore, it can be 

noticed that the concentration of the additive and the total iron concentration as well as the 

dosing rate play an important role in influencing the nucleation process.  

pH 9 and 1 l/min Addition Rate 

The average particle size of magnetite synthesized in water without additive at pH 9 with a 

dosing rate of 1 l/min for 60 minutes is known to be 19.0 ± 1.1 nm.[128] By adding gelatin in 

concentrations varying from 10 mg/ml, 5 mg/ml, 1 mg/ml to 0.1 mg/ml distinct changes can 

be observed. Electron micrographs (see Figure 2.13) show small cluster like particles in the 

low nanometer range which are aligned in chains. The particle size distribution received from 

TEM particle measurements for all different concentrations exhibit a size of about 3 ± 1 nm. 

All collected ED studies show the presence of an amorphous phase, no crystal phase formation 

can be detected. A significant change in particle size due to the presence of gelatin can be 

monitored. However, a change in particle size due to a change in concentration of the additive 

cannot be noticed.  
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Figure 2.13: TEM investigations of precipitation products in the presence of gelatin and the according particle 
size distributions a) 10 mg/ml b) 5 mg/ml c) 1 mg/ml and d) 0.1 mg/ml. Inset in all images shows electron 
diffraction for the shown particles. 

In this experimental set-up no formation of magnetite can be detected. In conclusion it can be 

said that compared to the reported reference experiment at pH 9 without the additive, the 

gelatin molecules strongly inhibit nucleation of magnetite and surprisingly also at low additive 

concentration (0.1 mg/ml). All examined samples show similar results on the particle size, 

shape and crystallinity. Due to the lack of formed precipitates it was not possible to obtain 

diffraction patterns of the prepared samples. 
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pH 9 and 10 l/min Addition Rate 

 

Figure 2.14: TEM investigations of formed precipitates with corresponding size distribution analysis obtained at 
an additive concentration of a) 10 mg/ml b) 1 mg/ml and c) 0.1 mg/ml. Inset in all images shows electron 
diffraction for the shown particles. 
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was also possible to collect synchrotron XRD patterns (see Figure 2.15) which show the 

presence of magnetite and some impurities of NaCl but no other iron oxide or hydroxide 

phases. By increasing the additive concentration to 5 mg/ml distinct changes in the particle 

size and crystallinity can be observed. The electron micrograph analysis in Figure 2.14 exhibit 

sphere-like particles with an average size range of 4.7 ± 1.3 nm, which is in good agreement 

with data obtained from peak broadening calculations (3.6 nm). Following this trend the 

particle size is further decreasing to an average grain size of 3.2 ± 1.0 nm by increasing the 

additive concentration to 10 mg/ml. ED shows amorphous diffraction behavior, whereas the 

XRD pattern (see Figure 2.15) indicates two very broad peaks which could indicate the 

presence of the poorly ordered structure of ferrihydrite.[134]  

 

Figure 2.15: XRD patterns of collected samples with varying gelatin concentration. 

Coherent with results obtained at pH 11, the crystallite size decreases with increasing amount 

of additive. For both dosing rates at pH 9 an effect of the biopolymer can be noted, whereas it 

can be said that the inhibition of magnetite formation is more pronounced with a lower dosing 

rate. Since the charged gelatin molecules might interact with the iron hydroxide ions it is not 

surprising that the additive has a more pronounced effect when the total iron concentration is 

lower. Apart from that one can argue that the interaction of gelatin and the iron precursors is 

kinetically more likely than the iron oxide precipitation, if the dosage rate and the total iron 

concentration are lower. 
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2.3. Conclusion Synthesis and Characterization of Superparamagnetic 

Magnetite 

On the basis of the obtained results, it can be concluded that the used co-precipitation method 

in water leads to the successful formation of magnetite nanoparticles in the superparamagnetic 

size range. The TEM results show polydisperse sphere-like magnetite nanoparticles with well-

defined crystallinity. From XRD, FTIR and SAED studies the mineral phase was identified as 

pure magnetite when working in an oxygen free atmosphere. Overall this synthesis approach is 

an easy accessible and reproducible method leading to well crystalline superparamagnetic 

magnetite nanoparticles at room temperature. In the previous chapter, it was concluded that 

working in oxygen free atmosphere is crucial to obtain the desired pure product. From these 

findings all future investigations will be carried out under protective oxygen free environment. 

 

Figure 2.16: Average particle diameters obtained by TEM size investigations for a) pH 11 and b) pH 9 at 
addition rates of 1 and 10 l/min as a function of gelatin concentration. Error bars represent standard deviations. 

In the latter section the influence of the biopolymer gelatin onto the mineralization process of 

magnetite using the co-precipitation method was studied. The influences of different additive 

concentrations, with different iron dosing rates at pH 11 and pH 9 were investigated. For both 

evaluated pH values distinct effects of the additive depending on concentration and dosing rate 

can be observed. Figure 2.16 is summarizing the effect of the different variables onto the 

particle size. The formed mineral phase is not included in this data.  
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4 nm sized particles with an amorphous diffraction profile are obtained. Whereas with an 

increase in the addition rate to 10 l/min an increase in the particle size with decreasing 

gelatin concentration can be noticed. For investigations at pH 9 only an increase in the dosing 

rate exhibits a change in particle size depending on the additive concentration. Since more iron 

ions are present per time, magnetite nucleation is more likely to occur. It can be concluded that 

in the case of a higher dosage rate not all iron ion precursors are interacting with gelatin 

molecules and therefore form iron oxide nanocrystals. Consequently it can be said that with 

lower amount of additive the particle size is increasing as well as the magnetite formation is 

less inhibited.  

Experiments operated at pH 11 demonstrate a similar trend. With both Fe-dosing rates the 

average grain size is decreasing with increasing amount of additive. Furthermore, it can be 

noticed that at low gelatin concentration also a growth dependent behavior on the dosage rate 

can be observed. Comparing the two studied pH regimes it can be mentioned that down to an 

additive concentration of 5 mg/ml the influences onto the nucleation are very similar for all 

studied systems. In contrary a distinct difference in particle size and composition between pH 

9 and pH 11 at a dosing rate of 1 l/min can be noticed. This might be due to charge 

differences of the iron ion precursors as well as the gelatin molecules. At pH 9 and 11 the 

overall charge of both molecules is negative, however the electrostatic repulsion is more 

pronounced at higher pH values thus resulting in a less favored interaction. 
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3. Synthesis and Characterization of Ferrimagnetic Magnetite 

Abstract 

The previous chapter deals with the successful synthesis of magnetite nanoparticles in the 

superparamagnetic (SP) size range. However, such particles do not carry a constant magnetic 

dipole due to the thermal fluctuation of the magnetic spins at room temperature. Since a lot of 

potential applications demand control over particle size and therefore the magnetic properties, 

many synthesis routes have been developed for the production of particles in the stable single 

domain (SSD) regime.[136-138] As already mentioned magnetite crystallites carry a stable 

single-domain intrinsic remanent dipole above a threshold size of around 20 – 30 nm. By 

further increase in grain size to dimensions around 80 – 100 nm, the particles magnetically 

divide into multiple domains (MD) and are lowering their magnetostatic energy. Hence, 

particles in the mid SD size range show the highest ceorcivity. Most approaches to produce 

SD ferrimagnetic particles include high temperature methods in organic solvents. Only a few 

examples of magnetite synthesis in water producing ferrimagnetic SD particles are 

reported.[128, 139-141] Sugimoto and Matijević demonstrated in their pioneering work in 1979 the 

formation of magnetite by aging ferrous hydroxide gels at elevated temperatures, the so-called 

partial oxidation method.[142] Based on this work the following chapter presents the synthesis 

of magnetite nanoparticles in the SSD size range. In the first section magnetite synthesis under 

the influence of different aging temperatures onto particle size, shape and crystallinity is 

given. Apart from that also the role of Fe2+ concentration onto mineralization under the named 

conditions is demonstrated. In order to shed light on the magnetite mineralization in gelatin 

hydrogels similar to the previous part, magnetite mineralization under the influence of gelatin 

is recorded. 
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3.1. Experimental Section 

Materials  

The following commercially available chemicals were purchased and applied in the synthesis 

without any further purification. FeSO4 ·  7 H2O (Sigma-Aldrich), H2SO4 conc. (Sigma-

Aldrich), KOH (Sigma-Aldrich), KNO3 (Sigma-Aldrich), Gelatin Type B (bloom ~ 225, 

Sigma-Aldrich). For the preparation of the reactant solutions double-distilled and deionized 

(Milli-Q) water was used. All solutions were degassed with nitrogen before usage. 

Synthesis 

For the synthesis of magnetite nanoparticles the approach developed by Sugimoto and 

Matijević was followed with some variations.[142] A solution of 20 ml containing FeSO4 ·  7 

H2O (0.3 mol/l) was prepared. In order to prevent uncontrolled iron ion speciation, which is a 

well-known pH dependent phenomenon, the pH was fixed to a value of 1 with H2SO4 (0.01 

mol/l). 80 ml or 180 ml of the base KOH (0.1 mol/l) and the oxidation medium KNO3 (0.5 

mol/l) were placed in a three-necked-flask. In case of precipitation in the presence of gelatin, 

the gelatin stock solution was then supplied in appropriate amounts of either 1 mg/ml or 0.1 

mg/ml and the pH was reset. All stock solutions were degassed with nitrogen prior usage. 

Magnetite formation was initiated by adding the iron sulfate solution at a dropping rate of 1.25 

ml/min under vigorous mechanical stirring. The whole synthesis procedure was carried out 

under nitrogen atmosphere. After addition of iron solution, the resulting reactant solution was 

either kept at 90 °C for 3 hours, at room temperature for 20 hours or at 6 °C for 24 hours. The 

last step showed the formation of a black precipitate which can be attracted by an external 

magnetic field. The resulting product was washed magnetically with degassed Milli-Q water 

until the product suspension showed pH neutrality. The precipitate was separated by 

centrifugation (7500 rpm, 40 min) washed with Ethanol and dried under a weak nitrogen 

stream for further product investigations.  

Analysis 

For transmission electron microscopy (TEM) analysis, in water dispersed samples were 

dropped on a Formvar film coated 400 mesh copper grid and excess solution was blotted using 
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a filter paper. The TEM experiments were carried out on a Zeiss Libra 120 operating at 120 

keV. Magnetization measurements were carried out by using a quantum design SQUID 5 T 

magnetic properties measurement system (MPMS). The SQUID measurements were 

performed by Aleksej Laptev in the group of Apl. Prof. Dr. Fonin at the University of 

Konstanz. For measurements, dried powder samples were introduced into gelatin capsules and 

magnetization loop measurements at 2 K and 293 K were performed. The phase of the iron 

oxide nanoparticles was characterized by powder x-ray diffraction (XRD). The x-ray 

diffraction patterns were collected between 10° – 80° (2) using a Bruker D8 advance 

diffractometer operating with CuK radiation. In order to study the presence of side products 

IR spectroscopy was used. The Fourier transformed infrared spectra were recorded between 

3600 and 400 cm-1
 with a Perkin Elmer Spectrum 100 FT-IR spectrometer. Samples were 

prepared by diluting the iron oxide powder in KBr at 2% by weight and following 

compression of the mixture, pressing into a pellet.  
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3.2. Synthesis and Characterization of Ferrimagnetic Magnetite in H2O 

3.2.1. Introduction 

Sugimoto and Matijević could show that the composition and morphology of formed 

magnetite nanoparticles strongly depend on the nature of the anion present in the system.[142] 

In 1979 they reported a synthesis method about aging of amorphous ferrous hydroxide gels, 

formed by Fe2+ in the presence of a base and proposed a dissolution of Fe(OH)2 gels and 

recrystallization process for magnetite formation. Furthermore, they could also demonstrate 

that the particle size distribution is highly affected by aging temperature and the excess Fe2+ 

concentration. Based on their studies it was shown that experiments performed with FeSO4 as 

iron source, KOH as base and KNO3 as oxidizing medium, revealed quite monodisperse 

magnetite particles in a controllable size range with well-developed crystallinity. Over the 

years a number of publications raised, dealing with the formation of magnetite using the 

partial oxidation approach based on the findings from Sugimoto and Matijević.[140, 141, 143] 

However, all of these findings deal with the aging of ferrous hydroxide gels at elevated 

temperatures. Only one investigation by Ngo et al exists, reporting about the precipitation 

experiments in the presence of FeCl2 with decreasing temperature, resulting in an increase in 

average particle size.[139] The following chapter will deal with the synthesis of magnetite 

nanoparticles using the partial oxidation method. The dissolution and recrystallization process 

of ferrous hydroxide gels is examined by using FeSO4 as an iron source, KOH as base and 

KNO3 as the oxidizing medium. In order to obtain information about the temperature 

dependence of this method three different aging temperatures namely 90 °C, 23 °C and 6 °C 

are investigated. Since it is known that the curing process is kinetically driven, the aging time 

is prolonged for lower temperatures. Two sets of concentrations were chosen in order to 

influence the average particles size. Since it is known that Fe2+ and OH- are forming a 

Fe(OH)2 precursor phase, an excess of OH- can be achieved if the [KOH] concentration is 

larger than 2 [FeSO4] concentration. The first set of experiments was performed with an 

excess OH- concentration of 0.05 M ([OH]-
excess = [KOH] – 2 [FeSO4])

[144] and the second set 

was executed at zero excess concentration.  



Chapter II Synthesis and Characterization of Magnetite NPs 
 

49 
 

3.2.2. Results and Discussion 

3.2.2.1. Excess of OH
-
  

Particle Size and Morphology 

Figure 2.17 presents representative TEM images of octahedral shaped magnetite nanoparticles 

collected with different curing temperatures. All obtained average grain sizes are in the typical 

size range of ferrimagnetic material, which coincides with published particle size data for this 

approach. Interestingly, a trend of decreasing average crystallite size with decreasing aging 

temperature can be noticed. For aging temperatures of 90 °C an average particle diameter of 

61.4 ± 19.3 nm is collected, 69.7 ± 15.5 nm and 50.9 ± 7.2 nm are obtained for 23 °C and 6 

°C, respectively. This is in contradiction with published studies from Nishio et al and Ngo et 

al, who found an increase in particle size by decreasing the aging temperature.[139] However, in 

their studies they used NaNO3, NaOH and FeCl2 as reactants, which is a change in counter 

ions and thus can have drastic effects onto particle size formation.  

 

Figure 2.17: TEM images with corresponding SAED analysis of magnetite nanoparticles cured at a) 90 °C, b) 23 
°C and c) 6 °C. 

Furthermore, it was also reported that the particle polydispersity is increasing with decreasing 

temperature. The obtained results do not reveal such a tendency; no change in size distribution 

due to lower curing temperatures was recorded. It should be noted that Sugimoto and 

Matijević et al pointed out that a reduction in curing temperature leads to a slower growth 

rate.[142] A decrease in the growth rate could be a possible explanation for the reduction of 

particle size with decreasing temperature, although the curing temperatures where extended 

for lower temperatures. The effect is most pronounced for samples prepared at 6 °C aging 

100 nm 100 nm 100 nm

a) b) c)
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temperature. Concurrently, with data obtained by TEM, SEM investigations demonstrate 

octahedral shaped particles with smooth surface profiles (see Figure 2.18). 

 

Figure 2.18: SEM investigations of dry magnetite nanopowders cured at a) 23 °C and b) 6 °C. 

Structural Characterization 

In order to gain insights into the crystallization process and structural composition of the 

system, XRD and SAED analyses were conducted. The particle architecture suggests that each 

particle is a single crystal. X-ray powder diffraction (XRD) (see Figure 2.19) and SAED (see 

Figure 2.17) analysis showed that all analyzed samples show diffraction peaks that can be 

attributed to the inverse spinel structure of magnetite or maghemite.  

The sample synthesized at room temperature additionally shows the presence of the iron oxide 

goethite as an impurity, which is also confirmed by IR spectroscopy (see Appendix A, Figure 

A.1), indicating two strong absorption bands at 885 cm-1 and 787 cm-1 which are typical for 

the Fe-OH vibration mode of goethite.[120] The XRD patterns in Figure 2.19 display well 

developed crystalline peaks with no detectable amorphous portion which leads to the 

assumption that the curing temperature is not affecting the crystallinity of the formed mineral 

phase.  
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Figure 2.19: Obtained XRD pattern of magnetite nanoparticles at varying aging temperatures.  

Magnetic Properties 

The magnetic properties of MNPs prepared by partial oxidation of Fe(OH)2 with NO3
- were 

probed by means of SQUID analysis. Figure 2.20 shows magnetization measurements of a 

sample cured at 6 °C. In the left image the hysteresis curve collected at 293 K and at 2K can 

be seen. The examinations reveal a coercive field at 0 magnetization which is typical for a 

ferrimagnetic material.[99] Saturation magnetization values at different measured temperatures 

are 74 emu/g for 293 K and 83 emu/g for 2 K, respectively. The values are similar to those 

found in literature for related synthesis approaches.[141] Obtained values are lower than those 

found for bulk magnetite or particles with sizes above 70 nm, which is likely due to surface 

effects which become relevant at these particle sizes.[122] Additionally the partial oxidation 

from magnetite to maghemite, which has lower saturation magnetization values of 56 

emu/g,[99] has to be taken into account. 
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Figure 2.20: Magnetic properties of ferrimagnetic magnetite nanoparticles cured at 6 °C. a) Magnetization curves 
of a representative sample collected at 2 K and 293 K. b) FC and ZFC curves plotted against increasing 
temperature. 

Furthermore, FC and ZFC investigations were performed in order to prove the absence of a 

blocking temperature (TB) below room temperature, as it is typical for thermally blocked 

superparamagnetic material. TB can be noticed by a peak in the M(T) curve, whereas the 

absence of this peak indicates a ferri- or ferromagnetic material. The data in Figure 2.20b 

clearly confirm the absence of a maximum peak in the ZFC-FC curve. The bend in the ZFC 

curve at 25 K is likely to indicate the Verwey transition temperature. Bulk magnetite exhibits a 

crystallographic phase transition at 110 – 120 K of a cubic to a monoclinic system, the so-

called Verwey transition. Associated with this transition is a change in the easy direction of 

magnetization, which can be seen in an abrupt change in remanence, coercivity and 

susceptibility.[145] In literature it is known that decrease in particle size as well as deviations in 

stoichiometry for magnetite are causing a depression of the transition temperature.[146] 

Taken together, the experiments have demonstrated that using the partial oxidation approach 

developed by Sugimoto and Matijević, nanometric sized particles can successfully be 

synthesized at elevated and low temperatures in a similar size range with comparable magnetic 

properties as reported. On the basis of the obtained data a tendency of decreasing particle size 

by reduction of aging temperature can be observed. Furthermore, no effect onto particle 

morphology or crystallinity was recorded by temperature variations. 

  

b)a)
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3.2.2.2. No Excess of OH
-
 or Fe

2+
 

Particle Size and Morphology 

In addition to the latter performed investigation with an excess OH- concentration of 0.05 M, 

magnetite NPs with no excess concentration of OH- or Fe2+ ions were synthesized. Again, the 

effect of aging temperature onto the particle crystallinity, morphology and size was recorded. 

Figure 2.21 presents systematic TEM data of obtained NPs with decreasing curing 

temperatures. As can be seen from the micrographs all analyzed samples show polyhedral 

spherical morphology with smooth surfaces. Based on this examination a significant effect of 

the particle architecture and size can be observed by a change in the free OH- concentration. In 

view of particle size measurements obtained by TEM data, the curing temperature drastically 

influences the average grain size. For aging temperatures of 90 °C an average particle 

diameter of 333.0 ± 57.9 nm is collected, 125.9 ± 15.4 nm and 113.5 ± 41.7 nm are obtained 

for 23 °C and 6 °C, respectively. This suggests that the average nanocrystal diameter is 

strongly influenced by the temperature of sample curing. Compared to particles prepared in an 

excess OH- concentration the decrease in average particle size with decreasing aging 

temperature is more pronounced for samples synthesized in the presence of no excess 

concentration. It should also be mentioned that in contradiction to reported results, again no 

effect onto the particle size distribution of the prepared material can be observed. 

 

Figure 2.21: TEM investigations and corresponding SAED examinations of ferrimagnetic magnetite 
nanoparticles aged at a) 90 °C, b) 23 °C and c) 6 °C. 

Vereda et al. reported an increase in surface roughness with increasing free Fe2+ concentration. 

In order to have a closer look onto the particle morphology, SEM examinations of a sample 

200 nm 200 nm 200 nm

a) b) c)
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cured at 23 °C, were performed. The data are shown in Figure 2.22 and confirm TEM results 

which show a smooth morphology of the spherical particles.  

 

Figure 2.22: SEM images of collected FMNPs synthesized at 23 °C curing temperature. 

In view of TEM and SEM examinations the single crystalline nature of the formed 

nanoparticles is not clear. Systematic SAED studies of single particles (see Appendix A, 

Figure A.2) suggest that each particle is a single crystal. These observations are in 

contradiction to data reported by Vereda et al,[147] who determined single crystalline as well as 

polycrystalline diffraction behavior of single grains using a related synthesis approach. 

However, it has to be mentioned that they were working with excess Fe2+ concentrations and 

thus obtained bigger micron sized particles which might be formed by uncontrolled 

aggregation processes. On the basis of the obtained results it can be concluded that this 

method leads to the formation of polygonal polydisperse homogeneous particles with no 

grainy substructure.  

Structural Characterization 

All observed peaks shown in the XRD pattern (Figure 2.23) can be assigned to the inverse 

spinel structure of magnetite or maghemite, no peaks that could be attributed to other iron 

oxide or iron hydroxide phases could be detected. Furthermore, the performed SAED 

examinations (see Figure 2.21) are fully consistent with accomplished XRD results. As 
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observed in the XRD pattern, the sample altered at 6 °C reveals lower peak intensity and peak 

broadening for normalized data compared to the other peak profiles.  

 

Figure 2.23 XRD patterns of FMNPs collected at different aging temperatures. 

The peak broadening can be ascribed to the smaller average grain size compared to the other 

samples. A reason for the decrease in intensity could be a lack of crystallinity possibly due to 

the presence of amorphous precursor phases or lattice distortion or tensions occurred during 

particle formation. Sugimoto and Matijević reported a transformation of an amorphous ferrous 

hydroxide gel into magnetite by a dissolution-oxidation-precipitation process. This means, that 

by lowering the temperature the described transformation process could be slowed down due 

to kinetics and therefore might not be fully completed. The latter fact would explain the 

observed differences in the XRD pattern as well as differences in particle size. 

Magnetic Properties 

Figure 2.24 illustrates the magnetic hysteresis curves as well as field cooled and zero field 

cooled experiments of a sample cured for 24 hours at 6 °C. Data for the magnetization curves 

clearly demonstrate a coercive field at zero magnetization for both investigated temperatures. 

Here, the values for the saturation magnetization with 75 emu/g and 81 emu/g for 293 K and 2 

K respectively are similar to those obtained for samples prepared with excess OH- 

concentration. Since recorded coercive fields are very low for this grain size the magnetization 

reversal might take place by displacement of domain walls, which is characteristic for 
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multidomain (MD) particles. On that basis, FC and ZFC curves were collected which prove 

the ferrimagnetic behavior of the material by the absence of a maximum peak in the ZFC 

curve below room temperature. The characteristic bend in the ZFC curve at 35 K probably 

indicates the Verwey transition of magnetite. For experiments performed with excess of OH- 

concentration, we notice a Verwey transition of 25 K. Here, a slightly higher transition 

temperature of 35 K can be recorded which is likely due to the bigger average grain size.   

 

Figure 2.24: Magnetic properties of ferrimagnetic magnetite nanoparticles cured at 6 °C. a) Magnetization curves 
of a representative sample collected at 2 K and 293 K. Inset: Enlargement of low field region demonstrating the 
coercive field at 2 K and 293 K. b) FC and ZFC curves plotted against increasing temperature. 

3.2.3. Conclusion 

The partial oxidation method of ferrous hydroxides is besides the co-precipitation method one 

of the main methods for magnetite synthesis in water.[1] For both studied systems, the already 

reported synthesis methods can successfully be reproduced. In both cases an effect of the 

curing temperature onto the particle size can be observed. Although the aging time is 

increased with decreasing temperature a noticeable tendency of decreasing average grain size 

is detected. When experiments are carried out with no excess concentration of OH- or Fe2+ 

also an effect onto the sample crystallinity can be observed which can also be attributed to a 

slower dissolution recrystallisation process. All these findings lead to the conclusion that this 

method is a powerful tool to control particle size for average grain sizes of around 50 nm up to 

300 nm. Apart from that magnetic measurements proved the ferrimagnetic properties of the 

synthesized materials with no change in saturation magnetization depending on particle size, 

but slight changes in the Verwey transition temperature for bigger crystals. To sum up, the 

b)a)
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performed experiments could demonstrate that the relative concentrations of Fe2+ to OH- as 

well as the curing temperature are the leading forces for particle growth.  
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3.3. Synthesis and Characterization of Ferrimagnetic Magnetite under the 

Influence of the Additive Gelatin 

3.3.1. Introduction 

Previous studies have shown that mineralization of magnetite nanoparticles can be influenced 

by addition of additives, which can affect particle size, morphology, polymorph and 

crystallinity. For the purpose to enlighten the formation process of magnetite nanoparticles 

inside a gelatin hydrogel (see chapter III 2.2), the effect of the biopolymer gelatin onto 

magnetite mineralization in water is investigated. Since magnetite synthesis in gelatin 

hydrogels is only feasible at 23 °C and lower, a curing temperature of 90 °C is not considered 

in the following examinations. In order to study the effect of gelatin as an additive onto the 

formation process of ferrimagnetic NPs a similar synthesis set-up as described in the last 

section was used. For the performed analysis, gelatin concentrations of 1 mg/ml and 0.1 

mg/ml were chosen. Again, as already presented in the previous paragraph, two different ratios 

of Fe2+ to OH- were tested. 

3.3.2. Results and Discussion 

Parts of the presented results in this chapter will be submitted to ―small‖ with the title: 

―Formation of Magnetite Nanoparticles at low temperatures by crystallization from ferrous 

hydroxide gelsμ The effect of gelatin onto magnetite mineralization‖ Cölfen, H.; Faivre, D.; 

Rosseeva, E.; Siglreitmeier, M.,  
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3.3.2.1. Excess of OH
-
  

Particle Size and Morphology 

 

Figure 2.25: TEM investigations of magnetite nanoparticles prepared in the presence of gelatin at a) 23 °C and 1 
mg/ml, b) at 6 °C and 1 mg/ml gelatin, c) at 23 °C and 0.1 mg/ml gelatin and d) at 6 °C and 0.1 mg/ml gelatin 
concentration. 

In the interest of clarifying the role of free Fe2+ or OH- concentrations onto the mineralization 

of magnetite under the influence of gelatin we performed experiments in an excess OH- of 

0.05 M. Figure 2.25 illustrates TEM images of the obtained iron oxide nanoparticles with an 

additive concentration of 0.1 mg/ml and 1 mg/ml at 23 °C and 6 °C aging temperature. 

100 nm 100 nm

100 nm100 nm
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Interestingly, in these experiments sphere flower like particles with inhomogeneous particle 

density appearance can be observed. The average particle sizes which are shown in Table 2.2 

are strongly influenced by the presence of the biopolymer. First of all, it can be mentioned that 

for all investigated samples the curing temperature shows a noticeable effect onto the 

crystallite size. Apart from that, it can also be seen, that with low gelatin concentrations (0.1 

mg/ml) the effect of the biopolymer is not as pronounced as with higher gelatin concentration 

(1 mg/ml). Surprisingly, obtained data reveal that a gelatin concentration of 1 mg/ml leads to 

the formation of average particle sizes bigger than the reference sample prepared without 

additive. Furthermore, it has to be mentioned that crystals formed in the presence of a low 

additive concentration reveal particle morphologies which appear to be similar to those formed 

without the additive. Octahedral shaped crystallites with round edges, similar to particles 

synthesized without additive (see Figure 2.18) can be recognized which co-exist with more 

sphere like particles. Moreover, inhomogeneities in particle density can be detected in all 

samples. 

Table 2.2: Summary of obtained particle sizes for magnetite nanoparticles synthesized at 23 °C and 6 °C with 
and without the presence of gelatin at 1 mg/ml and 0.1 mg/ml. 

 

Structural Characterization 

XRD and SAED examinations demonstrate that the formed mineral phase is not influenced by 

temperature or gelatin concentration. All collected XRD pattern (see Appendix A, Figure A.3) 

demonstrate crystalline diffractions for all analyzed samples with peak positions which can be 

assigned to the crystal phases of magnetite or maghemite. These findings are in agreement 

with SAED results, also revealing polycrystalline diffraction with d-spacing values which can 

be attributed to the latter ones (see Figure 2.25). Electron diffraction examinations of single 

particles provide monocrystalline diffraction, suggesting that each particle is a single crystal 

(see Appendix A, Figure A4). This is interesting to point out, since TEM observations show 

23  C 6  C

no additive 69.7 nm ± 15.5 nm 50.9 nm ± 7.2 nm 

0.1 mg/ml 51.4 nm ± 7.9 nm 36.9 nm ± 14.9 nm

1 mg/ml 85.3 nm ± 30.9 nm 61.6 nm ± 19.3 nm
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rough particle surfaces, especially for high gelatin concentrations. Therefore SEM 

examinations (Figure 2.26) were conducted in order to shed light on the surface texture of the 

particles. The investigations reveal spherical crystallites with course particle surfaces which 

seem to be build up through small sub grains, in a polydisperse size distribution. 

 

Figure 2.26: SEM images of magnetite nanoparticles cured at 23 °C and a gelatin concentration of 1 mg/ml. 

Even though the high magnified SEM image (see Figure 2.26) shows a very coarse granular 

surface the HR-TEM investigations in Figure 2.27 display single crystalline nature of single 

crystallites. The micrograph exhibits small single particles with an average diameter of around 

10 nm which seem to be aggregated and partly coalesced to one bigger nanostructure. The 

calculated fast Fourier transformed (FFT) image corresponds to the electron diffraction (ED) 

pattern of the investigated image. With image processing techniques it is possible to 

selectively obtain information about reflections which can therefore give distinct information 

about the crystal lattice and zone axis orientation. In particular one can gain information about 

a particular family of crystal planes as it is shown in Figure 2.27. The images present the 

results obtained after analyzing the FFT images of the 4 smaller sub units indexed in Figure 

2.27a. Figure 2.27 displays the different obtained zones axes for the individual substructures 

which are shown in the reconstructed image assuming a truncated octahedral shape of the 

individual sub grains (see Figure 2.27c). This reconstruction enables to discriminate 

nanograins in superstructures and allows an imagination about the formation process. One 

possible formation pathway could be arrangement of smaller sub grains into bigger 

50 nm100 nm
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agglomerates via oriented attachment. Analogous observations for non-classical crystallization 

pathways[87] have been reported by Lee Penn et al who discussed about the fusion of primary 

ferrihydrite crystallites attaching in crystallographic orientation and leading to the formation 

of secondary single crystals.[148, 149] Based on the obtained results a growth mechanism of 

smaller sub grains fusing to a secondary structure through oriented attachment along the {131} 

is possible. It is suggested that primary crystallites (see Figure 2.27) assemble into secondary 

single crystals via oriented aggregation. The HR-TEM analyses show that the formed 

crystallites exhibit some degree of distortion and are not perfectly single crystalline. Therefore 

it cannot be excluded that the formed particle morphology is based on a distorted or stacked 

growth behavior which is not based on an oriented aggregation process.  

 

Figure 2.27: a) HR-TEM image of magnetite cured at 6 °C in the presence of 1 mg/ml gelatin. b) FFT image of 
a) with zone axis analysis of the four different substructures. c) HR-TEM image overlaid with orientation map of 
reconstructed truncated octahedral particles. 

Although TGA analysis showed no inclusion of organic material in the magnetite spheres, 

small inclusions of gelatin molecules into the crystallite as it was observed for other mineral 

species grown in hydrogel media cannot be excluded.[150-152] One possible way to resolve the 

formation mechanism of the presented magnetite spheres would be liquid cell TEM,[153] which 
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is a very time consuming, expensive and not easy accessible method and therefore not possible 

to be followed in this thesis. 

Magnetic Properties 

To substantiate the single crystalline nature of the material and gain information about the 

influence of gelatin onto the magnetic properties of the particles, magnetic hysteresis curves as 

well as field-cooled and zero field-cooled experiments were performed. The collected 

magnetization curves for a representative sample aged at 6 °C in the presence of 1 mg/ml 

gelatin, at 2 K and 293 K respectively can be seen in Figure 2.28a. As expected, the hysteresis 

curve shows a magnetization at zero field, thus demonstrating ferrimagnetic properties of the 

material. The saturation magnetization values are 82 emu/g and 74 emu/g for 2 K and 293 K, 

respectively, which gives values in a comparable size range as material synthesized in water 

without gelatin. Thus it can be concluded that the additive is not influencing the magnetization 

of the material. Furthermore, FC and ZFC examination prove the ferrimagnetic behavior of the 

formed NPs by the absence of a maximum peak underneath room temperature. Again, a 

decrease in the Verwey transition temperature at 25 K can be noticed. On that basis it can be 

accomplished that the biopolymer does not influence the magnetic properties and to that end 

crystal structure of the material with the used synthetic approach. This is interesting to be 

pointed out, since magnetic measurements prove that the formed crystallites are fused to 

bigger single crystalline superstructures otherwise the magnetic measurements would show 

superparamagnetic behavior like it was found for uniform polycrystalline micrometric 

magnetite spheres.[143, 154]  
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Figure 2.28: Magnetic properties of magnetite nanoparticles synthesized in the presence of 1 mg/ml gelatin and 
cured at 6 °C. a) Magnetic hysteresis curves collected at 2 K and 293 K. Inset: Enlargement of low field region 
demonstrating the coercive field at 2 K and 293 K. b) FC and ZFC curves recorded with increasing temperature. 

a) b)
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3.3.2.2. No Excess of OH
-
 or Fe

2+
 

Particle Size and Morphology 

 

Figure 2.29: TEM investigations of magnetite nanoparticles prepared in the presence of gelatin at a) 23 °C and 1 
mg/ml, b) at 6 °C and 1 mg/ml gelatin, c) at 23 °C and 0.1 mg/ml gelatin and d) at 6 °C and 0.1 mg/ml gelatin 
concentration. 

In order to enlighten the role of free OH- concentration in the presence of gelatin also 

investigations without excess of Fe2+ or OH- were performed. Figure 2.29 shows TEM images 

of magnetite nanoparticles prepared in the presence of different gelatin concentrations (1 

mg/ml, 0.1 mg/ml) and aging temperatures (23 °C, 6 °C). The particle morphology in all 

200 nm 200 nm

200 nm 200 nm

a) b)

c) d)
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images shows flowerlike three-dimensional spherical particles, as already seen in the previous 

section. Surprisingly, all measured particles reveal similar sizes with different aging 

temperatures (see Table 2.3). Furthermore, distinct changes in particle size due to the presence 

of gelatin can be noticed.  

Table 2.3: Summary of obtained particle sizes for magnetite nanoparticles synthesized at 23 °C and 6 °C with 
and without the presence of gelatin at 1 mg/ml and 0.1 mg/ml. 

 

Both gelatin concentrations demonstrate significant suppression of the average grain size 

compared to the reference synthesis carried out in water without the additive. Apart from that, 

it has to be mentioned that the particle size is not decreased with increasing gelatin 

concentration as observed for superparamagnetic systems (see chapter II 2.2.3). According to 

the obtained results from statistical size measurements grain size is more suppressed with 

lower additive concentrations, similar to results obtained for excess OH- concentration.  

 

Figure 2.30: SEM examinations of FMNPs obtained in the presence of 1 mg/ml gelatin and cured at 6°C. 

23  C 6  C

no additive 125.9 nm ± 15.4 nm 113.5 nm ± 41.7 nm 

0.1 mg/ml 39.8 nm ± 10.0 nm 36.3 nm ± 10.4 nm

1 mg/ml 73.7 nm ± 20.0 nm 74.7 nm ± 18.6 nm
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Interestingly gelatin is not only influencing the average grain size but also the surface 

roughness seems to be increased drastically. For this purpose we conducted SEM 

investigations to clarify the surface texture of the particles. As can be seen in Figure 2.30 the 

electron micrographs show sphere like particles, in agreement with TEM examinations with a 

grainy surface structure. Higher magnification images exhibit large crystallites which seem to 

be built up through smaller sub units. On the base of these experiments it can be said that the 

differences in surface texture are directly related to the addition of gelatin. Since SEM 

investigations would lead to the assumption that the nanocrystals are of polycrystalline nature, 

HR-TEM studies were conducted. Figure 2.31 shows a high-resolution TEM micrograph of a 

sample cured at room temperature. The interference fringes obtained from the micrograph are 

regularly occupying the full area of the particle which is typical for a monocrystalline material 

(see Figure 2.31a). The corresponding FFT image shown in Figure 2.31b demonstrates single 

crystalline diffraction which can be indexed to the [112] zone axis. Indeed, also SEAD 

examinations of single particles confirmed the single crystalline nature of the formed 

crystallites (see Appendix A, Figure A.5). An HR-TEM image of a group of three smaller 

particles which seem to be aggregated by oriented attachment is shown in Figure 2.31b. The 

FFT images obtained by lattice fringes calculations of each particle demonstrate the identical 

crystal orientation of the particles relative to each other. This observation is an indication for 

an oriented attachment driven formation process.  
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Figure 2.31: HR-TEM investigations of FMNPs obtained in the presence of 1 mg/ml gelatin cured at 23°C. a) 
High resolved electron micrograph with the calculated FT image and b) particle aggregates with corresponding 
FT images. 

Structural Characterization 

XRD (see Appendix A, Figure A.6) and SAED (see Figure 2.29) studies of the obtained 

diffraction patterns showed the presence of the iron oxide magnetite or maghemite which can 

be indexed on base of a Fd3m space group. 

In some samples, also a very low amount of the iron oxyhydroxide goethite which might be 

formed due to the presence of small amounts of oxygen during synthesis could be determined 
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b)
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by XRD. Apart from that no influence onto the crystallinity due to the presence of the 

biopolymer can be recorded. 

Magnetic Properties 

According to performed magnetic measurements, the prepared samples were studied by means 

of magnetization measurements and FC-ZFC experiments. Results obtained for a 

representative sample cured at 6 °C, clearly reveal a coercive field at zero magnetization and a 

lack of blocking temperature underneath room temperature, distinctly identifying the 

ferrimagnetic properties of the material (see Figure 2.32). No influence of gelatin onto the 

magnetic properties of the FMNPs can be recorded, similar to results obtained in the previous 

section 3.1. Values obtained for saturation magnetization as well as for Verwey transition 

temperature are in agreement with data gained for synthesis approaches in water. Again it is 

very interesting that the material shows a ferrimagnetic behavior although they demonstrate a 

grainy substructure with polycrystalline appearance. Magnetic measurements coincide with 

observation from HR-TEM and SAED thus proving the single crystalline nature of the 

magnetite spheres. 

 

Figure 2.32 Magnetic properties of ferrimagnetic magnetite nanoparticles cured at 6 °C. a) Magnetization curves 
of a representative sample collected at 2 K and 298 K. b) FC and ZFC curves plotted against increasing 
temperature. 

3.3.3. Conclusion 

In this chapter the influence of the additive gelatin onto the mineralization of ferrimagnetic 

magnetite was analyzed. In general it can be concluded, that the addition of gelatin prompts a 

a) b)
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significant impact onto the magnetite mineralization. There have been different articles 

describing the formation process of nanoparticles formed by the partial oxidation method. The 

performed experiments demonstrate a distinct decrease in size compared to examined 

synthesis in water as well as a pronounced changes in the surface texture of the material, 

whereas the different Fe/OH ratios demonstrate very similar results in average grain size due 

to the presence of the additive. For both studied systems a low gelatin concentration of 0.1 

mg/ml leads to an average particle size of around 40 nm. By increasing the gelatin 

concentration to 1 mg/ml an average diameter of around 75 nm can be recorded in both cases. 

Thus it can be concluded that in presence of gelatin the additive is the driving factor for the 

particle size and not the ratio of Fe/OH. Based on the obtained results it seems that gelatin has 

an essential role in the formation process of ferrimagnetic nanoparticles, which displays a 

concentration dependent effect onto the particle size. Structural characterizations by means of 

XRD and SAED did not show any effect of the biopolymer onto the formed mineral phase, no 

deviations from reference experiments in water were observed and magnetite was the main 

formed mineral phase. Systematic HR-TEM and SAED observations demonstrate a single 

crystalline nature of the formed material. Further, HR-TEM data refinement could 

successfully demonstrate the formation of nanoparticles by smaller sub grains. Apart from that 

also magnetic properties of synthesized materials were examined and again did not indicate 

any impact of the biopolymer. Neither the saturation magnetization values nor the Verwey 

transition temperature showed significant differences from the reference samples. Magnetic 

measurements proved the ferrimagnetic behavior of the formed material which confirms the 

fusion of smaller sub grains to secondary single crystalline particles. Therefore, a growth 

process driven by oriented attachment of primary particles is proposed.  
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3.4. Conclusion Synthesis and Characterization of Ferrimagnetic Magnetite 

Based on the work of Sugimoto and Matijević it could be shown that the partial oxidation of 

ferrous hydroxide with NO3
- leads to the formation of nanometric particles with ferrimagnetic 

properties. Particle size can be controlled by changing the relative concentration of Fe2+ and 

OH-. Two different sets of Fe2+ to OH- ratios were investigated with varying aging 

temperatures. The performed experiments could demonstrate that decreasing average grain 

sizes are observed with decreasing curing temperatures. Structural characterization could 

demonstrate the formation of phase pure magnetite or maghemite which displayed single 

crystalline nature. To sum it up, this method is a powerful tool to control particle size for 

average grain sizes of around 50 nm up to the 300 nm resulting in a ferrimagnetic material 

from the SSD to the MD size range.  

Mineralization experiments conducted in the presence of the additive gelatin at different 

concentrations, curing temperatures and relative Fe2+ to OH- concentrations could demonstrate 

significant effects of the biopolymer onto the average grain size and morphology. TEM and 

SEM analysis revealed that particle size can be controlled by the amount of gelatin. In contrast 

to experiments performed in water, not the temperature during reaction but the gelatin 

concentration was the determining factor for particle size and morphology. Apart from that 

magnetic measurements and structural characterizations proved that the presence of the 

biopolymer is neither affecting the magnetic properties nor the mineral phase of the material. 

All investigated samples display ferrimagnetic behavior regardless on the gelatin 

concentration therefore proving the single crystalline nature of the formed magnetite spheres. 

Since SAED and HR-TEM analysis stressed out the single crystalline nature of formed 

nanocrystals, a growth mechanism based on oriented attachment of smaller primary particles 

is proposed. 
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3.5. Magnetite Synthesis under the Influence of Peptides  

3.5.1. Introduction 

In the previous chapter the influence of the biopolymer gelatin onto the mineralization process 

of magnetite was studied. A distinct change of the crystallite size and morphology could be 

determined. Since it is aimed to influence magnetite mineralization in a magnetic composite 

material (see chapter III 4) by genetic control, in regard to particle size and shape, the 

influence of these peptides in water is studied first. As previously reported in the general 

introduction nature engineers nanoparticles under mild conditions in specific size ranges and 

compositions by the guidance of special proteins. Known studies in the field of biomimetics, 

identified proteins demonstrating significant effects onto particle size and shape during in vitro 

synthesis. The main focus of this literature is dealing with protein sequences identified form 

magnetotactic bacteria showing size and shape regularity effects.[89-91, 130, 132] Arakaki et al. 

reported a partial oxidation of ferrous hydroxide to magnetite with and without the presence of 

the recombinant peptide mms6 and could determine an influence onto the particle size and 

shape due to the presence of the protein.[132] Apart from that there also exist investigations 

about the influence of proteins onto magnetite synthesized with the co-precipitation method 

demonstrating significant effects onto size, shape and magnetic properties.[90] For this purpose 

the following chapter aims to test the influence of different magnetite binding peptides onto 

the magnetite mineralization synthesized with the co-precipitation and the partial oxidation 

method. For these investigations different peptides and reference proteins were chosen as can 

be seen in Table 2.4 and 2.5. A synthetic C-terminal domain of the protein mms6 with 25 

amino acids (mms6-c25) was chosen, since it was reported that the C-terminal region shows 

iron binding sites.[155] Apart from that in collaboration with the group of Dr. Damien Faivre at 

the MPI in Potsdam, four different peptides have been selected which showed binding affinity 

to magnetite via a phage display screening. In order to perform controlled magnetite 

mineralization under the influence of additives, the titration set-up of Dr. Damien Faivre’s 

group was copied in the laboratories in Konstanz within a collaboration of the Cölfen and 

Faivre group.  
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3.5.2. Experimental Section 

Co-precipitation Method 

Materials 

The following commercially available chemicals were purchased and applied in the synthesis 

without any further purification. FeCl2 ·  4 H2O (Sigma-Aldrich), FeCl3 ·  6 H2O (Sigma-

Aldrich), 0.1 M NaOH solution (Merck), Gelatin Type B (bloom ~ 225, Sigma-Aldrich), BSA 

(Sigma Aldrich), Poly D (~ 1200 g/mol, Bayer), MBP3 and MBP4 (Selleckchem, grade 

desalted). For the preparation of the reactant solutions double-distilled and deionized (Milli-Q) 

water was used. 

Synthesis 

A similar synthesis set up was described in chapter 2.2.3.1. and is summarized here briefly. A 

0.3 M iron solution consisting of FeCl2 ·  4 H2O (0.1 M) and FeCl3 ·  6 H2O (0.2 M) was 

prepared in Milli Q water. All solutions have been degassed with nitrogen prior usage. 

Magnetite reactions in presence of additives were performed with a computer-controlled 

titration system (Metrohm AG), operated with a costume designed software (Tiamo). The 

dosing device consisted of a 776 Dosimat with an 806 exchange unit (1 ml dosing cylinder) 

and a 719 Titrino titration device with an 806 exchange unit (5 ml dosing cylinder). All 

reactions were performed at room temperature in a 50 ml titration vessel. Throughout the 

whole synthesis process solutions were stirred with a mechanical stirrer. The pH was 

measured during the whole reaction procedure using a Biotrode pH meter (Metrohm). In order 

to avoid side product formation all experiments were performed under a nitrogen atmosphere. 

Forty milliliters minus the additive volume of deionized water was initially set to the pH of 12 

with NaOH (1 M). In case of precipitation in the presence of peptides, the peptide was added 

in a concentration of 1 mg/ml and the pH was adjusted to 12. The commercially available 

peptides can be seen in Table 2.4. Due to financial reasons it was not able to study all 

presented peptides with both magnetite precipitation methods. Magnetite precipitation was 

initiated by the addition of an iron chloride solution (Fe3+/Fe2+ = 2/1) to the reactor at a rate of 
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20 l/min. The pH of the solution in the reaction vessel was simultaneously kept constant 

(ΔpH ± 0.1) by the addition of sodium hydroxide.  

Table 2.4: Proteins and peptides used for magnetite synthesis under the influence of additives. 

 

Partial Oxidation Method 

Materials 

The following commercially available chemicals were purchased and applied in the synthesis 

without any further purification. FeSO4 ·  7 H2O (Sigma-Aldrich), H2SO4 conc. (Sigma-

Aldrich), KOH (Sigma-Aldrich), KNO3 (Sigma-Aldrich), BSA (Sigma Aldrich), mms6-c25 

(gift Dr. Damien Faivre), MBP1 and MBP2 (Selleckchem, grade desalted). For the preparation 

of the reactant solutions double-distilled and deionized (Milli-Q) water was used. All solutions 

were degassed with nitrogen before usage. 

Synthesis 

Stock solutions of KOH (1 mol/l) and the oxidation medium KNO3 (0.5 mol/l) were prepared. 

An iron solution consisting of FeSO4 ·  7 H2O (0.2 M) was prepared in Milli Q water. In order 

to prevent uncontrolled iron ion speciation, the pH was fixed to a value of 1 with H2SO4 (0.01 

mol/l). All solutions have been degassed with nitrogen prior usage.  

Magnetite reactions in presence of peptides were performed with a computer-controlled 

titration system (Metrohm AG), operated with a costume designed software (Tiamo). The 

Peptide/ 

Protein

Sequence PI Charge Attribute MW 

[g/mol]

BSA 584 – 590 
AA

4.6 66000

Poly D ~DDDDD
DDDD

~2.9 negative acidic ~1200

MBP3 QFSLPVAKL

VNR

11.66 +2 basic 1372

MBP4 VPSLTPSAQ

SRP

10.53 +1 basic 1239
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dosing device consisted of a 776 Dosimat with an 806 exchange unit (1 ml dosing cylinder) 

and a 719 Titrino titration device with an 806 exchange unit (5 ml dosing cylinder). All 

reactions were performed at room temperature in a 50 ml titration vessel. Throughout the 

whole synthesis process solutions were stirred with a mechanical stirrer. The pH was 

measured during the whole reaction procedure using a Biotrode pH meter (Metrohm). In order 

to avoid side product formation all experiments were performed under a nitrogen atmosphere. 

Forty milliliters of the base KOH and the oxidation medium KNO3 were placed in the reaction 

vessel and the pH was set to a value of 12.8. In case of precipitation in the presence of 

nucleator peptides, the peptides were supplied in appropriate amounts and the pH was reset. 

The commercially available peptides can be seen in Table 2.5. Due to the different amount and 

therefore financial expenses of some peptides, some of them could only be considered for one 

magnetite synthesis method. Magnetite precipitation was initiated by the addition of an iron 

sulfate solution to the reactor at a rate of 20 l/min. The pH of the solution in the reaction 

vessel was simultaneously kept constant (ΔpH ± 0.1) by the addition of KOH (0.1 M).  

Table 2.5: Proteins and peptides used for magnetite synthesis under the influence of additives. 

 

Peptide/ 

Protein

Sequence PI Charge Attribute MW 

[g/mol]

mms6-c25 YAYMKSR
DIESAQS
DEEVELR

DALA

3.96 -4 acidic 2890

BSA 584 – 590 
AA

4.6 66000

MBP1 GTPRSHY
PAPQV 

9.35 +2 basic 1309

MBP2 QAYRSSA
FLPPM 

9.34 +1 basic 1368
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3.5.3. Results and Discussion 

Co-precipitation Method 

Magnetite nanoparticles synthesis in water by co-precipitating Fe2+ and Fe3+ ions in a basic 

medium is shown in chapter 2.1 and forms the reference experiment for the following 

performed investigations. Superparamagnetic MNPs were synthesized using a titration set up 

in the presence of different peptides or proteins. In order to determine the amount of magnetite 

formed after different time steps, UV-Vis spectra of samples collected after 20 and 100 min of 

reaction time were recorded from a wavelength of 200 to 900 nm. Figure 2.33 summarizes 

representative UV-Vis studies for samples synthesized in the presence of 1 mg/ml additive. 

Upon time progression from 20 to 100 min the UV-Vis absorbance (Figure 2.33) is increasing 

in general for all samples except for one sample synthesized in the presence of poly D. In the 

latter case the absorbance spectra are not changing in intensity, compared to data recorded 

after 20 and 100 min. One possible reason for this observation could be the inhibition of 

magnetite formation due to the presence of poly D. However, the performed experiments are 

not explicit and further investigations are necessary. Within the investigated time and 

concentration range we cannot determine any distinct effects onto the absorbance intensity 

compared to the reference sample. Thus, the presented work demonstrates no significant effect 

onto the UV-Vis absorbance intensity due to the presence of additives except for one sample, 

where the origin of this effect is clarified in the following part. 
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Figure 2.33: UV-Vis spectra obtained after 20 min (black) and 100 min (red) of Fe addition time under the 
influence of 1 mg/ml Poly D, BSA, MBP3 and MBP4. The blue curve represents a reference solution containing 
FeCl2/FeCl3 in a molar ration of 1:2. 

To substantiate changes in crystal morphology and size, TEM examinations were performed. 

Typical TEM images of NPs (Figure 2.34) after 100 min of synthesis time, display sphere like 

particles with an average size of 10 ± 5 nm, which is in the size range of superparamagnetic 

material. The collected SAED pattern shows complete rings rather than discrete diffraction 

points due to the randomly oriented particles in the examined area. All obtained d-values can 

be attributed to the crystal phase of magnetite or maghemite. These data suggest that the 

presence of investigated peptides or proteins do not show any effect onto particle size, 

morphology or crystallinity. In comparison to UV-Vis results obtained for a sample 

synthesized in the presence of poly D, TEM examination reveals well developed crystalline 

nanoparticles which do not show any differences to the reference sample. Therefore it is 

concluded that the polypeptide poly D is not suppressing magnetite mineralization since fully 

crystalline particles which can be attracted by an external magnetic field are obtained. 
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Figure 2.34: TEM examinations with corresponding SAED examinations of MNPs prepared in the presence of a) 
MBP3, b) MBP4, c) poly D and d) BSA. 

Based on the performed experiments it can be concluded that no influence onto the magnetite 

mineralization due to the presence of additives can be recorded. UV-Vis and TEM 

investigations demonstrate no inhibition or promotion of nucleation events as well as no 

differences in particle size, shape or crystallinity compared to reference samples. 

a) b)

c) d)
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Partial Oxidation Method 

 

Figure 2.35: TEM images of MNPs synthesized in the presence of 1 mg/ml a) MBP2, b) MBP1, c) mms6-c25 
and d) BSA. 

The ability of selected peptides to influence the mineralization of magnetite using the partial 

oxidation method in water was tested and formed products were investigated by means of 

TEM and synchrotron XRD. Results obtained by TEM can be seen in Figure 2.35 with 

illustrated representative FMNPs synthesized in the absence and presence of additives. The 

images symbolize particle batches after 100 minutes of synthesis time. In all five 

investigations the formation of magnetite nanocrystals with smooth surfaces and well defined 

200 nm 200 nm

200 nm200 nm
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shapes can be seen. Micrographs disclose octahedral shaped particles for samples prepared in 

the presence of BSA and mms6-c25 and do not display any difference in size, shape or 

crystallinity compared to the reference sample. However, a change in particle size for the 

samples synthesized in the presence of MBP1 and MBP2 can be observed. In order to 

substantiate tendencies obtained by TEM investigations, synchrotron XRD was accomplished. 

The x-ray diffraction patterns of the synthesized magnetic material measured after 100 

minutes of synthesis time (see Appendix A, Figure A.7) display peak line positions and 

relative intensities which are consistent with the mineral phase of magnetite. Due to the 

presence of the oxidizing medium potassium nitrate, also some impurity diffraction peaks of 

the salt can be detected. The XRD data were analyzed by means of peak broadening for the 

determination of the average crystallite size and therefore the influence of the added peptides 

onto the formed nanoparticle size. The reference sample, prepared without the presence of 

additive shows an average particle size of 51.1 nm. Samples prepared with the additive mms6-

c25 or BSA show an average crystallite size of 46.6 and 52.6 nm respectively, which is not 

significantly differing from the reference sample without additives and in agreement with data 

obtained by TEM. Whereas, samples synthesized in the presence of MBP1 and MBP2 exhibit 

an average particle size of 66.8 nm and 70.0 nm respectively. Here a distinct increase in 

particle size due to the presence of the peptide in both cases can be noticed.  

According to the obtained TEM and XRD results no effect onto the crystallinity or the formed 

mineral phase arising from the presence of an additive can be observed. No nucleation 

inhibition or promotion was recorded. In order to investigate the crystal formation process, 

systematic TEM, SAED and XRD studies after appropriate reaction times were performed. 

The obtained TEM and SAED images for a representative sample synthesized in the presence 

of mms6-c25 after different time steps is shown Figure 2.36. Collected data demonstrate the 

presence of a poorly crystalline phase with undefined particle like morphology for the first 70 

minutes of synthesis time. After 100 minutes, well defined octahedral shaped magnetite 

nanoparticles can be observed. In all analyses, no crystal formation before 100 minutes was 

detected. Apart from that also no influence on the crystal growth rate due to the presence or 

absence of an additive can be noticed. 
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Figure 2.36: TEM investigation of magnetite in the presence of mms6-c25 after different time steps. 

The latter obtained observations made by TEM and SAED are also confirmed by XRD 

examinations (Figure 2.37) which show collected spectra after different time steps for the 

representative samples synthesized in the presence of mms6-c25 and BSA (see Figure 2.37a 

and b).  

 

Figure 2.37: XRD pattern collected after different time steps of magnetite mineralization in the presence of a) 
mms6–c25 and b) BSA. 

In both cases the presence of a weak crystalline ferrihydrite phase until 70 minutes of 

synthesis time is recorded. As TEM results already indicated, the formation of crystalline 

magnetite is only achieved after 100 minutes of synthesis time. In all samples also impurities 

of the oxidizing salt potassium nitrate are present. 
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3.5.4. Conclusion 

In general it can be said that for the synthesis approach using the co-precipitation method no 

effect onto particle size, shape or crystallinity can be observed with the used techniques. 

The accomplished experiments for the partial oxidation method suggest that the peptide 

mms6-c25 and the protein BSA do not demonstrate any effect onto the mineralization of 

magnetite under the performed conditions. With the conducted methods no influence on the 

particle size, shape, crystallinity or growth rate could be observed. Whereas, a distinct increase 

in particle size due to the presence of the peptide MBP1 and MPB 2 can be noticed. Apart 

from that these two peptides did not influence the shape, crystallinity or growth rate of the 

obtained nanoparticles. 
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4. Conclusion Chapter II 

In summary, the work described in this chapter has shown that magnetite nanoparticles can be 

successfully synthesized in two distinct size regimes in water. The performed experiments 

highlighted the importance of the used pH values as well as the amount of iron ions present for 

mineralization. On the basis of the obtained results, it can be concluded that the used co-

precipitation method in water leads to the successful formation of magnetite nanoparticles in 

the superparamagnetic size range. The TEM results show polydisperse sphere-like magnetite 

nanoparticles with well-defined crystallinity. From XRD, FTIR and SAED studies the mineral 

phase was identified as phase pure magnetite when working in an oxygen free atmosphere. 

Apart from that, mineralization experiments using the co-precipitation method in the presence 

of gelatin were investigated. The experiments demonstrated that the pH value as well as the 

gelatin concentration show significant effects onto particles size and formed mineral phase. In 

general it can be concluded that magnetite formation is more inhibited with increasing gelatin 

concentration and therefore particle growth is decreasing.  

For the partial oxidation method, the control over particle size, shape and crystallinity by 

variation in the ratio of Fe2+ to OH- ions as well as the aging temperature could be manifested. 

The experiments revealed that this method is a powerful tool to control particle size from the 

SSD (50 nm) to the MD (300 nm) size range at ambient temperatures and pressures. Overall, 

mineralization experiments carried out in the presence of the additive gelatin displayed a 

strong influence of the biopolymer onto the particle size and shape, depending on the additive 

concentration. It could be shown that the formed crystallites show single crystalline behavior 

with ferrimagnetic properties. Thus, a formation process based on an oriented attachment 

driven pathway of smaller primary crystallites to bigger secondary single crystalline structures 

with some misalignment and distortion is suggested. 

Apart from that, also identified magnetite binding peptides could show an influence onto the 

particle size by using the partial oxidation method. Performed studies based on the co-

precipitation method did not display any influence of the additive regarding formed mineral 

phase, particle size, shape or crystallinity.  
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Based on these findings, it can be concluded that the synthesis of magnetite nanoparticles at 

room temperature and ambient pressure can be performed in water as well as in a gelatin rich 

surrounding in order to fulfill control over particle size and therefore magnetic properties.  

  



 
 

85 
 

 

  



Chapter III Synthesis and Characterization of Gelatin Based Magnetic Hydrogels 
 

86 
 

Chapter III Synthesis and Characterization of Gelatin Based 

Magnetic Hydrogels 

1. Introduction 

1.1. The Gelatin Hydrogel 

Collagen, known as the most abundant protein present in mammals, consists of three different 

molecule chains forming a stiff triple helical structure. A single collagenous α chain is mainly 

built up through a repetitive triad of (Gly-X-Y) with X being mostly proline and Y 

predominantly hydroxyproline, forming a left handed helix (see Figure 3.1).[156, 157] These 

collagen molecules, also called tropocollagen, are twisted together into a right handed triple 

helix, being 300 nm in length and 1.5 nm in diameter stabilized by hydrogen bonds. Different 

types of collagen are known, the most abundant ones are type I, II and III which all form a 

fibril structure. Type IV collagen is composed of a two dimensional sheet like structure due to 

the leakage of a glycine group in every third residue. The triple helix formation and 

stabilization is dependent on hydrogen bonding and varies with amino acid composition. 

Collagen type I, for example which is over 90 % of the collagenous material found in the body 

most commonly in bone, skin and tendons, is formed through small collagen fibrils (10 – 300 

nm diameter) which can further aggregate into larger bundles with a thickness of several 

micrometers in a well ordered structure which is crystalline as can be seen in the scheme in 

Figure 3.1. 

 

Figure 3.1: Scheme presenting the chemical structure of collagen and its organization into higher level structures. 

Gelatin, which is derived from partial hydrolysis of native collagen, can be considered as a 

polydisperse copolymer with a broad molar mass distribution. Collagen exists in many types 
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but gelatin is only extracted from sources being rich in collagen Type I. Its molecular 

composition is identical to collagen and can be seen in Table 3.1. In general, there exist two 

different production ways to extract gelatin from collagen. The first approach is the so-called 

acid process, where mainly pig skin, fish skin and bone raw material are acidified to pH 4 and 

stepwise heated until the boiling point thus hydrolyzing the collagen molecules into the so 

called gelatin type A (acidic). The second approach involves the treatment of mainly cattle 

hide with alkali and water at room temperature for several weeks.[157, 158] This process is called 

the alkaline process and the resulting gelatin is called gelatin type B (basic). Depending on the 

raw materials, pH and time, different molecular weight distributed gelatins can be derived.  

Table 3.1: Amino acid composition of gelatin type A and B and collagen type I, given for amount per 1000 
residues.[157] 

 

The gelatin molecules can carry charges depending on the pH, where the isoelectric point of 

the molecules is depending on the production process. Gelatin type A shows an isoelectric 

point (IEP) at pH 8 – 9, whereas type B gelatin has an IEP at pH 4.8 – 5.2.[159] It is important 

Amino Acids Gelatin Type A Gelatin Type B Collagen Type I
Alanine 112 117 114
Arginine 49 48 51
Asparagine 16 0 16
Aspartic acid 29 46 29
Cysteine - - -
Glutamic acid 48 72 48
Glutamine 25 0 25
Glycine 330 335 332
Histidine 4 4.2 4.4
Hydroxyproline 91 93 104
Hydroxylysine 6.4 4.3 5.4
Isoleucine 10 11 11
Leucine 24 24.3 24
Lysine 27 28 28
Methionine 3.6 3.9 5.7
Phenylalanine 14 14 13
Proline 132 124 115
Serine 35 33 35
Threonine 18 18 17
Tryptophan - - -
Tyrosine 2.6 1.2 4.4
Valine 26 22 22
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to know that the gelatin gel stability at pH values close to the IEP can decrease.[158] The gelatin 

type B used in the following presented experiments has a molar mass distribution of 

approximately 25 - 50 kDa (see Appendix B, Figure B.1). At temperatures above the gelation 

temperature (Tgel
 = 37 °C) gelatin forms a homogeneous solution in water, which transforms 

below Tgel and above the overlap concentration of ~ 0.5 wt% (in H2O) to a thermoreversible 

physical gel.[158] Triple helices being partially present in gelatin form a disordered three 

dimensional network, with meshes of varying sizes as it can be seen in Figure 3.2.  

 

Figure 3.2: a) Pt-C replica of a gelatin gel network, with meshes of variable sizes, which appear in white for a 
gelatin concentration of 2 wt% and b) 10 wt%.[160] c) Schematic illustration of coil to helix transformation. 

During the cooling process the gelatin undergoes conformational changes, the so called coil to 

helix transition (see Figure 3.2c). Most of the gelatin chains form a three-dimensional 

interconnected network of chains reverted back from a random coil to a triple-helical 

structure.[161] The hydrogen bond stabilized gel network stability is directly connected to the 

b)

100 nm

collagen fold three-dimensiomal networkrandom coil

100 nm

a)
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gelatin concentration. Djabourov et al could show with 3D TEM analysis that the mesh size of 

gelatin networks is decreasing with increasing temperature.[160-162] In general it can be 

mentioned that the gel stability is highly dependent on some factors such as concentration, pH, 

temperature, salt content and gelation time.[157, 163] Due to its outstanding properties like 

gelling, emulsifying, stabilizing and adhering, gelatin has many applications in various fields 

like food industry, pharmaceuticals, photography, neutraceuticals, cosmetics etc.[157, 164-166] 

1.2. Ferrogel 

Magnetic field-sensitive gels are called ferrogels. In general ferrogels consist of magnetic 

nanoparticles and a polymer matrix without the requirement of any special material (see 

Figure 3.3). As a polymer network one may use flexible chains which can be crosslinked to 

the desired effect. The magnetic particles can be of superparamagnetic, ferrimagnetic or 

ferromagnetic nature, it is only important that a strong interaction between the polymer matrix 

and the filler material exists. Ferrogel syntheses are known since a long time. These gels can 

be prepared through various procedures such as blending, in-situ co-precipitation or a grafting 

method.[167] By coupling the elastic media with the magnetic properties of the particles, the 

elastic behavior of the ferrogels can be tuned by an external magnetic field.[92] In the recent 

years significant progresses were achieved in the field of magnetic hydrogels, which can 

quickly respond to an external magnetic field, resulting in an enhancement of their tenability. 

There is a high number of publications reporting about the synthesis and application of 

magnetic field sensitive gels.[167-172] The properties of these gels can be adjusted over a large 

range, by simple variation of the organic-inorganic content, allowing their use in applications 

as diverse as catalysis,[173-175]
 switchable electronics,[176, 177] tissue engineering,[178, 179] drug 

delivery,[180-183] wastewater treatment,[184-186] hyperthermia cancer therapy[187, 188] and soft 

actuators.[189, 190] 
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Figure 3.3: Respond of a ferrogel to a) absence and b) presence of an external magnetic field (ca. 1T). 

1.3. Aim of this Chapter 

Biominerals are formed under highly controlled conditions and often involve synthesis 

procedures in a hydrogel matrix or/ and under genetic control.[1] One popular example are the 

teeth of chitons, where magnetite nanoparticles are synthesized inside a protein-

polysaccharide matrix.[31] Another intriguing material is nacre, which forms aragonite tablets 

inside a silk hydrogel under genetic control of different proteins.[8] Since the overall aim of 

this thesis is the synthesis and characterization of multifunctional layered magnetic composites 

inspired by the structure of nacre, the teeth of chitons and the magnetic properties of the 

magnetotactic bacteria, this chapter deals with the bio-inspired synthesis of magnetite 

nanoparticles inside a hydrogel matrix. In the following part magnetic hydrogels in two 

distinct particle size regimes are presented. The synthesis procedure is based on an in-situ 

mineralization process inside the biodegradable polymer gelatin. With the developed synthesis 

protocols the magnetic properties of the gels can be controlled. Apart from that, magnetite 

mineralization under genetic control inside a gelatin hydrogels is recorded as well. Several 

studies of magnetic hydrogels in different size ranges already exist, however the synthesis of 

biocompatible magnetic hydrogels with high and adjustable magnetite content was not yet 

reported. These are, moreover, especially interesting because they can be molded into any 
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shape, can be used for medical applications and can be addressed by external magnetic fields 

making them interesting for applications as actuators, switches etc. In this section the 

synthesis of biocompatible and thermoreversible gelatin gels which are mineralized with 

magnetite in different size regimes and under genetic control is reported. 
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2. Synthesis and Characterization of Superparamagnetic Hydrogels 

2.1. Introduction 

Since a large amount of studies are known for constructions to aid mineralization, different 

hydrogel systems were investigated which might be able to be used as a template system for 

the performed mineralization process. First of all an appropriate synthesis method for the 

synthesis of a stable ferrogel with a high amount of mineral content needed to be found. 

Therefore the biopolymer gelatin with its favorable temperature dependent gelation behavior 

was chosen. The following three synthesis approaches were investigated in order to produce a 

highly mineralized magnetite gelatin hybrid body which also would be able to be transferred 

into the demineralized nacre matrix which is the overall aim of this thesis.  

The first approach deals with mixing of synthesized magnetic nanoparticles in dry or liquid 

state in a defined amount with gelatin. Different concentrations of gelatin as well as magnetite 

nanoparticles were tested. This method faces the problem of inhomogeneous nanoparticle 

distribution inside the gel state due to strong NP aggregation. Also the inclusion of magnetite 

nanoparticles stabilized by protection groups like citrate or ethylene glycol could not solve this 

problem. Another problem was the increasing viscosity of the hybrid material with enlarging 

the magnetite quantity which complicates the infiltration of the ferrogel into the chitin matrix. 

Therefore this approach does not form a synthetic base for this project and will not be 

presented here. 

An alternative method was the synthesis of magnetite nanoparticles directly in the liquid sol 

media at 50 °C prior to gelation by cooling. Due to the thermoreversible behavior of gelatin in 

water (liquid above 37 °C), it was possible to perform the co-precipitation reaction in the 

liquid gelatin solution and form a ferrogel after cooling down to room temperature. The 

dependency of the gelatin concentration and the minimum pH value for magnetite formation 

were verified. From a gelatin concentration of 3 wt % to 10 wt % no influence on the particle 

size could be determined. The particles were analyzed by transmission electron microscopy 

(TEM), dynamic light scattering (DLS) and nanoparticle tracking analysis (NPTA) and 

showed polydisperse crystallites ranging from 2.5 nm to 8 nm. The synthesized ferrogels 

showed superparamagnetic behavior and could be collected with a permanent magnet. The 
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formed crystalline phase was analyzed by x-ray diffraction (XRD) and infrared spectroscopy 

(IR) and displayed the presence of the mineral magnetite. However, when the quantity of 

magnetite was increased either by changing the concentrations or repetition of the synthesis 

protocol the gelling ability of the biopolymer was lost. Apparently, it was not possible to form 

a viscous gel structure after heating up and cooling down to room temperature. Instead, a 

liquid like nonhomogeneous media was formed. Possible reasons for these findings are the 

partial decomposition of the gelatin molecules due to the elevated temperatures as well as the 

high pH value set during the precipitation with the base. Apart from that, it is also possible 

that the formed iron oxide nanoparticles are interacting with the gelatin molecules and 

therefore form aggregates at elevated temperatures which are inhibiting the interaction of the 

gelatin molecules with each other in order to obtain a physical gel structure by cooling down. 

Due to the latter listed reasons, this synthesis approach does not build a basic protocol in order 

to perform a highly mineralized organic-inorganic hybrid body which can be transferred into 

the demineralized nacre matrix. 

The optimized method to obtain stable ferrogels is the in-situ synthesis of magnetite 

nanoparticles in the gelatin hydrogel. The in-situ mineralization process used in the following 

chapter is related to already known procedures.[92] In order to investigate the appropriate 

synthesis conditions for the chosen method, systematic studies about the gelatin concentration, 

the iron ion concentrations as well as concentrations of different bases were performed. It 

turned out that gelatin type B performs best in terms of gelling ability and stability and was 

therefore chosen to be used in all following synthesis procedures. Furthermore, the synthesis 

procedure could be optimized with an ideal iron and base concentration leading on the one 

hand to a high mineral content and on the other hand to the formation of stable gel matrices 

which can easily be transferred into the demineralized nacre scaffold. The following paragraph 

is presenting the synthesis and characterization of gelatin based superparamagnetic hydrogels. 

2.2. Experimental Section 

2.2.1. Materials 

Chemicals: The following commercially available chemicals were purchased and applied in 

the synthesis without further purification: FeCl2 ·  4H2O (Sigma-Aldrich), FeCl3 ·  6H2O 
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(Sigma-Aldrich), 0.1 M NaOH solution (Merck), Gelatin Type B (∼225 Bloom, Sigma-

Aldrich), 4-chloro-m-cresol (Fluka), Methanol (VWR). For the preparation of the reactant 

solutions double-distilled and deionized (Milli-Q) water was used. All solutions were degassed 

with nitrogen before usage. 

2.2.2. Synthesis  

Gel Synthesis: Different amounts of gelatin were allowed to swell in water for 24 hours at 6 

°C. Homogeneous solutions were prepared by heating these gels for 2 hours at 50 °C. In each 

case, 2 ml of solution is filled in disposable base molds (30 mm × 24 mm × 5 mm) and 

allowed to form a gel there. To avoid decomposition by bacteria, a 5 wt% solution of 4-chloro-

m-chresol in methanol was added (0.15 ml per 1 g of dry gelatin). 

Synthesis of Ferrogel: In-situ mineralization of magnetite nanoparticles in gelatin hydrogel 

was carried out via co-precipitation of FeCl2 and FeCl3. Each gelatin hydrogel sample was 

introduced into a solution, containing FeCl2 (0.1 M) and FeCl3 (0.2 M), where it was left for 

96 hours at 6 °C. The iron (II) and iron (III)-loaded gels were washed with water and placed in 

0.1 M NaOH solution for 150 min. 

2.2.3. Analytical Methods  

Transmission Electron Microscopy (TEM): For TEM and HR-TEM analysis, a Zeiss Libra 

120 operating at 120 keV and a JEOL JEM-2200FS operating at 200 keV were used, 

respectively. For material characterization, two distinct sample preparation techniques were 

applied. On the one hand, a drop of a diluted dispersion of magnetic nanoparticles extracted 

from the hydrogel was placed on a Formvar coated copper grid and left to dry on a filter paper. 

On the other hand, the grid was dipped inside the hydrogel matrix and aliquots were blotted 

using a filter paper. For micro-cut preparation, the ethanol dehydrated ferrogel samples were 

embedded in LR white Resin (Medium Grade) and cut with a Leica EM Trim. 

Scanning Electron Microscopy (SEM): For SEM analysis a Zeiss Neon 40 EsB operating in 

high vacuum was used. An InLens and SE detector was used for signal collection and an 

acceleration voltage of 2 kV was chosen for recording the images. The specimens were coated 

with a thin layer of gold in order to avoid charging effects. 
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Thermogravimetric Analysis (TGA): The mineral content of the hydrogels was determined by 

means of TGA (Netzsch, Selb, Germany). Measurements were carried out at a heating rate of 

5 K/ min under a constant oxygen flow. Samples were scanned from 293 K to 1273 K. 

X-ray diffraction studies (XRD): The phase of the iron oxide nanoparticles was characterized 

by powder x-ray diffraction (XRD). The x-ray diffraction patterns were collected between 10° 

– 80° (2) using a Bruker D8 advance diffractometer operating with CuK radiation. 

Small-Angle Neutron Scattering SANS and USANS: The following presented data were 

measured and analyzed by Baohu Wu (PhD student at the University of Konstanz) in 

collaboration with myself, synthesizing the analyzed material. Neutron scattering experiments 

were carried out at, respectively, the KWS1 and KWS 3 diffractometers of JCNS outstation at 

FRM II in Garching, Germany.[191] Three configurations were used at KWS 1, namely the 

sample-to-detector (SD) distances of 2, 8 and 20 m, the corresponding collimation length of 8 

and β0 m, and a wavelength of 0.7 nm (Δ /  = 10%). These settings allowed covering a Q-

range from 0.02 to 3.5 nm−1. The scattering vector Q is defined as Q = βπ/  sinδ/2 with the 

scattering angle δ and the wavelength . A two-dimensional area sensitive detector was used 

to detect neutrons scattered from sample solutions. Gel solutions were filled into rectangular 

quartz cells with path-length of 1 or 2 mm. Plexiglas was used as secondary standard to 

calibrate the scattering intensity in absolute units. The data correction and calibration were 

performed using the software QtiKWS (V. Pipich (2013)).[192] In order to cover the broader 

length scale of the network structure, ultra-smallangle Neutron scattering (USANS) 

experiments were carried out at the KWS3 diffractometer using a parabolic mirror as an 

optical element, and covering the smaller Q range from 0.001 to 0.02 nm−1.[191] 

Small-Angle X-ray Scattering (SAXS): SAXS experiments were carried out at by Baohu Wu 

with a HECUS S3-Micro small-angle X-ray scattering instrument. The instrument uses Cu Kα 

radiation (0.154 nm wavelength) produced in a sealed tube. Gel samples were placed in 

Hilgenberg quartz capillaries with an outside diameter of 1 mm and wall thickness of 0.01 

mm. The scattered intensity was corrected with the transmission of the samples calculated 

considering the absorption of the sample and that of the capillary. The dry gel samples were 

cut to a thin film with a thickness of 1 mm and measured directly. The scattered X-rays are 

detected with a two-dimensional multiwire area detector and afterwards converted to one-
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dimensional scattering by radial averaging and represented as a function of momentum 

transfer vector Q similar to the SANS experiments. 

Magnetization Studies a Using Superconducting Quantum Interference Device (SQUID): The 

SQUID measurements were performed by Aleksej Laptev in the group of Apl. Prof. Dr. 

Mikhail Fonin at the University of Konstanz. Magnetization measurements were carried out 

by using a quantum design SQUID 5 T magnetic properties measurement system (MPMS). 

For measurements, dried ferrogels were introduced into gelatin capsules and magnetization 

loop measurements at 2 K and 293 K were performed. In addition zero-field-cooled and field-

cooled curves were obtained by applying 0.01 T and heating or cooling the sample. 

Swelling Studies: For the drying process the gel samples were left at room temperature for at 

least 5 days. Air-dried samples of different concentrations of gelatin hydrogel, iron-loaded 

hydrogel and ferrogels with different numbers of reaction cycles were weighed in the dry 

state. The samples were left for swelling in 30 ml Milli Q water in a closed vessel at RT for at 

least 100 hours. Before weighing, the excess water of each sample was removed with a filter 

paper. All samples were weighed after a certain amount of time until equilibrium swelling was 

reached. 

Molecular Simulation: Molecular dynamic simulations were performed by Tina Kollmann in 

the group of Prof. Dr. Dirk Zahn at the University of Konstanz. A series of FeIII(OH)x(OH2)4-x 

and FeII(OH)y(OH2)8-y clusters were pre-modeled from ab-initio calculations in vacuum. For 

all clusters, the high-spin constellation was identified as preferred by several electron volts. 

Imposing overall charge neutrality (i.e. x+y = 3+2) the neutral FeIII(OH)3 ·  H2O and FeII(OH)2 

·  6H2O clusters were found to be as energetically preferred. Docking to collagen was modeled 

in aqueous solution using empirical forcefields.[193] Investigation of biologically-designed 

metal-specific chelators for potential metal recovery and waste remediation applications,[194] 

and the Kawska-Zahn docking procedure were described previously.[195] Along this line, ion 

clusters are initially docked to collagen in absence of water. Such putative association 

complexes are then immersed in aqueous solution (periodic simulation cell comprising more 

than 15 000 water molecules) and subjected to relaxation from 100 ps molecular dynamics 

runs at room temperature and ambient pressure. To account for the manifold of possible 

arrangements intrinsic to the systems complexity, a series of 100 independent docking runs 
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were performed for each ionic species. The resulting structures were then classified in terms of 

hydrogen bonds and O·Fe distances to discriminate the representative configurations of the 

FeIII(OH)3 ·  O (collagen) and FeII(OH)2 ·  O (collagen or H2O) coordination constellations.  

AFM colloidal probe characterization: These measurements were performed during a research 

stay at the University of Bayreuth in the group of Prof. Dr. Andreas Fery. The measurements 

as well as the data analysis were carried out by Dr. Martin Neubauer. Force spectroscopy 

experiments were conducted at the atomic force microscope (AFM) Nanowizard® I (JPK 

Instruments, Berlin, Germany) in a home-built liquid cell (diameter 2 cm, height 0.5 cm). Thin 

slices (1-2 mm) of swollen hydrogels were cut from the bulky samples with a scalpel and 

immobilized at the bottom of the cell using two component epoxy glue (UHU Endfest 300, 

UHU GmbH & Co. KG, Bühl, Germany). All measurements were performed in MilliQ-water 

at room temperature. As a probe a tipless silicon nitride cantilever (NSC 12, no Al coating, 

MikroMasch, Tallinn, Estonia) was used with a glass sphere (35 µm in diameter, Polysciences 

Europe GmbH, Eppelheim, Germany) attached to its front (colloidal probe). Before the actual 

measurements, the cantilevers were calibrated against the non-deformable glass substrate to 

determine their optical lever sensitivity resulting as the slope of the recorded force-

displacement curve. The deformation of the sample was obtained by subtraction of the 

cantilever’s bending from the raw displacement data. The cantilever’s spring constant (0.56 N/ 

m) was deduced from its thermal noise spectrum prior to the attachment of the colloidal 

probe.[196]
 

Nanoindentation: These measurements were performed during a research stay at the 

University of Riverside (California, USA) in the group of Dr. David Kisailus. The presented 

nanomechanical characterization data were performed in collaboration with Dr. David 

Kisailus and his PhD student Steven Herrera. Nanoindentation studies were performed in 

ambient air using a Triboindenter nanomechanical testing system (Hysitron, Minneapolis, 

MN, USA) equipped with a cube corner tip. The embedded and polished samples were 

measured displacement controlled (1000 nm) with a loading-unloading profile. The curves 

were analyzed according to Oliver-Pharr method, and the average value for Young’s modulus 

and hardness resulting from the loading-unloading curves are reported.  
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2.3. Results and Discussion 

The following presented data were performed in a collaboration of different groups in a 

priority program project of the DFG (SPP 1569 Generation of multifunctional inorganic 

materials by molecular bionics). Parts of the presented results in this chapter are published 

data from the following publication: Helminger, M.; Wu, B.; Kollmann, T.; Benke, D.; 

Schwahn, D.; Pipich, V.; Faivre, D.; Zahn, D.; Cölfen, H., Advanced Functional Materials 

2014, 24 (21), 3187-3196.  

2.3.1. The Gelatin Hydrogel  

The SANS and USANS measurements and evaluations of the gelatin hydrogel and ferrrogels 

were performed by Baohu Wu (PhD student at the University of Konstanz) at the technical 

University of Munich in Garching under the supervision of Dr. Vitaliy Pippich and Dr. 

Dietmar Schwahn. The structure of a gelatin hydrogel at room temperature in D2O was 

determined by SANS. The scattering pattern plotted in Figure 3.4 was measured at classical 

SANS and USANS diffractometers delivering scattering at very small Q of the order 10-3 up to 

3 nm-1. USANS instruments have to use optical devices such as refraction lenses or 

mirrors.[197] There are two distinct Q-regimes which are well described by the solid line 

representing the best fit of the data using the two levels Beaucage expression.[198] The 

Beaucage expression is given according to 

   
  

α3
2

α
dΣ dΣ

(Q)= (0) exp(-u /3) + P erf u/ 6 /Q
dΩ dΩ

 
  

  (1) 

representing a combination of Guinier’s and Porod’s laws describing the scattering at low and 

large Q, respectively. More quantitatively both approximations are valid for the parameter u = 

RgQ smaller or larger than 1, u representing the product of radius of gyration Rg and scattering 

vector Q (defined below). Guinier's law has the shape of a Gaussian function whereas for Q 

larger than 1/Rg (u > 1) a power law according to -α
αdΣ/dΩ(Q)= P ×Q is often observed, which 

in case of  = 4 represents the famous Porod law of compact particles with a sharp surface.[199]  
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Figure 3.4: SANS macroscopic cross-section dΣ/dΩ versus scattering vector Q for 18 wt% gelatin in D2O (T = 
20 oC). At low Q (< 0.02 nm-1) USANS data are also presented after rescaling. The solid line represents a fit of 
the two levels Beaucage equation. 

For 18 wt% gelatin in D2O the contribution from large inhomogeneities are dominant in the 

low Q regime (Q < 0.2 nm-1) representing a two phase random medium of about Rg = 140 nm 

radius of gyration and a power law exponent of α = γ in the intermediate Q regime between 

0.02 and 0.2 nm-1. These data might indicate the formation of large-scale networks of mass 

fractal characteristic and of about 350 nm diameter. The fractal characteristic was concluded 

from the α = γ exponent and the diameter was evaluated from Rg, assuming a spherical 

shape.[199] The second relevant Q-regime between 0.2 nm-1 and 1.5 nm-1 shows a power law 

exponent of ~ 1.3 indicating the rod-like structure of gelatin triple helix bundles. The third 

relevant Q-regime beyond 1.5 nm-1 shows Q-4 Porod law behavior, valid for three dimensional 

compact structures thereby indicating a shorter helix axis of about d  1/(Q = 1.5 nm-1) = 0.7 

nm. The length of the helix bundle is roughly estimated as L  4.1 nm from Rg  1.2 nm and d 

according to Rg
2 = L2/12 + d2/8.[199] Moreover, the transition between the two power law 

regimes at Qc of approximately 0.29 nm-1 allows us to estimate the average gelatin mesh size 

of βπ/Qc  22 nm.  
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Figure 3.5: SANS macroscopic cross-section dΣ/dΩ versus scattering vector Q for gelatin in D2O with 

concentrations from 6 to 30 wt%. The data are represented after rescaling with the gel volume fraction (). 

Furthermore, the amplitude of the Porod regime delivers the total surface area per unit volume 

of the gel according to P4 = 0.583 cm-1 nm-4 (P4 = 2×N×S×2, N particle number density, S 

particle surface, and =4.71×1010 cm-2 scattering contrast).[199] For 18 wt% gelatin this value 

is calculated as N×S ~ 4.2×105 cm-1 (~ 31.6 m2/g). These parameters show that the gel of the 

present study is a good candidate for growing nanoparticles within the mesh of the 

biopolymers; the high porosity represents a good medium for the growth of nanoparticles 

without aggregation. SANS data from solutions of varying gelatin concentration are shown in 

Figure 3.5. The scattering below Q  0.1 nm-1 shows an accumulation of a network structure 

of similar size and number density proportional to gel concentration. In the intermediate Q-

regime we observe a lowering of the power law exponent from ~ 2 to ~ 1 with increasing gel 

concentration. 

The trend to  = 1, i.e. scattering from rod like particles, indicates an enhanced amount of 

triple helix bundles, which is not accompanied by a significant change of average mesh size 

(Table 3.2). In conclusion, the choice of appropriate gelatin concentration will achieve both 

high efficiency for ion transport for optimal iron mineralization as well as high mechanical 

strength. The latter parameter is known to increase with the amount of gelatin. 



Chapter III Synthesis and Characterization of Gelatin Based Magnetic Hydrogels 
 

101 
 

Table 3.2: The data extracted from Figure 3.5. 

Rg,1 were extracted from Q < 0.2 nm-1, Rg,2 were extracted from 0.2 nm-1<Q < 1.5 nm-1, Rm is the average mesh size estimated 

form 2/Qc. 

2.3.2. The Ferrogel Synthesis 

Here, an in-situ mineralization protocol designed for the preparation of ferrogels consisting of 

biodegradable polymer gelatin and magnetic iron oxide nanoparticles is reported. A three-step 

process was applied as schematically represented in Figure 3.6. In a first step, gelatin 

hydrogels were prepared at different biopolymer concentrations, ranging from 6 to 18 wt% to 

allow for different mesh sizes in the gelatin gels through concentration dependent variation of 

the crosslinking degree.  

 
Figure 3.6: Schematic representation of the ferrogel synthesis. a) Unloaded gelatin hydrogel, b) hydrogel loaded 
with ferrous and ferric ions, and c) magnetic nanoparticles distributed inside the hydrogel after in-situ co-
precipitation with NaOH. 

These hydrogels were soaked in a solution of FeII (0.1 mol l-1) and FeIII (0.2 mol l-1) ions with 

a molar ratio of ferrous to ferric ions of 1:2 until they reached the swelling equilibrium. In a 

third step magnetite was formed inside the gelatin network after immersing the gel into a 

NaOH (0.1 mol l-1) solution, which did not affect the gel properties. The porous polymer 

 
Rg,1[ nm] Rg,2 [nm] Qc [nm-1] Rm [nm] 

6 wt% 156 11.2 0.29 ~ 22 

12 wt% 155 15.9 0.28 ~ 22 

18 wt% 140 11.5 0.29 ~ 22 

30 wt% 191 11.7 0.31 ~ 20 

 

Fe2+

Fe3+

NaOH
a) b) c)
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network structure of the hydrogel in combination with the carbonyl, amine and anionic groups 

of the gelatin molecules binds the metal cations[159] (see chapter III Section 2.3.8) and thereby 

acts as a template for co-precipitation of magnetic nanoparticles according to the following 

reaction: 

Fe2+ + 2 Fe3+ + 8 OH-  Fe3O4 ( ) + 4 H2O    (2) 

The loading of iron ions into the gelatin hydrogel can be followed visually by a change of 

color from white (native hydrogel) to bright orange (Figure 3.6). The intensity of the color 

also provides a measure of the concentration of iron present in the gel matrix. Indeed, after 

several washing steps with water, the iron loaded gel does not change its color, indicating 

strong binding of the iron ions to the gelatin network. When sodium hydroxide is added to the 

iron-containing hydrogels the color changed rapidly from bright orange to black denoting the 

formation of magnetite inside the gelatin matrix. The three-step protocol could be repeated for 

several times in order to control the mineral content. Similar approaches were reported[170, 200] 

for example by Breulmann et. al.[168] who synthesized magnetite nanoparticles in-situ in a 

polystyrene-polyacrylate copolymer gel to form an inorganic-organic nanocomposite with 

magnetic and elastic properties. By contrast Reddy et al.[201] precipitated magnetite within a 

polyacrylamide/gelatin hydrogel matrix in order to produce a biocompatible magnetic hybrid 

material.  

2.3.3. Thermogravimetric Analysis 

The final amount of magnetite nanoparticles inside the biopolymer matrix was determined by 

thermogravimetric analyses (TGA) in an oxygen atmosphere. From the thermograms, onset 

temperature and completion of degradation temperature can be identified (see Figure 3.7). All 

dry ferrogels investigated, basically show two stages of weight loss. First, there is a minor 

change in mass between 80 and 180 °C due to removal of moisture from the sample. In a 

second stage (200 – 400 °C), the gelatin part of the biopolymer is completely decomposed. 

Thus, the remaining mass represents the amount of iron oxide originally distributed in the 

ferrogel. In comparison, for pure magnetite there was no weight loss noted in the interval of 

200 – 800 °C. Our experiments show that after one reaction cycle of magnetite incorporation, 

mineral contents of ca. 20 – 30 wt% can be realized.  
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Figure 3.7: TGA curves of ferrogel consisting of 8 wt% gelatin in the wet state. RC stands for the number of 
reaction cycles. 
Higher nanoparticle loads of up to 70 wt% are also possible, but require repetition of the 

reaction cycles with repeated Fe-ion loading and mineralization cycles. In comparison to 

previous investigations which reported magnetite amounts of up to 30 wt%,[171] the mineral 

loading in the present study is significantly higher and comparable to mineral content found in 

the chiton teeth, which demonstrate a magnetite load of approximately 70 wt%.[31]  

 

Figure 3.8: Self-healing ability of superparamagnetic ferrogel after one reaction cycle at elevated temperatures 
(30 °C). a) Cut ferrogel sample before and b) after healing at 30 °C with response to an external magnet (ca.1T). 

The gels can be heated up after one reaction cycle (30 wt%) of magnetite precipitation and 

molded into any desirable shape, forming a superparamagnetic physical gel during the cooling 
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process. Apart from that, investigations demonstrated self-healing ability of ferrogels after 1 

RC upon elevated temperatures of 30 °C. Ferrogels can be separated from each other and 

demonstrate regelation into a stable physical magnetic gel at slightly elevated temperatures 

(see Figure 3.8). 

2.3.4. Crystal Morphology and Size 

Transmission electron microscopy (TEM) images (Figure 3.9) reveal that the applied in-situ 

co-precipitation method led to the formation of magnetic nanoparticles with a mean diameter 

of about 10 ± 5.3 nm inside a 10 wt% gel matrix, all synthesized nanoparticles showed similar 

mean diameters irrespectively of the gelatin concentration. These particles show spherical 

morphology and a well-developed crystallinity, which is supported by selected-area electron 

diffraction (SAED) and X-ray diffraction (XRD) analysis (see Appendix B, Figure B.2). 

Notably, the magnetic nanoparticles do not show any uncontrolled aggregation which might 

be due to colloidal stabilization by gelatin. The arrangement of the crystallites along the 

gelatin triple helices (see chapter III Section 2.3.8) can be attributed to the strong protein ion 

interaction which leads to the alignment along the biopolymer fibers as shown in Figure 3.9. 

Gelatin Type B shows an isoelectric point of 4.7 - 5.2,[159] whereas the iron oxide particles in 

water have a point of zero charge around 7.[202] The measured pH value of the ferrogels after 

synthesis is around 6, which provides an attractive interaction between the positively charged 

nanoparticles and the negatively charged gelatin molecules.  

http://dict.leo.org/ende?lp=ende&p=DOKJAA&search=crystallinity&trestr=0x2001
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Figure 3.9: TEM images of a) and b) ultramicrotome-cuts of an embedded ferrogel at 10 wt% gelatin 
concentration after 6 reaction cycles (RC) at different magnifications. Ultramicrotome-cuts of dry embedded 
ferrogels, prepared with 10 wt% gelatin after c) 1 RC and d) 6 RC. 

Figure 3.9 shows mirco-cuts of an embedded ferrogel sample (10 wt% gelatin after 6 reaction 

cycles), where a homogenous distribution of the colloidal stable magnetic nanoparticles inside 

the hydrogel is evident. Interestingly, the TEM data suggest the presence of two distinct 

particle populations, that is, ca. 10 nm crystalline nanoparticles coexist with small clusters in 

the size range of 4.0 ± 1.1 nm. Apart from the TEM investigations in the hydrated state also 

micro-cuts of the dried ferrogel samples were prepared. The micrographs in Figure 3.9 c) and 
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d) disclose densely packed particles with no left spaces due the collapse of the hydrogel 

structure during drying. Moreover, TEM observations of ferrogel (see Figure 3.9c and d) 

samples after different numbers of reaction cycles show that repetition of the precipitation 

procedure does not influence the size or shape of the nanoparticles but their number in 

agreement with earlier findings.[168] The SAED pattern in Figure 3b exhibits diffraction peaks 

that can be indexed to both magnetite (Fe3O4) and maghemite (Fe2O3). Due to the similar 

diffraction patterns of these two magnetic mineral phases, it is not possible to unequivocally 

distinguish between their crystal structures in ED and XRD analyses. The results obtained by 

SAED are in agreement with the data collected by XRD. All synthesized hybrid materials 

display an XRD pattern typical for magnetite or maghemite, with no other impurities being 

detected. Systematic HR-TEM studies of iron oxide nanoparticles showed lattice spaces 

attributed to magnetite. The HR-TEM image (Figure 3.9a) shows spacings of 0.48 and 0.24 

nm, which correspond to the (111) and (222) plane of magnetite, respectively. This implies 

that all collected XRD and ED data represent the inverse spinel mineral magnetite. 

2.3.5. Scanning Electron Microscopy Investigations 

Morphological aspects of the dried gelatin hydrogels and the magnetic hybrid gels were 

further investigated by scanning electron microscopy (SEM). In this study, SEM was used to 

visualize differences in the gelatin network structure before and after magnetite loading. The 

prepared samples were dried at room temperature, which leads to a decrease in the sample 

volume and results in the formation of a contracted porous hybrid material. Cross-sections of 

dried gelatin and ferrogel samples can be seen in Figure 3.10. Comparing the pore structure 

with and without loaded magnetite suggests that the dried ferrogel samples exhibit smaller 

pore sizes and therefore a denser gel network. Figure 3.10b clearly illustrates the homogenous 

distribution of aggregated magnetite nanoparticles inside the ferrogel at the micrometer scale. 

To substantiate the homogeneous distribution of magnetite inside the ferrogel composite EDX 

spectra of suitable dry ferrogel surfaces were collected. The spectra exhibit a small peak for 

oxygen along with strong signals for Fe and C (Figure 3.10 c and d). Additional EDX mapping 

analysis confirmed the homogeneous distribution of Fe throughout the dry sample at the tens 

of micrometer scale.  
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Figure 3.10: Morphology of two dried hydrogels a) without and b) and c) with magnetite nanoparticles 
incorporated into the biopolymer matrix. d) EDX mapping of dried ferrogel with corresponding collected spectra. 

2.3.6. Small Angle Scattering on the Ferrogel Material 

The following presented data were measured and analyzed by Baohu Wu (PhD student at the 

University of Konstanz) in collaboration with myself, synthesizing the analyzed material. In 

order to further clarify the structure of the gelatin - nanoparticle hybrid material, SANS 

contrast variation experiments were performed, which allowed independently exploring the 

inorganic nanoparticle structure as well as the gelatin gel network. Contrast variation SANS 
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experiments became a standard method as pointed out and applied also in cognate disciplines 

such as biomineralization,[203, 204] Figure 3.11 displays two SANS scattering patterns of a 

ferrogel dissolved in pure D2O and in an aqueous mixture of 28 vol% D2O matching the 

scattering of magnetite and gelatin, respectively. In D2O, when gelatin is the only visible part, 

the scattering at small Q (Q < 0.2 nm-1) delivers a radius of gyration of about 110 nm which is 

of similar size (140 nm) as found for pure gelatin (Figure 3.4), suggesting scattering from 

gelatin and the absence of magnetite aggregation as it was also concluded from TEM. The 

large Q-regime shows stronger scattering than pure gelatin suggesting an increased triple-helix 

to coil ratio; the fitting shows a slight increase of Rg to 1.7 nm due to a larger amount of triple-

helix structure.  

 

Figure 3.11: SANS scattering pattern of the ferrogel in pure D2O and in a mixed D2O/H2O solvent of 28 vol% 

D2O and 72 vol% H2O. The solid lines represent the fitting of the Beaucage expression. The form factor of the 

magnetite is plotted as dashed dotted line. 

This observation could be due to a crosslinking effect between the Fe3+ and Fe2+ and the 

gelatin hydrogel structure. The open circles in Figure 3.11 represent the scattering of the 

ferrogel in a 28 vol% D2O aqueous solution, which matches the gelatin scattering and 

visualize the magnetite nanoparticles.[205] There is weakly enhanced scattering in the small Q-

range, which might be caused from non-perfect matching of gelatin or of very small amount of 

aggregated magnetite. The scattering in the intermediate Q-range is caused from individual 

nanoparticles of Rg = 10.4 ± 1.2 nm showing a Q-2 power law at intermediate Q which might 
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indicate a larger size distribution. The diameter D of the magnetite particles can be estimated 

as D  27 ± 4 nm (Rg = D/2.58).[199] This value is larger than obtained from TEM (diameter D 

= 10 nm), but of similar size as the mesh of the biopolymer gel ( 22 nm). The bigger particle 

diameter obtained by SANS could also result from the dense and chain-like packing of the 

nanoparticles partially observed along the triple helices between the crosslinking points. This 

means, that magnetite does not destroy the fractal structure of the ferrogel representing a 

three-dimensional interconnected network as also seen from the Q-2.4 power law of the 

―gelatin‖ scattering in Figure 3.11. Moreover, the results suggest that the gel matrix 

determines the size of the magnetite as it prevents the nanoparticles from further growth as 

well as from aggregation. TEM also observed smaller particles of 4 ± 1.1 nm diameter which 

is consistent with the transition to Porod behavior at QP = 1.4 nm-1 (D ~ βπ/ Qp = 4.4 nm). 

The scattering of magnetite in Figure 3.11 shows some slight correlation of the particles which 

means the observation of a structure factor. The effect of spatial correlation of the magnetite 

particles becomes more transparent from the X-ray scattering experiments discussed in Figure 

3.12 showing scattering patterns of 12 and 18 wt% ferrogels in wet and dry conditions. In X-

ray scattering the contribution of the gel matrix is less than 5 %, which means that the 

scattering is dominated by magnetite. 

The experimental data are described by eq. 3 representing a product of form factor of  

dΣ/dΩ(Q) = dΣB/dΩ(Q) × S(Q)    (3) 

dΣB/dΩ(Q) and the structure factor S(Q) describing the correlation between the magnetite 

particles. dΣB/dΩ(Q) was expressed by eq 1 and was also applied for the other SANS data. 

The fits depicted as solid lines describe the data sufficiently well as already demonstrated for 

the SANS data in Figure 3.11. The dashed dotted lines represent the form factor (dΣB/dΩ(Q)) 

of magnetite. The expression of the structure factor is given in eq S3 (see Appendix B) as 

derived on basis of the hard sphere potential in eq S2 (see Appendix B). 
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Figure 3.12: SA↓S intensity dΣ/dΩ(Q) versus scattering vector Q for a 18 and 12 wt.-% wet and dry ferrogel. In 
all cases the structure factor S(Q) was not negligible. Therefore, the data were fitted with the product of eq 5 
(structure factor) and the Beaucage equation (form factor) as shown by the solid lines. The dashed dotted lines 
represent the form factor of the particles.  

The parameters of this analysis are compiled in Table S1 and S2 (see Appendix B) for SAXS 

and SANS, respectively. For the 18 wt% wet ferrogel particle diameters of around 10 nm can 

be found from SAXS and SANS whereas a slightly larger negative exponent of 2.73 (instead 

of 2) for the SAXS data. In contrast to SANS no transition to Q-4 was observed for these 

solutions from SAXS. The 12 wt% wet ferrogel shows a smaller Rg of 8.7 nm and Q-3 power 

law at larger Q. The dry samples show much stronger scattering and correlation between 

magnetite because of their enhanced dense packing. At intermediate Q one has Q-3 which at Q 

= 2.3 nm-1 transforms to Q-4
 power law. The Q-3 behavior suggests a composite mass fractal 

structure of magnetite. The correlation peak of the dry samples at Qm  0.4 nm-1 provides an 

average distance of the scattering particles of   10 nm[206] (Guinier;  = 1.23/Qm), which is 

almost the same as Rg of the particles. This means that in the dry ferrogel the nano-particles 

are closely packed. In summary the SANS and SAXS data suggest that the gelatin content has 

no significant influence on the size of the nanoparticles, i.e. the gel matrix of different 

concentrations has similar average mesh size which is of similar size as the nanoparticles.  
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2.3.7. Magnetic Properties of the Hybrid Material 

Since the synthesized ferrogels can be attracted by an external magnetic field as can be seen in 

Figure 3.3, the magnetic properties of the composite materials were characterized by using a 

superconducting quantum interference device (SQUID) magnetometer. Figure 3.13a shows the 

magnetization (M) of a representative dried ferrogel sample (10 wt% gelatin in the hydrated 

state, 60.4 wt% mineral content in the dried ferrogel state) as a function of the applied field 

(H) at 293 K and 2 K. At T = 2 K the magnetization curve shows typical ferrimagnetic 

hysteresis due to magnetic anisotropy. At 293 K there is no hysteresis observed, which is 

typical for superparamagnetic materials,[207] and consistent with the small size of the 

nanoparticles. The field-cooled (FC) and zero-field-cooled (ZFC) magnetizations of the 

magnetite-gelatin composites were also measured (Figure 3.13b). The maximum of the ZFC 

curve corresponds to the blocking temperature (TB).[208]  

 

Figure 3.13: Magnetic properties of the synthesized hybrid materials. a) Magnetization curves of a dried ferrogel 

at 2 K and 293 K. Inset: Enlargement of the low field region showing the different coercive fields for the NPs at 2 

and 293 K. b) ZFC-FC curves as a function of temperature. 

Values obtained for TB as well as for the saturation magnetization (Ms) at 5000 Oe are listed 

in Table 3.3 for several representative samples. The studies show a blocking temperature of 

around 120 K which also confirms the superparamagnetic behavior of the nanoparticles. The 

higher TB found for the ferrogel at a lower gelatin concentration (cf. Table 3.3) might be due 

to stronger dipolar interactions and dense particle packing in the dry ferrogel state. As can be 

seen in Table 3.3 the saturation magnetization (Ms) of the composite materials is lower than 

a) b)
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that of bulk magnetite (92 emu/g) as well as maghemite (56 emu/g).[99] This effect has been 

observed in many previous studies, and it was proposed that with decreasing particle size and 

the growing degree of spin disorder at the surface which causes the decrease in Ms.[209] It has 

also been reported that defects on the particle surface can influence the magnetic 

properties.[209] The obtained magnetic measurement data show the phenomena of 

superparamagnetism for the designed composite materials, the same result is also observed for 

magnetite nanoparticles synthesized by a co-precipitation method in water (see chapter II).[99, 

104, 113, 117, 210] From these observations we conclude that the gelatin network has no effect on 

the magnetic properties of magnetite nanoparticles synthesized inside the gel matrix. 

Table 3.3: Saturation magnetization (MS, measured at 5000 Oe) and blocking temperature (TB) values of 

selected ferrogel samples with varying gelatin concentrations after 8 reaction cycles. 

 

2.3.8. Simulation Studies 

The presented simulation studies were generated in collaboration with the group of Prof. Dr. 

Dirk Zahn (University of Erlangen) within the SPP 1569 priority program. Calculations and 

interpretations of the data were performed by Prof. Dirk Zahn and his PhD student Tina 

Kollmann.  

For the purpose to better understand the ongoing processes we performed molecular 

simulation studies of Fe2+/ Fe3+ and hydroxide ion association to a triple helical (Gly-Hyp-

Pro)n peptide to characterize the interplay of collagen and inorganic nanoparticle formation on 
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the molecular scale. To allow direct comparison, the collagen fragment and the simulation 

method is chosen in full analogy to earlier studies on calcium and phosphate ion association to 

collagen.[211] From this, favorable association sites for both FeII(OH)2 and FeIII(OH)3 ion 

clusters were identified. Figure 3.14 illustrates representative constellations as observed for 

each species. It is noteworthy, that both precursors to magnetite bind to collagen via hydrogen 

bonds and salt bridges without distorting the triple helix. Instead, Fe(OH)x binds to carbonyl 

and hydroxyl groups for which oxygen atoms tend to complete an octahedral coordination 

polyhedral for either Fe3+ and Fe2+ association. 

 

Figure 3.14: (left) Representative structure for FeIII(OH)3 coordination by collagen. Note that three carbonyl/ 
hydroxyl groups are providing O∙Fe salt bridges via one short (β.γ Å) and two weaker (β.6 Å) contacts. (right) 
FeII(OH)2 cluster coordination by collagen leading to distorted/ incomplete octahedral coordination of FeII (the 
number of coordinating water molecules from the solvent varies from 0 to 2). Atom colors: Fe (yellow), O (red/ 
green for solvent), H (white), N (blue) and C (grey). 

The close interplay of Fe(OH)x motifs and collagen as observed from molecular simulation 

hints at the suitability of collagen to bind iron and hydroxide ions (with the later only forming 

stable bonds in combination with iron ions). From this we conclude that collagen acts as a 

nucleation seed to iron hydroxide aggregation, and thus intergrowth of collagen and magnetite 

nanoparticles already at the precursor stage. Moreover, the TEM micrographs of the final 

magnetite-collagen composites indicate a structural alignment of the nanoparticles (Figure 

3.9a and b), which we attribute to magnetite nucleation along collagen fibers. This interplay of 
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organic and inorganic components could give rise to hierarchical composites as observed for 

calcium phosphate – collagen based biominerals.[212] 

2.3.9. Swelling Studies 

Swelling studies were conducted in order to probe structural changes in the gelatin network 

upon incorporation of the magnetite nanoparticles. To that end, the water uptake of dried gel 

pieces and ferrogels was measured gravimetrically, until swelling equilibrium was reached. 

The swelling degree (Sd) of the investigated gels is given by the following equation: 

                   (4) 

wherein Ws represents the weight of the swollen hydrogel after swelling equilibrium was 

reached and Wd is the dry weight of the as-prepared xerogels. The swelling experiments were 

performed with samples containing 6 to 18 wt% gelatin and after 1, 3, and 6 mineralization 

reaction cycles. Figure 3.15 shows the swelling behavior of representative ferrogel samples 

with different mineral content compared to plain gelatin reference samples. It is evident that 

the ferrogel after 1 RC already shows a more pronounced increase in the degree of swelling 

compared to the neat gelatin reference. This unexpected effect might be due to the 

incorporation of the positively charged iron oxide nanoparticles into the polymer matrix, 

which can increase the osmotic pressure and therefore increase the swelling propensity of the 

ferrogel. On the other hand, it can also be observed that as the amount of magnetic 

nanoparticles in the matrix is further increased (i.e. after 3 and 6 reaction cycles), the ferrogels 

show a systematically decreasing swelling tendency. This result can be attributed to an 

attractive interaction between the iron oxide nanoparticles and the gelatin polymer matrix, 

potentially involving the carboxylate groups of gelatin, which can act as iron binding sites. 

Hence the small crystallites can act as points of crosslinking and therefore strengthen the 

gelatin hydrogel structure, leading to an effective decrease of the swelling degree and thus in 

the gravimetric water uptake. These observations are in line with the results obtained from 

SANS and SAXS studies. In summary, these experiments have shown that the introduction of 

nanoparticles into the gelatin matrix has a pronounced effect on its swelling behavior. 

Therefore we conclude that the structure of the gelatin hydrogel changes with varying content 

of magnetic nanoparticles inside the matrix.  
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Figure 3.15: Degree of hydrogel swelling plotted as a function of the swelling time at 25 °C for different samples 
with a gelatin concentration of 10 wt%. The equilibrium swelling degrees Sd (%) for the plotted samples are 
779.2 ± 9.6 (gelatin), 1531.4 ± 62.0 (RC 1), 684.7 ± 80.8 (RC 3) and 195.6 ± 0.3 (RC 6). 

2.3.10. Mechanical Analysis 

Mechanical Characterization – Colloidal Probe AFM 

To examine the mechanical properties of the synthesized ferrogel materials, some atomic force 

colloidal probe investigations were conducted. These measurements were performed during a 

research stay at the University of Bayreuth in the group of Prof. Dr. Andreas Fery. The 

measurements as well as the data analysis were carried out by Dr. Martin Neubauer. Force 

spectroscopy measurements with the colloidal probe technique [213, 214] were performed on bare 

and nanoparticle loaded gelatin scaffolds. From the obtained force versus deformation curves 

already significant qualitative differences can be seen. Figure 3.16 shows a comparison of 

pure and nanoparticle filled gelatin. With the addition of the superparamagnetic particles the 

slope of the force curves increases, i.e. the stiffness or mechanical resistance of the gels is 

enhanced. This increase can be explained by the strengthening of the gelatin network by the 

rigid nanoparticles. These have been shown to interact with the amide bonds along the gelatin 

backbone [215] and might give rise to additional crosslinking. As a consequence, the flexibility 

of the gelatin chains is reduced resulting in the observed stiffness increase and the decreased 

swelling. Nanoindentation testing with AFM colloidal probe is a powerful technique as it 

combines high lateral and force resolution with well-defined contact geometry. It has 

successfully been applied to a range of systems including capsules [216-219], full particles [220-222] 
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and films [223-226]. However, due to the morphological and structural inhomogeneity of the 

samples it is currently difficult to make a quantitative evaluation of the data. Continuum 

mechanics models typically require homogeneous and isotropic materials. For pure gelatin we 

can successfully fit the obtained curves assuming the Hertz model for a sphere in contact with 

a plane surface [227]
 (see Appendix B). Thus, an elastic modulus of 2.6 ± 0.3 kPa is calculated 

which is in good agreement with data from literature reporting modulus values in the low kPa 

range [225, 228]. In contrast, the data from experiments on ferrogels show large scattering and the 

run of the curves does not follow a pathway that can be described by one of the established 

mechanical theories. These deviations can be ascribed to the aforementioned non-ideal 

boundary conditions. It will be the aim of future research to investigate the mechanical 

properties more thoroughly. 

 

Figure 3.16: Force vs. deformation characteristic of pure gelatin and gelatin with superparamagnetic particles. 
Introduction of nanoparticles leads to significant increase in the stiffness of the material. 

Mechanical Characterization - Nanoindentation studies 

Through the help of modern nanomechanical characterization techniques the mechanical 

properties of the dried ferrogels with varying mineral contents are described. These 

measurements were performed during a research stay at the University of Riverside 

(California, USA) in the group of Dr. David Kisailus. The presented nanomechanical 

characterization data were performed in collaboration with Dr. David Kisailus and his PhD 

student Steven Herrera. Reported data manifest that organic-inorganic composite materials 

demonstrate improved mechanical performance due to the existence of an inorganic phase 

which can add favorable properties like abrasion or wear resistance to the material compared 
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to the organic phase alone.[229-231] Typical nanoindentation experiments of gelatin–magnetite 

composites with increasing mineral content were performed. The summarized Young’s 

modulus and hardness values are shown in Table 3.4. One can see that the incorporation of 

magnetite into the biopolymer media improves modulus values and therefore the stiffness of 

the material. With 20 wt% of inorganic filling material the modulus increases 18 % compared 

to the gelatin reference sample. As the loading level of magnetite increases to its maximum 

content of 65 wt% the modulus values are enhanced by about 35% in contrast to gelatin. It is 

interesting to point out that the results indicate that already the filling of the gelatin matrix 

with Fe2+ and Fe3+ ions leads to an increase in mechanical performance which is possible due 

to the attractive interaction between the iron ions and the gelatin molecules (see Simulation 

Studies Section 2.3.8). Nevertheless, obtained examinations also indicate that the hardness 

values and thus brittleness is not significantly changing by incorporation of inorganic filling 

material. On basis of these findings it can be concluded that nanoindentation investigations 

showed substantially superior mechanical performance of the nanocomposite compared to 

those of neat gelatin which is likely on the one hand due to the reinforcement effect of the 

homogenously distributed nanoparticles and on the other hand due to the strong interaction 

between the magnetite nanoparticles and the gelatin matrix.  

Table 3.4: Mechanical properties giving information about indentation depth, elastic modulus and hardness of 
neat gelatin and gelatin–magnetite composites with different loading degrees. 

 

Apart from typical nanoindentation experiments, also highload indentations were performed in 

order to analyze crack behavior of the composite material. For all examined samples an 

indentation depth of 10000 nm was chosen and the illustrated post indents by SEM can be 

seen in Figure 3.17. The images show large indent imprint of a gelatin reference sample, 

Material hr (nm) E (GPa) H (GPa)

Gelatin 941 5.18 ± 0.11 0.29 ± 0.01

Gelatin + Fe-ions 679 5.69 ± 0.19 0.26 ± 0.02

Gelatin + Magnetite (20 wt%) 951 6.31 ± 0.07 0.29 ± 0.01

Gelatin + Magnetite (65 wt%) 959 7.90 ± 0.08 0.31 ± 0.01
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gelatin loaded with Fe ions and magnetite-gelatin composite with a mineral content of 65 

wt%. For all three indents it can be said, that no crack initiation arising from the indent corners 

or surfaces can be observed. Apparently, large pile ups arising from the elastic deformation of 

the biopolymer can be observed in all three cases. Therefore, it can be concluded that the 

investigated materials are not displaying any crack formation due to the high energy absorbing 

ability of the material. No distinct differences between the different materials can be found by 

analyzing the indent profiles.   

 

Figure 3.17: Highload cube corner indentations with an indentation depth of 10000 nm of a) neat gelatin b) 
gelatin loaded with Fe ions and c) gelatin-magnetite nanocomposite (65 wt% magnetite).  

Mechanical Characterization - Scratch testing 

In order to gain information about the wear resistance of the prepared ferrogels, nanoscratch 

testing methods were examined. Nanoscratch tests provide a qualitative measurement of the 

coefficient of friction (COF) at the surface, which is determined from the ratio of lateral force 

to the normal force at constant applied load of 300 N. Therefore, the coefficient of friction 

gives information about the wear resistance of the material surface to the tip penetration in the 

applied direction. Dry Gelatin and Ferrogel samples after 6 RC were investigated by means of 

scratch testing and the averaged obtained results of 6 scratches are shown in Figure 3.18. The 

data show that the COF for the neat biopolymer is mainly varying between 0.9 – 1.2 while the 

nanocomposite displays COF values varying about 0.5 – 0.8. The abrupt increase and decrease 

in the coefficient of friction can be attributed to the increasing plowing of the tip into the 

sample as well as catastrophic failure of the sample. Nevertheless, a significant difference in 

the COF between the two investigated materials can be noticed which might be due to an 

increase of wear resistance of the nanocomposite by the incorporation of inorganic filling 

material.  

a) b) c) 
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Figure 3.18: Averaged values for the coefficient of friction plotted against scratching time for a) neat gelatin and 
b) magnetite-gelatin composite after 6 reaction cycles. 

2.3.11. Ferrogel Synthesis under an External Magnetic Field 

Based on literature studies which showed that the presence of an external magnetic field 

during synthesis can influence size and shape of nanoparticles,[232, 233] synthesis of 

superparamagnetic hydrogels in the presence of an external magnetic field were performed. 

Different gelatin concentrations varying from 6 wt% to 16 wt% were prepared and in-situ 

synthesis of magnetite nanoparticles using the co-precipitation method was conducted with 

repetition of the synthesis protocol for 3 or 6 times, respectively. The applied magnetic field 

during mineralization was set to 0.15 mT. In order to precisely study the influence of the 

magnetic field onto the prepared material, reference samples without applied field were 

prepared respectively.  

TEM Investigations 

For the purpose of investigating the size, shape and orientation of the nanocrystals ultra-

microtome cuts of embedded samples, parallel cut to the applied magnetic field lines were 

analyzed. Figure 3.19a presents a reference sample synthesized without the influence of a 

magnet and a representative sample synthesized under the influence of a magnetic field. The 

results exhibit that no distinct differences between the two samples can be noticed. Neither the 

size, shape nor the alignment of the particles seems to be influenced by the presence of an 
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external magnetic field. This result is quiet surprising, since it is in contradiction to reported 

results.[234-236]  

 

Figure 3.19: TEM ultra-microtome cuts of embedded ferrogel samples after 6 RC synthesized a) without and b) 
with applying an external magnetic field. 

Nevertheless, literature known data are only reporting about synthesis procedures carried out 

in aqueous or organic media but none of them are performed in gel media. Apart from that, it 

also has to be mentioned that all investigations were only carried out at one fixed magnetic 

field strength and no variations and optimizations regarding the field strength were performed. 

SAED examinations of different samples displayed d-spacing values in agreement with the 

inverse spinel crystal phase of magnetite. One possible reason for the lack of orientation of the 

ferrogel matrix could be due to the fact, that the network is not rigid enough to fix the 

orientation of the nanoparticles. Another possibility is the hindered movement of the 

nanocrystals due to the viscosity of the gel media. 

TG Analysis 

TEM investigations indicated no effect of magnetic field onto the material properties, to 

confirm these results and get information about the content of mineral precipitated during 

synthesis, TG analysis were applied. The thermograms of the dried ferrogel samples are 

shown in Figure 3.20. As described before in section 2.3.3 all curves reveal two stages of 

weight loss, which is due to moisture in the sample (80 °C – 180 °C) and the decomposition of 
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gelatin (200 °C – 600 °C). From observations of ferrogels synthesized with and without the 

influence of an external magnetic field after different reaction cycles it is found that no 

significant effect due to the presence of a magnetic field onto the mineral contents of the 

hybrid materials can be noticed. All investigated samples show similar trends with no 

observable differences. 

 

Figure 3.20: TGA curves of ferrogel consisting of 12 wt% gelatin in the wet state. Curves in red demonstrate 
samples prepared with applied external magnetic field, black without external magnetic field. RC stands for the 
number of reaction cycles. 

Swelling Studies 

Since TEM is only giving partial inside into sample appearance and orientation, swelling 

studies were performed to substantiate structural changes of the ferrogel due to the presence of 

a magnetic field. The swelling capacity of dried samples after different reaction cycles was 

studied and can be seen in the Appendix B. The obtained data reveal that with increasing 

content of magnetite nanoparticles a decrease in the swelling capacity can be noticed. This is 

due to a crosslinking effect of the magnetite nanoparticles interacting with the gelatin 

molecules. Thus, the higher the magnetite content the stronger the interactions and the less the 

gravimetric water uptake and therefore the swelling capacity, as it was already presented in 

section 2.3.9. Apparently, no differences in swelling capacity due to the presence of magnetic 

fields can be determined, irrespective of the magnetite content.  
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Apart from that, prepared ferrogels were also exposed to an external magnetic field of 1 T 

upon drying in order to align magnetite nanoparticles. Nevertheless, systematic SEM 

investigations (see Appendix B, Figure B.7) revealed that it was not possible to align the 

inorganic filling material inside the hydrogel. 

Based on these findings it can be said that the presence of an external magnetic field during 

synthesis or drying of superparamagnetic gelatin hydrogels does not demonstrate an effect 

onto particle size, shape, mineral content or orientation. With the performed procedures it can 

be concluded that it was not possible to imprint magnetic anisotropy into the hybrid material.  

2.4. Conclusion 

The previous chapter reported a simple synthesis method to produce ferrogels with a 

biocompatible gelatin gel matrix and magnetite nanoparticles. The repetition of the reaction 

cycles (RC) allows variation of the mineral content between 20 wt% (1 RC) to 70 wt% (8 RC) 

to form a highly mineralized inorganic-organic hybrid material. Since gelatin gels are 

thermoreversible, they can be molded into any shape which is a big advantage concerning 

applications. Apart from that ferrogels with a low magnetite amount demonstrate self-healing 

capacity at elevated temperatures of 30 °C which makes them potentially attractive for various 

fields. Once they are highly mineralized (> 35 wt%), their melting following a temperature 

decrease is significantly hindered likely due to the introduction of additional crosslinks 

introduced by the interaction of the magnetite nanoparticles with the gelatin matrix. The 

structure of the ferrogels was characterized with respect to gelatin as well as magnetite 

nanoparticles using SANS contrast matching, which is able to individually access the structure 

of each individual compound over the entire colloidal range as well as SAXS only visualizing 

magnetite. SANS shows with respect to gel concentration an unchanged gelatin structure of 

average mesh size larger than the nanoparticles. The size of the nanoparticles seems to be 

limited by the gel mesh size and independent of gelatin concentration between 6 and 18 wt%. 

SANS shows no aggregation of magnetite in agreement with TEM. Magnetite particles itself 

show spatial correlations in SANS and SAXS due to excluded volume interaction, which 

particularly become strong for the dry samples. The corresponding structure factor is 

described on basis of hard core interaction. The structural parameters of the gelatin hydrogel 

are compiled in Table 3.2, which were determined from the USANS and SANS data in Figure 
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3.4 and 3.5. The scattering of the network shows a Q-3
 power law indicating a mass fractal 

structure of the network.[199] The scattering at large Q delivers a mesh size of about 20 nm for 

all gel samples. A similar SANS study on hydrogels is found in a recent publication.[162] 

Simulation studies hint at the suitability of collagen to bind iron and hydroxide ions, 

suggesting that collagen acts as a nucleation seed to iron hydroxide aggregation, and thus the 

intergrowth of collagen and magnetite nanoparticles already at the precursor stage. SQUID 

measurements showed that the NPs are superparamagnetic as expected for this particle size 

and have a similar blocking temperature as compared to pure magnetite in this size range. The 

saturation magnetization of the synthesized NPs is lower than that for bulk magnetite which is 

likely a result of surface defects of the nanoparticles. Swelling measurements showed that the 

adsorption of the magnetic nanoparticles onto the polymeric matrix influences and limits the 

swelling behavior of the ferrogels. This supports the finding that the gelatin gels lose their 

thermoreversible properties after magnetite inclusion as additional crosslinker. The degree of 

swelling can consequently be controlled by the amount of mineral inside the biopolymer. 

Mechanical measurements could additionally demonstrate that sample stiffness is increasing 

with increasing mineral content. Apart from that also nanoscratch tests revealed a decrease in 

the COF with increasing mineral content which indicates an increase in wear resistance for the 

highly mineralized nanocomposite. Overall, we have succeeded in the simple preparation of 

gelatin-based ferrogels with a constant gel structure, but the possibility of a largely varying 

mineral content. Since the mineral particles are not washed out and also, the gelatin based 

ferrogels do not dissolve anymore even in an excess of water due to their additional 

electrostatic crosslinking by the nanoparticles, they have promising applications as 

biocompatible actuators which can be driven by external magnetic fields. 
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3. Synthesis and Characterization of Ferrimagnetic Hydrogels 

3.1. Introduction 

The syntheses of magnetic nanoparticles and magnetic composite materials have attracted high 

attention over the past years mainly due to its various numbers of potential applications. 

Control over particle size and therefore magnetic properties are crucial steps in the synthesis 

procedures. For example particles in the ferrimagnetic size range from 20 – 100 nm are highly 

desirable for magnetic hyperthermia, since it was found that particles in this size range most 

efficiently convert applied energy into heat.[237] In the previous chapter the successful 

synthesis and characterization of superparamagnetic hydrogels was reported. These gels are 

not only interesting for the infiltration into the hierarchical demineralized nacre scaffolds but 

also for other potential applications, especially in the biomedical field.[238] Nevertheless, one 

main aim of this thesis is the synthesis of a bio-inspired material with magnetic properties 

similar to those found in the magnetotactic bacteria. Since magnetite nanoparticles found in 

magnetotactic bacteria are ferrimagnetic, which means they do carry a coercive field at zero 

applied field, a synthesis approach for ferrimagnetic hydrogels needs to be found. 

Investigations in chapter II could already successfully demonstrate the synthesis of 

ferrimagnetic nanoparticles in water at room temperature and below, which will form the base 

for the following chapter. In order to produce a hybrid material with similar magnetic 

properties to those found in the magnetotactic bacteria, the synthetic concept of the partial 

oxidation method and the in-situ ferrogel synthesis concept, presented in the latter chapter, are 

combined.  

The following chapter presents the synthesis and characterization of ferrimagnetic hydrogels. 

The synthetic concept enables control over particles size and mineral content inside the hybrid 

material.  
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3.2. Experimental Section 

3.2.1. Materials 

Chemicals: The following commercially available chemicals were purchased and applied in 

the synthesis without further purification: FeSO4 ·  7 H2O (Sigma-Aldrich), KOH (Sigma-

Aldrich), KNO3 (Sigma-Aldrich), Gelatin Type B (∼225 Bloom, Sigma-Aldrich), 4-chloro-m-

cresol (Fluka), Methanol (VWR). For the preparation of the reactant solutions double-distilled 

and deionized (Milli-Q) water was used. All solutions were degassed with nitrogen before 

usage. 

3.2.2. Synthesis  

Gel Synthesis: The gelatin hydrogels were prepared as already described in chapter III 2. Here 

briefly, different amounts of gelatin were prepared in disposable base molds in concentrations 

ranging from 6 wt% to 18 wt%. 

Synthesis of Ferrogel: In-situ mineralization of magnetite nanoparticles in gelatin hydrogel 

was carried out similar to the already described method in chapter III 2. The synthesis is based 

on the so-called partial oxidation of FeSO4 by using an oxidizing media, here KNO3. Each 

gelatin hydrogel sample was introduced into a solution, containing FeSO4 in two different 

concentrations either (0.2 M) or (0.3 M) where it was left for 96 hours at 6 °C. The iron (II)-

loaded gels were washed with water and placed in a solution of 0.1 M KOH and 0.5 M KNO3 

for at least 1200 min at 6°C. 

3.2.3. Analytical Methods  

Transmission Electron Microscopy (TEM): For TEM and HR-TEM analysis, a Zeiss Libra 

120 operating at 120 keV and a JEOL JEM- 2200FS operating at 200 keV were used, 

respectively. For material characterization, two distinct sample preparation techniques were 

applied. On the one hand, a drop of a diluted dispersion of magnetic nanoparticles extracted 

from the hydrogel was placed on a Formvar coated copper grid and left to dry on a filter paper. 

On the other hand, the grid was dipped inside the hydrogel matrix and aliquots were blotted 

using a filter paper. For microtome cut preparation, the ethanol dehydrated ferrogel samples 

were embedded in LR white Resin (Medium Grade) and cut with a Leica EM Trim. 
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Electron holography: Magnetic induction maps were performed by Sebastian Sturm at the 

Triebenberg Laboratory for High-Resolution Electron Microscopy and Holography. Magnetic 

induction maps of magnetite nanoparticle chains were obtained from off-axis electron 

holograms acquired at 300 kV using a Philips CM300-ST field emission gun (FEG) TEM 

equipped with a Lorentz lens, an electron biprism and a Gatan GIF 2000 imaging filter with a 

2048 pixel charge coupled device (CCD) camera operating at room temperature. 

Scanning Electron Microscopy (SEM): For SEM analysis a Zeiss Neon 40 EsB operating in 

high vacuum was used. An InLens and SE detector was used for signal collection and an 

acceleration voltage of 2 kV was chosen for recording the images. The specimens were coated 

with a thin layer of gold in order to avoid charging effects. 

Thermogravimetric Analysis (TGA): The mineral content of the hydrogels was determined by 

means of TGA (Netzsch, Selb, Germany). Measurements were carried out at a heating rate of 

5 K/ min under a constant oxygen flow. Samples were scanned from 293 K to 1273 K. 

Magnetization Studies Using Superconducting Quantum Interference Device (SQUID): The 

SQUID measurements were performed by Aleksej Laptev in the group of Apl. Prof. Dr. 

Mikhail Fonin at the University of Konstanz. Magnetization measurements were carried out 

by using a quantum design SQUID 5 T magnetic properties measurement system (MPMS). 

For measurements, dried ferrogels were introduced into gelatin capsules and magnetization 

loop measurements at 2 K and 293 K were performed. In addition zero-field-cooled and field-

cooled curves were obtained by applying 0.01 T and heating or cooling the sample. 

X-ray diffraction analysis: The phase of the iron oxide nanoparticles was characterized by 

XRD at the -Spot synchrotron beamline (BESSY II, Helmholtz Zentrum Berlin) with a 100 

m beam at 15 keV. The measurements were performed by Marc Widdrat in the group of 

Damien Favre, MPI of colloids and interfaces in GOLM. Nanoparticle dimensions were 

calculated using Scherrer’s formula (dc = kλ/βcosθ) after taken into account instrumental peak 

broadening processes described somewhere else.[133] 

Mechanical Testing: These measurements were performed during a research stay at the 

University of Riverside (California, USA) in the group of Dr. David Kisailus. Nanoindentation 

studies were performed in ambient air using a Triboindenter nanomechanical testing system 
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(Hysitron, Minneapolis, MN, USA) equipped with a cube corner tip. The embedded and 

polished samples were measured displacement controlled (1000 nm) with a loading-unloading 

profile. The curves were analyzed according to Oliver-Pharr method, and the average values 

for Young’s modulus and hardness resulting from the loading-unloading curves are reported. 

Asymmetric Field Flow Fractionation (AF4): The AF4 experiments were carried out with 

equipment consisting of a Wyatt Eclipse Dualtec AF4 flow control system, an auto-sampling 

system Agilent Infinity 1200 and an in-line degaser Agilent Infinity 1260. The spacer 

thickness was 350 m, the applied ultrafiltration membranes were polyethersulfone 

membranes with 1 kDa cutoff and regenerated cellulose membranes (Nadir®) with 5 kDa 

cutoff. Axial channel flow rates were 1 ml/min for all AF4 experiments and flow rates were 

controlled via Eclipse plugin for chemstation B.04. The samples were detected via absorption 

at 530 nm with an Agilent Infinity 1100 detector. 
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3.3. Results and Discussion 

The following presented data were performed in a collaboration of different groups in a 

priority program project of the DFG (SPP 1569 Generation of multifunctional inorganic 

materials by molecular bionics). Parts of the presented results will be submitted to 

―Angewandte Chemie‖ with the titleμ ―Ferrimagnetic Gelatin Based Hydrogelsμ Bioinspiration 

from Magnetotactic Bacteria‖ Cölfen, H.; Faivre, D.; Fonin, M.; Laptev, A.; Rosseeva, E.; 

Siglreitmeier, M., 

3.3.1. The Ferrogel Synthesis 

The synthesis process of ferrimagnetic gelatin hydrogels is based on the already successfully 

established synthesis protocol for superparamagnetic hydrogels described in chapter III 2. 

Similar to the above described method an in-situ approach is used, were gelatin hydrogel 

samples in different concentrations (6 wt% to 18 wt%) are loaded with Fe(II)-ions. Magnetite 

nanoparticle formation is initiated by placing the Fe(II) loaded gels into a solution of KNO3 

and KOH. In experiments, the gel color change can be followed visually from a dark green 

transition to deep black, by placing the iron loaded gel into the NO3
- and OH- solution. The 

dark green color probably displays an intermediate product of green rust in the transformation 

of various oxyhydroxides and iron oxides to magnetite. It is well known that KNO3 is 

quantitatively reduced to ammonia by the presence of Fe(OH)2. However, various reaction 

steps are possible for the oxidation of Fe(OH)2 to magnetite with NO3
- and a summary of 

potential intermediate steps,[142] can be written as follows: 

2 KOH + FeSO4  Fe(OH)2 + 2 K+ + SO4
2- 

3 Fe(OH)2 + NO3
-  Fe3O4 + NO2

- +3 H2O 

3 Fe(OH)2 + 2 NO2
-  Fe3O4 + 2 NO + 2 H2O + 2 OH- 

15 Fe(OH)2 + 2 NO  5 Fe3O4 + 2 NH3 + 12 H2O 

3 Fe2+ + NO3
- + H2O  Fe3O4 + NO2

- + 6 H+ 

3 Fe2+ + 2 NO2
- + 2 H2O  Fe3O4 + 2 NO + 4 H+ 
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15 Fe2+ + 2 NO + 18 H2O  5 Fe3O4 + 2 NH3 + 30 H+ 

After completion of the first reaction cycle, the mineral loaded gels can be reintroduced into 

the iron(II) solution with following repetition of the magnetite precipitation. The as described 

reaction cycle (RC) can be repeated for several times and results in an increasing mineral 

content of the ferrogels.  

3.3.2. Iron Uptake Studies 

As already demonstrated in chapter II, the ratio between the Fe2+ and OH- ions plays an 

important role in control over particle size and shape. In order to be able to transfer these 

concepts inside the gelatin hydrogel, the Fe2+ uptake was determined by a photometric assay 

using o-phenantroline. Two different FeSO4 concentrations of 0.2 M and 0.3 M were 

investigated after different diffusion times. For the purpose to allow a quantitative analysis of 

the iron amount in the gels, all present iron ions were reduced to Fe2+ by the reducing agent 

hydroxylamine hydrochloride. Fe2+ forms an orange-red colored chelate complex (tris-(1,10-

phenanthroline)iron(II)) in the presence of o-phenantroline.[239] Apparently, the formed 

complex can be analyzed photometrically and therefore gives information about the iron 

uptake. The obtained values for two different gelatin concentrations are presented in Table 3.5. 

Table 3.5: Incorporation of Fe2+ ions by diffusion into gelatin hydrogel after 1 and 4 days in 0.2 M/ 0.3 M FeSO4 
solution. The data are calculated from the mean average of two samples and are given in mg iron per g gelatin 
hydrogel. 

 

The data clearly reveal that samples with a lower FeSO4 (0.2 M) concentration exhibit less 

Fe2+ uptake compared to samples treated with 0.3 M FeSO4 solution. Apart from that it can 

also be seen that the increase in diffusion time shows an increase in Fe2+ concentration, which 

is most pronounced for higher gelatin concentrations due to the denser gel network which is 

0.2 M FeSO4 10 wt% gelatin 14 wt% gelatin

1 d 7.204 ± 0.005 mg/g 6.417 ± 0.097 mg/g

4 d 7.547 ± 0.002 mg/g 7.390 ± 0.130 mg/g

0.3 M FeSO4 10 wt% gelatin 14 wt% gelatin

1 d 11.715 ± 1.508 mg/g 9.067 ± 0.148 mg/g

4 d 11.851 ± 0.893 mg/g 10.419 ± 0.107 mg/g
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decelerating diffusion movement. Furthermore, longer diffusion times were studied but did not 

show an increase in Fe2+ uptake. In general, these results display the potential particle size 

control by using in an in-situ synthesis protocol in the gelatin hydrogel. Apart from that, 

published studies displayed that a variation in the NO3
- concentration can also affect particle 

size.[143] Therefore ferrogel syntheses with KNO3 concentrations ranging from 0.25 – 0.5 M 

were probed. 

3.3.3. Thermogravimetric Analysis 

In addition to Fe content analysis also the mineral amount of magnetite after different reaction 

cycles inside the ferrogel was investigated by using TGA/DTA simultaneous analysis under an 

oxygen atmosphere. The resulting TGA-DTA curves of the dried ferrogels are presented in 

Figure 3.21. The collected curves show a first weight loss interval from 80 °C to 180 °C which 

can be attributed to the loss of moisture in the sample. A second weight loss stage at 200 °C – 

600 °C can be noticed and assigned to the complete decomposition of the biopolymer. 

Reference experiments of gelatin (see Appendix B, Figure B.8) performed under an oxygen 

atmosphere demonstrated complete degradation of the biopolymer with different stages of 

weight loss from 200 °C – 600 °C. Thus the remaining mass is representing the content of iron 

oxides and salt precipitates left inside the dry composite. In contrast to TGA analysis for 

superparamagnetic ferrogels a significant stage of weight loss after 600 °C can be observed. 

This is probably due to the decomposition of left nitrate salts inside the hybrid material. One 

major loss transition around 760 °C can be seen in the TGA as well as the DTA curve and is 

characteristic for the transformation of NO3
- to N2O under an oxygen atmosphere.[240] Also 

other degradation products of KNO3 are reported at lower temperatures which are likely to 

overlap with the gelatin decomposition. Since decomposition of KNO3 should be completed 

after 900 °C the remaining mass can be assigned to iron oxide. Magnetite transforms to 

hematite upon heating under oxygen above 600 °C and undergoes a weight loss of 5 wt% 

which is considered in all mass calculations.[99] Systematic analysis of obtained thermograms 

after different reaction cycles exhibited that after 1 RC a mineral load with magnetite of 30 wt 

% to 35 wt% can be realized irrespective of the used Fe concentration. After 4 RC mineral 

contents of up to 50 wt% can be obtained but no increase to higher loads by repetition of the 

synthetic protocol can be realized. These findings are surprising, since a mineral load of up to 
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70 wt% can be realized for superparamagnetic ferrogels. One possible reason could be the 

high inclusion of KNO3 salt inside the gel matrix after the first precipitation, which inhibits the 

uptake of more FeSO4 by reiteration. Therefore future investigations have to focus on a 

minimum KNO3 concentration which readily prompts magnetite formation but in a low 

quantity not influencing the increase in magnetite content. Nevertheless, it could be shown 

that mineral loads of up to 50 wt% are possible, similar to high performance materials found 

in nature like bone or dentin.[241, 242]  

 

Figure 3.21: TGA (black) and DTA (blue) curve of dry ferrimagnetic ferrogel after 4 RC. 

3.3.4. Particle Size and Morphology 

The transmission electron micrographs (TEM) in Figure 3.22a and b taken from gel samples 

loaded with 0.2 M FeSO4 solution after 4 reaction cycles, exhibit spherical particles in the size 

range of 45 nm. The images clearly reveal chain like arrangement of the crystallites which 

might be due to dipolar interactions between the particles. Furthermore, images obtained from 

ferrogels prepared with 0.3 M FeSO4 solution can be seen in Figure 3.22c and expose sphere 

like morphology in a size range of about 90 nm. Based on these findings it can be seen that 

control over particle size by triggering the Fe2+ concentration inside the gelatin hydrogel is 

successful. In order to probe the effect of gelatin concentration onto particle size and 

morphology, different samples loaded with 0.2 M or 0.3 M Fe(II)-solution were investigated, 

for gelatin amounts of 6 up to 18 wt% by means of TEM. All obtained results did not display a 

size or morphology dependent behavior due to a change in the gelatin concentration and to 

200 400 600 800
40

50

60

70

80

90

100

 TGA
 DTA

Temperature (°C)

M
as

s
(%

)

0.0

0.5

D
T

A
(u

V
/m

g)

265 °C 363 °C

569 °C

760 °C

454 °C

a)



Chapter III Synthesis and Characterization of Gelatin Based Magnetic Hydrogels 
 

132 
 

that effect structure. These observations are surprising, since the synthesized particle size is at 

least 30 nm, which is bigger than the average gelatin hydrogel mesh diameter (22 nm) 

investigated by SANS in chapter III 2. Apparently the particles are either expanding the 

gelatin hydrogel structure due to their presence or incorporating the molecules inside the 

nanocrystals.  

 

Figure 3.22: a) and b)TEM investigations of ferrogels prepared with 0.2 M Fe2+ concentration and 4 RC. c) ultra-
microtome cut of dry ferrogel sample prepared with 0.3 M Fe2+ after 4 RC. d) SAED image collected from 
particles shown in image a).  
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It is interesting to note that the particles seen in the micrographs seem to display 

nonhomogeneous dense crystallites with a rough surface profile, like it was already observed 

for FMNPs synthesized in water in the presence of gelatin (see chapter II). Some of these 

surface irregularities could be attributed to the fact that the particles are built up through 

smaller sub units or show a distorted growth behavior as it was already discussed in the 

previous chapter. Furthermore, it is worth to mention that also smaller particles in the size 

range of 10 nm can be observed in all investigated TEM probes. The presence of these smaller 

crystallites could be an indication for crystal growth by oriented attachment of primary 

particles. In general, it can be remarked that this synthesis procedure leads to a polydisperse 

particle size distribution with a coexistence of small particles in the size range of 10 nm and 

bigger particles in the size range of 50 nm for 0.2 M loaded Fe gels and 90 nm for 0.3 M 

loaded Fe gels. Nonetheless, TEM investigations do not give a complete overview of the 

whole sample and can only visualize small parts of it. To that end, field flow fractionation 

examinations were performed for ferrogel samples prepared with 0.2 M Fe solution, which 

enable particle separation and detection according to size. After dissolution of the ferrogels in 

hot water, it is possible to disperse the magnetite nanoparticles in aqueous media which allows 

a separate analysis of the crystallites.  

 

Figure 3.23: Asymmetric field flow fractionation chromatogram for a ferrogel sample (0.2 M Fe2+) after 4 RC 
dispersed in water, showing the calculated radius plotted against absorbance at 530 nm.  

Figure 3.23 presents a chromatogram of a representative ferrogel sample, where the calculated 

radius of magnetite nanocrystals is plotted against their UV-Vis absorption at 530 nm. In 
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agreement with findings from TEM investigations, two distinct particle size domains can be 

recognized. One particle class with a mean diameter of around 5 nm and another particle 

category with a broad size distribution and an average diameter of approximately 45 – 50 nm 

can be noticed. Peak fitting procedures and integration of the fitted areas revealed a five times 

higher area for the bigger particles compared to the smaller ones. This integration procedure 

only gives an qualitative assumption between the amount of smaller and bigger particles since 

no correction calculations arising from Mie scattering were applied.[243] Based on these data it 

can be concluded that two distinct particle size classes are present in the prepared ferrogels. 

3.3.5. SEM Investigations 

In order to investigate in more detail the nanocrystal morphology and surface texture and to 

shed light onto the growth process of magnetite nanoparticles in the gelatin hydrogel, SEM 

investigations were performed. Figure 3.24 visualizes samples prepared with 0.2 M (Figure 

3.24a) and 0.3 M (Figure 3.24b) FeSO4 solution after 4 reaction cycles. The images clearly 

visualize the difference in average grain size between the two different used Fe(II) 

concentrations. Furthermore also a rough surface profile for both preparation ways can be 

noticed. Apparently, the presence of smaller sub units at the particle surface can be noticed in 

both cases which would support the model of particle growth by aggregation and 

recrystallization of primary particles proposed in chapter 2. In comparison to reference 

experiments carried out in the presence of gelatin in water (see chapter II) similar observations 

with regard to particle morphology and surface texture can be made. However, a coexisting 

particle formation by direct crystalline growth cannot be ruled out with the performed 

techniques.  
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Figure 3.24: SEM examinations of ferrogel samples after 4 RC prepared with a) 0.2 M FeSO4 and b) 0.3 M 
FeSO4. 

3.3.6. Gelatin Degradation Studies 

For the purpose to resolve the role of gelatin in the formation process of the magnetite 

nanoparticles, the synthesized ferrogel samples were treated with KOH, Pepsin, SDS or water 

in order to completely decompose the gelatin biopolymer and therefore be able to investigate 

the inorganic mineral phase alone. TG analysis was used to study the degradation of the 

biopolymer compared to a magnetite reference sample. The collected thermograms of the 

dried materials, performed under an oxygen atmosphere can be seen in in the Appendix B. 

Apparently, performed TG results display that only the KOH treated samples are completely 

biopolymer free and can be considered for further SEM investigations.  
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Figure 3.25: SEM image of ferrogel sample after 4 RC (0.3 M FeSO4) obtained after KOH treatment and 
therefore decomposition of gelatin. 

Figure 3.25 presents SEM studies of a KOH treated sample which should clarify the role of 

gelatin in the rough surface morphology of the particles. The images significantly expose a 

grainy surface texture which is even more pronounced than in the reference sample. A closer 

look at the crystallite surface indicates small spherical particles which seem to be assembled to 

bigger nanocrystal. The size of the surface exposed grains is approximately around 5 to 10 nm, 

which is in the same size range as the observed crystallites from TEM and FFF examinations. 

In general, it can be mentioned that KOH completely decomposes surface bound gelatin 

molecules which enables a higher resolved investigation of the surface texture. Visual 

observations suggest that the particles are built up of smaller sub grains in the size range of 5 

to 10 nm. However, with the performed investigations it cannot be ruled out that gelatin 

molecules are directly incorporated inside the nanocrystals.  

3.3.7. Diffraction Studies 

To verify the crystalline phase and the crystal grain size, XRD (see Figure 3.26) and SAED 

(see Figure 3.22) investigations were conducted. All analyzed particles exhibit well developed 

crystallinity with collected d-spacing values displaying the mineral phase of magnetite or 

200 nm 
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maghemite. Although no additional peaks which can be assigned to maghemite can be 

observed, the presence of maghemite cannot be ruled out. One possible way to distinguish 

between the two mineral phases would be the calculation of the unit cell parameter a using 

refinement techniques. Another way to distract the two crystal phases from each other is 

synchrotron x-ray diffraction which gives a highly resolved diffraction pattern with a very low 

signal to noise ratio. Therefore it is possible to record very low intense peaks which can only 

be attributed to magnetite and not maghemite. Figure 3.26 shows a representative collected 

synchrotron XRD pattern from a ferrimagnetic hydrogel sample exposing a peak at d values of 

0.242 nm which can be indexed to the 222 crystal plane of magnetite.[99] Thus we conclude 

that the main mineral phase present in the obtained ferrogels following the described synthesis 

protocol is magnetite. However, it cannot be excluded that some transformation to maghemite 

due to oxidation at air is occurring over time. Systematic diffraction studies after 1 to 4 

reaction cycles always showed spectra for magnetite, sometimes with a low amount of other 

iron oxyhydroxides and oxides due to the inclusion of oxygen during synthesis. Particle size 

determinations by peak broadening using Scherrer’s equation for 0.β M loaded samples 

revealed an average particle size of around 40 nm after 1 RC and 4 RC. No increase in particle 

size due to repetition of reaction cycles can be determined. With the used method it was not 

possible to detect intermediate products and give a detailed crystallographic or chemical 

composition of the material. However, it may be suspected that platelet like structures seen in 

TEM investigations (see Appendix B), especially after one reaction cycle are illustrating 

intermediate products during magnetite formation. Similar observations are reported and a 

dissolution recrystallization process of the observed intermediates is suggested. 
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Figure 3.26: Representative XRD pattern of a ferrogel sample obtained after 4 RC. 

3.3.8. HR-TEM Studies  

For the purpose to clarify in detail the structure of the nanosized particles which appear of 

polycrystalline nature in view of the obtained SEM and TEM data, HR-TEM studies were 

conducted. Figure 3.27 exhibits a high resolution micrograph of a representative sample with 

the according accumulated fast Fourier transformed (FFT) images. A closer look at different 

nanocrystals displays a rough surface texture with inhomogeneous electron density in 

agreement with data obtained by TEM and SEM. It is interesting to point out, that the 

visualized interference fringes cover the whole crystal surface, which is typical for single 

crystalline material. Furthermore, collected ED of single particles exhibit single crystalline 

diffraction which can be attributed to the mineral phase of magnetite (see Appendix B, Figure 

B.11 and Figure B.12). Figure 3.27 represents one of the HR-TEM images which were used to 

determine zone axis orientation of one nanocrystal. The Fourier analysis shows that the 

particle possess a [112] orientation, with lattice fringes covering the whole particle.  
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Figure 3.27: a) representative HR-TEM image of a ferrogel sample after 1 RC (0.2 M FeSO4) with b) 
corresponding FFT image of a).  

Since HR-TEM, TEM and SEM studies all show chain like arrangement of the particles 

similar to magnetite nanoparticles found in magnetotactic bacteria, one main inspiration 

source for this thesis, preferred crystallographic orientation of the nanocrystals was studied as 

well. In order to characterize the orientational order of nanoparticles within the observed 

chainlike arrangement systematic analysis of HR-TEM images were performed. Figure 3.28 

demonstrates crystallographic alignment from individual magnetite nanocrystals with the 

corresponding FFT images. The obtained reflections were indexed based on the crystal 

structure of magnetite (Fd3m, a = 0.83969 nm). For illustrational reasons and based on data 

reported for magnetite[244] an ideal habitus for single crystallites was approximated by a 

truncated octahedron. Figure 3.28b represents the main zone axis occurring in the magnetite 

nanoparticle chain arrangement as determined from FFT. The overview of the HR-TEM 

images overlaid with the orientation map of magnetite nanoparticles reveals that in each 

crystal with some disorientation, the [111] axis is parallel to the chain axis formed by the 

particles (see Figure 3.28). This is a very interesting point, since reported data from Simpson 

et al. analyzing the crystallographic alignment of magnetite nanoparticles extracted from 

magnetotactic bacteria also found similar results for the orientation of the [111] axis which is 

the easy direction of magnetization in magnetite.[57] Figure 3.28 shows zone-axis HR and 

calculated FFT images from synthetically produced magnetite nanocrystals. The line 

following the particle chains is indicating the parallel orientation of the chain axis to the [111] 
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axis. Comparative studies between the crystallographic orientation of synthetic magnetite and 

the original archetype demonstrate a similar alignment of the nanocrystals along a particle 

row. Therefore it can be concluded that the bio-inspired synthesis of magnetite nanoparticles is 

already close to the original inspiration in view of orientation but shows a different electron 

density profile which might origin from the different formation mechanism. 
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Figure 3.28: a) HR-TEM images of magnetite nanoparticles arranged in chains with corresponding FFT images. 
b) High resolution images with truncated octahedral projection of particles, demonstrating the crystallographic 
orientation derived from the FFT image analysis. 
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3.3.9. Magnetic Measurements 

To elucidate the magnetic properties of the synthesized ferrogels in different size ranges, 

magnetization hysteresis curves as well as field cooled and zero field cooled experiments were 

conducted using a super quantum interference device (SQUID). Figure 3.29a presents 

magnetization loops collected at 2 and 293 K of a representative ferrogel sample. For both 

curves remanent hysteresis at zero field can be noticed which is typical for a ferrimagnetic 

material. However, it is worth to mention that literature data, report that strong particle 

aggregation can also lead to small hysteresis in magnetization curves.[99] To substantiate the 

ferrimagnetic nature of the material, field cooled (FC) and zero field cooled (ZFC) 

magnetizations were collected. In the previous chapter it could be shown that a 

superparamagnetic material exhibits a blocking temperature (TB) around 120 K by collecting 

FC and ZFC studies. Figure 3.29b demonstrates the collected FC-ZFC curves of a 

representative dry ferrogel sample which displays no TB underneath room temperature, clearly 

identifying the ferrimagnetic properties of the material. The bend in the ZFC curve around 25 

K is likely to indicate the Verwey transition temperature, similar to results obtained for 

FMNPs synthesized in the presence of gelatin in water (see chapter II). No shift in the 

blocking temperature with increasing particle size can be determined. Mean values for 

saturation magnetization are 74 emu/g for 2 K and 67 emu/g for 298 K, respectively for both 

particle size distributions.  

 

Figure 3.29: a) Magnetization curves collected at 2 K and 293 K, with magnetization being normalized to the 
saturation magnetization. b) FC and ZFC curves plotted against increasing temperature. 

a) b)
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Comparing these investigations with experiments performed in water a slight suppression of 

the saturation magnetization of 10% can be noticed. This fact is possibly due to small 

inclusions of gelatin into the crystal as well as the formation process of these particles which 

leads to small deformations and dislocations resulting in a decrease of crystal perfection. Apart 

from that it can be concluded that the presence of the organic matrix does not influence the 

magnetic properties of the material. 

3.3.10. Electron Holography Studies 

In order to investigate the magnetic properties of arranged closely packed magnetite 

nanoparticles, we used off-axis electron holography techniques in a transmission electron 

microscope equipped with a Möllenstedt biprism, performed by Sebastian Sturm in 

collaboration with the Triebenberg laboratory of the TU Dresden. This method enables 

visualization of the magnetic fields associated with mineral particles as it was already 

observed for biogenic magnetite nanoparticles from magnetotactic bacteria.[57, 245, 246] Figure 

3.30 shows a magnetic induction map of a ferrogel sample collected at room temperature. The 

visualized contours formed from the magnetic contribution to the holographic phase of the 

particles, follow the chain main axis and reveal magnetic interaction between the particles 

along the chain (see Figure 3.30b and d). The magnetic stray field of the particles is visible 

and the phase jump across the chain main axis reveals the magnetic interaction between the 

particles along the chain and gives an estimation of the magnetic field inside the particles of 

approximately 0.14 T. Magnetotactic bacteria carry a large enough magnetic dipole in order to 

be able to navigate in the earth magnetic field. Simpson et al demonstrated with electron 

holography studies that magnetite nanoparticles found in the MTB produce the possible largest 

magnetic moment by arranging the crystallites in chains which enables interaction between 

neighboring particles.[57] In their studies they could find a magnetic field inside the particles of 

0.58 T at room temperature. With these studies it could also be proved that the magnetic 

moment of the crystallites is high enough to couple with each other and therefore maximize 

the overall magnetic moment.  
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Figure 3.30: a) TEM image of magnetite NPs extracted from a ferrogel sample after 4 RC. b) Magnetic induction 
map obtained of image a) by electron holography. c) Reconstructed phase of the image wave from the hologram, 
showing the phase gradient and the equi-phase lines. d) Different representation of the magnetic induction map 
shown in b).  

3.3.11. Particle Arrangement under an External Magnetic Field 

In order to create a magnetic anisotropic material which is inspired by magnetite orientation of 

MTB, particle arrangement under an external magnetic field was examined. Similar to studies 

performed in section 2.3.11 particle orientation during synthesis directly in the hydrogel 

matrix was investigated. All obtained data from TEM, SEM and SAED examinations revealed 
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no influence of the magnetic field onto the particle orientation, size, morphology or 

crystallinity. Therefore alignment of the nanocrystals inside the ferrogel by an external 

magnetic field upon drying was performed. SEM and light microscopy investigations in 

Figure 3.31 present the orientation of magnetite nanocrystals along the applied magnetic field.  

 

Figure 3.31: a) SEM image of ferrogel surface dried under an external magnetic field of 1 T. b) Light 
microscopy image of ferrogel dried under an external magnetic field of 0.15 mT. 

Obviously, the images reveal an anisotropic inhomogeneous material displaying particles 

aligned parallel to the applied field. However, SEM and light microscopy investigations are 

only visualizing small parts of the sample and do not give information about the magnetic 

properties of the material. Therefore angular dependent magnetization measurements were 

performed which should shed light onto the magnetic anisotropy of the material. These 

measurements were performed by Mich Gratz in the group of Prof. Dr. Rainer Birringer at the 

University of Saarbrücken. Figure 3.32 presents hysteresis loops measured at room 

temperature and different angular orientations. Hysteresis curves collected from sample 

orientation along the external magnetic field show slightly higher values for the saturation 

magnetization as well as for the remanent magnetization at zero field compared to values 

measured perpendicular to the alignment of the particles. Nevertheless, the effect is not as 

pronounced as for data reported in literature for magnetite in MTB using a similar 
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experimental set up.[247, 248] In order to precisely visualize the magnetic anisotropy of the 

ferrogel, the angular dependence of the remanent magnetization normalized by the saturation 

magnetization (MR/MS) is plotted against sample orientation (Figure 3.32b). The graph 

displays that the oriented ferrogel is clearly angle dependent with a maximum value of MR/MS 

in between 15° - 30° and a minimum in between 90° - 105°. Thus it can be concluded that the 

performed orientation of the nanoparticles inside the ferrogel was successful, magnetic 

anisotropy of the material can be obtained but not as pronounced as found in magnetotactic 

bacteria, which show 10 times higher orientation comparing normalized angular dependent 

measurements.[248] One possible explanation for this observation could be the fact that the 

nanoparticles are not completely orientated throughout the whole gel matrix which also 

contains parts with randomly orientated nanocrystals. Furthermore, the crystallites in this 

synthesis procedure show sphere like morphology and no shape-anisotropy which would 

increase the magnetic anisotropy of each single particle as it is observed for the MTB. Apart 

from that also the dense particle packing and therefore agglomeration can cause dipolar 

interactions between the particles which can influence the magnetic properties of the material 

and thus decreasing magnetic anisotropy.  

 

Figure 3.32: a) Hysteresis loops measured at 298 K perpendicular (red) or parallel (black) to the oriented 
particles. b) Angular variations for the hysteresis parameter of oriented ferrogel plotting the remanence ratio 
against angular orientation of the sample. 
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3.3.12. Mechanical Properties 

Mechanical Characterization - Nanoindentation Studies 

In order to characterize the mechanical properties of the dried ferrogels with varying mineral 

contents, nanoindentation measurements were performed. These measurements were 

performed during a research stay at the University of Riverside (California, USA) in the group 

of Dr. David Kisailus. The presented nanomechanical characterization data were performed in 

collaboration with Dr. David Kisailus and his PhD student Steven Herrera. Nanomechanical 

analyses of embedded and polished dry samples are shown in Table 3.6 and reveal distinct 

changes in modulus by incorporation of ferrimagnetic nanoparticles. One can see that the 

incorporation of magnetite into the biopolymer media improves modulus values and therefore 

the stiffness of the material. It is surprising that already inorganic filling material of 30 wt% 

increases the modulus to 25 % compared to the gelatin reference sample. By increasing the 

mineral content with repetition of reaction cycles, no decrease in the modulus values can be 

noticed. The results indicate that already a filling degree of 30 wt% is high enough to lead to 

an increase in mechanical performance. No influence of the nanoparticles size connected to 

mechanical performance can be recorded. The nanohardness values obtained for the 

incorporation of crystallites, measured perpendicular to the ferrogel surface, demonstrate an 

increase in hardness for all investigated composites compared to the neat gelatin reference 

sample. Interestingly a ferrogel sample being oriented by an external magnetic field, displays 

significantly increased modulus values compared to randomly distributed crystallites. This 

effect might be attributed to the layered structuring of the material adding stiffness to the 

sample, similar to results obtained for layered chitin-ferrogel samples (see chapter IV 3.10). 

This observation is supported by the fact, that indentation values acquired from a cross section 

of the oriented composite display averaged smaller values with a high standard deviation due 

to the layered structuring of the particles which leads to an anisotropic material. The same 

effect can be observed in the attained hardness values which demonstrate in agreement with 

the modulus values large standard deviations.  
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Table 3.6: Mechanical properties giving information about indentation depth, elastic modulus and hardness of 
neat gelatin and gelatin – magnetite composites with different loading degrees. In case of orientation, samples are 
measured perpendicular and parallel (II) to the aligned particles. 

 

Thus it can be said that generation of anisotropy inside the composite, distinctively influences 

the mechanical performance of the material with an increase in stiffness of almost 50 % and 

20 % hardness gain.  

Mechanical Characterization - Scratch testing 

In order to gain information about the wear resistance of the prepared ferrogels, nanoscratch 

testing methods were examined. Nanoscratch tests provide a qualitative measure of the 

coefficient of friction (COF) at the surface, which is determined from the ratio of lateral force 

to the normal force at constant applied load of 300 N. Therefore, the coefficient of friction 

gives information about the wear resistance of the material surface to the tip penetration in the 

applied direction. Dry Gelatin and Ferrogel samples after 4 RC with a mean nanoparticle size 

of 90 nm oriented under an external magnetic field were investigated by means of scratch 

testing and the averaged obtained results of 6 scratches are shown in Figure 3.33. Obtained 

data reveal an average COF for neat gelatin around 1, for the anisotropic magnetite composite 

strong variations in the COF can be noticed. Average values are ranging from 0.6 to 1.4 which 

makes it very difficult to draw any conclusion about the wear resistance of this material 

compared to the reference sample. The variation in the COF might on the one hand be 

Material hr (nm) E (GPa) H (GPa)

Gelatin 12 wt% 941 5.18 ± 0.11 0.29 ± 0.01

Gelatin + Magnetite (30 wt%, 50 nm) 945 6.80 ± 0.13 0.35 ± 0.01

Gelatin + Magnetite (50 wt%, 50 nm) 939 5.84 ± 0.09 0.33 ± 0.01

Gelatin + Magnetite (50 wt%, 90 nm) 948 6.62 ± 0.22 0.32 ± 0.01

Gelatin + Magnetite (50 wt%, oriented ext. 
magnetic field, 90 nm)

964 10.06 ± 0.24 0.36 ± 0.01

Gelatin + Magnetite (50 wt%, oriented ext. 
magnetic field, II, 90 nm)

953 7.69 ± 5.47 0.26 ± 0.18
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attributed to the anisotropy of the material which exhibits very abrasive and soft areas as well 

as to the nanoparticle size. Compared to experiments performed with superparamagnetic 

magnetite-composites, here the average crystallite size is around 90 nm which can lead to an 

increase of material pile up and thus an increase in COF. 

 

Figure 3.33: Coefficient of friction plotted against loading time for a) neat gelatin and b) gelatin - magnetite 
composite (50 wt%, oriented under an external magnetic field). 

Performed experiments suggest that the incorporation of inorganic filling material is 

increasing the mechanical performance of the material, especially if anisotropy is generated. 

Apart from that it can also be said that wear resistance seems to be decreased in comparison to 

smaller particles whereas an increase in hardness can be obtained by a change of the particle 

size by comparing superparamagnetic with ferrimagnetic composites. Whereas no difference 

in hardness between the ferrogels existing of 50 or 90 nm sized particles can be observed. 

3.4. Conclusion 

In-situ synthesis of ferrimagnetic magnetite nanoparticles inside the biodegradable gelatin 

hydrogel was performed. The repetition of the reaction cycles (RC) allows variation of the 

mineral content between 30 wt% (1 RC) to 50 wt% (4 RC) to form a mineralized inorganic-

organic hybrid material. With mineral loads of up to 30 wt% ferrogels can be redispersed at 

elevated temperatures and molded into any shape by cooling down, which can be 

advantageous for various applications. The size and structure of the magnetite nanoparticles 

was characterized by means of TEM, HR-TEM and AF4. Magnetite crystallites itself 

demonstrate spherical shape with a rough surface texture. AF4 measurements revealed the 

a) b)
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coexistence of small particles with an average diameter of 5 nm and bigger crystallites with an 

average diameter of 45 – 50 nm with 0.2 M FeSO4 concentration. This observation manifests 

the formation mechanism of primary particles (5 nm) to bigger aggregates (45 -50 nm) as it 

was already observed for ferrimagnetic magnetite synthesis in water under the influence of 

gelatin (see chapter II). HR-TEM investigations could support the proposed growth of smaller 

sub grains fusing to bigger particles by oriented attachment. Furthermore, systematic analysis 

of zone axis orientation of crystallites in chainlike arrangements displayed a dominating 

orientation parallel to the [111] axis, which interestingly was also found for magnetite chains 

analyzed in MTB. According to established synthesis protocols for magnetite NPs in water, 

variation in the Fe2+ concentration succeeds in control over particle size inside the hydrogel 

with average particle diameters of either 50 (Fe2+ 0.2 M) or 90 nm (Fe2+ 0.3 M). Structural 

characterizations of synthesized composite materials demonstrate the formation of magnetite 

after 1 and 4 RC, with no change in the mean grain size obtained by peak broadening analysis 

using Scherrer’s equation. SQUID measurements displayed that the NPs are ferrimagnetic as 

expected for this particle size. Additionally, electron holography investigations revealed 

coupling of the magnetic dipoles inside a chain like arrangement by visualizing magnetic 

interaction in between the particles similar to results obtained for magnetotactic bacteria. The 

holography studies could show a magnetic field inside the particles of 0.14 T which is already 

one fourth of the field found in the magnetotactic bacteria. Magnetite synthesis under an 

external magnetic field could not influence particle size, shape, crystallinity or orientation, 

therefore imprinting of magnetic anisotropy was performed upon ferrogel drying under an 

external magnetic field. Angular dependent magnetic measurements demonstrated that the 

composite material shows significant anisotropy which could reach 1 tenth of the magnitude 

determined in similar experiments for magnetite found in magnetotactic bacteria. Mechanical 

measurements could additionally demonstrate that sample stiffness and hardness is increasing 

by the incorporation of inorganic filling material independent on the degree of mineralization 

starting from a magnetite concentration of 30 wt%. Apart from that also magnetic anisotropic 

material was investigated mechanically which demonstrates an increase in stiffness of 50 % 

and 20 % in hardness. Nanoscratch tests confirmed the anisotropy of the material by strong 

variations in the coefficient of friction. Overall, this synthesis approach demonstrates a 

biodegradable ferrimagnetic ferrogel with controllable mineral content and particle size. 

Magnetic properties similar to those found in magnetotactic bacteria can be mimicked and 
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make the synthesized material highly attractive for applications in the biomedical field as well 

as for magnetic storage media. 
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4. Synthesis and Characterization of Magnetic Hydrogels with Peptide 

Additives 

4.1. Introduction 

The synthesis of magnetite nanoparticles in a certain size range and shape represents a 

significant chemical and fundamental challenge. For many applications particles in a special 

size range are demanded. For example for some biomedical applications nanoparticles just 

above the superparamagnetic threshold (> 30 nm) are highly desired. There exist several 

studies reporting about the control of nanoparticle size by the addition of magnetite nucleating 

peptides or proteins.[89, 91, 130, 132, 249] Prozorov et al[90] described a synthesis approach using 

magnetotactic bacterial protein mms6 in a pluronic gel matrix and obtained larger sized 

magnetite nanoparticles via the co-precipitation method. Arakaki et al. could show that the 

mms6 protein facilitates the formation of cuboidal shaped magnetite nanoparticles using the 

partial oxidation method in water.[89] These studies demonstrated that proteins and peptides 

can influence particle shape and size of magnetite inside a hydrogel matrix as well as in water. 

Since the previous chapters highlight the successful synthesis of ferrogel in two distinct size 

regimes and therefore magnetic behavior, the following part is aiming to study the influence of 

different selected peptides onto magnetite mineralization in a gelatin hydrogel. In a 

collaborative project with the group of Dr. Damien Faivre different magnetite binding peptides 

were identified via phage display. These peptides were under investigation in chapter II in 

order to influence magnetite synthesis in water via the co-precipitation method as well as via 

the partial oxidation method. To elucidate whether magnetite mineralization can be influenced 

by different magnetite binding peptides or the synthetic C-terminal domain of mms6, the so-

called mms6-c25, magnetite mineralization inside the gelatin hydrogel with the two developed 

magnetite mineralization methods was investigated. The chosen additives are shown in Table 

3.7. This chapter deals with the synthesis and characterization of magnetite ferrogels under the 

influence of peptides. The main focus of this section lies in size, shape, crystallinity and 

mineral content control. 
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Table 3.7: Proteins and peptides used for magnetite synthesis in gelatin hydrogel. 

 

4.2. Experimental Section 

4.2.1. Materials 

Chemicals: The following commercially available chemicals were purchased and applied in 

the synthesis without further purification: FeCl2 ·  4 H2O (Sigma-Aldrich), FeSO4 ·  7 H2O 

(Sigma-Aldrich), FeCl3 ·  6 H2O (Sigma-Aldrich), KOH (Sigma-Aldrich), KNO3 (Sigma-

Aldrich) 0.1 M NaOH solution (Merck), Gelatin Type B (∼225 Bloom, Sigma-Aldrich), 4-

chloro-m-cresol (Fluka), Methanol (VWR), Peptides (Selleckchem), BSA (Sigma-Aldrich), 

mms6-c25 (gift Damien Faivre). For the preparation of the reactant solutions double-distilled 

and deionized (Milli-Q) water was used. All solutions were degassed with nitrogen before 

usage. 

Peptide/ 

Protein

Sequence PI Charge Attribute MW 

[g/mol]

mms6-c25 YAYMKSR
DIESAQS
DEEVELR

DALA

3.96 -4 acidic 2890

BSA 584 – 590 
AA

4.6 66000

Poly D ~DDDDD
DDDD

~2.9 negative acidic ~1200

MBP1 GTPRSHY
PAPQV 

9.35 +2 basic 1309

MBP2 QAYRSSA
FLPPM 

9.34 +1 basic 1368

MBP3 QFSLPVA
KLVNR

11.66 +2 basic 1372

MBP4 VPSLTPSA
QSRP

10.53 +1 basic 1239
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4.2.2. Synthesis 

Gel Synthesis: Gel synthesis was performed as already described in chapter III 2. Here briefly, 

gelatin was allowed to swell in water for 24 hours at 6 °C. Homogeneous solutions were 

prepared by heating these gels for 2 hours at 50 °C. To avoid decomposition by bacteria, a 5 

wt% solution of 4-chloro-m-chresol in methanol was added (0.15 ml per 1 g of dry gelatin). 

Peptide Gelatin Mixtures: In the first step 1 ml of liquid 10 wt% gelatin sol was mixed with 1 

mg or 13 mg of peptide under vigorous stirring at 40 °C for 10 min. The resulting gelatin-

peptide mixture was filled into plastic straws (diameter 0.55 mm) for gelation at room 

temperature. For further usage the formed gel matrix was cut into 0.5 cm thick slices. 

Synthesis of ferrogel via co-precipitation method: In-situ mineralization of magnetite 

nanoparticles in gelatin hydrogel with the influence of peptides was carried out via co-

precipitation of FeCl2 and FeCl3 as already described in chapter III 2.2. Here briefly, each 

gelatin peptide mixed hydrogel sample was introduced into a solution, containing FeCl2 (0.1 

M) and FeCl3 (0.2 M), where it was left for 96 hours at 6 °C. The iron (II) and iron (III)-

loaded gels were washed with water and placed in 0.1 M NaOH solution for 150 min. 

Synthesis of ferrogel via partial oxidation method: Analog to the already described synthesis 

method of ferrimagnetic hydrogels in chapter III 3.2, magnetite mineralization under the 

influence of peptides was carried out. Here briefly, gelatin hydrogels were introduced into a 

solution of FeSO4 (0.2 M) for 96 hours at 6 °C. The iron (II)-loaded gels were washed with 

water and placed into a solution of 0.1 M KOH and 0.5 M KNO3 for at least 1200 min. The 

reaction cycles were repeated for four times, samples were collected after the first and fourth 

reaction cycle for further investigations.  

4.2.3. Analytical Methods 

Transmission Electron Microscopy (TEM): For TEM and HR-TEM analysis, a Zeiss Libra 

120 operating at 120 keV and a JEOL JEM- 2200FS operating at 200 keV were used, 

respectively. For material characterization, two distinct sample preparation techniques were 

applied. On the one hand, a drop of a diluted dispersion of magnetic nanoparticles extracted 

from the hydrogel was placed on a Formvar coated copper grid and left to dry on a filter paper. 
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On the other hand, the grid was dipped inside the hydrogel matrix and aliquots were blotted 

using a filter paper. For micro-cut preparation, the ethanol dehydrated ferrogel samples were 

embedded in LR white Resin (Medium Grade) and cut with a Leica EM Trim. 

Thermogravimetric Analysis (TGA): The mineral content of the hydrogels was determined by 

means of TGA (Netzsch, Selb, Germany). Measurements were carried out at a heating rate of 

5 K/ min under a constant oxygen flow. Samples were scanned from 293 K to 1273 K. 

X-ray diffraction analysis: The phase of the iron oxide nanoparticles was characterized by 

XRD at the -Spot synchrotron beamline (BESSY II, Helmholtz Zentrum Berlin) with a 100 

m beam at 15 keV. The measurements were performed by Marc Widdrat in the group of 

Damien Faivre (MPI of colloids and interfaces in Golm). Nanoparticle dimension were 

calculated using Scherrer’s formula (dc = kλ/βcosθ) after taking into account instrumental peak 

broadening processes described somewhere else.[133] 

Asymmetric Field Flow Fractionation (AF4): The AF4 experiments were carried out with 

equipment consisting of a Wyatt Eclipse Dualtec AF4 flow control system, an auto-sampling 

system Agilent Infinity 1200 and an in-line degaser Agilent Infinity 1260. The spacer 

thickness was 350 m, the applied ultrafiltration membranes were polyethersulfone 

membranes with 1 kDa cutoff and regenerated cellulose membranes (Nadir®) with 5 kDa 

cutoff. Axial channel flow rates were 1 ml/min for all AF4 experiments and flow rates were 

controlled via Eclipse plugin for chemstation B.04. The samples were detected via absorption 

at 530 nm with an Agilent Infinity 1100 detector. 

4.3. Results and Discussion 

4.3.1. Co-precipitation Method 

TEM Analysis 

All prepared ferrogel samples with 1 and 13 mg/ml peptide or protein additives were 

investigated by means of TEM after 1 and 4 reaction cycles in order to obtain information 

about the size, shape and crystallinity of the formed nanoparticles. Figure 3.34 shows different 

representative collected images of samples prepared under the influence of additives. The 

studies show no effect onto particle size, nor shape or crystallinity due to the presence of one 
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of the selected peptides or proteins. All TEM investigations showed no significant differences 

compared to prepared reference samples (see Figure 3.34a) without additive. SAED 

examinations reveal d-spacings which can be attributed to the mineral phase of magnetite or 

maghemite and no other impurity products could be detected.  

 

Figure 3.34: TEM investigations with corresponding SAED images of representative magnetite nanoparticles 
extracted from ferrogel samples prepared under the influence of a) no additive, b) 13 mg/ml BSA after 4 RC, c) 
13 mg/ml MBP4 after 4 RC and d) 1 mg/ml MBP1 after 1 RC. 

Similar to results obtained for magnetite synthesis in water via the co-precipitation method 

under the influence of peptides in chapter II, no detectable effect can be noticed. It is possible 

that the identified magnetite binding peptides do not influence the mineralization process 
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neither in acceleration nor in inhibition of nucleation. Comparative calculations showed that 

for a high additive concentration (13 mg/ml gelatin) the amount of free hydroxyl, carbonyl and 

amine groups is similar to those in the gelatin hydrogel. Therefore it can be concluded that the 

used amount of additive should be sufficient in order to compete with the functional groups of 

gelatin and thus influencing magnetite mineralization. Consequently it can be assumed that the 

used additives are either not influencing magnetite mineralization at the used conditions or 

gelatin is a more favored nucleator compared to the used peptides and proteins.  

TGA Analysis 

Since particle size, shape and crystallinity are not influenced due to the presence of peptides in 

the gelatin hydrogel, the possible influence onto the mineral content was investigated with TG 

analysis. Figure 3.35 displays thermograms obtained for different ferrogel samples prepared 

under the influence of an unbound peptide. Similar as described for superparamagnetic 

hydrogels in chapter III 2.2 two stages of weight loss due to moisture in the sample and the 

decomposition of the organic matrix can be noticed. The data clearly reveal that the additives 

do not influence the residual mass at 800 °C and therefore the mineral load in the ferrogel. 

Analog to results obtained by TEM examinations no influence of the additives with both 

amounts can be recognized likely due to the above described reasons. 

 

Figure 3.35: TGA curves of dried ferrogels after 4 RC prepared under the influence of 1 mg/ml (dotted line) and 
13 mg/ml (constant line) of additive and without (turquois). 
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4.3.2. Partial Oxidation Method 

TEM Analysis 

TEM investigations in Figure 3.36 obtained from peptide assisted partial oxidation carried out 

in gel media with 1 and 13 mg/ml of additives reveal that the formed nanocrystals do not show 

any significant size or shape diversity compared to their reference sample. All analyzed 

specimen show spherical particles in a polydisperse size range (see Appendix B, Figure B.13). 

The collected data exhibit a small class of particles around 5 nm and another class of bigger 

crystals with an average size of around 50 nm as already observed for reference samples in 

chapter III 3.2. According to data obtained from synthesis in the blank gelatin hydrogel also a 

rough particle surface as well as electron density inhomogeneities can be noticed. A typical 

SAED pattern which can be seen in Figure 3.36 exhibits polycrystalline nature of the particles. 

The radial integration of the pattern and the corresponding d-values can be attributed to the 

mineral phase of magnetite. In general and also in agreement with findings from the synthesis 

of superparamagnetic hydrogels under the influence of peptides, no effect of the investigated 

peptides onto the particle size, shape or crystallinity was detected.  

 

Figure 3.36: TEM investigations with corresponding SAED analysis of representative magnetite NPs extracted 
from ferrimagnetic ferrogel samples prepared under the influence of additives, here with a) 13 mg/ml BSA and b) 
1 mg/ml MBP1. 
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XRD Analysis 

The crystal structure of selected samples prepared with different peptide additives was 

investigated by means of synchrotron x-ray diffraction. The collected XRD patterns can be 

seen in Figure 3.37. The XRD data show the presence of the crystal structure of magnetite as 

well as some other impurity products, namely goethite. The presence of impurity products is 

most likely due to the inclusion of oxygen during the synthesis procedure. Furthermore, it can 

be mentioned that the diffraction patterns show well defined peaks which can be attributed to 

the high crystallinity of the material. No changes in the formed crystal phase due to the 

presence of an additive can be recorded.  

 

Figure 3.37: Collected synchrotron XRD spectra of ferrogel prepared in the presence of 13 mg/ml MBP1 and 13 
mg/ml MBP2. 

AF4 Analysis 

In addition to TEM investigations asymmetric field flow fractionation analysis was chosen to 

give information about the average particles size as well as particles size distribution under the 

influence of additives. The used technique separates different mobile particles by a laminar 

flow with a high resolution over a broad size range. After dissolution of the ferrogels in hot 

water, it is possible to disperse the magnetite nanoparticles in aqueous media which allows a 

separate analysis of the particles. Some representative received fractograms are shown in 

Figure 3.38. Some measured samples showed the formation of bigger agglomerates in water 

which are not detectable with the used technique and therefore do not provide a representative 
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particle size distribution. The measured absorbance at 530 nm is plotted against the calculated 

stokes radius. In agreement with results obtained by TEM investigations two distinct particle 

size classes are observable. One narrow scattered particle size class around 6 nm in diameter 

and one broad particle distribution with an average size around 50 nm in diameter. The gelatin 

molecules were measured at different wavelength as well as a blank sample in order to 

exclude the possibility of gelatin being detected at a stokes radius of 3 nm and an absorbance 

of 530 nm. From these investigations no significant change in average particle size as well as 

particle size distribution from different samples with different peptide additives and amount of 

additives can be recorded. The obtained results suggest that the formation process of 

ferrimagnetic magnetite nanoparticles in the gelatin hydrogel is not influenced due to the 

presence of different magnetite binding peptides in regard to particle size and distribution.  

 

Figure 3.38: Asymmetric field flow fractionation chromatogram for two ferrogel samples (0.2 M Fe2+) after 4 
RC prepared with 13mg/ml additive and dispersed in water. The graph shows the calculated Stokes radius plotted 
against the absorbance at 530 nm. 

TGA Analysis 

Apart from examining the effect of magnetite binding peptides onto the particle size and 

morphology also the interaction between additives and iron ions and therefore the iron ion 

uptake was studied by means of TGA. Thermograms collected under an oxygen atmosphere 

after 4 reaction cycles are shown in Figure 3.39. Analog to the analysis performed for 

ferrimagnetic gelatin composites, onset and completion of degradation temperature can be 
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identified from the collected data. Additionally, the remaining mass represents precipitated 

mineral inside the material. All investigated samples show a mineral content of 35 ± 3 wt% 

after 1 RC (see Appendix B, Figure B.14) and 43 ± 2 wt% after 4 RC at 900 °C. No distinct 

change in the mineral content due to the presence of a peptide additive or the amount of 

additive can be noticed. Systematic studies of mineralization performed with 1 or 13 mg/ml of 

additives showed no difference in the mineral content compared to the reference sample. 

Therefore it can be concluded that the used peptides do not show an influence onto the mineral 

content of the ferrimagnetic hybrid material under the performed conditions.  

 

Figure 3.39: TGA curves obtained for dry ferrogel samples under the influence of 13 mg/ml additive after 4 RC.  

4.4. Conclusion 

The presented results have demonstrated that mineralization of superparamagnetic and 

ferrimagnetic magnetite nanoparticles under the influence of peptides in gelatin hydrogel do 

not reveal any effect on particle size, shape, crystallinity or mineral content. Nevertheless, 

with the performed experiments it cannot be excluded that the peptides might have the 

potential to influence magnetite mineralization but not under the performed conditions. In 

Section 2.3.8 it was already discussed that collagen can serve as a nucleation seed to iron 

hydroxide aggregation, and thus intergrowth of collagen and magnetite nanoparticles already 

at the precursor stage. This result coincides with the performed synthetic experiment, where 

no influence of the peptide additives was observed which is possibly due to the fact that 
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gelatin demonstrates better interaction with the iron ion and iron hydroxide motifs compared 

to the peptide additives. Since the performed experiments did not show control over particle 

size, shape, crystallinity or mineral content this approach will not be followed any further.  
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5. Conclusion Chapter III 

Taken together, the performed experiments have demonstrated that the synthesis principles of 

magnetite nanoparticles in water can readily be transferred to the thermoreversible hydrogel 

gelatin by using diffusion based synthetic concepts. First of all it has to be highlighted that 

both particle size regimes, superparamagnetic (10 nm) and ferrimagnetic (50 and 90 nm) can 

be reproduced directly in-situ inside the hydrogel matrix. Therefore it could be shown that a 

direct control of the magnetic properties inside the ferrogel is possible. Secondly the used 

synthesis protocol permits accurate control of the mineral content inside the hybrid material by 

repetition of reaction cycles. Interestingly, ferrogel samples in both magnetic regimes show a 

self-healing ability at elevated temperatures of 30 °C with a low magnetite content of 20 wt%. 

SANS studies could resolve the gelatin hydrogel structure and prove the ability as a template 

structure to aid mineralization. These results were confirmed by simulation studies which 

demonstrated the preferential nucleation of magnetite at the triple helical collagen folds. With 

the use of HR-TEM and AF4 it is suggested that the formed ferrimagnetic magnetite 

nanoparticles are formed by smaller sub grains, presumably by an oriented attachment driven 

growth pathway. On that base, analysis of ferrimagnetic nanoparticle arrangement inside the 

gel media show great agreement with magnetite taken from magnetotactic bacteria. 

Furthermore, arrangement of ferrimagnetic ferrogels under an external magnetic field could 

demonstrate accordance to the natural archetype. Nanomechanical analysis of the composites 

proved the increase in stiffness and hardness by the incorporation of inorganic filling material. 

Surprisingly, mechanical performance already showed a distinct change in the stiffness of the 

material with a low mineral load of 20 – 30 wt% regardless of the particle size. Using an 

Ashby plot[250] the mechanical data of the measured ferrogel as well as gelatin samples are 

summarized in Figure 3.40 and compared with various organic polymers.[251] It can be noted 

that by the incorporation of inorganic filling material a distinct increase in stiffness and 

hardness compared to polymeric material is achieved, which is even more pronounced for the 

ferrogel sample oriented under an external magnetic field. The plot suggests that the 

generation of orientation and therefore hierarchy offers a way to tune stiffness and hardness in 

a material.  
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Figure 3.40: Ashby plot[250] comparing the hardness and stiffness of various organic polymers[251] with gelatin 
(yellow), ferrogel (dark red) and ferrogel oriented under an external magnetic field (blue). 

Mineralization experiments performed under the influence of magnetite binding peptides did 

not exhibit any influence onto particle size, shape, crystallinity or mineral content under the 

performed conditions. 

These findings emphasize the usage of gelatin as mineralization media with a large variety in 

composition as well as magnetic and mechanical properties. 
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Chapter IV Multifunctional Layered Magnetic Composites 

1. Introduction 

Nature has evolved biominerals which are organic-inorganic hybrids and highly sophisticated 

materials with optimal assimilated properties. The mechanisms of biomineral formation are 

still far from being understood and there are presently large activities in research from groups 

of different expertise. Most biominerals are built up through hierarchical ordering, which 

consequently adds favorable physical properties like hardness and fracture resistance to the 

material. An intriguing and much investigated material is nacre which is the inner protecting 

layer of some marine sea shells. It is well known for its beautiful iridescence but also for the 

outstanding mechanical properties. Nacre has a layered structure of aragonite platelets and an 

organic matrix mainly consisting of -chitin covered with proteins.[1] This hybrid structure 

makes nacre 3000 times more fracture resistant as compared to aragonite which makes up ca. 

95 wt% of this structure.[252] Another amazing biomineral are chiton teeth, which are actually 

the hardest known biominerals.[31] Chitons scratch algae from rocks, which require wear 

resistant teeth. A reason for the mechanical wear resistance of the teeth is the presence of 

different iron oxide mineral phases incorporated into a protein-polysaccharide matrix. 

Especially magnetite nanoparticles which are present in large amounts (ca. 70 wt%) at the 

tooth cap, covering the cutting surface, are responsible for the outstanding mechanical 

performance.[41] Finally, magnetotactic bacteria also represent an amazing example of a simple 

organism being able to synthesize a mineral with advanced properties. In fact, they have the 

ability to orient and navigate along the magnetic field lines of the earth with the help of special 

magnetic organelles called magnetosomes.[253] Magnetosomes are membrane-enclosed nano-

sized crystals of a magnetic mineral, typically magnetite (Fe3O4), which are assembled in 

chains along the cell axis. The generated magnetic dipole moment is large enough so that its 

strength of interaction with the magnetic field of the earth overcomes thermal fluctuations and 

allows the cells to align and to swim along field lines. The formation of magnetosomes is a 

complex process that consists of the controlled biomineralization of pure magnetite 

nanoparticles up to the organization of stable single domain-sized magnetic particles in 

possibly several chains or bundles that all influence the magnetic properties of the 

magnetosome chains. 
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There are many approaches to produce an organic-inorganic hybrid material inspired by the 

structure of nacre.[69, 70, 72, 76, 78, 81, 254-258] But the fundamental knowledge of the underlying 

mechanisms as well as theoretical explanations are so far only given for rare examples. A 

partial reason for this is that many of the biomineralization mechanisms are still not fully 

understood due to their complexity. Recent work underlines the importance of amorphous 

precursor phases[97] and also non-classical crystallization mechanisms in biomineralization.[86, 

98] 

In the following chapter a synthesis method to combine the favorable properties of three 

different materials found in nature in one and the same material and therefore creating a 

multifunctional hybrid material is presented. A fabrication method of a multifunctional hybrid 

material is achieved by using the insoluble organic nacre matrix of the Haliotis laevigata shell 

infiltrated with gelatin as a confined reaction environment. Inside this organic scaffold 

magnetite nanoparticles (MNPs) are synthesized. The amount of MNPs can be controlled by 

the synthesis protocol therefore mineral loadings starting from 15 wt% up to 65 wt% can be 

realized. The demineralized organic nacre matrix is characterized by small-angle and very-

small-angle neutron scattering (SANS and VSANS) showing an unchanged organic matrix 

structure after demineralization compared to the original mineralized nacre reference. Light 

microscopy and fluorescence confocal laser scanning microscopy studies of stained samples 

show the presence of insoluble proteins at the chitin surface but not in between the chitin 

layers. Successful and homogeneous gelatin infiltration in between the chitin layers can be 

shown. The hybrid material is characterized by TEM and shows a layered structure filled with 

MNPs. Since the developed synthesis protocols in the previous chapters enables control over 

particle size and therefore magnetic properties of the material, the following section is 

reporting about the successful transfer of the synthesis approach into the demineralized nacre 

scaffold. The synthesized materials are analyzed by means of mechanical and magnetic 

investigations. Due to the obtained mechanical and magnetic properties it can be claimed that 

this bio-inspired material design could find potential application in various fields; in general it 

could be very interesting for the field of abrasive and fracture resistant materials like they can 

be found in hard coatings or the construction field.  
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2. Experimental Section 

2.1. Materials 

The following commercially available chemicals were purchased and applied in the syntheses 

without further purification: FeCl2 ·  4H2O (Sigma-Aldrich), FeCl3 ·  6H2O (Sigma-Aldrich), 

0.1 M NaOH solution (Merck), Gelatin Type B (~225 Bloom, Sigma-Aldrich), 4-chloro-m-

cresol (Fluka), Methanol (VWR), nacre - haliotis laevigata (www.australianseashell.com). For 

the preparation of the reactant solutions double-distilled and deionized (Milli-Q) water was 

used. All solutions were degassed with nitrogen before usage. 

2.2. Synthesis 

Preparation of insoluble organic nacre matrix: Shells of haliotis laevigata were sand blasted 

to remove the calcite layer. After thorough washing with deionized water, the shells were 

dried overnight at room temperature and cut into pieces with an area of around 1 cm x 1 cm. 

The nacre pieces were demineralized with 10 vol% acetic acid and solvent exchange every day 

for at least 5 d. The remaining organic matrix was washed with Milli Q water until neutral pH 

was reached.  

Gelatin preparation: The gelatin hydrogels were prepared as described elsewhere.[259] Here 

briefly, different amounts of gelatin powder were mixed with water and the gelatin granules 

were allowed to swell for 24 hours at 6 °C. In order to obtain a homogeneous gel, the swollen 

mixture is heated for at least 2 hours at 50 °C. 20 ml of the gelatin sol are filled into 

crystallization dishes and left at room temperature for gelation. In order to avoid bacterial 

growth, a 5 wt% solution of 4-chloro-m-cresol in methanol was added (0.15 ml per 1 g of 

gelatin granules). 

Infiltration of gelatin inside the insoluble nacre matrix: The cut demineralized insoluble 

organic nacre pieces are put into crystallization dishes filled with 20 ml liquid gelatin at 55 °C. 

To maintain uniform contact of the matrix pieces with the hot gelatin solution a filter paper 

covered the liquid surface to prevent floating. The complete set-up was then placed into a 

vacuum desiccator and the desiccator was attached to a vacuum pump. Vacuum was then 

applied until bubbling of the solution was observed. The vacuum was then removed to force 
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the liquid gelatin to be drawn into the tissue. The whole process was repeated for three times. 

After gelatin infiltration the nacre matrix pieces were left inside the gelatin filled 

crystallization dishes and allowed to stand for gelation first 5 h at room temperature and 

finally kept at 6 °C for 24 h before further usage. For further processing the gelatin filled 

insoluble organic nacre parts were cut out of the gelatin hydrogel with a scalpel.  

Coomassie staining: Microtome cuts of embedded samples were incubated with 0.2 wt% 

coomassie blue G-250 (Sigma-Aldrich) at room temperature for 2 h. After washing with acetic 

acid the cuts were carefully washed 3 times with destaining solution (30 vol% Ethanol/ 60 

vol% water/ 10 vol% acetic acid).  

Rhodamine B ITC staining: Microtome cuts of embedded demineralized nacre matrix were 

incubated at 60 °C with 0.1 wt% Rhodamine B ITC (Sigma-Aldrich) in water for 3 h. After 

washing with water the cuts were accurately washed with acidified ethanol for 3 times. 

In situ synthesis of composite material via co-precipitation method: In situ mineralization of 

magnetite nanoparticles in chitin-gelatin scaffolds was carried out via co-precipitation of 

FeCl2 and FeCl3 as already described in chapter III 2.2. Here briefly, each chitin-gelatin 

scaffold sample was introduced into a solution, containing FeCl2 (0.1 M) and FeCl3 (0.2 M), 

where it was left for 96 hours at 6 °C. The iron (II) and iron (III)-loaded gels were washed 

with water and placed in 0.1 M NaOH solution for 150 min. 

In situ synthesis of composite material via partial oxidation method: Analog to the already 

described synthesis method of ferrimagnetic hydrogels in chapter III 3.2, magnetite 

mineralization inside chitin-gelatin scaffolds was carried out. Here briefly, chitin-gelatin 

scaffold samples were introduced into a solution of FeSO4 (0.2 M) or FeSO4 (0.3 M) for 96 

hours at 6 °C. The iron (II)-loaded gels were washed with water and placed into a solution of 

0.1 M KOH and 0.5 M KNO3 for at least 1200 min. The reaction cycles were repeated up to 

six times, samples were collected after different repeated cycles for further investigations. 

2.3. Analytical Methods 

Sample characterizations: Samples of coomassie stained thin cuts were observed under bright 

field transmission mode using a Zeiss optical microscope equipped with a video camera 
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(AxioCam MRc5). Fluorescent labeled samples were analyzed with a confocal fluorescence 

laser scanning microscope (Zeiss LSM 510 Meta) at an excitation wavelength of 543 nm. 

For TEM examination the formed composite material was dehydrated with a graded ethanol 

series and embedded in LR White Resin (Medium Grade). The sample was cut perpendicular 

with a diamond knife in a Leica ultracut UCT and transferred onto a Formvar coated copper 

grid. TEM and electron diffraction were performed on a Zeiss Libra 120 operating at 120 kV. 

For SEM measurements the samples were air dried at room temperature and cut perpendicular 

to the chitin layers with a scalpel. The sample was placed on a sticky carbon tape and coated 

with a thin layer of gold in order to avoid charging effects. The SEM measurements were 

performed on Zeiss Neon 40 EsB operating in high vacuum. An InLens and SE detector was 

used for signal collection and an acceleration voltage of 5 kV was chosen for recording the 

images.  

Small-Angle Neutron Scattering (SANS and VSANS): Measurements and analysis were 

performed by Baohu Wu (PhD student at the University of Konstanz) under the supervision of 

Dr. Dietmar Schwahn and Vitaliy Pipich. SANS and VSANS experiments were carried out at 

the KWS1 and KWS 3 diffractometers operated by Jülich Center for Neutron Research 

(JCNS) at the Forschungs-Neutronenquelle Heinz Maier-Leibnitz (FRM II) in Garching, 

Germany.[260] Some of the SANS data were measured at SANS II at Paul Scherrer Institute 

(PSI) in Villigen, Switzerland.  

The mineral content of the multifunctional hybrid material was determined by means of TGA 

(Netzsch, Selb, Germany). Measurements were carried out at a heating rate of 5 K/ min under 

a constant oxygen flow. Samples were scanned from 293 K to 1273 K.  

Magnetization measurements were carried out by Aleksej Laptev (PhD student University of 

Konstanz) using a quantum design superconducting quantum interference device (SQUID) 5 T 

magnetic properties measurement system (MPMS). For measurements, dried samples were 

introduced into gelatin capsules and magnetization loop measurements at 2 K and 293 K were 

performed.  

Simulation Studies: Simulation studies were performed by Tina Kollmann in the group of 

Prof. Dr. Dirk Zahn at the University of Erlangen. Molecular Simulation: as described in[259] a 
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series of FeIII(OH)x(OH2)4-x and FeII(OH)y(OH2)6-y clusters were pre-modeled from ab-initio 

calculations in vacuum. For all clusters high-spin constellation was identified as preferred by 

several electron volts. Imposing overall charge neutrality (i.e. x+y =3+2) we found the neutral 

FeIII(OH)3 ·  (H2O) and the FeII(OH)2 ·  4(H2O) as energetically preferred. 

Docking to collagen and chitin was modeled in aqueous solution using empirical force 

fields.[193, 261-263]  

Investigation of biologically-designed metal-specific chelators for potential metal recovery 

and waste remediation applications,[194] and the Kawska-Zahn docking procedure were 

described previously.[195] 

Along this line, ion clusters initially docked to collagen/chitin in absence of water. Such 

putative association complexes are then immersed in aqueous solution (periodic simulation 

cell comprising more than 15000 water molecules) and subjected to relaxation from 100 ps 

molecular dynamics runs at room temperature and ambient pressure. To account for the 

multitude of possible arrangements intrinsic to the systems complexity a series of 200 

independent docking runs were performed for each ionic species.  

Mechanical Characterization:  

Colloidal Probe AFM: The measurements were performed by Dr. Martin Neubauer in the 

group of Prof. Dr. Andreas Fery at the University of Bayreuth. Force spectroscopy 

experiments were conducted at the atomic force microscope (AFM) Nanowizard® I (JPK 

Instruments, Berlin, Germany) in a home-built liquid cell (diameter 2 cm, height 0.5 cm). Thin 

slices (1-2 mm) of swollen hydrogels were cut from the bulky samples with a scalpel and 

immobilized at the bottom of the cell using two component epoxy glue (UHU Endfest 300, 

UHU GmbH & Co. KG, Bühl, Germany). All measurements were performed in MilliQ-water 

at room temperature. As a probe a tipless silicon nitride cantilever (NSC 12, no Al coating, 

MikroMasch, Tallinn, Estonia) was used with a glass sphere (35 µm in diameter, Polysciences 

Europe GmbH, Eppelheim, Germany) attached to its front (colloidal probe). Before the actual 

measurements, the cantilevers were calibrated against the non-deformable glass substrate to 

determine their optical lever sensitivity resulting as the slope of the recorded force-

displacement curve. The deformation of the sample was obtained by subtraction of the 
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cantilever’s bending from the raw displacement data. The cantilever’s spring constant (0.56 N/ 

m) was deduced from its thermal noise spectrum prior to the attachment of the colloidal 

probe.[196]
 

Nanoindentation: The measurements were performed by Steven Herrera in the group of Dr. 

David Kisailus at the University of Riverside, California. Nanoindentation studies were 

performed in ambient air using a Triboindenter nanomechanical testing system equipped with 

a cube corner tip. The embedded and polished samples were measured displacement 

controlled (1000 nm) with a loading-unloading profile. The curves were analyzed according to 

Oliver-Pharr method, and the average value for Young’s modulus and hardness resulting from 

the loading-unloading curves are reported.  
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3. Results and Discussion of Synthesis and Characterization of Super-

paramagnetic Hybrid Materials 

3.1. Synthetic Concept 

The following presented data were performed in a collaboration of different groups in a 

priority program project of the DFG (SPP 1569 Generation of multifunctional inorganic 

materials by molecular bionics). Parts of the presented results in this paragraph are published 

data from the following publication: Siglreitmeier, M.; Wu, B.; Kollmann, T.; Neubauer, M.; 

Nagy, G; Schwahn, D.; Pipich, V.; Faivre, D.; Zahn, D.; Fery, A.; Cölfen, H.; Beilstein 

Journal of Nanotechnology 2015, 6, 134–148. 

It is the aim to synthesize a material of larger dimension by developing a multifunctional 

biomimetic composite structure, which combines properties of three biominerals in one and 

the same material, namely nacre, teeth of chitons and magnetotactic bacteria. To reach this 

goal the key synthesis principles presented in Figure 4.1 are followed.  

 

Figure 4.1: Magnetite formation inside a gelatin gel matrix (grey) which is placed inside the chitin scaffold of 
demineralized nacre (dark grey lines). a) Symbolizes the stage of mineralization after one reaction cycle, b) 
respectively represents repeated mineralization cycles as demonstrated by the progress of mineralization shown 
by the increase of the magnetite nanoparticle number. At zero time, only the gel matrix is present. 

The starting material is an original demineralized nacre matrix which is infiltrated by a 

thermoreversible gelatin solution, mimicking a gel precursor inside the chitin nacre scaffold. 
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Within this gelatin matrix, magnetite nanoparticles are synthesized, in order to form a highly 

mineralized organic-inorganic hybrid body. This hybrid structure resembles the nacre 

aragonite platelets in size and shape. The reaction cycle can be repeated up to 8 times in order 

to enhance and thereby control the content of magnetite NPs inside the hybrid material. 

Systematic studies showed that after 8 reaction cycles the upper limit of mineral load is 

reached and further repetition does not lead to an increase in the mineral content. 

3.2. Nacre Organic Matrix - SANS 

The SANS and VSANS measurements and evaluations of nacre and nacre organic matrix were 

performed by Baohu Wu (PhD student at the University of Konstanz) at the technical 

University of Munich in Garching under the suppervision of Dr. Vitaliy Pippich and Dr. 

Dietmar Schwahn. 

Nacre, an inorganic and organic composite natural material, is typically found as the inner 

shell of mollusks, and is referred to as mother-of-pearl. It is built up through a layered 

arrangement of pseudo-hexagonally shaped aragonite mesocrystals with a diameter of around 

10 – 15 m and a thickness of about 500 nm[8] (every platelet consisting of 10 – 45 nm 

polygonal CaCO3 nanograins[264]). The aragonite tablets are interspaced by an organic matrix 

which was identified as a -chitin[10, 265, 266] core surrounded by protein layers playing an 

important role in the nacre formation process.[12, 14, 267] The inorganic tablets are connected by 

mineral bridges with a width ranging from 36 - 54 nm in between the neighboring lamellae. 

The mineral bridges represent the continuation of mineral growth along the vertical direction 

of the lamellar platelets from a preceding layer of platelets.[22, 268] The fraction of the organic 

matrix in nacre is only ~ 5 wt% but it plays an important role in spatial control of 

mineralization, hierarchical structure and toughness enhancement.[266, 269] Different techniques 

have been used to resolve the chemical and structural composition of the organic matrix. 

Small angle neutron scattering (SANS) is a non-destructive method to study the nacreous 

organic matrix without potential changes to the matrix, coming from the usage of staining 

media or dehydration. For comparison studies, the structure of the original nacre matrix 

(haliotis laevigata) was analyzed as well. Figure 4.2 represents very-small (VSANS) and 

small (SANS) angle neutron scattering profiles of nacre (top) and its organic matrix (bottom) 

measured at two diffractometers for very small (VSANS) and conventional small angular 
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scattering (SANS) in, respectively, Q-ranges from 10–3 to 2·10–2 nm–1 and from 10–2 to 3.5 

nm–1. The absolute value of the scattering vector Q is related to the scattering angle  and 

neutron wavelength  according to  4π
Q= sin /2

λ
 . The neutron beam is parallel to the nacre/ 

nacre organic matrix c-axis (perpendicular to the sample surface, see Appendix C, Figure C.1). 

Thus nearly no information on the thickness of the lamellar platelets is found in the scattering 

curves. These measurements enable the determination of the hierarchical structures along the 

vertical direction of the lamellar platelets of the nacre and its organic matrix over a wide range 

from microscopic to macroscopic length scale, i.e. from about 1 nm to 1 m. The data in 

Figure 4.2 show several distinct Q-regimes which are well described by the solid line 

representing the best fit of the data using Beaucage’s expression[270] and a correlation 

model[271] (see Appendix C). For nacre, scattering from the aragonite tablets is dominant in the 

Q regime less than 0.02 nm-1 and is represented by a Q-2 power law with an amplitude of P2 = 

1.8 cm-1 nm-2. This exponent implies a platelet like structure characteristic with a plate 

diameter larger than 2 m as evaluated from Rg, assuming the form factor of a thin plate like 

shape [272]. Above Q*  0.063 nm-1 the power law transforms into Q-3 and above 0.4 nm-1 to a 

Q-4 Porod behavior, delivering an average size of the nanograins of about 10 nm as estimated 

from D  2/Q*. The diameter of the nanograins is around 11 nm as evaluated from Rg, 

assuming the form factor of a spherical shape, which is consistent with data reported in 

literature.[269] The scattering following the Q-2 power law between 3 × 10–2 and 0.2 nm-1 shows 

the presence of a shoulder which might correspond to the mineral bridges of average diameter 

estimated roughly as D  80 nm from Rg  28.9 nm. 
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Figure 4.2. SANS macroscopic cross-section dΣ/dΩ versus scattering vector Q for a 1 mm thick piece of nacre in 
air and a demineralized nacre matrix in D2O (T = 20oC). The neutron beam is parallel to the nacre/ nacre organic 
matrix c axis (perpendicular to the sample surface). At low Q (< 0.02 nm-1) VSANS data are also presented after 
rescaling. The solid line represents a fit of the Beaucage equation[270] and correlation length model (Q > 0.03 nm-

1)[271] (see Appendix C). 

The scattering profile of the nacre organic matrix (lower Figure 4.2) indicates the same 

platelet like structure as for nacre as it shows the same power laws, however with an order of 

magnitude smaller amplitude of P2 = 0.13 cm-1nm-2. This means that demineralization has no 

significant influence on the original structure of the organic matrix. Above Q = 0.03 nm-1 a 

radius of gyration Rg of about 24.3 nm is determined which might correspond to the mineral 

bridges. The diameters of the bridges cross section were roughly estimated as D  68 nm from 

the Rg  24.3 nm, this result is consistent with our TEM results. The size of the mineral bridge 

is much larger than the typical size of the gelatin molecule as determined from the correlation 

length ξ  15.9 ± 0.5 nm with SAXS (see Appendix C, Figure C.2), indicating that gelatin 

molecular diffusion into the organic chitin matrix through holes in the chitin layers originating 

from the former mineral bridges is possible. Above Q = 0.5 nm-1 scattering from around 0.8 
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nm large particles appear, representing the chitin chain scattering. In summary, it can be 

conclude that nacre is completely demineralized by our experimental procedure, which was 

also confirmed by TGA measurements and that the structure of the demineralized nacre 

organic matrix has not significantly changed compared with the original nacre. 

3.3. Nacre Organic Matrix - Electron Microscopy 

A freshly broken cross section of original nacre was analyzed by means of SEM (Figure 4.3a) 

and clearly reveals the layered structure of aragonite tablets with a thickness of around 500 nm 

and 10 – 15 m in diameter. Nacreous aragonite platelets are known to diffract as single 

crystals. Higher magnification images of aragonite tablets display a granular texture of the 

platelets due to the mesocrystalline nature of the material.[20] This is in agreement with the 

determined nanogranular substructure by SANS. Dried organic nacre matrix collapses upon 

drying and is therefore not usable as a scaffold for the synthesis of composite materials. 

Hydrated matrices stay stable and can be used for infiltration with gelatin hydrogel as it is 

proved in the TEM image in Figure 4.3c. The embedded cross section of the demineralized 

chitin matrix exhibits that the matrix stays stable after demineralization and does not stick 

together. These results are in agreement with findings from SANS and VSANS experiments, 

therefore it can be concluded that the demineralized nacre matrix can be used as a template for 

the composite material synthesis, which is in agreement with earlier work on nacre 

retrosynthesis.[81] The distance between the layers is around 250 – 500 nm (see Figure 4.3c 

and d) which is in part lower than in the natural archetype (500 nm), likely due to partial 

collapse of the demineralized matrix during preparation and handling. Figure 4.3c also 

illustrates vertical connections between the layers, these thin walls are the so-called 

―intertabular matrix‖ which has a stabilizing function.[273] The interruptions in the layers 

correspond to pores of around 50 – 70 nm thickness and are supposed to act as mineral 

transport bridges in the natural nacre formation, as also confirmed by SANS and VSANS 

experiments. In Figure 4.3b SEM examinations of dried demineralized organic nacre matrix 

can be seen. One known central role of the organic matrix is the control over nucleation and 

growth.[8] The studies display the central region of the crystal imprint, surrounded by the 

intertabular matrix. The central region (see highlighted region Figure 4.3b) which is rich in 

sulfate and carboxylates, is supposed to be the site of aragonite nucleation.[8] 
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Figure 4.3: a) SEM examinations of original nacre haliotis laevigata. Inset: High magnified image of aragonite 
platelets inside nacre. B) SEM image of dried collapsed demineralized nacre matrix with imprints of the 
aragonite tablets and the intertabular matrix. TEM micrograph of ultra-mircotome cuts of a) completely 
demineralized nacre matrix and d) demineralized nacre matrix infiltrated with gelatin. 

Systematic TEM studies after gelatin infiltration (see Figure 4.3d) into the insoluble organic 

matrix reveal that the chitin layers stay stable during the infiltration process. No collapse of 

the organic matrix due to the incorporation of gelatin can be noticed. Since gelatin provides 

low electron density, it is not illustratable with the used technique and the successful 

infiltration of the biopolymer is not proven. Therefore staining protocols were executed and 

are presented in the following section.  
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3.4. Nacre Organic Matrix - Microscopy Techniques 

Original nacre (haliotis laevigata) used for material synthesis was analyzed by light 

microscopy and confocal fluorescence laser scanning microscopy (FCLSM) as can be seen in 

Figure 4.4. In order to determine the arrangement of gelatin in between the insoluble organic 

nacre matrix layers a coomassie stain was used. The light microscopy image in Figure 4.4a 

shows an embedded and thin cut section of demineralized nacre stained with coomassie blue. 

The investigations clearly display a blue stain of the layered insoluble nacre structure as a 

result of a positive interaction of the insoluble proteins with the dye, whereas the space in 

between the layers does not show any significant stain. The same observation can be made by 

fluorescence confocal laser scanning microscopy (see Figure 4.4b) were the thin cuts have 

been stained with Rhodamine B ITC. Also in these studies no staining of proteins in between 

the layers could be observed. Therefore we conclude that the insoluble matrix proteins are 

dominantly located directly at the -chitin matrix and are not present in between the layers. 

Figure 4.4c and d show an embedded sample of nacre insoluble matrix infiltrated with gelatin 

by a vacuum infiltration process. Staining of this sample illustrates not only blue stained chitin 

layers and insoluble matrix proteins but also colored areas in between the layers, indicating a 

filling of the matrix with gelatin. The interaction and positive stain of gelatin and coomassie 

blue were tested successfully in reference experiments (see Appendix C, Figure C.3). For 

better visualization of the stained areas in between the layers, the light blue stained gelatin (see 

Appendix C) has been processed digitally. This means the green RGB channel of the images 

was exchanged by the red one, to be able to better distinguish between the different matrix 

parts. As a result the stained gelatin parts appear purple in the image which makes it easier to 

differentiate between the blue chitin layers and the filling in between the layers. The purple 

area next to the matrix in Figure 4.4d represents excess of gelatin on the sample surface. These 

studies reveal that the chitin-gelatin composite can be used as a template for the mineralization 

of magnetite and therefore act as a building block for the formation of a multifunctional 

composite material. 

One key step for the formation of this multifunctional hybrid material, is the homogeneous 

infiltration of gelatin as the organic scaffold for mineralization inside the insoluble nacre 

matrix. 
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Figure 4.4: Light microscopy image of thin cuts of embedded and coomassie stained samples a) demineralized 
nacre matrix b) confocal laser scanning microscopy of embedded demineralized nacre matrix stained with 
Rhodamine B ITC c) and d) demineralized nacre matrix (blue) with infiltrated gelatin (purple) 

3.5. General Synthesis Protocol and Electron Microscopy Studies 

The synthesis of the multifunctional inorganic hybrid material is based on an already 

established three step protocol presented in chapter III 2.2.[259] In the first step, the gelatin 

hydrogel is infiltrated into the demineralized nacre matrix via a vacuum infiltration 

process,[274] in the second step this chitin-gelatin composite is introduced into a solution of 

ferrous (FeCl2 0.1 M) and ferric ions (FeCl3 0.2 M) in a molar ratio of 1:2. After complete 
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diffusion of the ions inside the hydrogel template magnetite is precipitated in the third step by 

introducing the template in a base (NaOH 0.1 M). The magnetite nanoparticles were 

synthesized via a so-called co-precipitation method following the reaction: 

Fe2+ + 2 Fe3+ + 8 OH-  Fe3O4 ( ) + 4 H2O  (1) 

This procedure can be repeated several times in order to obtain the desired degree of 

mineralization. According to the synthesis protocol developed for gelatin based magnetic 

hydrogels (see chapter III 2.2),[259] these synthesis principles are transferred into the insoluble 

organic nacre matrix.  

The amount of magnetite nanoparticles formed inside the synthesized hybrid material was 

determined by thermogravimetric measurements. The initial and final degradation 

temperatures have been determined from the thermogram curves. The loading of the 

composite material with iron oxide nanoparticles varies from 15 – 65 wt% depending on the 

number of reaction cycles (see Appendix C, Figure C.4). Scanning electron microscopy 

(SEM) examinations of the dried hybrid materials indicate a dense layered hierarchical 

structure (see Figure 4.5a), which is similar to natural nacre. The distribution of magnetite 

nanoparticles inside the hybrid material was determined with electron dispersive x-ray 

spectroscopy (EDX) (Figure 4.5c and d). The mapping of the elements in Figure 4.5d shows 

that Fe and C are homogeneously distributed throughout the material surface whereas there is 

less C detected at the freshly broken cross section of the material. It can be clearly seen that 

the spaces in between the layers mainly give signals for Fe. Systematic EDX mapping studies 

(see Figure 4.5c) of perpendicular to the detector arranged cross sections clearly reveal a 

homogeneous distribution over tens of micrometer of Fe, C and O. Reference EDX mapping 

analysis (see Appendix C, Figure C.5) of a chitin – gelatin composite also reveal the 

homogeneous presence of S in between the chitin layers arising from the presence of gelatin 

inside the demineralized scaffold. With the performed studies, no mineral gradient throughout 

the matrix arising from the synthesis of magnetic nanoparticles produced by diffusion was 

observed.  
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Figure 4.5: SEM micrograph of a), b) and c) fracture surface of artificial nacre. Inset: EDX mapping of 
composite cross section, showing homogeneous distribution of iron (green), oxygen (purple) and carbon (yellow). 
d) EDX mapping analysis of artificial nacre fracture surface. 

Therefore it is claimed that after full completion of the synthesis the particles are equally 

present over the whole matrix. In order to confirm these observations and obtain information 

about the mineral nature in between the chitin sheets, TEM studies of embedded and 

microtome cut samples were conducted (Figure 4.6). The presence of iron oxide nanoparticles 

homogeneously distributed in between the layers after one (Figure 4.6a), four (Figure 4.6b) 

and six reaction cycles (Figure 4.6 d) can be noted. Moreover, it can also be seen that the 
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number of particles after one reaction cycle is significantly lower than after four reaction 

cycles which is in agreement with TGA studies of the hybrid materials. The studies display 

that the particles are in the size range of 10 ± 5 nm and do exist at the chitin surface as well as 

in between the chitin layers due to the presence of the carrying medium gelatin. It is also 

worth to mention that besides the 10 nm sized particles also smaller particles in the size range 

of around 3 nm can be detected. ED studies of these small particles show amorphous nature, 

which leads to the conclusion that under the performed synthesis conditions, amorphous 

material or poorly crystallized ferrihydrite could be present. In this study no direct formation 

of magnetite through an amorphous or ferrihydrite precursor stage could be recognized. 

However, the transformation of amorphous iron oxide species to magnetite was observed 

before and is likely to also happen in this synthesis set-up.[134] Reference experiments of the 

composite material without gelatin infiltration (Figure 4.6c) and repetition of four reaction 

cycles only show the presence of nanoparticles adsorbed on the chitin surface but not in 

between the layers. This material seems closer to the demineralized nacre matrix (Figure 4.3c) 

than to a multilayered composite material. Furthermore, the distance in between the layers for 

samples containing gelatin seems less collapsed than for samples without gelatin, which 

results in a material closer in structure to that one of original nacre. Figure 4.6e and f illustrate 

dried embedded and microtome sectioned hybrid materials prepared without and with gelatin 

infiltration. Periodic layered structuring can be seen in both investigations, whereas the 

material prepared with gelatin shows a significantly higher degree of filling with magnetite 

NPs. Also the distance between the organic layers is varying due to the differences in filling 

grade. This is another proof for the necessity of gelatin in order to obtain a hierarchical layered 

highly mineralized composite. Electron diffraction data taken from different areas in between 

the layers show the presence of polycrystalline nanoparticles with no preferred orientation (see 

Appendix C, Figure C.6). The iron oxides magnetite and maghemite show very similar 

diffraction patterns and d-spacings, therefore it is not possible to differentiate these mineral 

phases with the used techniques. Apart from that, detailed particle size measurements at the 

chitin layers and in between the layers demonstrate that average particle diameters at the chitin 

surface are around 7.7 ± 1.7 nm and in between the layers are around 11.9 ± 3.2 nm. It is likely 

that the chitin surface acts as a heterogeneous nucleator, as it will be discussed in the MD 

simulations (see chapter IV 3.9), and therefore generates more nucleation sites which results in 

higher amount of smaller particles instead of the growth of less and bigger ones. In summary 
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these observations demonstrate that it is possible to successfully infiltrate a demineralized 

nacre matrix with gelatin and to form magnetite nanoparticles inside the gel matrix. 
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Figure 4.6: TEM micrographs of a) artificial nacre after one reaction cycle, b) after 4 and d) after 6 reaction 
cycles. Reference chitin-magnetite composite sample without gelatin c) in the hydrated state and e) in the dry 
state. f) dry chitin-magnetite composite after 6 RC.  
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3.6. SANS on Magnetite Formation in the Gelatin-Chitin Composite  

The following presented data were measured and analyzed by Baohu Wu (PhD student at the 

University of Konstanz) in collaboration with myself, synthesizing the analyzed material. The 

magnetite gelatin chitin structure was characterized by SANS contrast variation experiments, 

which is a beneficial method to obtain information about the inorganic components as well as 

the organic part. By using the matching point of gelatin (28 vol% D2O) only the inorganic 

particles are visible whereas the organic structure can be visualized working in pure D2O. This 

technique is a standard tool in various fields such as biomineralization.[203, 275] Figure 4.7 

demonstrates two SANS-VSANS scattering profiles of magnetite in a chitin gelatin composite 

(top) and as a reference in a gel matrix (bottom). The structure of the ferrogel (the hybrid 

material without chitin) was investigated for comparison. The magnetite-gelatin-chitin sample 

shows a power law of Q-1 in the low Q-regime (< 0.01 nm–1), approximately valid for linear 

structures thereby indicating rod-like particles or chains of particles of about Rg = 0.58 m. At 

larger Q (> 0.1 nm–1) scattering is determined from individual magnetite nanoparticles of Rg  

7.9 nm showing a Q-3 power law indicating a mass fractal structure (a structure containing 

branching and crosslinking to form a 3D network). The diameter D of the magnetite particles 

can be estimated as D  20 nm (Rg = D/2.58) assuming a spherical shape. The scattering of 

magnetite in the gelatin matrix (ferrogel) looks qualitatively the same. Particles (or an 

assembly of particles) of about Rg = 0.6 m with Q-2 power law, characteristic for chain like 

clusters are found at small Q. Individual magnetite particles become visible at larger Q 

showing a slightly smaller diameter of about D  18.5 nm (Rg = 7.2 nm). Thus, in the presence 

of nacre organic matrix, the chitin fiber like structure helps with the formation of linearly 

aligned magnetite nanoparticles (pearl necklace like, power law of Q-1), while in the gelatin 

gel matrix without chitin, the nanoparticles follow a branch like arrangement  (power law of 

Q-2). 
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Figure 4.7: SANS and VSANS scattering patterns of magnetite in gelatin-chitin composite and of ferrogel in a 
mixed D2O/ H2O solvent of 28 vol% D2O and 72 vol% H2O. The solid lines represent the fitting of the Beaucage 
expression.[270] 

3.7. Magnetization Measurements 

Magnetic properties of the nanocomposite were measured using a superconducting quantum 

interference device (SQUID) magnetometer. Figure 4.8 illustrates the magnetization loops 

(Magnetization M versus applied field H) of a representative dried hybrid material with a 

mineral content of 65 wt% after 8 mineralization cycles at 293 K and 2 K. At T = 293 K the 

hysteresis curve shows zero coercivity and zero remanence as it is characteristic for 

superparamagnetic material[207] with a particle size less than 20 nm. Due to magnetic 

anisotropy the hysteresis curve at T = 2 K shows ferrimagnetic hysteresis. The saturation 

magnetization for all analyzed samples is around 26 emu/g at 298 K and 36 emu/g at 2 K 

which are similar values already reported before for the synthesis of gelatin based magnetic 

hydrogels.[259] Similar results can be obtained for the analysis of magnetite nanoparticles 

prepared by a co-precipitation method in water.[104, 113, 117] In order to determine the effect of 
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varying mineral content onto the magnetic properties, samples with a particle load of 15 wt% 

to 65 wt% were analyzed. For all analyzed samples similar results for the magnetic hysteresis 

as well as for the saturation magnetization were obtained. Therefore we conclude that the 

mineral content as well as the transfer of the synthesis protocol to the layered organic matrix 

does not affect the magnetic nature of the material. 

 

Figure 4.8: Magnetic properties of the synthesized hybrid materials. a) Magnetization curves of a representative 
dried sample at 2 K and 293 K. Inset: Enlargement of the low field region showing the different coercive fields 
for the NPs at 2 and 293 K. Attraction of modified nacre with b) no magnetic field and c) external magnetic field 
(ca. 1 Tesla). 

3.8. Swelling Studies 

In order to probe structural changes of the nanocomposite during gelatin infiltration as well as 

magnetite synthesis, swelling studies were performed. The swelling capacity of the insoluble 

nacre matrix, the gelatin infiltrated chitin matrix and the magnetic nanocomposite are shown 

in Figure 4.9. The swelling degree Sd is defined as: 

               

where Ws stands for the weight of the swollen sample after swelling equilibrium was reached 

and Wd stands for the dry weight before water uptake. 

a) b)

c)
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In the case of nacre matrix infiltrated with gelatin a distinct increase in swelling can be 

observed as compared to the insoluble matrix alone. This effect is not surprising as gelatin 

alone shows a higher swelling capacity as the insoluble organic matrix. The gravimetric water 

uptake of the gelatin-chitin composite is similar to already reported gelatin swelling capacities. 

This observation is an additional proof for the successful infiltration of gelatin inside the chitin 

layers. In the case of the magnetic composite material, the swelling degree is significantly 

decreased due to the presence of magnetite nanoparticles, which act as additional crosslinkers 

in the gelatin hydrogel. This effect was discovered before for the studies of magnetic 

hydrogels[259] (see chapter III 2.2) and shows similar values for the swelling degree. Finally it 

can be concluded that the gelatin hydrogel as well as the magnetic hydrogel do not change 

their swelling capacity inside the insoluble chitin matrix and therefore substantiating that the 

structural changes are similar than the one for already reported magnetic hydrogels. 

 

Figure 4.9: Degree of sample swelling plotted as a function of the swelling time at 23 °C for different samples 
with a gelatin concentration of 10 wt%. The equilibrium swelling degrees Sd (%) for the plotted samples are 
623.0 ± 88.3 (chitin-gelatin), 259.7 ± 38.5 (chitin demineralized) and 121.9 ± 5.1 (chitin-gelatin-magnetite RC 6). 

3.9. Simulation Studies 

The presented simulation studies were generated in collaboration with the group of Prof. Dirk 

Zahn (University of Erlangen) within the SPP 1569 priority program. Calculations and 

interpretations of the data were performed by Prof. Dirk Zahn and his PhD student Tina 

Kollmann. To investigate the molecular scale interactions that account for magnetite-protein 
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composite formation, we performed molecular simulation studies of FeII(OH)2 and FeIII(OH)3 

motif association to two sets of biomolecular matrices. To allow direct comparison to our 

previous study on collagen-based composite,[195, 259] iron-hydroxide ion cluster association to 

collagen (mimicked by a triple helix of (Gly-Pro-Hyp)n peptides) is contrasted to ion 

association to chitin. The latter model was chosen as 3 poly-(1-4)-D-glucose chains of about 

40 Å length (which corresponds to 9 monomers) stacked in three layers, which are connected 

by hydrogen bonds. As a starting point, the association of FeII(OH)2 and FeIII(OH)3 ion 

clusters was investigated in vacuum. From a series of docking runs we found practically 

equivalent protein-ion complexes for either collagen or chitin. However, the nature of these 

complexes was found to differ significantly upon relaxation in aqueous solution. Figure 4.10 

illustrates the association of the two ion cluster types to collagen and typical configurations as 

obtained from relaxation in aqueous solution based on 100 ps molecular dynamics simulation 

runs. While the FeIII(OH)3 ion clusters bind as stable moieties to the biomolecule, the 

association of FeII(OH)2 to collagen was found to be less favored.  

 

Figure 4.10: Representative structure of a triple helical (Gly-Hyp-Pro)n peptide[193] of 100 Å length with two 
associated iron clusters. a) The ferric ion (light blue) is coordinated by seven oxygen atoms of which the three 
hydroxides show the strongest interaction and an Fe-O distance of 2.7 Å. The Fe-O distances to the solvent and to 
carbonyl/hydroxyl groups of collagen were found to be about 3 Å. b) The ferrous ion (green) is also coordinated 
by seven oxygen atoms, but does not show a bipyramidal structure. More importantly, one of the hydroxide ions 
dissociated into the solvent. The Fe-O distances for iron-collagen and iron-water contacts were found to be about 
3 Å, whilst the remaining hydroxide ion exhibits an Fe-O distance of 3.2 Å. Colors: Fe2+ (green), Fe3+ (light 
blue), O (red), H (white), N (dark blue), C (grey). 

Fe 3+ (OH) 3 

Fe 2+ (OH) 2 
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Indeed, for 30 % of the relaxation runs in aqueous solution the latter cluster was observed to 

partially dissociate leading to (stable) FeII(OH)- - collagen complexes. In contrast to this, the 

association of FeII(OH)2 and FeIII(OH)3 ion clusters to chitin was found to be stable in both 

vacuum (Figure 4.11) and in aqueous solution (Figure 4.12). As the FeII(OH)2 cluster reflects 

an important motif of the magnetite structure we conclude that our simulations show – at least 

from a qualitative point of view – a slight preference of chitin over collagen as a nucleator for 

magnetite which is in agreement with findings by TEM.[195] 

 

Figure 4.11: Illustration of a -chitin model[261] consisting of 3 poly-(1-4)-D-glucose chains of 9 monomers 
stacked in three layers.  
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Figure 4.12: a) Representative structure for FeIII(OH)3 coordination by chitin. The ferric ion (light blue) is 
coordinated by four different types of oxygen atoms (red) forming seven coordinative interactions. b) Fe II(OH)2 
coordination by chitin exhibiting stable coordination by both hydroxide ions of the ion cluster. In summary seven 
oxygen atoms coordinate the ferrous ion (green) building a pentagonal bipyramid, with the cluster hydroxide 
oxygens building the tops with a distance of 2.86 Å. The pentagonal plane consists of two oxygen atoms from 
solvent molecules forming weaker bonds of 3.1 Å and three protein contacts, whereby one carbonyl oxygen atom 
binds via 2.9 Å and two hydroxyl oxygens via 3.1 Å. 

3.10. Mechanical Characterization 

Colloidal Probe AFM 

For the purpose to enlighten mechanical performance of the hydrated material preliminary 

colloidal probe atomic force microscopy (AFM) experiments were conducted. These 

measurements were performed during a research stay at the University of Bayreuth in the 

group of Prof. Dr. Andreas Fery. The measurements as well as the data analysis were 

conducted by Dr. Martin Neubauer. Force spectroscopy measurements with the colloidal 

probe technique[213, 214] were performed on bare chitin samples as well as on nanoparticle 

loaded gelatin chitin scaffolds. From the obtained force versus deformation curves we can 

already see significant qualitative differences. Regarding the incorporation of ferrogel into the 

chitin scaffolds a distinct stiffening effect can be noticed (Figure 4.13). Introducing the 

ferrogel reinforces the framework and gives the composite superior mechanical performance. 

Nanoindentation testing with AFM colloidal probe is a powerful technique as it combines high 

lateral and force resolution with well-defined contact geometry. It has successfully been 

Fe 2+ (OH) 2 

Fe 3+ (OH) 3 

a) b) 
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applied to a range of systems including capsules,[216-219] full particles[220-222] and films.[223-226] 

However, due to the morphological and structural inhomogeneity of our samples it is currently 

difficult to make a quantitative evaluation of the data. Continuum mechanics models typically 

require homogeneous and isotropic materials. The obtained composite data show large 

scattering and the run of the curves does not follow a pathway that can be described by one of 

the established mechanical theories, therefore only qualitative conclusions can be drawn. 

These deviations can be ascribed to the aforementioned non-ideal boundary conditions. It will 

be the aim of future research to investigate the mechanical properties more thoroughly. 

 

Figure 4.13: Force vs. deformation characteristics of the chitin scaffold and the final composite. Introduction of 
ferrogel leads to a detectable increase in material’s stiffness. 

Nanomechanical characterization - Nanoindentation 

Nanoindentation displays a nanomechanical method in which an indenter tip of specific 

geometry is pressed into a material, by applying increasing normal load. When the set 

penetration depth of the indenter is reached, the normal load is reduced until partial or total 

relaxation of the sample occurs. Special sensitive instruments are built to record the so-called 

load and displacement procedure. Previous studies could show that mechanical property 

values vary significantly with the penetration depth; it was demonstrated that no drastic 

changes can be monitored on average after an indentation depth of 200 nm.[276, 277] Therefore 

all analyzed samples were characterized at indentation loads with a minimum of 600 nm. 

Table 4.1 displays the hardness and Young’s modulus evaluations depending on variations in 

the indentation depth. Specimen of prepared superparamagnetic chitin-ferrogel scaffolds with 

different degrees of mineralization as well as reference samples, such as original nacre, 
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geological magnetite and geological aragonite were analyzed. Furthermore selected samples 

were measured parallel and perpendicular to c-axis (see Appendix C, Figure C.1). Each given 

value is an average of at least 8 indents at different areas of the samples and the error values 

are the calculated standard deviation of the data sets. As can be seen in Table 4.1 geological 

magnetite and the teeth of chiton give the highest values for hardness followed by aragonite 

and nacre. These values are expected and similar to already reported data in literature.[31, 278] 

Among the synthetically produced hybrid materials a chitin-ferrogel sample after 6 RC 

demonstrates the highest hardness value which is not surprising since it also exhibits the 

highest mineral content with 65 wt% magnetite. The calculated reduced modulus values for 

the synthetic hybrid materials are rising with increasing mineral content. Chitin-gelatin 

scaffolds with no incorporated mineral show modulus and hardness values close to those 

found for biopolymers,[279] the slight modulus increase might be attributed to the hierarchical 

structuring which is increasing the stiffness of the material. Interestingly and in agreement 

with findings from TEM and SEM investigations a chitin-magnetite composite prepared 

without gelatin shows low mechanical performance with average modulus values of around 8 

GPa and a high standard deviation of measured data points which is likely due to the 

inhomogeneity of the material. This is another proof for the necessity of gelatin as a carrying 

medium in between the chitin layers. As can be seen from the data, modulus values for a 

chitin-ferrogel hybrid after 1 RC are showing small changes in mechanical performance 

compared to chitin-gelatin scaffolds due to the low degree of mineral content. However, by the 

incorporation of more mineral after 6 RC mechanical performances are significantly improved 

reaching values in modulus of 35 % and hardness of 27 % compared to natural nacre, which is 

comparable with the mechanical performance of human bone[280] or dentin.[281]  
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Table 4.1: Mechanical properties giving information about indentation depth (hr), Young’s modulus (E) and 
hardness (H) of natural reference and chitin–ferrogel composites with different loading degrees. 

 

When measuring synthetic chitin-ferrogel after 6 RC in two different orientations 

(perpendicular and parallel to c-axis) distinct changes in the modulus and hardness values can 

be noticed. Different sample orientations can be seen in the light microscopy images in Figure 

4.14 demonstrating alignment perpendicular (Fig.4.14a) and parallel (Figure 4.14b) to the 

chitin layers, clearly showing the layered structuring in the micrometer range. A change in 

orientation results in decrease of stiffness and hardness of 30% and 40%, respectively. 

Considering the anisotropic layered structuring of the synthetically produced composite, 

energy dissipation plays a key role in the mechanical performance of this material. Samples 

measured perpendicular to the chitin layers can dissipate the loaded energy along the chitin 

layers and therefore resist deformation more than samples being stressed along the chitin 

layers were not such pronounced damping effects are occurring. Therefore it can be concluded 

that on the basis of the obtained results, a mechanically anisotropic material can be obtained 

with modulus and hardness values in the range of dentin or bone.[280, 281] The synthetic change 

of original nacre to a magnetic multifunctional hybrid material demonstrates a decrease in 

modulus and hardness which is likely due to lower mineral contents of the hybrid material. 

Material hr (nm) E (GPa) H (GPa)

Geological Magnetite 471 141.38 ± 2.97 9.99 ± 0.75

Chiton Radula
Magnetite

28 107.50 ± 17.50 10.5 ± 1.5

Nacre 940 54.33 ± 1.07 2.45 ± 0.12

Aragonite 895 94.08 ± 0.74 4.73 ± 0.13

Chitin Gelatin 942 6.88 ± 0.68 0.31 ± 0.03

Chitin Magnetite 942 8.22 ± 3.00 0.31 ± 0.11

Chitin Ferrogel 1 RC 966 9.20 ± 0.61 0.31 ± 0.04

Chitin Ferrogel 6 RC 967 17.94 ± 0.89 0.63 ± 0.05

Chitin Ferrogel 6 RC 
II

958 12.63 0.38
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Nevertheless, it can be proven that increasing mineral content and hierarchy are leading to 

improved mechanical performance. 

 

Figure 4.14: Light-microscopy images of chitin-ferrogel scaffolds after 6 RC embedded a) perpendicular or b) 
parallel to chitin layers.  

In order to obtain information about the stiffness and hardness distribution of the sample and 

therefore gain insights into material homogeneity, high resolution nanoindentations of a 

selected chitin-ferrogel sample after 6 RC were tested. The obtained mechanical property map 

of modulus and hardness is illustrated in Figure 4.15.  

 

Figure 4.15: High resolution nanoindentation maps of a ferrogel-chitin scaffold after 6 RC displaying a) modulus 
and b) hardness distributions. 
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The maps of mechanical properties for modulus and hardness show similar trends of 

homogenous material properties in the size range of 100 m. Average modulus values are 

varying from 16.5 – 11 GPa in the low mm size range. Similar for hardness determinations 

which range in average from 0.5 – 0.35 GPa. It can be noted, that in both maps a significant 

drop following a line, in mechanical properties can be noticed which could indicate a junction 

zone of ferrogel and chitin layers which are exposed by polishing procedures. Furthermore, 

also data with very low mechanical performances can be obtained which seem to follow one 

line. It is possible that those data were generated at a microcrack area, occurring at the surface 

(see Appendix C, Figure C.7) and therefore leading to a drastic decrease in the mechanical 

properties. In general it can be concluded that the material shows homogeneous mechanical 

properties in the high m size range which can be assigned to the uniform distribution of 

ferrogel in between the layered structured material. 

In order to obtain information about crack initiation and therefore propagation which leads to 

information about the fracture resistance of a material, highload indentations at a displacement 

of 10000 nm were examined. During the loading and unloading phase a replica of the indent is 

formed at the material surface due to deformation. If the applied force is high enough radial 

cracks can appear which give information about the fracture toughness of the material. The 

analysis of the crack length and propagation can lead to a factor for the fracture toughness. 

Figure 4.16 displays SEM analysis of high load indents performed on nacre, chitin-gelatin 

scaffold and chitin-ferrogel scaffold after 6 RC oriented parallel and perpendicular to the 

nacreous c-axis. Distinct visible differences between the measured specimens can be noticed. 

Indentations performed on nacreous material show platelet like pile ups and radial cracks 

propagating from every side of the indenter imprint. Deflected cracks following organic layers 

in between the aragonite platelets as well as radial cracks with an average length of 1 – 5 m 

can be observed. The layered structuring of the aragonite tablets can clearly be noticed as well 

as the organic matrix which acts as a glue (see inset image Figure 4.16a). In contrast to the 

nacreous material the reference chitin-gelatin sample (Figure 4.16c) does not display any 

crack formation due to the high plastic deformation of the material. Large pile ups around the 

indents arising from the elastic properties of the component can be noticed. These 

observations are in agreement with findings from low load indentations which showed 

modulus and hardness values in the range of polymeric substances. Furthermore, highly 
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magnified images of the indent (see inset Figure 4.16c) visualize layered structuring of the 

material and the sticky interaction between chitin and gelatin. Figure 4.16b and d show cube 

corner indents of chitin-ferrogel composite after 6 RC in parallel and perpendicular orientation 

to c-axis. The indent in parallel direction is representative for the other performed indents and 

indicates small appearing cracks emanating from the indent corners. A deep impression and 

material pile up due to plastic deformation is evident. In contrast indents performed 

perpendicular to the c-axis, show long emerging cracks which are propagating from the 

indents corners as well as from other locations. These observations make it difficult to draw 

any conclusion about crack formation since pre-existing microcracks, which become more 

prominent by indentation force or dehydration induced cracking are possible. For the 

examined sample it is unclear which indents are arising from force deformations. Previous 

studies have demonstrated that crack length analysis which is leading to calculated fracture 

toughness values is a defective method for the analysis of biomaterials or bioinspired materials 

and questionable,[282] therefore only visual and comparative fracture analysis are taken into 

account in the present studies. In comparison it can be said that chitin-ferrogel scaffolds after 6 

RC demonstrate higher fracture toughness than the original nacre material since crack length 

emanating from the indent corners are in average 1 – 3 m in length which is smaller 

compared to cracks from the natural archetype. The studies reveal that no crack formation can 

be induced in the polymeric chitin-gelatin scaffold. The higher fracture resistance of the 

synthetic composite material is likely due to the higher elasticity of the material due to the 

lower mineral content and therefore brittleness, which is in agreement with modulus and 

hardness data for both materials. Based on these findings, these data reveal that the chitin-

ferrogel hybrid after 6 RC demonstrates a high fracture resistance and therefore more energy 

absorbing properties which makes this material attractive for various potential applications. 



Chapter IV Multifunctional Layered Magnetic Composites 
 

199 
 

 

Figure 4.16: Highload nanoindentation SEM fracture analysis of a) original nacre (haliotis laevigata) b) chitin-
ferrogel scaffold after 6 RC (measured parallel to c-axis) c) chitin gelatin scaffold and d) chitin-ferrogel scaffold 
after 6 RC (measured perpendicular to c-axis) 
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4. Results and Discussion of Synthesis and Characterization of 

Ferrimagnetic Hybrid Materials 

4.1. TEM and SEM Investigations 

The fabrication of ferrimagnetic chitin-ferrogel scaffolds involves three different steps 

according to the latter presented synthesis approach. The first step implicates the infiltration of 

liquid gelatin hydrogel into the demineralized organic nacre scaffold as described in chapter 

IV 3. The second step covers diffusion of Fe2+ ions into the gelatin-chitin composite, where 

according to the already described synthesis protocol in chapter III 3.2 different Fe(II)-ion 

concentrations can be used. In the last step magnetite NPs are precipitated inside the template 

by introducing the samples into a solution of KOH (0.1 M) and KNO3 (0.5 M). In principle, 

cyclic repetition of the above described diffusion based reactions is possible and leads to an 

increase in inorganic material. Figure 4.17 presents TEM investigations of microcuts of 

embedded samples prepared with 0.2 M FeII concentrations. The low magnified images reveal 

the organic chitin layers which are covered with magnetite NPs. As can be seen the chitin 

layers are not collapsed and form a stable template for this method. Interestingly, most of the 

formed particles seem to be attached to the chitin layers surrounded by insoluble proteins. 

With these investigations only a low number of particles are observable in between the layers. 

One possible reason for this observation could be a preferential heterogeneous nucleation at 

the chitin layers compared to nucleation in the hydrogel matrix in between the layers. This 

would be consistent with results obtained by simulation studies in chapter IV 3.9, where it was 

shown that especially the FeII(OH)2 motif shows a less favored association to gelatin 

compared to chitin. The high magnification image (see Figure 4.17b) illustrates spherical 

particles with a rough surface and inhomogeneous electron density profile. Particle size and 

morphology are similar to crystallites formed in ferrimagnetic hydrogels. The presence of the 

crystal phase magnetite is confirmed by SAED (see inlet Figure 4.17a) and XRD (see 

Appendix C, Figure C.8) examinations. The intensity integrated SAED pattern as well as the 

XRD pattern display diffraction peaks typical for the mineral phase of magnetite or 

maghemite. Selected area electron diffraction of single particles reveals distinct spot 

diffractions which is typical for single crystalline material. Apart from that it has to be 

mentioned that two distinct particle size classes can be observed. One class in the size range of 
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ferrimagnetic material (50 nm) but also smaller spherical crystals in the size range of 14.3 ± 

5.7 nm attached to the chitin matrix can be detected. In order to clarify the formation of 

magnetite inside the chitin-gelatin scaffold TEM investigations after 1 and 4 reaction cycles 

were performed. Figure 4.17c illustrates a ferrimagnetic chitin-ferrogel composite prepared 

with a FeII concentration of 0.2 M after one reaction cycle. Indeed, small spherical particles 

can be detected, which seem to be present in a high number at the chitin layers. No bigger 

particles in the ferrimagnetic size range are observable. SAED shows two weak diffraction 

rings which can be attributed to the crystal structure of magnetite or ferrihydrite. Surprisingly, 

in ferrimagnetic hydrogels we also observe the presence of smaller sized particles but we 

could not detect them alone without the existence of bigger particles. This fact could lead to 

the assumption that the formation of ferrimagnetic NPs is kinetically hindered due to the 

presence of the chitin scaffold. This means magnetite mineralization inside the gelatin matrix 

is faster due to less interaction between the FeII-ions and FeII-hydroxides with the gelatin 

molecules compared to the chitin biopolymer. Due to stronger interactions between FeII 

motifs, nucleation is inhibited which is in agreement with earlier findings from simulation 

studies. All of the investigated observations support a crystal formation pathway through 

fusion of primary particles by oriented attachment.[149] Furthermore, the dry embedded 

ferrimagnetic composite shown in Figure 4.17d exhibit hierarchical layered structuring of 

chitin-ferrogel scaffolds with inhomogeneous filling of the organic scaffold due to less 

favorable packing of larger particles. 
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Figure 4.17: TEM investigations of embedded ultra microcut samples prepared with Fe 0.2 M a) and b) in the 
hydrated state after 4 RC, c) in the hydrated state after 1 RC and d) in the dry state after 4 RC. 

Performed TG analysis displayed increasing mineral content of ferrimagnetic composites after 

different reaction cycles. The collected thermograms of the dried ferrimagnetic hybrids 

measured under an oxygen atmosphere display an average mineral load of 35 wt% after 1 RC 

and 45 wt% after 6 RC (see Appendix C, Figure C.9). Repetition of reaction cycles is possible 

but does not demonstrate a significant increase in mineral load. Comparing the 

superparamagnetic (SPM) composites with the ferrimagnetic ones, conspicuously the packing 

of the particles inside the matrix is significantly different. The smaller particles in the SPM 

500 nm
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composite show denser packing with particles homogeneously distributed at the chitin layers 

as well as inside the gel matrix. Whereas the ferrimagnetic hybrids mostly demonstrate 

nanocrystals attached to the chitin matrix but not inside the gel matrix between the layers. 

SEM examinations of the dried composites can be seen in Figure 4.18. The obtained results 

reveal two distinct different particle size classes between Figure 4.18a and b which is assigned 

to the different FeII concentrations 0.2 M a and 0.3 M b used for material synthesis.  

 

Figure 4.18: SEM images of dried composite materials obtained after 4 RC for a) 0.2 M Fe2+ concentration b) 
0.3 M Fe2+ concentration c) 0.2 M Fe2+ concentration without gelatin and d) high magnification image of b). 
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Moreover, the probed particles present in between the layers display a course surface texture 

which seems to consist of smaller sub units as already seen for FMNPs prepared in gelatin 

templates. SEM observations of cross sections of artificial nacre reveal a layered structuring 

similar to abalone nacre, the biological archetype.[8] On the other hand the blank sample 

prepared with demineralized nacre matrix and FeII ions but without gelatin as a carrying media 

in between the layers (Figure 4.18c), illustrates a collapsed layered structure with no 

observable homogenous nanoparticle distribution inside the layers. Thus, the experiment 

proves that gelatin is necessary as a filling material in order to obtain a highly mineralized bio-

inspired material. 

Finally the achieved results lead to the conclusion that a successful synthesis of a 

ferrimagnetic chitin-ferrogel scaffold is possible and also the magnetic properties are tunable 

by variation in the particle size. 

4.2. Magnetic Properties 

As SEM and TEM investigations indicate the successful transformation of the partial 

oxidation method into a chitin-gelatin scaffold, magnetic measurements were performed in 

order to prove the ferrimagnetic nature of the material.  

 

Figure 4.19: Magnetic properties of ferrimagnetic composites after 4 RC a) hysteresis curve collected at 293 K 
and 2K Inset: Enlargement of the low field region showing the different coercive fields for the NPs at 2 and 293 
K. b) FC and ZFC curves plotted against increasing temperature. 

Figure 4.19 illustrates collected hysteresis and FC-ZFC curves clearly displaying the 

ferrimagnetic properties, with a remanent magnetization at room temperature and the absence 

b)a)
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of a blocking temperature. Saturation magnetization values are in the size range of material 

synthesized in the gelatin hydrogel media thus not exhibiting an influence in the magnetic 

properties due to the transfer into the insoluble nacre matrix. 

4.3. Nanomechanical Analysis 

Nanomechanical Characterization - Nanoindentation 

The mechanical properties of the ferrimagnetic composites were studied by means of 

nanoindentation. The obtained modulus and hardness values of different prepared hybrid 

materials compared to reference systems are shown in Table 4.2. From the obtained data, one 

can see that hybrid scaffolds with an average particle size of 50 nm give a modulus value of 

12.38 ± 0.38 GPa and a hardness value of 0.51 ± 0.03 GPa, whereas an average particles size 

of 90 nm leads to a modulus value of 8.92 ± 1.23 GPa and a hardness value of 0.36 ± 0.05 

GPa. Mechanical investigations for both materials provide data which are significantly lower 

than results obtained for superparamagnetic scaffolds. These findings can be explained by the 

difference in particle size and therefore packing inside the composites for the different 

materials. SEM cross section investigations of dried materials for a multilayered structure with 

an average particle size of 90 nm, distinctively present inhomogeneous packing of particles 

inside the layers. With increasing particle size and polydispersity, dense and homogenous 

filling is less possible and therefore leads to a porous structure. Thus, nanoindentation results 

reveal a distinct correlation between the mineral particle size and the mechanical performance 

inside the layered hybrid material. Apart from that, also indentation examinations parallel to 

the chitin layers were performed for chitin-ferrogel samples with a mean particle diameter of 

50 nm. A difference in modulus and hardness can be recorded with a high standard deviation 

possibly arising from indentations located directly at organic chitin layers and in between. The 

decrease in hardness and modulus values might be attributed to less possible energy 

dissipation along the chitin layers compared to a force acting perpendicular to the layered 

structure.  
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Table 4.2: Mechanical properties giving information about indentation depth (hr), Young’s modulus (E) and 
hardness (H) of natural reference and chitin–ferrogel composites with different loading degrees. 

 

In order to investigate crack propagation, highload nanoindentation measurements were 

conducted. Figure 4.20 visualizes SEM post indentation investigations of a ferrimagnetic 

hybrid material after 6 RC and an average particle size of 50 nm at an indentation depth of 

10000 nm. Distinct visible differences between the measured specimens and the reference 

nacre sample discussed in chapter IV 3.10 can be noticed. Indentations performed on nacreous 

material show platelet like pile ups and radial cracks propagating form every side of the 

indenter imprint. Deflected cracks following organic layers in between the aragonite platelets 

as well as radial cracks with an average length of 1 – 5 m can be observed. Here, only a few 

cracks propagating from the indenter corners (see Figure 4.20b) can be noticed. For all 

analyzed samples large pile ups around the indents due to elastic properties of the material can 

be observed. One reason for the obtained fracture profile could be the inhomogeneous filling 

of the layered structure with magnetite nanoparticles as already observed in SEM 

investigations. Apart from that also crack initiation originating from drying or vacuum 

investigations cannot be excluded and make it difficult to draw quantitative conclusions about 

the material fracture resistance. In general, it can be mentioned that ferrimagnetic composites 

demonstrate a significantly different fracture behavior than nacreous material, indicating 

Material hr (nm) E (GPa) H (GPa)

Geological magnetite 471 141.38 ± 2.97 9.99 ± 0.75

Chiton radula magnetite 28 107.5 ± 17.5 10.5 ± 1.5

Nacre 940 54.33 ± 1.07 2.45 ± 0.12

Aragonite 895 94.08 ± 0.74 4.73 ± 0.13

Chitin Gelatin 942 6.88 ± 0.68 0.31 ± 0.03

Chitin Ferrogel (45 wt%, 50 nm) 958 12.38 ± 0.88 0.51 ± 0.03

Chitin Ferrogel (45 wt%, 50 nm) II 957 10.19 ± 2.47 0.32  ± 0.09

Chitin Ferrogel (45 wt%, 90 nm) 958 8.92 ± 1.23 0.36 ± 0.05
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higher fracture resistance due to higher elasticity and therefore energy absorbance of the 

material.  

 

Figure 4.20: SEM examination at different magnifications obtained after highload nanoindentations of a 
ferrimagnetic chitin-ferrogel scaffold after 6 RC with a mean nanoparticle size of 50 nm. 
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5. Conclusion Chapter IV 

In this chapter the synthesis and characterization of multifunctional layered magnetic 

composites was described. In essence, it could be shown that the synthesis principles 

established in chapter III for gelatin based magnetic hydrogels can be successfully transferred 

into a demineralized nacre matrix in order to obtain a layered mineralized composite material. 

It was shown that gelatin can be effectively infiltrated into the insoluble nacre matrix and 

therefore form a template for magnetite synthesis inside the composite. The aim of control 

over magnetic properties was addressed by two different synthesis approaches. The developed 

synthesis protocols in chapter III enabled the formation of superparamagnetic and 

ferrimagnetic ferrogel scaffolds. The mineral content inside the hybrid materials can be 

controlled by repetition of reaction cycles and mineral loads of up to 65 wt% can be realized. 

SQUID measurements proved the magnetic nature of the materials. Swelling studies indicate a 

structural change of the gelatin inside the hybrid material upon introduction of the magnetite 

nanoparticles. By incorporation of more and more inorganic material a control of the degree of 

swelling and therefore the mechanical properties of the composite material could be shown. 

This result is supported by preliminary AFM colloidal probe measurements. Simulation 

studies show the binding of iron and hydroxide ions to both collagen and -chitin. Direct 

comparison however indicates that chitin should be the more favored nucleator 

macromolecule species for magnetite thus boosting composite growth along the chitin fibers. 

The outcoming superstructure revealed improved mechanical performance compared to 

unstructured ferrogel samples. Apart from that mechanical characterization displayed higher 

stiffness and hardness values for superparamagnetic material compared to the ferrimagnetic 

one, likely due to the higher degree of packing inside the hybrid structure. Furthermore, 

fracture analysis indicated high fracture resistance with a low degree of crack propagation, 

likely due to the higher elasticity of the materials. Comparing fracture resistance of 

superparamagnetic composites with ferrimagnetic ones, it can be seen that ferrimagnetic 

material shows less occurring fracture profiles and smaller crack length. This result coincides 

with findings from nanoindentation, where higher stiffness and hardness values can be found 

for superparamagnetic material, thus increasing the brittleness of the material and therefore the 

crack formation and propagation. In order to give an overview of the mechanical properties of 

the analyzed specimens an Ashby plot[250] is used, where the synthesized composite materials 
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are compared to organic polymeric material and biominerals. The plot clearly demonstrates 

that the incorporation of the ferrogel into the demineralized nacre matrix increases the 

mechanical performance, likely due the combination of the energy absorbing hierarchical 

organic layers and the high degree of mineralization by the presence of magnetite.  

 

Figure 4.22 Ashby plot[250] comparing the hardness and stiffness of various organic polymers[251] and 
biominerals[31, 283] with ferrogels (purple), ferrimagnetic composites after 6 RC (blue) and superparamagnetic 
composites after 6 RC (red). 

In summary, the synthesis of a bio-inspired organic-inorganic hybrid material which shows 

interesting magnetic properties and enhanced mechanical performance compared to the 

reference material is demonstrated. 
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Chapter V Summary and Outlook 

The present thesis deals with the synthesis and characterization of a multifunctional layered 

magnetic composite material. It is the aim to create a component with the fracture resistance of 

nacre, the hardness and wear resistance of the chiton teeth and the magnetic properties of the 

magnetotactic bacteria.  

In this regard, the synthesis of magnetite nanoparticles in water in Chapter 2 demonstrated 

that a control over the particle size and therefore magnetic properties is possible in aqueous 

media as well as under the influence of gelatin at ambient conditions. Moreover, it could be 

shown that two established methods lead to the successful synthesis of magnetite nanoparticles 

in two distinct size regimes resulting in either superparamagnetism or ferrimagnetism. 

Systematic experiments with different amounts of additives could emphasize the formation 

process of the crystallites. The experiments suggest that the gelatin biopolymer is interacting 

with iron ions or iron precipitation products in water and therefore influencing the nucleation 

of magnetite. With both developed synthetic approaches the formation of well crystalline 

material was shown. Furthermore, it was proven that the magnetic properties can be controlled 

by the synthesis methods. Having gained insights into magnetite mineralization under the 

influence of gelatin, a formation pathway based on an oriented attachment from small sub 

grains to secondary single crystalline aggregates is proposed.  

In Chapter 3 it was demonstrated that the synthesis principles developed in Chapter 2 can 

successfully be transferred into the gelatin hydrogel matrix. It was shown that the mineral 

content of the established composites can be controlled with the developed in-situ approach. 

Thus, repetition of reaction cycles results in an increase of the mineral content and to that end 

in a highly mineralized hybrid body. With used scattering and swelling studies the change in 

the hydrogel structure with increasing inorganic filling material was demonstrated. Molecular 

dynamic simulation studies showed that collagen binds iron and hydroxide ions, suggesting 

that collagen acts as a nucleation seed to iron hydroxide aggregation and thus the intergrowth 

of collagen and magnetite nanoparticles already at the precursor stage. Essentially, the control 

over particle size and therefore magnetic properties inside the hydrogel is one key feature of 

this material. Hence, the creation of a composite material with either imprinted magnetic 
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properties (ferrimagnetic) or inducible magnetic properties (superparamagnetic) is possible by 

slight variations in the synthesis protocol. The comparison of synthetically established 

ferrimagnetic magnetite nanoparticles with those found in the MTB was shown by means of 

angular dependent magnetization measurements, off-axis electron holography and analysis of 

the orientational correlations of the crystallites with each other. Interestingly, similarities in 

the orientation of the particles as well as magnetic interactions between the crystallites with 

magnetite from MTB were found. It is shown, that one-tenth of the magnetic anisotropy found 

in the magnetotactic bacteria could be reached. These findings are unique and point out that it 

is possible to mimic the magnetic properties of the MTB in a hydrogel matrix. Apart from that 

mechanical analysis could show that an increase in mineral content leads to an increase in 

mechanical performance compared to the polymer reference sample.  

In Chapter 4 it could be shown that the developed ferrogel hybrids can be transferred into the 

demineralized nacre matrix in order to create a hierarchical, mineralized and layered 

composite material. Reference experiments without gelatin proved that the hydrogel matrix is 

necessary as a template inside the chitin scaffold. Both particle size regimes, thus magnetic 

properties can be reproduced inside the chitin-gelatin-scaffold with a high filling degree of up 

to 65 wt% by repetition of the synthesis protocol. Molecular dynamic simulation studies 

suggest a preferential nucleation of iron (II) species at the chitin layers compared to gelatin 

triple helices which is also supported by accomplished experiments. Furthermore, mechanical 

characterizations of the layered composites demonstrate a significant increase in mechanical 

performance compared to the ferrogel matrix, due to the hierarchical architecture of the 

material. The obtained data display highest values for modulus and hardness for 

superparamagnetic composites which is not surprising since these materials exhibit the highest 

degree of mineralization and particle packing. In general, specimens measured parallel and 

perpendicular to the chitin layers, showed anisotropic behavior in mechanical performance. 

Summarizing the mechanical analysis of the material it can be said, that a material with 

properties similar to human bone or dentin can be created. Compared to the natural archetype 

nacre, fracture test analysis demonstrated higher fracture resistance of the synthetically 

produced composite due to the lower degree of filling with inorganic material and therefore 

higher energy absorbing ability. However, the abrasion resistance and hardness of the teeth of 

chitons are not reached with the here presented hybrid materials. The reason for that is 
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probably a combination of different factors. On the one hand the highest mineralized layered 

composite shows a magnetite content of 65 wt% which is similar to the overall mineral 

content of the chiton tooth but in part lower than the highly mineralized cutting surface of the 

tooth which exhibits a mineral content of about 90 – 95 wt%.[39] On the other hand, it has to be 

mentioned that the chiton teeth are built up through different stages of mineralization with a 

softer core and a very hard surface. The combination of these different mechanically 

performing materials is believed to add the special abrasion resistance to the tooth. Therefore 

future investigations should specially focus on the increase of inorganic filling material as well 

as the creation of a gradient material. Thus, the suggested synthetic steps for future 

investigations to achieve the aspired aims are: 

 Additional filling of the superparamagnetic and/ or ferrimagnetic composite material 

with another inorganic component like CaCO3 which could be introduced through a 

polymer induced liquid precursor (PILP) phase. 

 Additional filling of the superparamagnetic and/ or ferrimagnetic composite material 

with Ca5(PO4)3(F,Cl,OH) instead of CaCO3 which is an interesting mineral phase also 

found in other biominerals like teeth and mantis shrimps. 

 Change in the morphology and size of the magnetite nanoparticles by incorporation of 

literature known micron sized anisotropic magnetite rods[143] into the gelatin hydrogel 

structure. With this approach micron sized nanoparticles could be synthesized in-situ in 

the gelatin hydrogel media under an external magnetic field, which results in fusion of 

the particles to anisotropic micron sized rods. This approach would increase the 

inorganic filling degree of the composites and therefore influence the mechanical 

performance as well as the generation of an anisotropic material with interesting 

magnetic properties. 

 Generation of a gradient material by diffusion controlled synthetic approaches with a 

combination of different inorganic filling materials. In order to realize mechanical 

performances like they are found in the chiton teeth, filling of the composite with a Ca 

based material would be the first step of this method. Afterwards a gradient material 

could be generated by a diffusion controlled mineralization of the outer layer of the 

composite resulting in a highly mineralized magnetite cover. Therefore a material with 

a softer Ca containing core and a hard magnetite cover would be formed. 
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 Increase in the magnetic anisotropy of the material by systematic variations in the 

magnetic field as well as particle size. 

 Substitution of the demineralized nacre matrix with a synthetic biomimetic material. A 

cheap and easy accessible mimic for the hierarchical organic nacre scaffold would 

facilitate upscaling procedures and therefore be a first step towards potential 

applications. Apart from that the structure property relationships could also be 

influenced by variations and optimizations in the hierarchical architecture of the 

synthetic scaffold.   

In summary, the presented work revealed that the synthetic concept of the development of a 

multifunctional layered magnetic composite material was successful. The studies showed that 

a material with controllable magnetic properties can be created. Additionally, enhanced 

mechanical performances similar to those found in dentin or bone could be shown. All in all, 

this work forms a fundamental base for the creation of a new composite material which 

combines more than one favorable property in one and the same material. However, not all 

envisaged aims could be reached, but the performed experiments and analysis are first steps 

towards the formation of a synthetic composite material with enhanced mechanical and 

magnetic properties compared to the natural archetypes. Therefore it is worth to raise the 

question whether it is realizable to combine the favorable properties of nacre, the chiton teeth 

and the magnetotactic bacteria in one and the same material. Even though a material with a 

very high magnetite content of up to 95 wt% would be realizable it is not clear if this formed 

composite is combining the hardness and wear resistance of the chiton teeth with the fracture 

resistance of nacre. It is known that nacre displays a mineral content of approximately 95 wt% 

which is similar to the magnetite content in the outer layer of the chiton teeth. However the 

high fracture toughness is not consequently a result of the high mineral content but rather 

coming from the enhanced interaction between the organic matrix and the formed mineral 

phase. It was proved that one key feature for the energy dissipation in nacre is due to the 

rotation and deformation of nanograins under tension.[25] It was shown that the organic matrix 

between the nanograins facilitates the grain rotation process and therefore increases the 

mechanical strength and toughness of the material. Since magnetite and gelatin do not show 

such superior interactions at these high mineral contents, which was tested in systematic 

magnetite-gelatin mixtures one can assume that a material with a very high magnetite content 
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(90 - 95 wt%) might show improved hardness and stiffness but not the envisaged fracture 

resistance due to the brittleness of the material.  

Nevertheless the obtained results could clearly demonstrate that a combination of different 

properties in one and the same material using the presented synthetic approach is possible. 

Therefore it could be the base for a completely new field of composite materials by combining 

different inorganic filling materials, hence join their physical or chemical properties. On the 

one hand a mechanically improved material by using a hierarchical template filled with a 

biopolymer and different inorganic filling materials is imaginable. On the other hand, if no 

improved mechanical performances are required, already the combination of the gelatin 

hydrogel with different inorganic filling materials could merge different physical and chemical 

properties in one and the same material. For example the combination of optical and magnetic 

properties by using gold nanoparticles or quantum dots as well as magnetic nanoparticles 

might be possible as well as many other consolidations. These polymer-nanoparticle-

composites could play an important role in microelectronic devices, piezoelectric actuators 

and sensors, electrolytes and supercapacitors as well as biomedical science.  

Consequently the presented work can be seen as a big step towards potential applications in 

the field of biomimetic materials as well as in the modern research field of polymer-

nanoparticle-composites.  
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Appendix A 

Synthesis and Characterization of Ferrimagnetic Magnetite in H2O 

 

Figure A.1: IR spectra of MNPs synthesized with excess OH- concentration at 90 °C (red), 23 °C (black) and 6 
°C (blue). All collected spectra show Fe-O absorption bands for magnetite at 550 cm-1 and magnetite prepared at 
room temperature additionally reveal Fe-OH vibration modes which can be attributed to the mineral phase of 
goethite. 

 

Figure A.2: TEM and SAED examination of MNP cured at 23 °C, prepared with the partial oxidation method 
and no excess concentration of OH- or Fe2+. 
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Synthesis and Characterization of Ferrimagnetic Magnetite under the Influence 

of the Additive Gelatin 

 

Figure A.3: XRD spectra of FMNPs prepared in the presence of 1 mg/ml gelatin and an excess concentration of 
OH-, cured at 23 °C (black line) and 6 °C (blue line). 

 

Figure A.4: SAED examination of a single magnetite nanoparticle with according electron micrograph. The 
sample was prepared in presence of 1 mg/ml gelatin with excess of OH- at a curing temperature of 6 °C. 
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Figure A.5: SAED examination of a single magnetite nanoparticle with according electron micrograph. The 

sample was prepared in presence of 1 mg/ml gelatin with no excess of OH- or Fe2+ at a curing temperature of 6 

°C. 

 

Figure A.6: XRD spectra of FMNPs prepared in the presence of 1 mg/ml gelatin and no excess concentration of 
OH- or Fe2+, cured at 23 °C. 
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Magnetite Synthesis under the Influence of Peptides 

 

Figure A.7: Collected synchrotron XRD spectra of FMNPs after 100 minutes of synthesis time under the 
influence of different additives. 
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Appendix B 

The Gelatin Hydrogel 

 

Figure B.1: Molar mass distribution and differential refractive index plotted against elution time for gelatin type 
B. 

Synthesis and Characterization of Superparamagnetic Hydrogels 

XRD Analysis 

Figure B.2 illustrates the X-ray diffraction (XRD) pattern of the magnetite/ gelatin composite 

and the iron loaded hydrogel. Both samples show a broad peak at 23 °C, which can be 

attributed to the amorphous nature of the biopolymer. The magnetite/ gelatin peak position and 

intensity coincide with crystallographic data for magnetite. However, this method is not 

appropriate to distinguish between the crystal structure of magnetite or maghemite, due to 

their similar diffraction pattern. 
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Figure B.2: XRD pattern of representative ferrogel and gelatin samples loaded with iron (II) and iron (III) ions as 
reference. 

SANS Analysis 

A 12 wt% gelatin with and without magnetite is shown in Figure B.3. The contribution of 

magnetite becomes visible at large Q as already discussed in the main text. 

 

Figure B.3: SANS macroscopic cross-section dΣ/dΩ versus scattering vector Q for ferrogel in pure D2O and pure 
gelatin 12 wt% in D2O. 
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Structure Factor Analysis 

The structure factor for the interpretation of scattering of the magnetite dispersed in ferrogel is 

determined according to  

     2

0

sinQr
S(Q)=1+<N> dr 4πr g(r)-1

Qr



    (S1) 

with the averaged particle density <N>, the particle density pair distribution function 

 Bg(r)=exp -ε(r)/k T  and S(Q=0)=1. The parameter (r) represents the energy of interaction, r 

the distance between the particles, and kB the Boltzmann constant. An ideal solution of 

spherical hard sphere particles is defined by the interaction potential and pair distribution 

function according to 

    ε(r) =
0





  
-1 for r 2R

g(r)-1=
0 for r > 2R

S

S





  (S2) 

from which the analytic form of S(Q) is evaluated as [Roe] 

    
 

 3

3 sin2QR -2QR cos2QR
S(Q)=1-8Φ

2QR

S S S

S

S

  (S3) 

The parameter S represents the volume fraction of fictitious "hard sphere" particles of radius 

RS, describing the range of excluded volume interaction according to eq S2. In case of 

Φ 0S   S(Q) becomes 1 and the scattering is determined solely by the form factor of the 

magnetite particles. 
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Table S1. SAXS parameters obtained from fit of the structure factor S(Q) in combination with ―Beaucage‖ 

equation.  

 18 wt% Ferrogel 12 wt% Ferrogel 

 Wet Dry wet Dry 

dΣ/dΩ(0) [cm-1] 28 ± 0.11 456 ± 20 32.6 ± 0.2 178 ± 6 

Rg [nm] 10 ± 0.1 10 (!)*) 8.7±0.1 8.7 (!)*) 

Pa [cm-1 nm-a] P2.73 = 0.33 ± 0.004 

P3 = 1 ± 0.01 

Q > 2.3 nm-1: 

 P4=7.3 

P3 = 0.511 ± 0.002 

P3 = 2.63 ± 

0.01 

Q > 2.3 nm-1:  

P4=5.3 

S [10-2] 7.2 ± 0.04 12.4 ± 0.1 8.5 ± 0.05 11.6 ± 0.1 

RS [nm] 11.2 ± 0.1 3.7 ± 0.02 10.2 ± 0.14 3.75 ± 0.03 

*) We assumed that Rg of the form factor is the same for ―wet‖ and ―dry‖ samples. 

Table S2. SANS parameters of 18 wt% ferrogel in wet condition from Figure 3.12. 

dΣ/dΩ(0) [cm-1] Rg [nm] P2 [10-1 cm-1 nm-2] S [10-2] RS [nm] 
P4[cm-1 nm-4] 

(Q>1.43 nm-1) 

8.3±3.6 10.4 ± 1.2 0.106 ± 0.008 7.6 ± 2.2 7 ± 2.6 0.19 

 

Mechanical Characterization 

The Hertz model is one of the fundamental theories to describe the elastic deformation of two 

bodies in contact [227]. It assumes homogeneous, isotropic and linear elastic bodies with 

negligible adhesion or friction during deformation. For normal loading and small deformations 

(10 % of film thickness or particle diameter) the applied force F scales with deformation d 

like: 

            √      (S4) 
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Here, E is the relative Young’s modulus and R is the radius of a sphere (in our case the 

colloidal probe). The relative modulus is composed of the moduli Ei and Poisson’s ratio i of 

the two bodies in contact: 

                        (S5) 

From the above formula (1) it follows that plotting the logarithm of force vs. deformation the 

slope should equal 1.5 which can be taken as a simple check for the validity of the model. 

The examined pure gelatin samples could be fitted very well with this model (fit error less 

than 1 %) and the slope of the log-log plots matches the 1.5 predicted by the Hertz model. 

 

Figure B.4: Exemplary force-deformation characteristic on pure gelatin (14 wt%) and corresponding Hertz fit. 

 

Figure B.5: Logarithmic representation of the force-deformation curve from fig. 2 with linear fit indicating a 

slope of 1.47, close to the predicted 1.5 from Hertzian theory. Inset: statistic evaluation of log-log slopes (19 

curves), mean value = 1.49 ± 0.08. 
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Ferrogel Synthesis under an External Magnetic Field 

 

Figure B.6: Degree of hydrogel swelling plotted as a function of the swelling time at 25 °C for different samples 
with a gelatin concentration of 16 wt%. RC stands for the number of reaction cycles and therefore different 
mineral contents. The dotted lines present samples prepared in the presence of an external magnetic field. 

 

Figure B.7: SEM image of a cross section of a ferrogel sample after 6 reaction cycles prepared with a gelatin 
concentration of 12 wt% and dried under an external magnetic field of 1 Tesla. 
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Synthesis and Characterization of Ferrimagnetic Hydrogels 

TG Analysis 

 

Figure B.8: TGA (black) and DTA (blue) curve of dry gelatin Type B. 

 

Figure B.9: TGA curves of dry ferrimagnetic ferrogels treated with different degradation media. 

For magnetite and KOH treated samples a weight loss until 250°C which can be attributed to 

moisture in the sample, can be observed. Since KOH treated samples show the same weight 
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molecules were degraded. The Pepsin, water and SDS treated samples show a more 
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pronounced weight loss up to a temperature of around 600°C which is due to the degradation 

of the biopolymer gelatin still being present in the sample after treatment. 

TEM Examinations 

 

Figure B.10: TEM investigation of ferrogels prepared with 0.2 M Fe2+ concentration after 1 RC with the 
collected corresponding SAED image.  

 

Figure B.11: TEM and SAED examination of MNP prepared with the partial oxidation method in-situ in the 
gelatin hydrogel. 

a) b)
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Figure B.12: TEM and SAED examination of MNP prepared with the partial oxidation method in-situ in the 
gelatin hydrogel. 

Synthesis and Characterization of Magnetic Hydrogels under the Influence of 

Peptides 

TEM Analysis 

 

Figure B.13: TEM investigations of representative magnetite NPs extracted from ferrimagnetic ferrogel samples 
prepared under the influence of additives, here with a) 13 mg MBP4 and b) 13 mg MBP3. 
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TG Analysis 

 

Figure B.14: Representative TG curves of a ferrogel sample synthesized under the influence of MBP1 after 1 RC 
(black dotted) and 4 RC (red). 
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Appendix C 

Results and Discussion of Synthesis and Characterization of Superparamagnetic 

Hybrid Materials 

Small-Angle Neutron Scattering (SANS and VSANS): As described in [92] SANS and 

VSANS experiments were carried out at the KWS1 and KWS 3 diffractometers operated by 

Jülich Center for Neutron Research (JCNS) at the Forschungs-Neutronenquelle Heinz Maier-

Leibnitz (FRM II) Garching, Germany [260]. Three configurations were used at KWS 1, namely 

the sample-to-detector (SD) distances of 2, 8 and 20 m and the corresponding collimation 

lengths of 8 and 20 m. The wavelength was 0.7 nm (/ = 10%). These settings allowed 

covering a Q-range from 0.02 to 3.5 nm-1. The scattering vector Q is defined as 

 4π
Q= sin /2

λ
  with the scattering angle   and the wavelength . A two-dimensional local 

sensitive detector detected the neutrons scattered by the sample solutions. The samples were 

fixed in a sandwich quartz cell with path-length of ~1 mm. Plexiglas was used as secondary 

standard to calibrate the scattering intensity in absolute units. The data correction and 

calibration were performed using the software described in Ref. [284]. Some of the SANS data 

were measured at SANS II at Paul Scherrer Institute (PSI) in Villigen, Switzerland. The 

sample-to-detector distances were 1 and 5 m, the corresponding collimation lengths 4 and 5 m, 

and the wavelength 0.52 nm. These settings allowed covering a Q-range from 0.1 to 3.5 nm-1. 

In order to become sensitive to larger length scales of the order of m, i.e. the network 

structure of the solutions, we extended our research at the very-small-angle neutron scattering 

(VSANS) diffractometer KWS3. This instrument uses a parabolic mirror as a focusing optical 

element and covers a Q range from 0.001 to 0.02 nm-1. 
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Figure C.1: a) The nacre tablet structure and b) SANS scattering geometry on the nacre and nacre organic 
matrix.  
Small-angle X-ray scattering (SAXS:) SAXS experiments were carried out similarly as 

described in [92] at a HECUS S3-Micro small-angle X-ray scattering instrument. The 

instrument uses Cu Kα radiation (0.154 nm) produced in a sealed tube. Samples were placed 

in Hilgenberg quartz capillaries with an outside diameter of 1 mm and wall thickness of 0.01 

mm. The scattered intensity was corrected with the transmission of the samples calculated 

considering the absorption of the sample and that of the capillary. The scattered X-rays are 

detected with a two-dimensional multiwire area detector and afterwards converted to one-

dimensional scattering by radial averaging and represented as a function of momentum 

transfer vector Q similar to the SANS experiments. 

The Beaucage Expression 

The Beaucage expression is given according to 

  
α3

2
α

dΣ dΣ
(Q)= (0) exp(-u /3) + P erf u/ 6 /Q

dΩ dΩ
 
  

  (S1) 

representing a combination of Guinier’s and Porod’s laws describing the scattering at low and 

large Q, respectively. More quantitatively both approximations are valid for the parameter u = 

RgQ smaller or larger than 1, u representing the product of radius of gyration Rg and scattering 

vector Q (defined below). Guinier's law has the shape of a Gaussian function whereas for Q 

larger than 1/Rg (u>1) a power law according to 


 QPQdd )(/ is often observed, which 
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in case of  = 4 represents the famous Porod law of compact particles with a sharp surface 
[272].  

The correlation Model:  

BKG
Q

C

Q

A
Q

d

d

mn








)(1
)(

       (S2) 

In the above equation, the first term describes Porod scattering from clusters (exponent = n) 

and the second term is a Lorentzian function describing scattering from polymer chains 

(exponent = m). This second term characterizes the polymer/solvent interactions and therefore 

the thermodynamics. The parameter (ξ) is a correlation length for the polymer chains. This 

correlation length represents a weighted-average inter distance between the 

hydrogen/deuterium-containing groups. The multiplicative factors of the Porod and Lorentzian 

terms (A and C, respectively), the Q independent incoherent background scattering (BKG), 

and the lower-Q and higher-Q scattering exponents (n and m, respectively) were obtained by a 

nonlinear, least squares fit of the data.  

Gelatin  

Gelatin is derived from partial hydrolysis of native collagen and can be considered as a 

polydisperse copolymer with a broad molar mass distribution. At temperatures above the 

gelation temperature (Tgel) gelatin and below the overlap concentration of ~ 0.5 wt% (in H2O) 

native collagen forms a homogeneous solution in water. This is seen from the SAXS data in 

Figure S2. It is seen that the biopolymer of 0.3 wt% concentration has a correlation length of ξ 

= 15.9 ±0.5 nm and shows the characteristics of swollen Gaussian chains in a good solvent. 

The latter characterization follows from the α = 1.6 power law exponent which corresponds to 

the Flory exponent  = 3/5 (  1/) [285]. The correlation length of ξ is smaller than the typical 

mineral bridge size of the nacre insoluble matrix (ca. 70 nm) and indicates that the gelatin 

molecular diffusion into the organic matrix of demineralized nacre through the holes of former 

mineral bridges is possible.  

Below Tgel and above the overlap concentration of ~ 0.5 wt% (in H2O) gelatin transforms to a 

thermoreversible physical gel, which is crosslinked by the association of helical domains. 

Most of the chains form a three-dimensional interconnected network transforming the random 

coil as observed in Figure S2 to a triple-helical structure. According to our previous SANS 
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studies [92] the gel structure depends on the concentration. The choice of appropriate gelatin 

concentration will achieve both high efficiency for ion transport for optimal iron 

mineralization and high mechanical strength.  

 

Figure C.2: SAXS macroscopic cross-section dΣ/dΩ versus scattering vector Q for gelatin in H2O with acetate 
buffer (T = 20oC, pH at 5.3). The solid line represents a fit of Correlation model [271]. The exponent  = 0.63 
corresponds to the ―Flory‖ exponent of swollen linear chain in three dimension according to  = 3/5 [285]. 
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Light Microscopy Studies 

Figure C.3: light microscopy image of thin cut of embedded and coomassie stained samples a) and b) 
demineralized nacre matrix with infiltrated gelatin without any digital modification. c) Reference experiment of 
embedded and microtomed gelatin stained with coomassie blue. 

TG Analysis 

 

Figure C.4: TGA curves of chitin-gelatin-magnetite (10 wt% gelatin) composite after different reaction cycles. 
RC stands for the number of reaction cycles. 
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EDX Analysis 

 

Figure C.5: EDX mapping of a cross section of a chitin-gelatin scaffold, giving homogeneous distributed signals 
for S and C. 

Diffraction Analysis 

 

Figure C.6: a) TEM image of ultramicro-cut of embedded gelatin-chitin-magnetite composite with selected area 
electron diffraction (SAED) image. B) XRD pattern of the representative magnetic composite material.  
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Mechanical Characterization – SEM examination 

 

Figure C.7: SEM image of embedded chitin-ferrogel composite after 6 RC demonstrating microcracks at the 
embedded and polished sample surface. 

Results and Discussion of Synthesis and Characterization of Ferrimagnetic 

Hybrid Materials 

XRD Analysis 

 

Figure C.8: XRD spectra of representative ferrimagnetic composite material. 
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TG Analysis 

 

Figure C.9: TGA curves of ferrimagnetic ferrogel-chitin (10 wt% gelatin) composite after different reaction 
cycles. RC stands for the number of reaction cycles. 
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Appendix D Measurement Techniques 

1. Microscopy 

1.1. Optical Microscopy 

Optical microscopy is a simple but powerful technique that uses visible light to magnify 

optical properties of specimens. An arrangement of optical lenses is used in order to reach the 

requested magnification of special details not being visible with the naked eye. Most used 

microscopes nowadays are compound microscopes, using more than one lens for image 

magnification (see Figure D.1). Usually they are equipped with an illuminator built into the 

base. After passing through the specimen the light passes through the objective lens, which 

magnifies the image by 4x to 100x. Afterwards the light passes the second lens, the so-called 

ocular lens which additionally magnifies the image another 10x to 15x. In total it is possible to 

achieve useful magnifications of up to 2000x. The limitation of optical microscopy resolution 

is determined by certain physical parameters which include the wavelength of light  and the 

light gathering power of the objective and condenser lens. The smallest mathematical 

resolvable distance dmin is defined as: 

dmin =  / (2 n sin ) 

where ―n sin ‖ is called the numerical aperture and can reach a factor of about 1.4 – 1.6 in 

modern optics nowadays, n is the refractive index of the medium (usually air, water, glycerin) 

which is multiplied by the sin of the aperture angle  . This gives a limit of optical resolution of 

about 0.25 m. The obtained images can be captured by a camera, nowadays usually a charge-

coupled device (CCD) camera which allows digital imaging.[286]  

A special case of optical microscopy is fluorescence microscopy, where fluorescent probes 

can be analyzed. This method is based on the principle that a sample is illuminated with a 

special wavelength of light. The light excites the fluorophore which then emits light in a 

longer wavelength being detected with a camera and therefore produces the image. Most 

fluorescent microscopes are equipped with a confocal optical scanning microscope which is 

designed to illuminate the specimen point by point and therefore achieves high resolution 

combined with elimination of the photo oxidation problem. [287] 
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Figure D.1: Schematic illustration of an optical microscope.[288] 

1.2. Scanning Electron Microscopy (SEM) 

The scanning electron microscope (SEM) is a type of microscope which uses electrons instead 

of light to produce an image. Since the wavelength, as already discussed in the previous 

section, is one limiting factor for resolution in light microscopy, the use of electrons that have 

a shorter wavelength due to the wave-particle dualism allows imaging down to the low nm 

scale. Due to the high resolution (up to 1 nm) and the three dimensional appearance of the 

image, SEM is a popular and widely used technique. It creates a picture by scanning the 

sample in a raster scan pattern with a high energy electron beam. The electron beam interacts 

with the atoms of the sample and gives different information about the surface, topography, 

composition and other properties. As soon as the beam hits the atoms of the sample X-rays 

and electrons (Auger electrons, primary backscattered electrons and secondary electrons) are 

ejected. It is uncommon to have a detector which can analyze all signals; most of the SEMs 

have only secondary or backscattered electron detectors. To measure a sample in a SEM 

special preparations have to be considered. Due to the electron beam the sample needs to be 

conductive or if the material is non-conductive it needs to be sputtered with a conductive 

metal like Ag or Pd-Pt alloy. Depending on the used voltage (usually 2 – 15 kV) and the 

nature of the material, the penetration of the electron beam and therefore the range of 

information can be controlled.[289] This means low acceleration voltages mostly give surface 

information, while changing into higher voltage modes different information can be obtained. 
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The measurement is carried out under vacuum in order to ensure unhindered pass of the 

electron beam, thus the material needs to be water free to avoid vaporization. There also exist 

special techniques like cryo-SEM and environmental SEM (ESEM) which allow imaging of 

soft/ hydrated samples like biological samples and macromolecules.  

The SEM utilized in this thesis is a Zeiss Gemini ultra-high resolution field-emission SEM 

with a resolution of 1.1 nm at 20 kV and 2.5 nm at 1 kV, providing acceleration voltages 

between 0.1 and 30 kV. It is equipped with a high performance focused ion beam column 

(FIB) for sample preparation, an energy dispersive X-ray spectroscopy detector (EDX) for 

elemental analysis, an electron backscatter diffraction detector (EBSD) to examine the 

crystallographic orientation of materials, an electron beam induced current system (EBIC) to 

identify buried junctions or defects in semiconductor analysis and a lithography system.[290] 

1.3. Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) uses the same principle as light microscopy but 

operates with electrons instead of light. With the use of electrons as a light source it is possible 

to obtain a resolution which is thousand times better than light microscopy. After de Broglie 

postulated that electrons have an associated wavelength, it took another five years until Bush 

showed that an electric coil can be focused similar as light by a glass lens. On that basis it was 

Ernst Ruska and Max Knoll in 1932 that were able to generate the first TEM image, which 

was honored with the Noble prize in 1986.  

For TEM measurements a very thin layer of specimen is needed (< 200 nm), hence a 

transmitted electron image is possible. The measurements need to be carried out in vacuum in 

order to create space where the electrons can pass through the column undisturbed. Instead of 

optical lenses the TEM uses electromagnets to focus the electron beam. Depending on the 

electron density and chemistry of the material different interactions with the sample and the 

transmitted electrons can occur, like scattering and emitting effects. Consequently the 

transmitted beam which can be recorded by a fluorescent screen or a camera carries structural 

information about the sample. Lighter areas of an image represent parts of a sample where 

electrons could easier pass through and darker parts reflect electron denser areas. All these 

combined modes give information about structure, size, shape and texture of a sample. The 
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resolution of an image is also dependent on the acceleration voltage which can vary in 

different microscope types from 80 – 300 kV. High resolution TEM (HR-TEM) is a special 

TEM imaging mode which can provide better structural information down to a resolution of 

0.05 nm. The image formation relies on a phase contrast which needs a high electron dose for 

sufficient resolution. The TEM utilized in this thesis was either a Zeiss Libra 120 operating at 

120 keV microscope or a JEOL JEM-2200FS operating at 200 keV.[291] 
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2. Scattering Techniques 

2.1. Wide Angle X-Ray Scattering (WAXS) and Selected Electron Area 

Diffraction (SAED) 

Wide angle x-ray scattering (WAXS) or diffraction and selected area electron diffraction 

(SAED) are both non-destructive analytical techniques which reveal information about the 

crystal structure. The principle relies on the elastic scattering of an incident x-ray or electron 

beam at the electrons of the atomic shells. If the sample is arranged in a periodic manner the 

scattered beams can interfere with each other in a distinct pattern. The physical basis of a 

→A↓S and ED pattern can be explained on the base of Bragg’s lawμ 

n  = 2 d sin  

with n = 0, 1, β,…,  the wavelength of the beam,   is the incident angle and d the spacing 

between the diffraction planes. This law describes diffraction events for all states of matter 

irrespective of the wavelength of the beam as presented in Figure D.2. 

 

Figure D.2: Schematic representation of the Bragg equation. The incoming beam is scattered in a special angle 
and constructive interference can occur if the pathlength difference 2dsin  equal an integer multiple of the 
wavelength . 

→hen Bragg’s law is satisfied as shown in Figure D.β, the scattered beams are in phase and 

therefore they interfere. If the scattered angle is not in phase destructive interference occurs 

and no diffraction signal is obtained. In order to produce significant scattering the distance d 

between the scatterers and the wavelength needs to be in a similar size range. This is the fact 

why commonly x-rays are used to generate diffraction patterns, one of the most used radiation 

sources for WAXS investigations is a copper K α x-ray line with a wavelength of 0.154 nm. In 

WAXS experiments, the scattered beam is detected depending on the angle, where the 

scattering intensity gives maxima at angles complying the Bragg equation. Diffraction patterns 

in all scattering techniques can be obtained as 2 or 1 dimensional pattern after digital 

incident beam scattered beam
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evaluation. A 2D diffraction pattern enables distinction between a polycrystalline (ring 

pattern) or single crystalline (spot pattern) material.[292] 

2.2. Small Angle X-Ray Scattering (SAXS) 

Small angle x-ray scattering (SAXS) is a widely used method to analyze the structure of small 

particles by using an elastic scattering pattern. The usage of x-rays permits the study of very 

small particles down to atomic resolution. Any scattering process is characterized by a 

reciprocal law, which gives an inverse relationship between particles size and scattering angle, 

the larger the diffraction angle the smaller the probed length scale. In small angle x-ray 

scattering the measuring angles are between 0.1 to 10°. At these angles it is possible 

depending on the set up and the used wavelength to analyze samples in the size range from 1 

up to several 100 nm. The scattering process can be explained by x-rays passing through the 

sample, a part of the x-rays is scattered at the electrons. The elastic scattered secondary waves 

are interfering with each other and provide a typical scattering pattern at the detector.[293] This 

process can only be observed if there exist electron density differences between the particle 

and the surrounding solution. A scheme of an experimental scattering set-up is given in Figure 

D.3. 

 

Figure D.3: Schema of a SAXS set up with the incident, transmitted and scattered beam.  
 
The scattering vector q is defined as: 

            

 

 

incident x-ray beam 

sample

2 
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2.3. Small Angle Neutron Scattering (SANS) 

Small angle neutron scattering (SANS) is very similar to SAXS and also referred as a small 

angle scattering technique, which uses neutrons as radiation source. In contrast to SAXS 

experiments, for SANS investigations the incident neutron beam is not scattered at the 

electrons but at the nuclei. Therefore scattering intensity is not dependent on electron density 

of the material but on the isotope type, which also allows the investigation of light elements 

like deuterium. This is a crucial feature of SANS since it enables the analysis of 

macromolecular and biological samples, by applying the so-called contrast variation method. 

With this technique hydrogen is exchanged by deuterium, which usually has a low impact onto 

the chemistry of the material but makes it possible to be analyzed by SANS and therefore 

gives information about structure, shape and size of the analyte.[293]  
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3. Spectroscopy Techniques 

3.1. Infrared Spectroscopy (IR) 

Infrared (IR) spectroscopy is a technique which provides simple and rapid information on the 

identity or structure of a molecule7. The infrared radiation is placed between the visible and 

microwave range and is usually divided into three regions: the near-infrared from 14000 - 

4000 cm-1, the mid-infrared from 4000 - 400 cm-1
 and the far-IR from 400 - 10 cm-1. Chemical 

compounds can absorb IR radiation at various wavelength (or wavenumbers) and convert it 

into energy of molecular vibration, either stretching or bending. In order to interact with 

incident radiation and show an absorbance peak the vibration mode of the sample needs to 

provide a change in the electric dipole moment. The position of the absorbed wavelength is an 

indication for the functional group and thus the structure of the molecule. For IR spectroscopic 

analysis only the mid infrared region is important due to the characteristic vibrations in this 

energy window. The transmission maxima which can be seen in characteristic IR spectra are 

referred to as peaks or bands. The spectrum is a plot of the percentage of transmittance T 

(radiation that passes through the sample) against the wavenumber  ̃. The intensity of the 

bands is proportional to the component concentration and can be expressed with the law of 

Lambert-Beer (E = lg 
          ). An IR spectrometer consists of three basic components: 

radiation source, monochromator and detector. There are two forms of spectrometers in use, 

the dispersive instrument and a Fourier transformed spectrometer which is more and more in 

use due to the superior speed and sensitivity.[294]  

3.2. Ultraviolet-Visible (UV-Vis) Spectroscopy 

Ultraviolet-visible spectroscopy or ultraviolet-visible spectrophotometry (UV-Vis) refers to 

absorption spectroscopy in the ultraviolet-visible spectral region. This means compounds in 

solution can absorb light of varying frequencies in the visible and ultra-violet region. The UV-

Vis spectroscopy is an electron spectroscopy that deals with electron transitions of the valence 

electrons from the ground state to the excited state2. This technique is complementary to 

fluorescence spectroscopy, which detects transitions from the excited state to the ground state. 

Commercially used UV-Vis spectrometers are measuring a wavelength ranging from 200 to 

800 nm. The UV spectrum is generally a plot of its degree of absorption of the measured 
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solution against the wavelength of the incident light beam. The collected spectra of molecules 

show bands rather than sharp lines. These bands are the sum of energy absorption due to 

different possible electronic transitions over the range of the ultraviolet-visible spectral region. 

If the electronic transitions of the interacting matter changes, due to a change in the local 

permittivity, this becomes detectable in the adsorption spectrum. The absorption spectrum 

gives qualitative information and is an often used technique for biological and chemical 

specimen. 

UV-Vis spectroscopy is routinely used in analytical chemistry for the quantitative 

determination of different analyte, such as transition metal ions, highly conjugated organic 

compounds, and biological macromolecules. The determination of compounds is usually 

carried out in solution. For quantitative analysis the dependence of the absorbance on the 

concentration of UV active substances is used.[295] 
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4. Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is a technique in which a material weight change is 

recorded over time upon heating in a controlled atmosphere. TGA is commonly used to 

determine characteristics of a sample such as decomposition, weight loss or oxidation. With 

this method one can identify water or solvent content, characteristic composition/ 

decomposition pattern, degradation mechanisms, content of organic or inorganic material and 

remaining residue weight of a filling material. The instrumental set up is based on a precision 

balance and a furnace for accurate temperature control. The furnace can be programmed to 

follow any desired temperature program and the weight change is recorded and coupled to a 

precise monitored temperature. The collected data can be visualized in a so-called thermogram 

where the weight change is plotted against the temperature.[296]  
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5. Mechanical Characterization  

5.1. Nanoindentation 

Nanoindentation is a nanomechanical characterization technique for the determination of the 

hardness and modulus of small volumes. The principle relies on an indentation of a sample 

with a micrometer sized tip of known mechanical properties which is pressed into a sample of 

unknown mechanical performance. The tip is pressed into the sample with a special force 

(force controlled) or until a certain displacement (displacement controlled). This so-called load 

of the sample until a defined point can be followed by a hold segment and is completed by a 

so-called unloading event. As the force and displacement of the tip are controlled by a piezo 

the whole load and unloading curve can be recorded digitally. A plot of a typical load-

displacement curve is shown in Figure D.4.  

 

Figure D.4: Schematic of a load (P) - displacement (h) curve for an instrumented Nanoindentation 
measurement.[297] 

The hardness of a sample is defined as the maximum load Pmax
 divided by the residual 

indentation area Ar, as it is shown in the following equation: 

H = Pmax/ Ar 

For the determination of the so-called Young’s modulus an analysis of the load-displacement 

curve after the Oliver Pharr Method, shown in Figure D.4 is required. By analyzing the slope 



Appendix D Measurement Techniques 
 

255 
 

dP/dh of the curve the Stiffness S of the material is obtained. From this information the 

reduced modulus Er can be calculated after following equation: 

      √   √  

Where  is a geometrical constant depending on the indenter geometry, A is the projected area 

of the indent after unloading, also depending on the tip geometry . From this reduced modulus 

the Young’s modulus Es can be calculated after following relationship:                       

Where Ei, is the elasic modulus the indenter used for the experiment and vi and vs are Poisson 

ratios from the indenter and the specimen. Different indenter geometries are known, for the 

experiments presented in this thesis a cube corner diamod indenter tip was used.[297]  

5.2. Colloidal Probe Atomic Froce Microscopy (AFM) 

The colloidal probe atomic force microscopy is a usefool technique to mechanicaly 

characterize soft materials like (hydro)gels or (bio)polymers. It relies on the usage of an 

atomic force microscope which is equipped with a colloidal probe instead of a sharp cantilever 

tip. This colloidal probe exists of a colloidal particle in the low micrometer size range which is 

attached to the AFM cantilever. The advantage of this technique over a sharp tip is the well 

definied geometry which fascilated data anaylsis as well as the large contact area which can 

easily be modified by surface chemistry. By recording the deflection of the cantilever as a 

function of the vertical displacement of the AFM scanner one can extract the force acting 

between the probe and the surface as a function of the surface separation.[213] 
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6. Magnetic Measurements 

6.1. Superconducting Quantum Interference Device (SQUID) 

Magnetometer 

The superconducting quantum interference device (SQUID) is a very sensitive magnetometer 

consisting of two superconducters separated by thin isolating layers to form Josephson 

Junctions as it can be seen in Figure D.5. 

 

Figure D.5: Schematic representation of a SQUID set up, where the current enters and is split up in two parts.[298] 

It can be used as an extremely sensitive detector of magnetic flux. The great sensitivity of the 

SQUID devices is associated with measuring changes in magnetic field related to one flux 

quantum. If a constant biasing current is maintained in a direct current (DC) SQUID, the 

measured voltage oscillates with change in the magnetic flux. Counting the oscillations allows 

evaluating the flux change which has occurred. In material science SQUID magnetometer are 

used to obtain information about magnetic properties of specimen, like type of magnetism, 

magnetization and magnetic transition states depending on temperature.[299] 

6.2. Off-Axis Electron Holography 

Usually electron holography is performed in a transmission electron microscope with high 

voltage electrons in an off-axis arrangement. With normal TEM imaging modes it is not 

possible to obtain information about the phase shift of the high-energy electron wave that has 

transmitted through the sample. With off-axis electron holography it is possible to overcome 

this problem and record the phase shift of the electron wave resulting from interaction with the 

sample. As the phase shift is sensitive to the in-plane component of the magnetic induction 

and the electrostatic potential in the specimen, an electron hologram can be used to provide 

Magnetic Field

Biasing Current

Josephson 
Junction

Biasing Current

Superconductor
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quantitative information about magnetic and electric fields in materials at a spatial resolution 

which can even approach the nanometer scale. Thus off-axis electron holography is the 

method of choice for visualizing and reconstructing electromagnetic potential of material.[245] 
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7. Field Flow Fractionation (FFF) 

The field flow fractionation (FFF) technique is based on the principle of sample separation by 

an external field which is supplied perpendicular to the flow of the eluent through a long thin 

channel. Due to the high aspect ratio, originating from the thin channel a parabolic flow is 

generated. It is a widely used versatile technique to separate colloidal particles by differences 

in mobility. The flow profile is varying from the channel wall to the center, where the 

maximum flow is reached due to the flow profile as shown in Figure D.6.  

 

Figure D.6: Separation principle in field flow fractionation by usage of a parabolic flow profile. 

After a sample mixture with different sized particles was separated based on different 

velocities in the flow, they can be detected by various methods as a multi-wavelength or 

refractive index detector. The plot of the detection signal against time is the so-called 

fractogram. One of the most advanced and sensitive techniques in FFF is the asymmetric field 

flow fractionation (AF4) where the force is generated from a crossflow through a membrane at 

the bottom of the channel. With this set up particles sizes varying from 1 nm to 800 nm can be 

split up.[300]  
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