
 

Nucleation and growth of magnetite in bioinspired
environments
Citation for published version (APA):
Mirabello, G. (2018). Nucleation and growth of magnetite in bioinspired environments. [Phd Thesis 1 (Research
TU/e / Graduation TU/e), Chemical Engineering and Chemistry]. Technische Universiteit Eindhoven.

Document status and date:
Published: 17/10/2018

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/f4e3f8b9-d674-4aaa-99c0-946a0cb496bf


 
 
 
 
 

Nucleation and growth of magnetite in 
bioinspired environments 

 
 
 

PROEFSCHRIFT 
 
 
 

ter verkrijging van de graad van doctor aan de Technische 
Universiteit Eindhoven, op gezag van de rector magnificus 

prof.dr.ir. F.P.T. Baaijens, voor een commissie aangewezen door 
het College voor Promoties, in het openbaar te verdedigen op 

woensdag 17 oktober 2018 om 16:00 uur 
 

 
door 

 
 
 

Giulia Mirabello 
 
 
 

geboren te Palermo, Italië 
 
 



Dit proefschrift is goedgekeurd door de promotoren en de 
samenstelling van de promotiecommissie is als volgt:  
 
voorzitter:    prof.dr. R. Sijbesma 
1e promotor:   prof.dr. N.A.J.M. Sommerdijk 
2e promotor:   prof.dr. G. de With 
copromotor:  dr. H. Friedrich  
leden:    prof.dr.ir. E.J.M. Hensen  
   prof.dr. F.Meldrum  

(University of Leeds) 
   prof.dr. E. Vlieg  

(Radboud Universiteit) 
adviseur:   dr. ir. J. Weijma  

(Wageningen Universiteit) 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Het onderzoek dat in dit proefschrift wordt beschreven is 
uitgevoerd in overeenstemming met de TU/e Gedragscode 
Wetenschapsbeoefening. 



 

 

 

 

 

 

 

 

 

Alla mia terra  

e tutto quello che rappresenta per me 

 

 

To my homeland,  

for all it represents to me 

  



 

 

Mirabello, Giulia 

Nucleation and growth of magnetite in bioinspired environments 

Eindhoven University of Technology, 2018 

 
The research described in this thesis has been carried out at the Laboratory of Materials and 

Interface Chemistry (SMG) and the Eindhoven Center for Multiscale Electron Microscopy 

(www.cryotem.nl), within the Department of Chemical Engineering and Chemistry of the 

Eindhoven University of Technology, the Netherlands. 

This work was supported by NWO Domain Applied and Engineering Sciences (Formerly known as 

Technologiestichting STW) as part of the Watertech2013 program, project number: 13344 

(Production of Magnetite from groundwater) 

 
A catalogue record is available from the Eindhoven University of Technology Library. 

ISBN: 978-90-386-4596-4 

 

 
 

On the cover the painting “La Vucciria” by Renato Guttuso. On the kind concession of Sistema 

Museale d’Ateneo dell’Università degli Studi di Palermo; any use or reproduction of the image for 

any reason or by any means is expressly and strictly prohibited.  

Cover designed by Giorgio Gasco (www.giorgiogasco.com) 

Printed by Gildeprint – www.gildeprint.nl 

 

 

Copyright © 2018 by G. Mirabello 

http://www.cryotem.nl/


i 

TABLE OF CONTENTS 
Summary .............................................................................................................. v 

Chapter 1 – Introduction ........................................................................................ 1 

1.1| General Introduction and motivation ............................................................. 2 

1.2| Outline of the thesis ....................................................................................... 4 

1.3| Bibliography ................................................................................................. 6 

Chapter 2 – Bioinspired synthesis of magnetite nanoparticle .................................. 9 

2.1| Introduction ................................................................................................. 10 

2.2| Magnetite: structure, properties and technological applications ..................... 12 

2.3| Biomineralization ......................................................................................... 14 

2.3.1| Magnetite biomineralization ...................................................................... 15 

2.3.1.1| Magnetotactic bacteria ............................................................................ 16 

2.3.1.2| Chiton teeth ............................................................................................ 19 

2.4| Conventional versus bioinspired magnetite synthesis ..................................... 22 

2.4.1| Magnetite synthesis through solution co-precipitation ................................ 25 

2.4.2| Ferrihydrite as a precursor in magnetite co-precipitation ............................ 26 

2.4.3| Bioinspired co-precipitation using macromolecular control agents .............. 30 

2.4.4| Magnetite synthesis using white rust as a precursor .................................... 37 

2.5| Future prospects for biomimetic magnetite synthesis .................................... 41 

2.6| Bibliography ................................................................................................ 46 

Chapter 3 – Synthesis of magnetite through an iron phosphate precursor phase ....... 57 

3.1| Introduction ................................................................................................. 58 

3.2| Biological model: MamH and MamZ as possible phosphate transporters ........ 59 

3.3| Biomimetic synthesis of the mixed valent iron phosphate precursor (mimicking 
the role of MamZ) ......................................................................................... 62 

3.4| Biomimetic precursor-to-magnetite conversion (mimicking the role of 
MamH) ........................................................................................................ 64 



ii 

3.5| Discussion .................................................................................................... 65 

3.6| Conclusions................................................................................................... 66 

3.7| Bibliography ................................................................................................ 67 

A3 – Appendix to chapter 3 ................................................................................... 70 

A3.1| Materials and methods ............................................................................... 70 

A3.1.1| Magnetite synthesis ................................................................................. 70 

A3.1.2| Transmission electron microscopy ............................................................ 70 

A3.1.3| Image and electron diffraction analysis and processing ............................ 71 

A3.1.4| Crystal size measurements ....................................................................... 71 

A3.1.5| Raman spectroscopy ............................................................................... 72 

A3.2| Supplementary figures ............................................................................... 72 

A3.3| Bibliography .............................................................................................. 73 

Chapter 4 – Crystallization by particle attachment is a colloidal assembly process .... 75 

4.1| Introduction ................................................................................................. 76 

4.2| Results and discussion .................................................................................. 76 

4.3| Conclusions................................................................................................... 83 

4.4| Bibliography ................................................................................................ 84 

A4 – Appendix to chapter 4 ................................................................................... 86 

A4.1| Materials and methods ............................................................................... 86 

A4.1.1| Magnetite synthesis ................................................................................. 86 

A4.1.2| Transmission electron microscopy ............................................................ 88 

A4.1.3| Crystal size measurements ....................................................................... 88 

A4.1.4| Vibrating sample magnetometry ............................................................. 89 

A4.2| Supplementary figures ............................................................................... 89 

A4.3| Supplementary text ................................................................................... 91 

A4.3.1| Thermodynamic model ............................................................................ 91 

A4.3.2| Kinetic model .......................................................................................... 93 

A4.3.3| Modeling of the experimental conditions .................................................. 95 

A4.3.4| Relation between average crystal size and number of particles ................. 96 



iii 

A4.4| Bibliography .............................................................................................. 97 

Chapter 5 – Magnetite mesocrystals: understanding the formation mechanism with 
electron microscopy .............................................................................................. 99 

5.1| Introduction ............................................................................................... 100 

5.2| Results and discussion ................................................................................ 102 

5.3| Conclusions................................................................................................. 109 

5.4| Bibliography .............................................................................................. 111 

A5 – Appendix to chapter 5 ................................................................................. 113 

A5.1| Materials and methods ............................................................................. 113 

A4.1.1| Magnetite synthesis ............................................................................... 113 

A5.1.2| Transmission electron microscopy .......................................................... 113 

A5.1.3| Crystal size measurements ..................................................................... 115 

A5.2| Green rust ................................................................................................ 116 

A5.3| Colloidal stability: pAA adsorption effects ................................................ 116 

A5.4| Additional cryo-TEM images ................................................................... 118 

A5.5| High-resolution electron tomography ....................................................... 119 

A5.5.1| 3-D volume reconstructed visualization ................................................. 119 

A5.5.2| Artifacts and resolution limit ................................................................. 120 

A5.5.3| Volume segmentation of the sunbunits in Fe3O4 aggregate ..................... 121 

A5.5.4| Crystallographic alignment .................................................................... 122 

A5.6|Bibliography ............................................................................................. 123 

Chapter 6 – Magnetite formation through a reductive pathway ............................. 125 

6.1| Introduction ............................................................................................... 126 

6.2| Results and discussion ................................................................................ 127 

6.3| Conclusions................................................................................................. 131 

6.4| Bibliography .............................................................................................. 132 

A6 – Appendix to chapter 6 ................................................................................. 134 

A6.1| Materials and methods ............................................................................. 134 

A6.1.1| Chemicals and solution preparation ....................................................... 134 



iv 

A6.1.2| Titration experiment ............................................................................. 134 

A6.1.3| Transmission electron microscopy .......................................................... 135 

A6.1.4| Crystal size measurements ..................................................................... 135 

A6.1.5| Powder X-ray diffraction ...................................................................... 135 

A6.1.6| High-energy X-ray diffraction and pair distribution function analysis ... 136 

A6.2| Additional figure ...................................................................................... 136 

A6.2| Bibliography ............................................................................................ 136 

Chapter 7 – Epilogue and perspective ................................................................... 137 

7.1| Epilogue ..................................................................................................... 138 

7.2| Perspective ................................................................................................. 140 

7.3| Bibliography .............................................................................................. 144 

Appendix A – Introduction to the Sicilian proverbs ............................................... 147 

Acknowledgements ............................................................................................. 151 

Curriculum vitae ................................................................................................. 155 



v 

Summary 
Groundwater represents an important resource of water and contains various 

naturally dissolved ions. In order to use groundwater as potable water these ions need 

to be removed according to many health guide lines. Particularly important is the 

removal of iron as its presence above the recommended level (< 0.3 mg/L) can affect 

the appearance, the taste and the smell of the water. Typically the total Fe 

concentration in groundwater is in the range from 1-50 mg/L. Since groundwater 

naturally is kept under anaerobic conditions, iron is present in the Fe2+ oxidation 

state. Currently, Fe is removed by oxidation/filtration, where the Fe2+ is first 

oxidized and then precipitated as ferric (oxy)hydroxide. The ferric sludge produced 

from the filtration step is highly hydrated and metastable. Production of iron oxide 

nanoparticles instead of this sludge would give many advantages as such a product 

can be used for other applications, thereby reducing the costs for transportation and 

disposal. Magnetite, Fe3O4, is the most interesting of iron oxide known in terms of its 

properties and future applications. 

Magnetite is a mixed valence iron oxide (Fe2+Fe3+2O4) and displays magnetic 

properties that depend on the size and shape of the crystals. Therefore, it is crucial to 

achieve good synthetic control over the size and shape of magnetite nanoparticles. 

Moreover, Fe3O4 is a biomineral that is used by various organisms, both for its 

structural and magnetic properties. For instance, magnetite is present in migratory 

birds, honeybees, certain fish, radular teeth of chitons and magnetotactic bacteria. 

Because of its magnetic and biocompatible properties, Fe3O4 finds application in 

various fields, such as catalysis, drug delivery, cancer diagnosis and therapy and 

magnetic resonance imaging (MRI). 

In this thesis we concentrated on finding suitable chemical methods to produce 

magnetite nanoparticles under aqueous and ambient condition to be used during the 

Fe removal process in groundwater. In nature many biological organisms can produce 

minerals with great control over size and shape at ambient conditions by using, for 

instance, poorly ordered solid mineral phases as precursors. By taking inspiration 

from nature we have designed and explored different precursor-based approaches to 

produce controlled magnetite crystals. Particular attention will be given to the study 

of the magnetite formation mechanism to improve our understanding of the Fe 
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chemistry and to obtain better synthetic control. A computer-controlled titration 

setup was employed to design and perform the syntheses allowing to control carefully 

the reaction conditions, like addition rate of the reagents and pH. The formation 

mechanism of magnetite was studied by advanced electron microscopy techniques 

(cryogenic transmission electron microscopy, high resolution electron tomography 

and electron holography) in combination with Raman spectroscopy. 

The results show that the use of poorly crystalline precursor phases helps in 

controlling the supersaturation of Fe. The precursor phase acts as a reservoir of Fe 

ions stored in a metastable mineral phase thereby preventing precipitation of 

unwanted iron oxide phases. Furthermore, the investigation on the formation 

mechanism suggests that Fe3O4 forms by a particle attachment (CPA) mechanism, 

regardless the synthetic method used, and therefore the precursor phase is involved 

in the process. In fact, the formation of ~ 2 nm primary particles was observed from 

ferrous (Chapter 4 and 5), ferric (chapter 6), and mixed valence precursor phases 

(Chapter 3), that later aggregate to form the final magnetite crystals. The synthesis 

of stable primary particles and the understanding of the exact conditions that control 

their aggregation represents potentially the key to control magnetite crystallization, 

an aspect that we have explored in chapter 4 and 6 of this thesis. The preferred 

formation and aggregation of primary particles can be explained by considering the 

low solubility of both Fe2+ and Fe3+ at alkaline pH. Thus, Fe is very unlikely to be 

found as free ions in solution at this condition and prefers to form particles with a 

specific chemical composition, possibly close to the one of magnetite. These particles 

are stable enough to prevent their growth but still sufficiently unstable such as to 

promote their aggregation and their further conversion into magnetite crystals. 

The understanding gained in this study on magnetite formation can be used to 

explore the formation of magnetite from groundwater to find alternative methods to 

remove Fe or to convert the side products produced during the filtration step 

(Chapter 7). 
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“Cu nasci tunnu nun po moriri quatrato” 

“Who was born round, cannot die square”  

– Sicilian proverb 
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1.1| General introduction and 
motivation 

Underground water found in natural pockets, commonly called groundwater, 

represents an important source of water. Groundwater naturally contains many ions, 

but to use groundwater as potable water these ions have to be removed or their 

concentration has to be drastically decreased for health reasons. Particularly the 

removal of iron is an important issue in the process of making groundwater drinkable. 

Since groundwater naturally is kept under anaerobic conditions, iron in groundwater 

is present in the Fe2+ oxidation state. The total Fe concentration in groundwater is 

in a range from 1-50 mg/L. Although there are not specific health guidelines regarding 

the Fe concentration in potable water, the World Health Organization (WHO) 

recommends a level of Fe lower than 0.3 mg/L 1. Iron concentrations above the 

recommended value will affect the taste and smell of the water, and lead to high 

turbidity. Several methods are reported in literature to remove Fe in water 

purification processes such as electron-coagulation, ion exchange, softening, iron 

absorption, ultrafiltration/microfiltration, supercritical fluid extraction and 

bioremediation 2, 3. A biological approach to remove various ions from wastewater 

and groundwater has been already reported in literature where microorganisms are 

used to perform chemical (redox) reactions to precipitate unwanted ions, for instance 

for the removal of selenium 4, 5, arsenic 6, 7 and iron and manganese 8. The most 

common and simple approach to remove Fe, however, is the oxidation/filtration 

method. Fe2+ can be oxidized via aeration or by chemical oxidation using chlorine or 

potassium permanganate 9. The oxidation is then followed by precipitation of Fe as 

oxide or oxyhydroxides and filtration using manganese greensand (i.e. essentially 

composed of glauconite, an iron potassium phyllosilicate) and anthra/sand (i.e. 

essentially a mixture of anthracite and sand). These iron sludge precipitates obtained 

from the filtration step are typically highly hydrated, metastable and have a 

relatively low market value. The production of iron oxide nanoparticles instead of 

sludge (from the Fe naturally present in groundwater) would give many benefits. 

First of all, this approach will result in a material usable for other applications, thus 

with a higher market value than sludge. Second, the amount of residue produced will 

be less, with consequently less costs for transportation and disposal. Among the 
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different iron oxides known, magnetite (Fe3O4) is certainly the most interesting in 

terms of properties and therefore for possible applications.  

Magnetite is a unique mineral as it is the only mixed valence iron oxide 

(Fe2+Fe3+2O4) and it is the most magnetic mineral on Earth. In fact, the Fe3O4 crystal 

structure contains two sub-lattices (octahedral and tetrahedral) with different 

numbers of Fe atoms and opposite spin, resulting in a ferrimagnetic material. Fe3O4 

is also a biomineral that is used by different organisms, both for its structural and 

magnetic properties. Magnetite is present in the magnetoreceptive organs of 

migratory birds,10-12 honeybees10, 13 and certain fish.10, 14 It also occurs as a 

polycrystalline outer layer on the radular teeth of chitons,15, 16 providing hardness 

and abrasion resistance to allow them to scrape micro-algae from rocks. Further, 

magnetotactic bacteria17 (MTB) biomineralize intracellular chains of organelles, 

called magnetosomes,18-20 forming nanocrystals of magnetite, providing the bacteria 

with a microscopic internal “compass needle” with enough magnetic moment to allow 

them to orient along the field lines of the geomagnetic field.  

The magnetic properties of Fe3O4 depend on the size and shape of the crystal. At 

room temperature crystals above 20 nm in size have a net magnetic moment (either 

in the magnetic single domain or in the magnetic multi domain regime), while under 

20 nm in size they do not have a net magnetic moment due to the constant 

fluctuations of the magnetic moment (superparamagnetic behavior). Therefore it is 

important to achieve good synthetic control over the size and shape of magnetite 

nanoparticles. Because of its magnetic and biocompatible properties, Fe3O4 finds 

application in various fields, such as catalysis, drug delivery, cancer diagnosis and 

therapy and magnetic resonance imaging (MRI).  

In the work presented in this thesis, we will concentrate on finding alternative 

chemical methods to remove the Fe present in groundwater and convert it into 

magnetite nanoparticles. The method has to meet certain requirements in order to be 

employed by the drinking water companies. First of all the method has to be 

energetically not expensive, thus, for instance, the synthesis has to be performed 

preferably at room temperature. Also, the chemicals used for the synthesis have to 

be soluble in water, simple to remove or harmless. Another important requirement is 

that the magnetite nanoparticles produced should have uniform morphologies and a 

narrow crystal size distribution. In nature there exist many examples of biological 

organisms that can produce minerals at room temperature and in aqueous media with 
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great control over size and shape. Living organisms exploit poorly ordered solid 

mineral phases as precursors in the biomineralization of inorganic minerals. Such 

precursor-based approaches allow the organisms – without the need of high 

supersaturation levels – to accumulate significant quantities of mineral material at 

the desired place and time, where they can be molded and crystallized into the proper 

morphology and structure. By taking inspiration from these strategies used in nature 

to biomineralize magnetite, we can design synthetic methods that can achieve good 

control over nucleation and growth.  

1.2| Outline of the thesis 
Here we will investigate the formation of magnetite by using different bioinspired 

approaches with the double purpose of designing controlled magnetite crystals and 

improving the understanding of its formation mechanism. It is important to note 

that if we want to achieve higher synthetic control, we need to fully understand the 

iron chemistry and the formation mechanism involved, and therefore the two studies 

are strictly connected. The syntheses were designed and performed with the use of a 

computer controlled titration setup that allows to control carefully the reaction 

conditions like addition rate of reagents and pH. To study the formation mechanism 

of magnetite, advanced electron microscopy techniques (cryogenic transmission 

electron microscopy, cryo-TEM, high resolution electron tomography, HR-ET, and 

electron holography, EH) were employed in combination with Raman spectroscopy 

and pair distribution function (PDF) analysis.  

In chapter 2 we give an introduction to the main characteristics of magnetite in 

terms of crystal structure, magnetism and applications. Thereafter we describe the 

state of the art about the knowledge on the mechanisms of magnetite 

biomineralization. Finally we report on the most common synthetic route to Fe3O4 

and recent work on the bioinspired synthesis of magnetite in water. 

In the work described in chapter 3 we formed magnetite in the presence of 

phosphate ions by using an in vitro biomimetic synthesis.  The results show that 

magnetite forms through an iron phosphate precursor phase. This study can help in 

understanding the role of phosphate in magnetite biomineralization. Furthermore, it 

gives useful information about the chemistry of iron in presence of phosphate ions 

relevant for groundwater processes.  
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In chapter 4 we investigate the formation mechanism of magnetite via the partial 

oxidation of ferrous hydroxide. Cryo-TEM showed that magnetite is formed by the 

aggregation of ~ 2 nm primary particles which form from the dissolution of the 

precursor phase. By combining the experimental data with a theoretical model we 

further show that, the crystallization process is kinetically regulated by the laws of 

colloidal assembly. Since Fe3O4 is synthesized starting from Fe2+ containing 

solutions, the information obtained with this study is extremely useful for the 

formation of magnetite from groundwater. Moreover, the proposed model can predict 

the crystal size of magnetite particles depending on the initial Fe concentration, 

which provides a useful tool for future application design. 

In chapter 5 we present a full structural characterization of magnetite crystals 

with a flower-like morphology. The Fe3O4 particles were synthetized by using the 

partial oxidation method in presence of poly acrylic acid (pAA) following the 

procedure previously reported by Altan et al.21. We have investigated the three-

dimensional crystal structure and morphology of the crystals by high resolution 

electron tomography (HR-ET). The results suggest that these flower-like pAA-Fe3O4 

aggregates are composed of crystallographic aligned subparticles, similar to a 

mesocrystal 22, 23. We also performed electron holography to visualize the magnetic 

field distribution from crystal to crystal, showing that the crystals display single or 

multi domain magnetic behavior, depending on the final size of the aggregate. 

Furthermore, we propose a possible formation mechanism combining the results with 

a time resolved cryo-TEM analysis. This chapter contributes to the understanding of 

the formation mechanism of such complex magnetite crystals. The understanding 

represents the first step in controlling and designing future engineered magnetite 

crystals. 

In chapter 6 we explore the formation of Fe3O4 through the partial reduction of 

ferric hydroxide. The reduction process produced well defined particles of ~ 2 nm in 

size that aggregate in time or by heating to form magnetite nanocrystals.  These 

primary particles were investigated by cryo-TEM and pair distribution function 

(PDF) analysis. The reducing agent used is ascorbic acid, which also acts as dispersing 

stabilizing agent for iron oxide. Cryo-TEM showed that these primary particles can 

be stabilized depending on the concentration of reductant, preventing their 

aggregation. The preliminary results of the PDF analysis showed that a phase in 

between magnetite and maghemite is formed. This work contributes to the 
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understanding of the Fe chemistry in magnetite formation in vitro and in vivo. Also 

it can be used as the starting point in the conversion of ferric contacting waste 

produced by the current filtration system in the water production.  

Finally, in chapter 7 we discuss the insights obtained from the work presented in 

this thesis and the future perspectives of the research. Preliminary results on the 

formation of magnetite at Fe concentrations comparable to that in groundwater are 

presented. In this chapter we combined all the information obtained from the 

previous chapters in order to understand the formation of magnetite from 

groundwater. More specifically, we investigate the formation of magnetite by using 

tap water as solvent, showing that the presence of dissolved ions affect significantly 

the formation mechanism and the kinetics. We further explore the possibility of 

converting ferric sludge (produced by the standard water filtration process) into 

magnetite by using a reductive pathway.  
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Chapter 2 
Bioinspired synthesis of 
magnetite nanoparticles 

Abstract 

Magnetite (Fe3O4) is a widespread magnetic iron oxide encountered in many biological and 
geological systems and used in many technological applications. Designing Fe3O4 nanoparticles 
with specific shapes and sizes allows to tune their properties to specific applications in a variety of 
fields including catalysis, targeted drug delivery, magnetic resonance imaging. The synthesis of 
Fe3O4 with a controlled shape and crystal size distribution is notoriously difficult without using 
high temperatures and non-aqueous media. Living organisms such as chitons and magnetotactic 
bacteria are able to form Fe3O4 crystals with well controlled sizes and shapes in aqueous media 
under ambient conditions. In the biomineralization process, the organisms generate Fe3O4 from a 
poorly crystalline precursor phase controlling the nucleation and growth by use of biomolecular 
templates and additives. These biological strategies are promising routes to achieve control over 
Fe3O4 crystallization in aqueous media at ambient conditions. In this chapter, we summarize the 
main characteristics of Fe3O4 and its biomineralization mechanisms. The most common methods 
for the synthesis of Fe3O4 are discussed in addition to recent bioinspired approaches. We describe 
how poorly ordered precursors such as ferrihydrite or white rust (Fe(OH)2) and organic additives 
such as proteins, peptides and polymers can be employed to set the conditions for the nucleation 
and continued grown of Fe3O4. Finally, the generation of novel magnetite-based functional 
nanomaterials and their organic–inorganic hybrids are discussed. 

 
 

“Falla comu voi sempri cucuzza è” 

“No matter how you cook it, it will always 
taste like squash butter”  

– Sicilian proverb 

 
This chapter has been published as: Giulia Mirabello, Jos J. M. Lenders and Nico A. J. M. 

Sommerdijk, Bioinspired synthesis of magnetite nanoparticles, Chem. Soc. Rev., 2016, 45, 5085-
5106. 
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2.1| Introduction 
Biomineralization is the process by which biological systems use amorphous and 

crystalline minerals to build a wide range of organic–inorganic hybrid materials, with 

functions ranging from navigation, mechanical support, photonics, to the protection 

of the soft parts of the body 1. Often these biominerals have complex shapes and 

textures, exceptional structural hierarchy, and interesting properties and in general 

are characterized by a high level of control over composition, structure, size and 

morphology of the constituent mineral components. Both the fascinating structures 

and advanced functionalities of biominerals have inspired a large community of 

scientists to investigate the underlying formation mechanisms and to explore the 

biological construction principles in materials design and synthesis 1-4. 
The most abundant and widespread biominerals are those made of  calcium 

carbonate, predominantly found in marine organisms such as sea shells and 

coccolithophores, which show exquisite examples of  structural complexity, perfect 

control over morphology, and optimized mechanical properties 5, 6. The best known 

examples of  calcium phosphate biominerals are the bones and teeth in vertebrates of  

which the chemical composition and their complex structural organization produce 

unique mechanical properties 7. Another important class of  biominerals is the lace-

like amorphous silica shells produced by diatoms and the skeletons of  sponges, which 

are beautiful examples of  how complex highly porous morphologies can be realized 

under ambient aqueous conditions and still lead to mechanically robust materials 8-

10. 

Also iron oxides are used by many organisms for a variety of  functions including 

iron storage, navigation, protection and mechanical strength 11. Examples of  such 

iron-based biominerals are the radular teeth of  chitons that contain crystalline iron 

oxides such as magnetite (Fe3O4) and lepidocrocite (β-FeOOH), and the intracellular 

chains of  magnetite nanoparticles synthesized by magnetotactic bacteria 9, 12-14. This 

chapter will focus on magnetite, a magnetic material used in a very broad range of  

technological applications including several fields of  chemistry, medicine and physics 
15-18. In biology magnetite is employed for its magnetic properties in sensory organs, 

as well as for its mechanical properties (e.g. hardness) in teeth.  
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Consequently there is a great interest in understanding the biological control 

mechanisms of  magnetite formation as these allow the formation of  nanocrystals 

with defined shape, size and organization in aqueous ambient conditions, something 

that thus far has been very challenging in synthetic procedures 19. The synthesis of  

magnetite in aqueous media - in contrast to other minerals used by biological systems 

- is complicated by the large variety of  stochiometries available for iron oxides and 

(oxy)hydroxides, which make the mineralization pathways highly dependent on 

kinetic factors as supersaturation, pH and redox potential, such that many 

conditions do not lead to magnetite formation 20. Achieving control over nucleation 

and growth is further challenged by the very low solubility of  both Fe2+ and Fe3+ ions 

and the associated high supersaturations of  the solutions at the basic conditions 

required 21. Achieving control over the size and shape of  magnetic nanoparticles in 

magnetite formation from aqueous media by applying principles from 

biomineralization will open the way to the green, bioinspired crystallization of  many 

other magnetic materials 19 but in principle also semiconductors and piezo-electric 

materials for a wide range of  applications 1.  

In this chapter we will discuss – from a materials chemistry point-of-view – the 

most recent insights into the mechanisms of  biological magnetite formation and how 

they have formed the basis of  new bioinspired approaches for the crystallization of  

magnetite nanoparticles with controlled size, shape, organization and properties. Of  

particular importance here is the use of  advanced electron microscopy, in particular 

high resolution cryogenic transmission electron microscopy (cryoTEM), which allows 

to investigate these bioinspired mineralization processes in solution, and with 

nanometer detail 22-25, as was previously done for calcium carbonate 26, 27, calcium 

phosphate 28, 29 and silica formation 30. But before addressing the bioinspired 

formation of  magnetite, we will first discuss the general principles of  

biomineralization as well as the structure, properties and applications of  magnetite. 

We will also briefly discuss the relevant biochemical machineries that are used by 

organisms to synthesize magnetite as recently reviewed in an excellent paper by 

Faivre and Ukmar Godec 31. 
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2.2| Magnetite: structure, properties 
and technological applications 

Magnetite (Fe3O4) is the most magnetic naturally occurring material containing both 

Fe3+ and Fe2+ ions in a 2 : 1 stoichiometric ratio. It is the main component responsible 

for the magnetic signature of rocks, and widely used in magnetic materials. Magnetite 

has an inverse spinel crystal structure, consisting of a face-centered cubic (FCC) close-

packing of oxide (O2–) ions, with 8 tetrahedral and 16 octahedral sites occupied by 

the iron ions (Figure 2.1). Due to their specific crystal field stabilization energy, the 

Fe2+ ions preferentially occupy octahedral sites, while the Fe3+ ions are equally 

divided between the octahedral and tetrahedral sites. The edge length of its cubic unit 

cell, which contains eight formula units, is 0.839 nm. 

 
Figure 2.1| Model of the inverse spinel crystal structure of magnetite (Fe3O4), showing the oxygen 
atoms in red and the Fe atoms in blue. The tetrahedral sites (occupied by Fe3+) are in light blue and 
the octahedral sites (occupied by both Fe3+ and Fe2+) are in magenta. The structure was generated 
by using VESTA software based 32 on the crystal structure reported by O'Neill and Dollase 33. 

In the ground state, Fe3+ ions contain five unpaired electrons in their 3d orbitals, 

while Fe2+ ions have two paired and four unpaired 3d electrons. The electron spins of 

the tetrahedral and octahedral cationic magnetic sub-lattices sites have a different 

magnitude and are antiparallel to each other. Hence, in the crystal their electron 

spins do not cancel each other out, which yields to a net magnetic moment for the 

iron ions. This provides the lattice with a net magnetic moment that is the origin of 

the ferrimagnetic properties of magnetite. 
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Magnetite is isostructural with maghemite (γ-Fe2O3), which compensates for the 

higher oxidation state through cation vacancies in its unit cell. Indeed, magnetite can 

be oxidized to maghemite and non-stoichiometric, Fe2+-deficient magnetite is 

encountered as well. Although maghemite is also ferrimagnetic, the presence of the 

cation vacancies decreases its saturation magnetization to ~ 70 emu/g, as compared 

to 92 emu/g for pure magnetite 34. 

The preferred crystallographic directions of magnetization, along which the 

magnetic moment most easily aligns, are the eight [111] cube diagonals. Due to this 

magnetic anisotropy, the magnetic moment can be reversed along these axes, but this 

so-called Néel relaxation only occurs when the thermal energy is sufficient to 

overcome the energy barrier between the antiparallel spin states. At these 

temperatures, magnetite has a spontaneously fluctuating magnetic moment and 

therefore no longer produces a net magnetic field. This state is termed 

superparamagnetism. Since the activation energy for spin reversal scales with 

particle volume, there is a particle size limit below which superparamagnetism 

occurs, which in turn increases with temperature. At room temperature, for 

magnetite this size is typically 20 nm (Figure 2.2) 35. For larger sizes, the magnetic 

moment remains fixed, resulting in stable single-domain ferrimagnetic behavior. 

However, for magnetite crystals larger than typically 100 nm, multiple magnetic 

domains of opposite polarity form within individual crystals to decrease their 

magnetostatic energy 36, a phenomenon that occurs in other spinel ferrites as well 37. 

 
Figure 2.2| Model of the three particle size regimes in which magnetite crystals display different magnetic 
behavior. The blue and red dots represent, respectively, the tetrahedral and octahedral sub-lattices in the 
crystal structure. 
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This results in a significantly reduced net magnetization in the multi-domain regime.  

Due to its magnetic properties, magnetite is used in water purification agents 38-

43, high-density magnetic data storage media 44, magnetically recoverable catalysts 
45-47, and ferrofluids for magnetic sealing, oscillation damping and position sensing 48. 

Also, at room temperature magnetite acts as a half-metallic ferromagnet, possessing 

100% spin polarized charge carriers at the Fermi level 49-51. For this reason, magnetite 

is believed to be a promising material for spintronic devices 52. Kim and co-workers 

have assembled Fe3O4 nanoparticles to design memory resistors that can be used in 

the development of computer systems that would have nonvolatile random access 

memory 53. 

In addition, because magnetite is highly biocompatible, it is employed in many 

medical applications such as magnetically induced hyperthermia therapy for cancer 

treatment 54-58, contrast agents for magnetic resonance imaging (MRI) 59-65, systems 

for targeted drug delivery 66-69 and combinations of these 70-72, but also ex vivo in cell 

separation 73, 74 protein detection 75 and other biosensors 76, 77. In all cases, control 

over the size (distribution) and organization of the magnetite nanoparticles – in the 

solid state or in dispersions – is crucial, as this will determine the magnetic properties 

required for the specific application. 

2.3| Biomineralization 
The diversity of mineralized structures found in nature, in terms of mineral 

composition, morphology, properties, and function, is quite astounding. More than 

60 different types of minerals are known to be used by organisms from all 5 kingdoms, 

where each organism has evolved its own strategies for building materials that are 

tailor-made for their function. Based on the degree of biological control, it is possible 

to distinguish between biologically induced mineralization 78 involving accidental 

precipitation of the mineral, and biologically controlled mineralization 79 involving 

specific regulation of mineral formation. Depending on the location where 

biomineralization takes place it can be further classified as epicellular, intercellular, 

intracellular or extracellular. Epicellular refers to situations where the mineralization 

occurs on the surface of the cell while intercellular mineralization occurs in the space 

between cells. Intracellular mineralization takes place (within specific vesicles) inside 

the cell that is able to regulate the pH and ion diffusion during the mineral forming 
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process. Extracellular mineralization occurs outside the cell, often inside a 

macromolecular framework consisting of proteins and/or polysaccharides. In many 

cases these organic frameworks have structures and compositions that are genetically 

determined, and perform regulatory and organizational functions resulting in the 

formation of composite biominerals 80.  
Biologically controlled mineralization involves very regulated processes that 

result in production of material with specific biological functions and structures. 

These biominerals generally possess species-specific crystallochemical properties such 

as: uniform particle size, well-defined structures and compositions, high spatial 

organization and complex morphologies, preferential crystallographic orientation 

and, finally, high-order assembly into hierarchical structures. For mineralization 

sites like vesicles and macromolecular frameworks, is generally possible to identify 4 

important requirements: spatial delimitation - for controlling size and shape; 

diffusion-limited ion flow - for controlling solution composition; chemical regulation - 

for increasing the concentration of particular ions; and organic surface templating - to 

control the preferential nucleation.  

In biomineralization both the deposition of the mineral and the preparation of 

the appropriate environment are governed by a pool of genes and driven by 

bioenergetic processes. Coordinated ion transport, inhibitors, and promoters 

represent the instruments of chemical control in biomineralization counterbalancing 

fundamental physicochemical factors such as solubility, supersaturation and 

preferred growth directions, and dictating nucleation and crystal growth. The spatial 

control is given, as said above, by the confinement of the process in an enclosed space 

formed by vesicles or organic frameworks that are assembled via supramolecular 

preorganization. Here, a combination of covalent and non-covalent interactions 

between biomolecules is responsible for the process called morphogenesis which entails 

the definition of the size and shape of the mineral phase by the organic boundaries 

and the construction of hierarchical structures through the spatial organization of 

mineral building blocks. 

2.3.1| Magnetite Biomineralization 

Many biological species evolving in the presence of the earth’s geomagnetic field have 

developed the ability to use it for orienting, both in short and long-range migration 
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81. The magnetite hypothesis assumes that some cells contain accumulations of biogenic 

magnetite that - in a simplistic view - act as compass needles that respond to the 

earth magnetic field, applying a torque on the adjacent tissue and thereby triggering 

a nerve signal. Magnetoreceptive organs that contain single domain (SD) magnetite 

crystals have been found in magnetotactic bacteria 82-84, but also in ethmoid tissue of 

sockeye salmon 85 and other fish 86, 87, migratory birds 86, 88, 89 and honeybees 86, 90. 

However, magnetite is also used by living organisms for other than magnetoreceptive 

functions. In fact, single domain magnetite crystals have been observed in the outer 

layer of radula teeth of chitons, to provide hardness, in order to allow them to scrape 

algae from rocks without abrasion of their teeth 12, 13. Also, magnetite has been 

discovered in the human brain 91, heart, spleen and liver 92. It may have physiological 

and/or metabolic functions such as an iron dump or reserve for the body, or a 

byproduct from iron metabolism. Considering that magnetite in the human brain was 

found mostly on the brain surface and regions associated with memory, it has been 

proposed that magnetite plays a key role in perception, transduction and storage of 

information at neocortical level 93. 

2.3.1.1| Magnetotactic bacteria 

Although many aspects of magnetite biomineralization in magnetotactic bacteria are 

still unclear, a mechanistic model is evolving based on the physiological, structural, 

molecular, and chemical clues uncovered so far. According to this model, magnetite 

biomineralization is preceded by formation of magnetosomes, which are intracellular 

vesicles resulting from invaginations of cytoplasmic membrane 14, 94, 95. Interestingly, 

recent study on AMB-1 strain has discovered a dynamic remodeling process of 

magnetosomes, in which the empty vesicles expand in size when the 

biomineralization of magnetite takes place 96. However, from the point where the 

bacteria take up the iron - either as ferric or ferrous ions - from the environment and 

transport them inside the cell, different follow-up scenarios have been proposed 97-100. 

One recent study presented evidence that magnetite is formed by the transformation 

of a disordered phosphate-rich ferric hydroxide phase with a spectroscopic signature 

similar to that of bacterioferritin 101. The first stage of this transformation is proposed 

to occur through the separation of the phosphate from the iron during the transport 

of the mineral into the magneosome as an inorganic ferrihydrite. However, inorganic 
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ferrihydrite has been not detected as intermediate so far. In fact, a study on the early 

stages of magnetite formation by Fe K-edge X-ray absorption near edge structure 

(XANES) have detected only ferrihydrite-like phosphorus rich material associated 

with bacterial ferritin-like proteins 102. Finally, within the magnetosome this 

ferrihydrite-like precursor phase converted to magnetite at basic pH and under 

mildly reducing conditions (Figure 2.3). During this process the vesicle provides the 

confined space that is thought to guide the controlled growth into a crystal with 

precisely defined dimensions. 

 
Figure 2.3| Model of biomineralization of magnetite in the magnetosomes of magnetotactic bacteria. 
See the text for further details. 

 
Figure 2.4| Cryo-electron tomography of magnetotactic bacteria. a) Superimposed lateral dimension 
images along z-axis. b) Magnification of a), where mineralized vesicles containing growing minerals 
(arrow) and empty vesicles are visible. (c-f) Three-dimensional (3-D) reconstructions of the bacteria, 
showing vesicles (yellow) arranged along a filamentous structure (green), magnetite crystals (red) and the 
cell membrane (blue). The arrows point out the same crystals in different views. Adapted from reference 
104. Copyright 2006, Nature. 
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The magnetosome membranes are attached to the cell wall through a network of 

cytoskeletal filaments (indicated in light blue in Figure 2.3 and in green in Figure 

2.4), and define the place where nucleation and growth of the mineral crystals occur 

under biological control 103, 104. These double-stranded actin-like filaments are made 

of protein MamK, as was shown by cryogenic electron microscopy combined with X-

ray crystal structure analysis 105. Each magnetosome contains a nanocrystal of 

magnetite or greigite 106, with crystal sizes ranging from 30 to 140 nm 14, 94, 

corresponding to the range where crystals are stable single domain ferrimagnets. The 

crystals consist of pure stoichiometric magnetite (or greigite) with morphologies that 

are species-dependent (Figure 2.5). Magnetite typically crystallizes in the Fd3m space 

group with a cubic unit cell, and as a consequence the macroscopic crystal habit is 

typically {111} octahedral or, more rarely, {110} dodecahedral or {100} cubic (see 

 
Figure 2.5| Transmission electron microscopy (TEM) images of a) magnetotactic baterium with 
mineralized magnetosomes, and b-e) magnetite crystals with different morphologies from various 
bacteria. b) Cubo-octahedral morphologies; c) rectangular morphologies; d) bullet-shaped morphologies 
e) elongated hexagonal prismatic crystals. a) Reproduced with permission from Chen et al., Nature 
Education 2010; b) reproduced with permission from Lefèvre et al., Metal Nanoparticles in Microbiology 
2011; c–e) reproduced with permission from Schüler et al., Appl. Microbiol. Biotechnol. 1999. 
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section 2.3). For biogenic magnetite, however, the usual habit is isometric 

cuboctahedral, and non-equidimensional (e.g. elongated pseudo prismatic, tooth or 

bullet) shapes have also been observed 107-109. In the magnetotactic bacteria the 

magnetosomes are usually organized in chains of various length 96, typically aligned 

along the cellular long axis which also corresponds with the {111} axes in the crystal 

structure 110. Hence, the magnetosomes are both crystallographically and 

magnetically aligned 111-113. This arrangement maximizes the magnetic dipole 

moment, and the total magnetic moment of the chain is approximately the algebraic 

sum of the magnetic moments of the individual magnetosomes. The magnetosome 

biomineralization process is under strict control of a specialized set of proteins 114, 

which are encoded in the so-called magnetosome island in the genes of the bacteria 
115-117. While some of these proteins are responsible for the initial vesicle formation by 

membrane invagination, others are involved in the last stage, in which the crystal 

chains are assembled 118.  

In between, there are many proteins playing a role in the nucleation and growth 

of the magnetite crystals, of which the proteins Mms5, Mms6, Mms7 (MamD), Mms13 

(MamC), MamF, MamG 119-121 and the more recently discovered MmsF 122 are 

examples. These proteins, indicated in green in Figure 1.3, are associated with the 

magnetosome membrane 123, together forming 50% of its mass. It is believed that 

within the membrane these proteins are precisely positioned to interact with specific 

crystal faces of the magnetite, and through their cooperative action control over the 

size, morphology and orientation of the resulting crystals is achieved 120. More info 

can be found in reference 31. 

2.3.1.2| Chiton teeth 

Chitons are herbivorous mollusks that use a tongue-like organ called the radula for 

scraping algae off from rocks (Figure 2.6). For this, chitons use magnetite and other 

iron oxides as reinforcement materials to improve the mechanical properties of the 

teeth 11, 31. This tongue-like organ operates as a sort of a toothed conveyor belt in 

which the teeth that are worn out (on average every 12-48 hours for a row, depending 

of the species) 2, 124 are continuously replaced by new teeth that are formed at the 

beginning of the belt at the same rate. Consequently a single row of radula contains 

all different stages of mineralization, which makes it possible to study the 

biomineralization mechanisms involved by analyzing the rows in a single organism 
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13, 31, 125. 

The mineralization process of chiton teeth involves a complex mechanism 

comprising several morphological and phase transformations. In a generic path, a 

freshly formed, non-mineralized tooth is composed of hydrogel α-chitin matrix with 

associated proteins that together form a structural framework acting as a template 

in which the mineral phase is precipitated. The mineralization starts with the 

formation of ferrihydrite (Feh) along the organic matrix, followed by a, presumably, 

solid state phase transformation into magnetite and its oriented growth along the 

organic matrix. Finally, the interior part of the tooth, the core, is filled with a softer 

mineral or a mixture of minerals. This core mineral phase is characteristic of the 

species, typically either amorphous iron phosphate 126 or apatite 127, 128.  

It is important to note that under physiological conditions and in the absence 

of additives Fe3+ hydrolyzes to lepidocrocite or goethite and not to Feh, unless the 

reaction is carried out rapidly and at high pH 129, 130. Therefore, chitons must be able 

to manipulate the reaction pathway to facilitate Feh formation. It is well known that 

acidic macromolecules play an important role in controlling nucleation, growth and 

stabilization of metastable phases such as amorphous calcium carbonate or calcium 

 
Figure 2.6| a) Schematic lateral view of a chiton. b) Dorsal side and c) ventral side pictures of 
Cryptochiton stelleri. The white circle in c) indicates the position of the mouth, which contains the radula. 
d) Optical micrograph of a radula from C. stelleri, containing mineralized teeth. e) Magnification of an 
area near the posterior end of the radula where the gradual change in tooth color from transparent 
(unmineralized) to black (mineralized) is visible. Reproduced with permission from reference 131, 
copyright 2013, WILEY-VCH. 
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phosphate in other biological systems 11. The organic matrix of chiton teeth likewise 

contains acidic macromolecules, the functional role of which is still poorly understood 

131, 132. Joester and coworkers carried out in vitro experiments to investigate the 

selective precipitation of Feh in presence of acidic macromolecules under 

physiological conditions. The authors showed that in the presence of polyaspartic 

acid (pAsp), a model compound for highly acidic proteins, a stable colloidal Feh is 

formed instead of iron oxides like the lepidocrocite obtained in the absence of 

additives, suggesting that chitin fibers could act as heterogeneous nucleators (Figure 

2.7).  

The latter hypothesis is supported by previous work by Wang et al. 131 on the 

phase and structural transformations in the radula teeth of Cryptochiton stelleri, using 

a combination of crystallographic, microscopic and advanced spectroscopic 

techniques. Analysis of the peptides extracted from the cusps of fully mineralized 

teeth showed a sequence similarity to the iron binding protein Mms6 present in 

magnetotactic bacteria. Based on their observations, the authors concluded that α-

chitin fibrils could be coated with a Mms6-like protein to induce heterogeneous 

nucleation of FeH simply by attaching ferric ions on this organic matrix 133.  

The teeth exhibit a core-shell structure where the iron is localized on the outer 

part, consisting of either magnetite particles or rods oriented along the curvature of 

the tooth surface (Figure 2.8). The part exposed to the scraping is the leading part (in 

 
Figure 2.7| a and b) Fe K-edge EXAFS and c) XRD of reference compounds (synthetic Feh and 
lepidocrocite obtained in in vitro experiments without additives) and Feh obtained in in vitro 
experiments in the presence of additives (citrate and pAsp). Reproduced with permission from ref. 130, 
copyright 2014, WILEY-VCH. 
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the front side), also commonly called the cusp, the part that is not used for scraping 

is the trailing part (in the back side), and the part of the tooth that is attached to the 

radula is called the base. Going from the leading edge to the trailing edge of a tooth, 

four distinct morphological transitions in the magnetite phase have been identified: 

(i) a thin layer consisting of magnetite nanoparticles condensed to reinforce the 

outermost part of leading part, (ii) an inner layer consisting of bundles of magnetite 

rods oriented parallel to the leading surface, (iii) these rods then are gradually bent 

around the core until, (iv) their orientation returns to parallel with the edge of the 

trailing surface.  

 
Figure 2.8| Scanning electron microscopy (SEM) images of the longitudinal fracture surface of a mature 
radular tooth of C. stelleri. a) Low magnification image showing the iron phosphate core (lighter part) 
and the magnetite shell region (darker part). (b–d) Higher magnification of (a) showing the (b) outermost 
part of the leading part, (c) middle part around the core and (d) trailing tooth edges. Reproduced with 
permission from ref. 131, copyright 2013, WILEY-VCH. 

2.4|  Conventional versus bioinspired 
magnetite synthesis 

As magnetite is used in different technological applications, diverse synthetic 

approaches for its production have been developed. All these methods strive to obtain 

monodisperse particles and to tune their size and shape in a reproducible process that 

eventually could be used by industries without any complex purification procedures. 

For example, control over the crystallinity and monodispersity of magnetite can be 
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obtained by applying elevated temperature and pressure in hydrothermal syntheses, 

using either a coprecipitation reaction 134, 135, a reductive process 136-140, or an 

oxidative 141, 142 process. Another approach involves the use of water-in-oil micro-

emulsions 143-148, in which small aqueous droplets are stabilized by surfactants. In this 

way, nanoreactors are created in which the nucleation and growth of the magnetite 

nanoparticles can be confined, thereby providing enhanced control over both the size 

and size distribution of particles through tuning of the iron and surfactant 

concentrations and water/oil ratios. Other, less frequently employed approaches are 

sonochemical 149-154 and γ-ray 155 or microwave-assisted syntheses 156-159.  

The thermal decomposition method, however, is superior to all other procedures 

for magnetite nanoparticle synthesis in terms of controlling the size and size 

distribution 160. In this process an iron-containing organometallic compound – such 

as Fe(acac)3 (acac = acetylacetonate) 161-164, Fe(Cup)3 (Cup = N-

nitrosophenylhydroxylamine) 165, ferric oleate 166-168 or iron pentacarbonyl (Fe(CO)5) 
169-171 – is decomposed and reduced (or, in the case of Fe(CO)5, oxidized) at high 

temperature in an organic medium containing surfactant stabilizers, resulting in 

magnetite formation (Figure 2.9). During the reaction, the initial increase in 

temperature generates a short burst of simultaneous nucleation events, allowing the 

growth of monodisperse crystals. The main drawback is that the method yields 

hydrophobic particles stabilized by the surfactants, unless the process is carried out 

in 2-pyrrolidone as a polar solvent 172-174. The polyol method, in which a polar, high-

boiling compound such as ethylene glycol, diethylene glycol or triethylene glycol 

simultaneously plays the role of solvent, reducing agent and stabilizer is another 

 
Figure 2.9| TEM images of magnetite nanoparticles obtained by high-temperature solution-phase 
reaction of Fe(acac)3 in phenyl ether with alcohol, oleic acid, and oleylamine. Reproduced with 
permission from reference 161, copyright 2002, ACS Publications. 
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approach to synthesize water-dispersible, monodisperse magnetite nanoparticles 175-

179. 

Still, all these methods require extreme conditions and in several cases the use of 

organic additives or solvents. For these reasons, researchers have taken inspiration 

from nature, aiming to apply the key aspects of biomineralization to more sustainable 

synthetic methods. Indeed, in particular mimicking the pathways used by 

magnetotactic bacteria would open the way to aqueous room temperature synthetic 

methods that still allow control over dimension, structure and, as a consequence, 

magnetic properties of the magnetite synthesized.  

Biomineralization processes have been most intensely investigated for calcium 

carbonate and calcium phosphate. These studies have shown that in these mineral 

systems controlled crystallization is generally achieved combining two synthetic 

concepts: 1. the use of more soluble (disordered or amorphous) precursor phases, to 

facilitate transport and to set local supersaturation levels, and 2. the use of 

biomacromolecules to control nucleation, phase behavior and growth of the mineral. 

Also the controlled synthesis of magnetite has been pursued under biomimetic 

conditions, i.e. in aqueous media and under more benign conditions. Recently it was 

realized that several of these synthetic routes involved less ordered precursor phases, 

through which the supersaturation of the solutions and thereby the growth kinetics 

of the magnetite nanoparticles could be controlled. Further, it was demonstrated that 

the interaction with organics could be used to modulate the shape, size organization 

and magnetic properties of these nanocrystals. In the following sections, we present 

an overview of the co-precipitation and partial oxidation methods which both allow 

for the synthesis of magnetite in aqueous media and ambient temperatures. We will 

discuss the role of disordered precursors and how these, together with the interaction 

with organics are being explored in the bioinspired synthesis of magnetite. 

2.4.1| Magnetite synthesis through solution co-
precipitation 

The co-precipitation method developed by Massart and coworkers 180 is the simplest 

and most common chemical pathway to synthesize magnetite in aqueous medium 

and at ambient temperature. This procedure employs an oxygen-free solution 

containing a mixture of Fe3+/Fe2+ in a stoichiometric ratio of 2 : 1, from which the 
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fast and complete precipitation of Fe3O4 occurs when the pH is set between 8 and 14 

according to:  

2 Fe3+ + Fe2+ + 8 OH– → Fe3O4 + 4 H2O                (2.1) 

The big advantages of the coprecipitation method are that it is simple and that 

large amounts of nanoparticles can be produced. However, using co-precipitation it 

is difficult to control particle size distribution 17, and the method typically only 

produces superparamagnetic magnetite nanoparticles with a crystal size smaller than 

20 nm 181. 

According to classical theories, two principle stages can be identified in solution-

based crystallization: 1) nucleation, which occurs when the solution reaches a critical 

supersaturation level, and 2) the growth of these nuclei by diffusion of the solute ions 

to the surface of the growing crystal. To obtain nanoparticles with a narrow size 

distribution, it has been suggested that the two steps of nucleation and growth should 

be separated 182. To achieve this the reaction conditions must be regulated such that 

only a single nucleation event occurs. This controlled nucleation event should then 

reduce the supersaturation level enough to maintain slow growth without the 

concentration ever reaching the critical concentration necessary for further 

nucleation 183.  

The solution crystallization of magnetite is complicated by the very low solubility 

of iron salts at the pH values (typically between 8 and 14) where magnetite is formed. 

For example for Massart’s coprecipitation method 180, Altan et al. estimated the 

solution supersaturation (σ) with respect to magnetite from the total initial iron 

concentration ([Fe]0 = 2.9×10–2 M) and the solubility of magnetite ([Fe]eq ≈ 3×10–8 M 

Fe) 184 as approximately 14 23. They discussed that this high supersaturation value 

resulted from the sharp increase of the pH upon mixing the acidic Fe2+/Fe3+ solution 

with an ammonia solution, leading to the immediate generation of many nuclei, and 

to the depletion of the Fe2+ and Fe3+ ions in solution such that growth of the 

nanocrystals is negligible. Indeed, the low solubilities of Fe2+ and Fe3+ under basic 

conditions make it virtually impossible to establish controlled solution 

concentrations that allow growth without exceeding the critical nucleation 

concentration, avoiding the continuous generation of new nanoparticles. Moreover, 

to select conditions such that the acquired supersaturation results in the growth, but 

not the continuous nucleation of magnetite is further complicated by the complex 



 
Chapter 2 

 

26 
 

speciation in solution - which is known to depend on pH but for which many aspects 

are not yet well established - as well as by the pH dependent solubility of the different 

iron (hydr)oxide phases 185. Nevertheless, many reports have made suggestions on 

how different factors can be regulated in the synthesis to control the size, magnetic 

and surface properties of the crystals obtained. Indeed, is was shown that the size and 

the shape of the nanoparticle can be affected by, for example, the type of base and 

pH value 186, ionic strength and temperature 187, iron concentration and aging time 
188 and nature of the counter anion 189. Of particular interest to the bioinspired 

synthesis of magnetite (see section 2.4.4) is that the size and crystallinity of the 

magnetite nanoparticles formed can also be affected by the addition of water soluble 

polymers such as polystyrene sulfonate and polyacrylc acid 190, but also low 

molecular weight organic additives, such as ethylene diamine, oxalic acid and 

tris(hydroxymethyl) aminomethane 191 depending on the ability to form complexes 

between iron ions and the organic additives. 

2.4.2| Ferrihydrite as a precursor in magnetite 
co-precipitation 

To grow magnetite nanoparticles with sizes beyond the superparamagnetic regime 

via coprecipitation, Baumgartner et al. used the ultraslow continuous titration of a 

solution containing Fe2+/Fe3+ in a 1:2 ratio, into a solution of NaOH kept a constant 

pH 24, 192. This resulted in self-similar growth with classical reaction-limited growth 

kinetics yielding particles with controllable average diameters from ~ 15 nm (in the 

superparamagnetic regime) up to 50 nm showing single domain characteristics 24. To 

investigate the formation mechanism they used cryogenic transmission electron 

microscopy (CryoTEM). This technique showed that the reaction started with the 

formation of an initial gel-like ferrihydrite precursor phase, which reflects the lower 

solubility of Fe3+ at high pH compared to Fe2+. This ferrihydrite precursor rapidly 

reacted with Fe2+ ions to produce nanoparticles of ~ 2 nm in size. These almost 

monodisperse primary particles subsequently aggregated and upon fusion 

transformed into crystalline magnetite. High-resolution imaging (Figure 2.10) 

revealed that the growth of the magnetite nanocrystals proceeded through accretion 

of particles of only ~ 1 nm in size (secondary particles). Upon attachment to the 

crystal surface, the primary particles had reduced their size to ~ 1 nm, most likely as 
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the result of the dehydration that would be associated with the chemical 

transformation to magnetite. 

The realization that magnetite coprecipitation – as in the biosynthesis of 

magnetite - proceeded through a ferrihydrite precursor triggered Lenders et al. to 

develop a bioinspired two-step slow coprecipitation method via ammonia (NH3) 

diffusion 25. They used a closed oxygen-free system in which the pH of a solution 

containing Fe3+ and Fe2+ (2 : 1) was slowly increased by diffusing in NH3. As Fe3+ 

and Fe2+ have a different solubility 183, they react with OH– in different moments 

during the synthesis. Around pH 3 a first nucleation event occurred, corresponding 

the precipitation of Fe3+ as ferrihydrite (equation 2.2), and at pH ~ 8 magnetite was 

formed (equation 2.3).  

 
Figure 2.10| Magnetite formation by controlled coprecipitation from a ferrihydrite-like precursor. (a-c) 
Cryo-TEM time series of converting ~ 2 nm FeH–Fe2+ primary-particles into magnetite-nanoparticle 
aggregates as imaged after (a) 2 min, (b) 6 min and (c) 82 min. Yellow arrows in (b) indicate early 
formed crystalline magnetite nanoparticles. (d) Image of a magnetite nanocrystal formed via particle 
attachment, still showing the remnants of the constituting secondary particles. (e) Image of ~ 1 nm 
secondary particles (arrows) attaching to the surface of a magnetite nanoparticle. Insets in (d) and (e): 
fast Fourier transforms showing the crystallinity of the particles. Scale bars: 10 nm. Reproduced with 
permission from reference 24, copyright 2013, Nature.  
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Fe3+ + 3 OH– → Fe(OH)3                                (2.2) 

2 Fe(OH)3 + Fe2+ + 2 OH– → Fe3O4 + 4 H2O                (2.3) 

By modulating the solution supersaturation - through changing the NH3 influx 

and the total iron concentration – the kinetics of the reaction of Fe2+ with ferrihydrite 

could be controlled. This made it possible to regulate both the magnetite formation 

rate and the length of the growth period, and thereby obtain control over crystal size 

and morphology. Crystal sizes could be predictably tuned between 15 and 60 nm. In 

addition, it was shown that the formation of well-faceted versus rounded crystals was 

determined by the reaction kinetics 25.  

Considering that ferrihydrite is very insoluble at this pH, it is seems likely that 

magnetite is formed through a solid-state conversion that involves the direct reaction 

of Fe2+ with the ferrihydrite precursor 24. Indeed, it was shown that upon addition of 

Fe2+ at pH ~ 5 ferrihydrite converts into monodisperse primary Feh-Fe2+ particles of 

1.5-2.0 nm in size by dehydration of the original gel (Figure 2.10b) 22. These primary 

particles were found stable at this pH and did not show signs of long range order in 

electron diffraction or FFT analysis of high TEM resolution images. Interestingly, 

magnetite was obtained only after increasing the pH to 8.7 via ammonia diffusion 

through the aggregation and further accretion of the smaller also monodisperse 1.0-

1.5 nm secondary particles. This shows that not the primary, but the secondary 

particles were the direct feedstock for magnetite formation. 

The formation of monodisperse Feh-Fe2+ primary particles - which during the 

reaction grow in number, but not in size - suggests that their size is dictated by an 

optimum in the surface Gibbs energy relating to a specific composition and surface 

chemistry. These are determined by the reactivity of Fe2+ and the surface charge of 

the particles which in turn depend on the local solution pH. It was shown that these 

primary particles had increased stability upon electron beam exposure compared to 

the highly hydrated Feh precursor, which suggests that the reaction of Feh with Fe2+ 

is accompanied by a dehydration step, leading to a more dense material 22, 24. 

Although the transformation mechanism of the primary particles to the smaller 

secondary particles is not yet resolved, this transition appears to be triggered by the 

destabilization of the primary particles at increasing pH. 
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The appearance of lattice fringes with the spacing of magnetite in an assembly of 

these secondary particles (Figure 2.11c) implies that this conversion occurs through 

a solid phase transformation. It is therefore reasonable to assume that the 

transformation from primary to secondary particles – which is a next step in the 

conversion of the poorly ordered, highly hydrated Feh to the anhydrous and highly 

crystalline magnetite, is accompanied by an increase in density and a further release 

of water, and possibly by a further uptake of Fe2+, approaching the composition and 

structure of magnetite.  

It was shown that the formation of magnetite through the association of these 

disordered secondary particles lowers the barrier to nucleation compared to the direct 

nucleation from ions in solution as it is off-set by the surface Gibbs energy of the 

secondary particles 24. Similarly, for calcium phosphate it was shown that depending 

on the ratios of the surface Gibbs energies of the precursor particles and the 

 
Figure 2.11| Magnetite formation through a ferrihydrite precursor by the ammonia diffusion method. 
a-d) cryo-TEM images series of a) the Feh precursor; b) 1.5-2.0 nm primary Feh-Fe2+ particles formed 
by the reaction of Feh with Fe2+ ions at pH ~ 5 (inset: SAED pattern shows no crystallinity), c) 
magnetite formation through the assembly of 1.0-1.5 nm FeH-Fe2+ secondary particles (inset: FFT 
confirms the presence of magnetite planes), d) end product (inset: SAED pattern displaying the 
common magnetite reflections). e) pH values as a function of time for magnetite formation. Reproduced 
with permission from reference 22, copyright 2015, Royal Society of Chemistry. 
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nucleating phase the barrier can actually completely disappear such that even 

barrier-less nucleation may become possible 28.  

The formation of magnetite starting from a poorly ordered precursor phase as is 

outlined above shows a striking similarity to the mechanisms observed in the growth 

of calcium carbonate and calcium phosphate biominerals with non-equilibrium 

shapes, in which amorphous precursors have been indicated 193-196 and also relates to 

the finding of amorphous ferric phosphate and ferrihydrite-like precursors in the 

formation of biogenic single domain magnetite crystals 101, 102. The formation of the 

Feh-Fe2+ primary and secondary particles appears crucial for the growth of the 

magnetite crystals to sizes beyond the superparamagnetic regime, as it allows the 

system to slowly accumulate solid material in solution, without the immediate 

nucleation of magnetite. The transformation of the primary particles into secondary 

particles and eventually magnetite is essentially controlled by the supersaturation of 

the solution with Fe2+ relative to magnetite which depends on the Fe2+ concentration 

and pH, rather than on the concentration of the far less soluble Fe3+ ions. Careful 

temporal and spatial control over these parameters will then allow the continuous 

accretion of the secondary particles to the initial nanoparticle resulting in controlled 

the growth as was shown both by Baumgartner et al. 24 and by Lenders et al. 25 

2.4.3| Bioinspired co-precipitation using 
macromolecular control agents 

Although control over crystallization kinetics in controlled co-precipitation allowed 

tuning of crystal size and morphology, so far only a modest control over the 

polydispersity of the crystals was obtained, indicating that although prolonged 

growth was achieved, it remains difficult to limit the nucleation event to a short 

enough period, to effectively separate it from the growth period. In biology this 

control may be achieved through the interaction with biomacromolecules, i.e. 

through the control of nucleation, but also through the growth inhibition of specific 

crystal planes or through molding by growth in a confined space. In common with 

what has been reported for other biominerals, in particular for calcium carbonate 197 

and calcium phosphate 198, researchers have explored the use of (bio)macromolecules 

to control the formation of magnetite nanoparticles.  
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The first biomacromolecule to be tested in an in vitro coprecipitation assay was 

Mms6, a magnetosome protein reported active in the shape regulation of  cubo-

octahedral magnetite crystals in Magnetospirillum magneticum (M. magneticum) 119. 

Mms6 consists of  a negatively charged C-terminal domain 

(YAYMKSRDIESAQSDEEVELRDALA) that strongly binds iron and which is 

thought to be the active domain in controlling magnetite formation 199, 200, whereas 

the N-terminal domain (MVGGTIWTGKGLGLGLGLGLGAWGPIILGVVGAGAV) 

consists of  mostly hydrophobic amino acid residues by which it is anchored in the 

magnetosome membrane 201. Due to this amphiphilic nature MmS6 forms micelle-like 

aggregates in aqueous solution 201. 

This protein was able to promote the formation of magnetite particles with 

defined shape and size in an in vitro coprecipitation assay, while in its absence a 

polydisperse product with irregular particle shape was obtained 119. To optimize the 

possibility of Mms6 to interact with the developing mineral the coprecipitation 

reaction can be performed inside a viscous polymer gel of pluronic 127 at pH 7, 

creating a reaction environment that better mimicked the conditions under which 

magnetotactic bacteria are proposed to form magnetite crystals, i.e. under diffusion-

limited reaction kinetics 202. Although this does not improve the size and shape 

definition of the control crystals, the magnetite nanocrystals had well-defined, 

rounded morphologies and average crystal sizes of ~ 30 nm (Figure 2.12). This suggest 

that in this assay Mms6 is not only active in regulating the growth of the crystals, 

but also in inducing crystal nucleation, a combination that also has been observed in 

other bio-inspired mineralization assays 203.  

MamC is a magnetosome protein that was indicated to be involved in controlling 

the size of magnetite nanoparticles in vivo 121, and is quite different in size from Mms6 

(12.4 kDa for MamC and 6 kDa for Mms6) and in the distribution of acidic residues 

in the protein chain. It can be expressed in E. coli bacteria to allow its isolation in 

sufficient quantities for its use as additive in in vitro coprecipitation 204. Using a 

biomimetic coprecipitation method in a carbonate buffer of pH 9 it was shown that 

the presence of MamC indeed led to the formation of larger (~ 35 nm), well-facetted 

crystals - compared to an average size of ~ 25 nm in the control - while in the presence 

of the protein also the size distribution was reduced. The observation that MamC can 

be used to control crystal size in in vitro experiments supports the suggestion that in 
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vivo it is active in the nucleation of crystals in the magnetosome. 
Where the functions of Mms6 and MamC are becoming clear, the roles of other 

proteins involved in biogenic magnetite formation are still unresolved. Moreover the 

mechanisms by which these proteins fulfil their functions are still unknown. One 

strategy to obtain more insight into the working mechanisms of these proteins is to 

identify and locate their different functional sequences. This will eventually allow us 

to apply a reductionist approach in which the essential chemical functionality is 

translated to a synthetic system for bioinspired mineral formation. Working towards 

understanding the structure-function relationships in the biomacromolecules 

responsible for biogenic magnetite synthesis relatively simple peptides, polypeptides, 

and polymers have been used to mimic some of the functions of biological 

mineralization machineries.  

The cationic polypeptide poly-L-arginine was used in an ultraslow titration 

(see above) coprecipitation reaction which led to the formation of monodisperse 

stable single-domain magnetite nanoparticles of 35 ± 5 nm 205. In contrast, in the 

presence of an anionic polypeptide such as poly-L-glutamic acid, magnetite 

formation was inhibited, and the final product consisted of amorphous gels or 

crystalline phases other than magnetite. Baumgartner et al. compared the 

activities of these polypeptides with those of proteins involved in biogenic 

magnetite formation, in particular MamJ and MtxAΔ1-24, that contain 

polyanionic and polycationic domains, respectively 205. MamJ and MtxA indeed 

 
Figure 2.12| TEM images of magnetite nanocrystals synthesized via the co-precipitation method in the 
a) absence and b) presence of Mms6. Reproduced with permission from reference 202, copyright 2007, 
WILEY-VCH. 
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had different effects on magnetite coprecipitation: MamJ strongly inhibited 

magnetite nucleation, while the presence of MtxA Δ1-24 resulted in mixtures of 

magnetite and amorphous gels (Figure 2.13e and g). Based on these results the 

authors concluded that “in the case of magnetite formation proteins, larger 

complexes, or membrane components promoting the nucleation in-vivo are likely 

to expose positively charged residues to a negatively charged crystal surface”. 

Nevertheless, M6A, a negatively charged peptide with the amino acid sequence 

DIESAQSDEEVE, corresponding to the C-terminal part of Mms6,25 influenced both 

nucleation and growth in a slow co-precipitation reaction producing crystals with a 

reduced size distribution and rounded morphologies.199 

Building on these first findings with soluble additives, Lenders et al. designed and 

synthesized two libraries of copolypeptides with varying amino acid composition, one 

comprising aspartic acid (D) and serine (S) 206 and the other comprising glutamic acid 

(E), lysine (K) and alanine (A) 207 as the monomers. These copolymers were produced 

 
Figure 2.13| Precipitation products in the presence of a polypeptide and protein. a–c) Magnetite 
particles formed in the presence of poly-L-arginine. The insets in c) are FFTs of particles showing 
reflections consistent with magnetite. d) SDS-PAGE of MamJ. e) Precipitation product in the presence 
of MamJ. The inset in e) is the electron diffraction pattern showing no sign of crystallinity. f) SDS-
PAGE of MtxAD1–24. g) Precipitation product in the presence of MtxAD1–24. The inset in g) is the 
electron diffraction pattern showing reflections consistent with magnetite. Reproduced with permission 
from reference 205, copyright 2014, ACS Publications. 
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with equal length (degree of polymerization = 24) and precise amino acid 

composition, but with random monomer sequence and therefore hardly any 

secondary structure 207. These relatively simple macromolecules are suitable to study 

the effects of the monomer composition and physicochemical properties, such as net 

charge and polarity, on magnetite crystallization, without considering the effects of 

specific sequences or structures. These copolypeptides were used as additives in the 

formation of magnetite from a ferrihydrite precursor (see above) 208. By increasing 

the relative copolypeptide concentration (i.e. the amino acid / iron ion ratio) as well 

as the acidic amino acid (i.e. aspartic acid or glutamic acid) content of the 

polypeptides, a gradual decrease of the obtained particle dimensions from 60 ± 21 nm 

down to 11 ± 6 nm was observed, hand in hand with decreasing saturation / remanent 

magnetization values and coercivities (down to complete superparamagnetic 

behavior), and a more and more rounded morphology (Figure 2.14). In contrast, 

varying the amount of lysine residues - which are positively charged at the pH values 

used - in the polymers had no observable effect on the size or shape of the magnetite 

particles.  

Clearly the presence of positive charges alone is not enough to induce magnetite 

formation, while the presence of negative charge in the case of M6A - just as Mms6 

in viscous medium (see above) 202 - does not necessarily lead to inhibition, but at the 

right concentration leads to more control over nucleation. However, through the 

interaction of the negatively charged residues with the iron ions in solution - in 

particular with the Fe2+, as the Fe3+ will be mostly present as FeH or FeH-Fe2+ - the 

more negatively charged polypeptides caused inhibitory effects on the nucleation 

stage, pushing the nucleation point at pH ~ 7.8 observed for the blank to higher pH 

values and thereby later time points. The reduced size of the crystals forming at 

higher Asp or Glu content suggests magnetite formation occurs at higher nucleation 

rates, due to the higher supersaturations that are reached at these increased pH 

values. A similar build-up of supersaturation due to ion binding and subsequent 

inhibition of nucleation was found for the precipitation of calcium carbonate in the 
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presence of polystyrene sulfonate 209. Indeed, all effects on the nucleation and growth, 

and thereby the size, shape and magnetic properties of the magnetite nanoparticles 

also could be created by simply employing poly(L-aspartic acid) (pAsp) or poly(L-

glutamic acid) (pGlu) at different amino acid / iron ion ratios, demonstrating that 

ion-binding by the negatively charged macromolecules is key to these observations. 

The higher number of rounded crystals found at increased acidic residue contents 

 
Figure 2.14| TEM images and the pH trend of magnetite formation during slow coprecipitation by 
NH3 diffusion in the a) absence and b–f) presence of different EKA copolypeptides (AA/Fe ratio = 1/10) 
with the resulting crystal size distribution. Arrows indicate delayed nucleation at higher pH resulting 
in smaller crystals with increasing E content. g) Corresponding crystal size, remnant magnetization 
(Mr) and magnetic coercivity (Hc), showing a systematic decrease in crystal size with increasing E 
content. (TEM images, scale bars: 20 nm). Reproduced with permission from ref. 208, copyright 2015, 
WILEY-VCH. 
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suggested that in addition to affecting nucleation, the copolypeptides also acted as 

growth inhibitors by a-specific binding with their carboxylate groups to Fe ions at 

the crystal surfaces. Interestingly, the same rounded shapes were found using the 

positively charged polyarginine as an additive 205, which most possibly bind to 

negatively charged oxygens at the surface of the nanoparticles. Moreover, in addition 

to affecting nucleation and growth, polypeptides have been shown to be able to 

 
Figure 2.15|Cryo-TEM images showing the formation of magnetite via a ferrihydrite precursor using 
the ammonia diffusion method in the a and b) absence and c and d) presence of the additive EKA. a) 
Hexagonal crystal of green rust after ~ 1 hour reaction time. Top right inset: Electron diffraction 
pattern with 3.9 nm–1 spacing; bottom left inset: higher magnification of a corner of the green rust 
crystal showing 1.0–1.5 nm nanoparticles. b) Magnetite formation near green rust after ~ 4 hours 
reaction time. c) Assembly of 1.0–1.5 nm nanoparticles into aggregates after ~ 1.5 hours reaction 
time in the presence of EKA polypeptides (inset: electron diffraction pattern showing the absence of 
long-range order); d) final product after more than 12 hours reaction time (inset: electron diffraction 
pattern displaying the common magnetite reflections). Reproduced with permission from reference 
22, copyright 2015, Royal Society of Chemistry. 
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change the phase transformation pathway in magnetite formation. This was 

illustrated by using a random copolypeptide containing 39 mol% glutamic acid (E), 

28 mol% lysine (L) and 33 mol% alanine (A) in the synthesis of magnetite starting 

from ferrihydrite. When the reaction is performed in the absence of the polymer, 

primary particles were generated by reacting ferrihydrite with Fe2+ ions while 

gradually increasing the pH by ammonia infusion (see above). Above pH 7.5 

hexagonal platelets of green rust [Fe2+3Fe3+(OH)8Cl.H2O] formed as a transient 

intermediate phase before the secondary particles appeared (Figure 2.15). However, 

in the presence of the polymer the reaction pathway was completely different. Now, 

both the formation of primary particles as well as the green rust formation were 

entirely bypassed and only one transition point could be observed. This point was 

found to correspond to the formation of the secondary FeH-Fe2+ particles which first 

assemble to form amorphous aggregates, while only later the formation of the 

magnetite phase occurred. Again, a similar change of crystallization pathway was 

observed for the precipitation of calcium carbonate, where cation binding by 

polystyrene sulfonate stabilized the amorphous calcium carbonate precursor, at the 

expense of the formation of the vaterite polymorph.209  

2.4.4| Magnetite synthesis using white rust as a 
precursor 

Partial oxidation of Fe2+ is another important and commonly used aqueous 

precursor-based method for magnetite formation which produces crystals with sizes 

above the superparamagnetic size range. This approach consists of two steps: Fe2+ is 

first reacted with hydroxide yielding amorphous 210 or poorly crystalline 23 Fe(OH)2, 

also known as white rust (equation 2.4). Subsequently a part of the iron is oxidized 

to Fe3+ by a mild oxidant, usually by nitrate (NO3–, equation 2.5), and then 

recrystallized with the remaining Fe2+ to form magnetite. 

Fe2+ + 2 OH– → Fe(OH)2                             (2.4) 

3 Fe(OH)2 + NO3– → Fe3O4 +NO2– + 3 H2O             (2.5) 

In 1980 Sugimoto and Matijević, extensively discussed how the concentration of 

iron, oxidant and base, the aging temperature and, especially, the nature of the 

anions of the ferrous salts used, strongly influence the crystal size, morphology, the 
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kinetics of magnetite formation and the width of size distribution. More recently, 

improvements on the original method were summarized 211.  

In this partial oxidation method the kinetics of magnetite formation depend on 

the Fe2+ oxidation rate, which increases at higher pH 210-212. Under optimized 

conditions this method produces phase-pure magnetite crystals with sizes, either in 

the stable single-domain (30 – 100 nm), or multi-domain regimes (0.4 – 1.1 µm) 210, 

213-217. These regimes can be selected by using either excess base, or excess Fe2+ which 

leads to a pH either well above, or close to the isoelectric point of magnetite, 

respectively. In the first case the crystals are proposed to grow by addition of species 

from solution, while in the latter case growth was thought to occur by the aggregation 

and recrystallization of smaller “primary particles” although these were not further 

defined in size or structure.  

The partial oxidation reaction has been reported mostly at elevated temperatures 

(typically 90 °C) but later also at ambient temperatures, allowing experiments more 

relevant to biological mineralization 23, 217, 218. CryoTEM has been instrumental to 

investigate in detail the mechanism of magnetite formation during room temperature 

partial oxidation (Figure 2.16 a-d) 23. In combination with low dose electron 

diffraction these experiments showed that the white rust precipitated as hexagonal 

platelets of ~ 70 nm in diameter and only a few nanometers thickness. Upon 

oxidation a transformation to an Fe3+-containing green rust-like intermediate occurs 

which can have varying Fe2+/Fe3+ stoichiometric ratios. However, no change in the 

morphology of the platelets is observed during this process. Only in a second stage 

the formation of magnetite occurred, which precipitated as ~ 30 nm nanoparticles 

with magnetic remanence and coercivity at the size limit of superparamagnetism. 

The absence of a morphological change during the transformation of Fe(OH)2 to 

the green rust-like intermediate suggested a solid-state transformation, but also that 

the subsequent formation of octahedral magnetite particles with smaller diameter 

would need to occur through a solution mediated process. This is perfectly in line with 

the earlier observation that magnetite formation through the partial oxidation with 

oxygen starts with the oxidation of the surface layer of the Fe(OH)2 precipitate, also 

resulting in green rust-like materials with varying Fe2+/Fe3+ ratios 219. It was 

proposed that in a next step magnetite formation resulted from the fast reaction of 

Fe2+-species from solution with the Fe3+-rich surface. Repeated steps of surface 
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oxidation and reaction with Fe2+ species from solution would then lead to magnetite 

formation by heterogeneous nucleation and the continuous addition of solution 

species, rather than through a solid state transformation. Importantly, it was found 

that the ratio between the amounts of precipitated Fe(OH)2 and Fe2+ in solution was 

constant, indicating that during magnetite formation white rust continuously 

dissolves to provide a source of Fe2+ for the growth of magnetite, and that this ratio 

was defined by the solubility of Fe(OH)2, the dissolution rate of the precipitate and 

the rate of the oxidation reaction.  

When employed as an additive in the partial oxidation method, the Mms6 protein 

has been reported to give rise to well-defined ~ 20 nm crystals, similar as in the 

coprecipitation reaction 200. In addition Mms6 was shown to modify the crystal 

 
Figure 2.16| Formation of magnetite via the white rust precursor using the partial oxidation method. 
a–d) Cryo-TEM series of a) white rust platelets formed after the addition of Fe2+ to a basic solution, b) 
green rust platelets formed after 1 h of oxidant addition, c) green rust platelets and formation of 
magnetite crystals after 2 h of oxidant addition, and d) magnetite crystals (end product) formed after 
24 h of oxidant addition. Bottom image: a schema of the magnetite formation mechanism via partial 
oxidation, showing the phase transformations from the precursor phase into magnetite. The 
rectangular area shows the growth process of magnetite on the surface of green rust platelets, involving 
the dissolution and reprecipitation of Fe2+ ions and consequent oxidation. Scale bars in a-d): 200 nm. 
a–d) Reproduced with permission from reference 23, copyright 2015, WILEY-VCH. 
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morphology from octahedral to cubo-octahedral through stabilization of the {100} 

facets, as also observed for bacterial magnetite (Figure 2.17). As the same effect was 

observed for the peptide M6A (see also above) 199, we can conclude that the C-terminal 

sequence is responsible for the modification of crystal growth. Interestingly, this 

effect was preserved despite the fact that with both Mms6 and M6a the partial 

oxidation reactions were performed at 90 °C, suggesting that the interaction with the 

crystal surface does not depend strongly on the folding of the active C-terminal part 

of protein, and that Mms6 - as many other biomineralization proteins - may be an 

intrinsically disordered protein, that only adapts its functional conformation in 

contact with the mineral.  

When the partial oxidation of Fe(OH)2 is performed at room temperature, i.e. 

under more biomimetic conditions, the presence of poly((α,β)-D,L-aspartic acid) 

(pAsp) led to the formation of well-defined 25 ± 6 nm nanoparticles of which 85% of 

these particles had a fully rounded morphology 23. This is in contrast to the control 

reaction which produced particles with diameters of 34 ± 11 nm of which the majority 

were facetted (65%). The facet formation was shown to be related to the activity of 

the polymer, and not related to the crystal size. Although this additive has a random, 

disordered structure, it appears to fulfil several roles in directing mineral formation: 

 
Figure 2.17| Magnetite crystals synthesized by partial oxidation of ferrous hydroxide in the a-c) 
presence and d-f) absence of the Mms6 protein, having a cubo-octahedral or octahedral morphology, 
respectively. g-i) Cubo-octahedral bacterial magnetite of the species M. magneticum AMB-1. a,d,g) 
TEM images, b,e,h) 2D outline and c,f,i) ideal 3D morphology of the crystals. Reproduced with 
permission from reference 200, copyright 2007, Elsevier. 
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promoting nucleation (as judged by the smaller particle size), confining nucleation to 

a smaller time window (as judged by the narrower size distribution), as well as 

affecting the growth of the crystals (as judged by the altered morphology). 

Furthermore, recent work has proposed the use of combinatorial processes as tools to 

investigate and optimize aqueous synthesis of magnetite nanoparticles in the 

presence of random EKA copolypetides with different compositions 220. Similarly as 

previously discussed for other additives, this study showed that the polypeptide to 

Fe2+ ratio and the polypeptide composition effect the shape, size and crystal size 

distribution of the final crystals. Nevertheless, the copolypeptides not only stabilize 

Fe2+ in solution by binding, but protects it from over-oxidation such that the 

additives drive the formation of magnetite under condition where ferric (hydr)oxides 

would normally formed. By employing the genetic algorithm the authors could made 

a screening of a wide range of reaction conditions, leading to a better understanding 

of the role of these copolypeptides. 

2.5| Future prospects for biomimetic 
magnetite synthesis 

As mentioned above, at ambient conditions the aqueous synthesis of magnetite with 

a specific size, shape and a narrow crystal size distribution is notoriously difficult. 

This is in particular true for the formation of particles with sizes consistent with a 

stable single magnetic domain, due to the very low solubility of iron at high pH values 

required for its formation. The kinetic controls available for regulating magnetite 

crystallization are further limited by the fact that many other pathways exist to 

different iron (hydr)oxide phases. This leaves only a small window for regulating the 

supersaturation such that the crystallization kinetics favor controlled growth rather 

than continued nucleation.  

However, the work discussed here shows that by using a common concept from 

biomineralization, i.e. the use of poorly ordered, more soluble precursors, it is possible 

to gain control over the solution supersaturation such that continued growth is 

achieved. The use of ferrihydrite(-like) precursors, inspired by the mineralization 

mechanisms in magnetotactic bacteria and chiton teeth, provides the crystallization 

solution with a constant source of mineral from which the final crystal phase can 
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grow through a nanoparticle accretion mechanism, as is proposed to occur in many 

biological and geological processes 221. Interestingly, the work on the partial 

oxidation method shows that this concept can be extended beyond the precursors 

used in biology, and that applies also for the use of the poorly ordered Fe(OH)2 as a 

precursor for magnetite.  

Moreover, the above shows that by adopting the second main concept in 

biomineralization, i.e. the use of organic crystallization control agents including 

proteins, peptides and polymers (polypeptides), a further level of control can be 

achieved through the promotion or inhibition of nucleation and growth processes, by 

the binding to ions in solution or at crystal surfaces. These effects can be fine-tuned 

through the chemistry of the macromolecules used, but more importantly, also simple 

synthetic polymers without a precise monomer sequence or secondary structure can 

mimic actions of biomineralization proteins, in analogy to what was demonstrated 

previously for the bio-inspired mineralization of calcium carbonate, calcium 

phosphate and silica 1.  

Both the slow coprecipitation and the partial oxidation method allow for the 

formation of single domain magnetite nanocrystals through the continued supply of 

feedstock from the precursors used. However, the partial oxidation method so far 

needs high pH values (typically > pH 11), while the co-precipitation method can be 

performed at values as low as pH 8, and it will be interesting to investigate if the 

partial oxidation can also be performed at lower pH. Further, the slow 

coprecipitation method has been shown to allow for the tuning of the (average) 

particle size by controlling the reaction time, the reagent concentrations and the use 

of polypeptide additives. It will be more challenging to achieve this level of 

macromolecular control over nucleation and growth in the partial oxidation method, 

as the mechanism involves the heterogeneous nucleation of magnetite on a green rust-

like surface (Figure 2.15). But even though the use of macromolecular control agents 

has led to the reduction of particle size distributions, and that slow coprecipitation 

and partial oxidation are the methods best suited for the formation of single domain 

magnetite nanoparticles, they cannot yet compete with the thermal composition and 

hydrothermal methods in producing uniform crystal sizes. In chapter 5 of this thesis 

we investigate the formation mechanism of magnetite via the partial oxidation 

method, paying special attention on the understanding of the condition that controls 
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the nucleation and growth process leading to a new level of control. Further, 

investigating the role of the use of precursor phases in magnetite synthesis represents 

a major part of this thesis (chapter 3, 4, 5 and 6).  

Importantly, the discussion of the partial oxidation method shows that this 

approach is generic, i.e. that it can also be applied to suitable precursors not used in 

biological systems, and by analogy also to non-natural mineral systems. Indeed, 

taking inspiration from biology to optimize synthetic methodology using phage 

display in the synthesis of magnetite 222, or semiconductor nanoparticles 1, but also 

by using biological nanoreactors such as magnetosomes and protein cages 223, or 

exploiting biological systems to synthesize unnatural magnetic materials 84, 224, 225 

expands the toolbox for the bio-inspired synthesis of advanced functional materials. 

Significantly, these approaches will all directly benefit from the insights described 

above as well as those discussed in this thesis, as our understanding of the 

crystallization mechanisms and the organic-mineral action involved will be crucial to 

push green bio-inspired materials synthesis to the level that is required for real 

technological applications 221. One exiting possibility to obtain further insight in 

these processes, both in vitro 226 and in vivo 227 is through the use of in situ liquid phase 

electron microscopy, which in principle allows the observation of mineral formation 

and the interplay between organic and inorganic component in real time and with 

nanometer resolution 209, 228. 

Magnetite is a highly relevant material for various technological applications, 

and as such many (macro)molecular/magnetite hybrid systems are being developed 

to tune the surface properties of the nanoparticles (e.g. dispersibility, molecular 

recognition) towards application in sorbents, controlled delivery systems, catalysis, 

hyperthermia, to name a few. Most of these systems simply involve the surface 

immobilization of functional organic agents, however recently, the interactions 

between the mineral and the organics are also starting to be explored to influence the 

magnetic properties of the materials.  

Recently Galloway et al. pioneered the implementation of biomimetic magnetite 

formation in technological applications 229-232. By using soft-lithography they were 

able to create a patterned surface where specific areas of a self-assembled monolayers 

were functionalized with Mms6 to achieve the selective nucleation and growth of 

magnetite nanoparticles through partial oxidation in those areas (Figure 2.18). The 
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role of the Mms6 proteins in this case was not only to control magnetite formation, 

in terms of morphology and grain size, but also that of immobilizing the particles 

onto the patterned surface. This method produced cubic magnetite nanoparticles 

with a narrower size distribution (340 ± 53 nm) and more equidimensional 

(width/length of 0.899 ± 0.066 nm) than the control experiments 230. 

Hydrogel-magnetite composites are currently intensely investigated, in 

particular for their potential in biomedical applications 233-235. Thermoreversible and 

biocompatible magnetic gelatin-based hydrogels were produced through the aqueous 

coprecipitation of magnetite nanoparticles inside the confines of a hydrogel 236. In 

this approach the gel prevented the uncontrolled clustering of the magnetite 

nanoparticles such that both the biopolymer concentration, and the magnetite 

content could be regulated, the latter up to 70 wt% (Figure 2.19), while conversely 

the nanoparticles acted as cross-linkers for the gel. The resulting gelatin-based 

ferrogels showed a constant gel structure with limited the swelling behavior making 

them promising materials for many biomedical applications. 

By tuning the interactions between the mineral and the additives used, the size 

of magnetite nanoparticles and thereby also the remanence and coercivity can be 

regulated, modulating the magnetic properties from the superparamagnetic to the 

stable single domain behavior.208 In addition, the surface-adhered macromolecules 

can be used to also control the aggregation behavior of the nanoparticles, preventing 

the immediate precipitation, both for superparamagnetic nanoparticles 208, 237, but 

also larger single domain nanoparticles 23, 25, 205, 208, 238. Moreover, switchable 

dispersibility using temperature 237 or pH 208 as a trigger was achieved exploiting the 

 
Figure 2.18| a–c) SEM images of magnetite nanoparticles mineralized on a surface patterned with 
Mms6. Reproduced with permission from reference 229, copyright 2012, WILEY-VCH. 
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physiochemical characteristic of these macromolecular stabilizers. Of particular 

interest is the fact that the polymer layer on the surface can be used to prevent the 

uncontrolled aggregation of the particles, and that in the case of stable single domain 

magnetite, the magnetic interactions between the particles leads to string formation 

in solution 25, 205, 208, as was demonstrated by using cryo-electron tomography (3D 

cryoTEM). These strings, which can further organize into multi-micronmeter 

assemblies, resemble the organization of magnetosomes - and likely also the 

optimization of the magnetization - in magnetotactic bacteria (Figure 2.20). 

Therefore, the presence of organic additives results in affecting morphology, kinetics 

of formation and colloidal stability of the magnetite nanocrystals, but understanding 

how these effects originate is still a subject under investigation. In Chapter 6 we 

explore the effect that polyacrylic acid has on the crystallization pathway and how 

this affects the crystal structure of magnetite.  

Hence, beyond controlling crystal nucleation the bioinspired formation of 

magnetite can be used to generate materials with adjustable magnetic properties and 

 
Figure 2.19| a) TEM image of ultramicro-cuts of a gelatin based ferrogel and b) SEM image of a dried 
ferrogel. c and d) Response of the ferrogel to an external magnetic field. Reproduced with permission 
from reference 234, copyright 2014, WILEY-VCH. 
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additional tailored structures and functions.  

 

2.6| Bibliography 
1. F. Nudelman and N. A. J. M. Sommerdijk, Angewandte Chemie International Edition, 

2012, 51, 6582-6596. 
2. H. A. Lowenstam and S. Weiner, On biomineralization, Oxford University Press, 1989. 
3. W. Kunz and M. Kellermeier, Science, 2009, 323, 344-345. 
4. N. Sommerdijk and H. Cölfen, MRS Bulletin, 2010, 35, 116-121. 
5. J. R. Young, J. M. Didymus, P. R. Brown, B. Prins and S. Mann, Nature, 1992, 356, 

516-518. 
6. S. W. Wise, Science, 1970, 167, 1486-1488. 

 
Figure 2.20| a and e) Size distribution, b, c, f and g) morphology distribution and d and h)cryo-electron 
tomography for particles synthesized without a–d) and with e–h) pAsp. i) Cryo-electron tomography 
3D visualization from different angular views of magnetite nanoparticles stabilized by pAsp. 
Reproduced with permission from reference 23, copyright 2015, WILEY-VCH. 



 
Bioinspired synthesis of magnetite nanoparticles 

 

47 
 

7. F. Nudelman and N. A. J. M. Sommerdijk, in Bioinspiration and Biomimicry in 
Chemistry, John Wiley & Sons, Inc., 2012, DOI: 10.1002/9781118310083.ch6, pp. 139-
164. 

8. R. W. Drum and H. S. Pankratz, Science, 1963, 142, 61-63. 
9. C. E. Hamm, R. Merkel, O. Springer, P. Jurkojc, C. Maier, K. Prechtel and V. 

Smetacek, Nature, 2003, 421, 841-843. 
10. J. Aizenberg, J. C. Weaver, M. S. Thanawala, V. C. Sundar, D. E. Morse and P. Fratzl, 

Science, 2005, 309, 275-278. 
11. S. Mann, Biomineralization: Principles and Concepts in Bioinorganic Materials Chemistry, 

Oxford University Press, 2001. 
12. H. A. Lowenstam, Science, 1967, 156, 1373-1375. 
13. J. C. Weaver, Q. Wang, A. Miserez, A. Tantuccio, R. Stromberg, K. N. Bozhilov, P. 

Maxwell, R. Nay, S. T. Heier and E. DiMasi, Materials Today, 2010, 13, 42-52. 
14. D. Faivre and D. Schüler, Chemical Reviews, 2008, 108, 4875-4898. 
15. U. Jeong, X. Teng, Y. Wang, H. Yang and Y. Xia, Advanced Materials, 2007, 19, 33-60. 
16. A.-H. Lu, E. L. Salabas and F. Schüth, Angewandte Chemie International Edition, 2007, 

46, 1222-1244. 
17. S. Laurent, D. Forge, M. Port, A. Roch, C. Robic, L. Vander Elst and R. N. Muller, 

Chemical Reviews, 2008, 108, 2064-2110. 
18. S. R. Dave and X. Gao, Wiley Interdisciplinary Reviews: Nanomedicine and 

Nanobiotechnology, 2009, 1, 583-609. 
19. T. Prozorov, D. A. Bazylinski, S. K. Mallapragada and R. Prozorov, Materials Science 

& Engineering R-Reports, 2013, 74, 133-172. 
20. T. Ahn, J. H. Kim, H.-M. Yang, J. W. Lee and J.-D. Kim, Journal of Physical Chemistry 

C, 2012, 116, 6069-6076. 
21. S. Ziemniak, M. Jones and K. Combs, Journal of Solution Chemistry, 1995, 24, 837-877. 
22. A. Dey, J. J. M. Lenders and N. A. J. M. Sommerdijk, Faraday discussions, 2015, 179, 

215-225. 
23. C. L. Altan, J. J. M. Lenders, P. H. H. Bomans, G. de With, H. Friedrich, S. Bucak and 

N. A. J. M. Sommerdijk, Chemistry - A European Journal, 2015, 21, 6150-6156. 
24. J. Baumgartner, A. Dey, P. H. H. Bomans, C. Le Coadou, P. Fratzl, N. A. J. M. 

Sommerdijk and D. Faivre, Nat Mater, 2013, 12, 310-314. 
25. J. J. M. Lenders, C. L. Altan, P. H. H. Bomans, A. Arakaki, S. Bucak, G. de With and 

N. A. J. M. Sommerdijk, Crystal Growth & Design, 2014, 14, 5561-5568. 
26. A. Dey, G. de With and N. Sommerdijk, Chemical Society Reviews, 2010, 39, 397-409. 
27. E. M. Pouget, P. H. H. Bomans, A. Dey, P. M. Frederik, G. de With and N. 

Sommerdijk, Journal of the American Chemical Society, 2010, 132, 11560-11565. 
28. W. J. E. M. Habraken, J. Tao, L. J. Brylka, H. Friedrich, L. Bertinetti, A. S. Schenk, 

A. Verch, V. Dmitrovic, P. H. H. Bomans, P. M. Frederik, J. Laven, P. van der Schoot, 
B. Aichmayer, G. de With, J. J. DeYoreo and N. A. J. M. Sommerdijk, Nature 
communications, 2013, 4, 1507. 

29. A. Dey, P. H. H. Bomans, F. A. Mueller, J. Will, P. M. Frederik, G. de With and N. A. 
J. M. Sommerdijk, Nature Materials, 2010, 9, 1010-1014. 

30. C. C. M. C. Carcouet, M. W. P. van de Put, B. Mezari, P. C. M. M. Magusin, J. Laven, P. 
H. H. Bomans, H. Friedrich, A. C. C. Esteves, N. A. J. M. Sommerdijk, R. A. T. M. van 
Benthem and G. de With, Nano Letters, 2014, 14, 1433-1438. 

31. D. Faivre and T. U. Godec, Angewandte Chemie International Edition, 2015, 54, 4728-
4747. 

32. K. Momma and F. Izumi, Journal of Applied Crystallography, 2011, 44, 1272-1276. 
33. H. S. C. O'Neill and W. A. Dollase, Physics and Chemistry of Minerals, 1994, 20, 541-555. 
34. M. E. Schabes, Journal of Magnetism and Magnetic Materials, 1991, 95, 249-288. 



 
Chapter 2 

 

48 
 

35. D. Dunlop, Journal of Geophysical Research, 1973, 78, 1780-1793. 
36. R. F. Butler and S. K. Banerjee, Journal of Geophysical Research, 1975, 80, 4049-4058. 
37. P. van der Zaag, M. Johnson, A. Noordermeer, P. Por and M. T. Rekveldt, Journal of 

Magnetism and Magnetic Materials, 1991, 99, L1-L6. 
38. H. Sun, L. Cao and L. Lu, Nano Research, 2011, 4, 550-562. 
39. J. Mayo, C. Yavuz, S. Yean, L. Cong, H. Shipley, W. Yu, J. Falkner, A. Kan, M. 

Tomson and V. Colvin, Science and Technology of Advanced Materials, 2007, 8, 71-75. 
40. V. Chandra, J. Park, Y. Chun, J. W. Lee, I.-C. Hwang and K. S. Kim, ACS Nano, 2010, 

4, 3979-3986. 
41. P. Wang, Q. Shi, H. Liang, D. W. Steuerman, G. D. Stucky and A. A. Keller, Small, 

2008, 4, 2166-2170. 
42. P. Wang, Q. Shi, Y. Shi, K. K. Clark, G. D. Stucky and A. A. Keller, Journal of the 

American Chemical Society, 2009, 131, 182-188. 
43. W. Chen, P. R. Anderson and T. Holsen, Research Journal of the Water Pollution Control 

Federation, 1991, 63, 958-964. 
44. H. Zeng, J. Li, J. P. Liu, Z. L. Wang and S. Sun, Nature, 2002, 420, 395-398. 
45. A. Hu, G. T. Yee and W. Lin, Journal of the American Chemical Society, 2005, 127, 

12486-12487. 
46. C. Ó Dálaigh, S. A. Corr, Y. Gun'ko and S. J. Connon, Angewandte Chemie, 2007, 119, 

4407-4410. 
47. M. Kotani, T. Koike, K. Yamaguchi and N. Mizuno, Green Chemistry, 2006, 8, 735-741. 
48. K. Raj and R. Moskowitz, Journal of Magnetism and Magnetic Materials, 1990, 85, 233-

245. 
49. K. Jordan, A. Cazacu, G. Manai, S. F. Ceballos, S. Murphy and I. V. Shvets, Physical 

Review B, 2006, 74, 085416. 
50. A. Yanase and K. Siratori, Journal of the Physical Society of Japan, 1984, 53, 312-317. 
51. Z. Zhang and S. Satpathy, Physical Review B, 1991, 44, 13319-13331. 
52. U. D. Gareth S. Parkinson, Jinke Tang and Leszek Malkinski, in Advanced Magnetic 

Materials, ed. D. L. Malkinski, InTech, 2012, DOI: 10.5772/39101, ch. 3, pp. 61-88. 
53. T. H. Kim, E. Y. Jang, N. J. Lee, D. J. Choi, K.-J. Lee, J.-t. Jang, J.-s. Choi, S. H. 

Moon and J. Cheon, Nano Letters, 2009, 9, 2229-2233. 
54. A. Jordan, R. Scholz, K. Maier-Hauff, M. Johannsen, P. Wust, J. Nadobny, H. Schirra, 

H. Schmidt, S. Deger and S. Loening, Journal of Magnetism and Magnetic Materials, 
2001, 225, 118-126. 

55. S. Laurent, S. Dutz, U. O. Häfeli and M. Mahmoudi, Advances in Colloid and Interface 
Science, 2011, 166, 8-23. 

56. K. Mahmoudi, A. Bouras, D. Bozec, R. Ivkov and C. Hadjipanayis, International 
Journal of Hyperthermia, 2018, DOI: 10.1080/02656736.2018.1430867, 1-13. 

57. E. Alphandéry, S. Faure, O. Seksek, F. Guyot and I. Chebbi, ACS Nano, 2011, 5, 6279-
6296. 

58. C. Mandawala, I. Chebbi, M. Durand-Dubief, R. Le Fevre, Y. Hamdous, F. Guyot and 
E. Alphandery, Journal of Materials Chemistry B, 2017, 5, 7644-7660. 

59. M. Lewin, N. Carlesso, C.-H. Tung, X.-W. Tang, D. Cory, D. T. Scadden and R. 
Weissleder, Nature Biotechnology, 2000, 18, 410-414. 

60. J. W. Bulte, T. Douglas, B. Witwer, S.-C. Zhang, E. Strable, B. K. Lewis, H. Zywicke, 
B. Miller, P. van Gelderen and B. M. Moskowitz, Nature Biotechnology, 2001, 19, 1141-
1147. 

61. Y.-X. J. Wang, S. M. Hussain and G. P. Krestin, European Radiology, 2001, 11, 2319-
2331. 

62. F. Hu, L. Wei, Z. Zhou, Y. Ran, Z. Li and M. Gao, Advanced Materials, 2006, 18, 2553-
2556. 



 
Bioinspired synthesis of magnetite nanoparticles 

 

49 
 

63. H. Lee, E. Lee, D. K. Kim, N. K. Jang, Y. Y. Jeong and S. Jon, Journal of the American 
Chemical Society, 2006, 128, 7383-7389. 

64. Y. Gossuin, P. Gillis, A. Hocq, Q. L. Vuong and A. Roch, Wiley Interdisciplinary 
Reviews: Nanomedicine and Nanobiotechnology, 2009, 1, 299-310. 

65. M. Wu and S. Huang, Molecular and Clinical Oncology, 2017, 7, 738-746. 
66. P. Gupta, C. Hung, F. Lam and D. Perrier, International Journal of Pharmaceutics, 

1988, 43, 167-177. 
67. V.-G. Roullin, J.-R. Deverre, L. Lemaire, F. Hindré, M.-C. Venier-Julienne, R. Vienet 

and J.-P. Benoit, European Journal of Pharmaceutics and Biopharmaceutics, 2002, 53, 
293-299. 

68. S. Guo, D. Li, L. Zhang, J. Li and E. Wang, Biomaterials, 2009, 30, 1881-1889. 
69. S. Chen, Y. Li, C. Guo, J. Wang, J. Ma, X. Liang, L.-R. Yang and H.-Z. Liu, Langmuir, 

2007, 23, 12669-12676. 
70. T. K. Jain, J. Richey, M. Strand, D. L. Leslie-Pelecky, C. A. Flask and V. Labhasetwar, 

Biomaterials, 2008, 29, 4012-4021. 
71. J. Kim, H. S. Kim, N. Lee, T. Kim, H. Kim, T. Yu, I. C. Song, W. K. Moon and T. 

Hyeon, Angewandte Chemie International Edition, 2008, 47, 8438-8441. 
72. M. Das, D. Mishra, P. Dhak, S. Gupta, T. K. Maiti, A. Basak and P. Pramanik, Small, 

2009, 5, 2883-2893. 
73. S. Bucak, S. Sharpe, S. Kuhn and T. A. Hatton, Biotechnology Progress, 2011, 27, 744-

750. 
74. H. Honda, A. Kawabe, M. Shinkai and T. Kobayashi, Journal of Fermentation and 

Bioengineering, 1998, 86, 191-196. 
75. J.-M. Nam, C. S. Thaxton and C. A. Mirkin, Science, 2003, 301, 1884-1886. 
76. S. Gee, Y. Hong, D. Erickson, M. Park and J. Sur, Journal of Applied Physics, 2003, 93, 

7560-7562. 
77. G. Cheng, J. Zhao, Y. Tu, P. He and Y. Fang, Analytica Chimica Acta, 2005, 533, 11-16. 
78. H. Lowenstam, Science, 1981, 211, 1126-1131. 
79. S. Mann, in Inorganic Elements in Biochemistry, Springer Berlin Heidelberg, 1983, vol. 

54, ch. 4, pp. 125-174. 
80. S. Weiner and P. M. Dove, Reviews in Mineralogy and Geochemistry, 2003, 54, 1-29. 
81. M. Winklhofer and T. Ritz, in Handbook of Biomineralization, Wiley-VCH Verlag 

GmbH, 2008, DOI: 10.1002/9783527619443.ch10, pp. 163-179. 
82. R. Blakemore, Science, 1975, 190, 377-379. 
83. R. B. Frankel and R. P. Blakemore, Journal of Magnetism and Magnetic Materials, 

1980, 15–18, Part 3, 1562-1564. 
84. T. Prozorov, Seminars in Cell & Developmental Biology, 2015, 46, 36-43. 
85. S. Mann, N. Sparks, M. M. Walker and J. L. Kirschvink, Journal of Experimental 

Biology, 1988, 140, 35-49. 
86. J. L. Kirschvink, M. M. Walker and C. E. Diebel, Current Opinion in Neurobiology, 2001, 

11, 462-467. 
87. C. E. Diebel, R. Proksch, C. R. Green, P. Neilson and M. M. Walker, Nature, 2000, 406, 

299-302. 
88. R. C. Beason and J. E. Nichols, Nature, 1984, 309, 151-153. 
89. C. V. Mora, M. Davison, J. M. Wild and M. M. Walker, Nature, 2004, 432, 508-511. 
90. C.-Y. Hsu and C.-W. Li, Science, 1994, 265, 95-97. 
91. J. L. Kirschvink, A. Kobayashi-Kirschvink and B. J. Woodford, Proceedings of the 

National Academy of Sciences of the United States of America, 1992, 89, 7683-7687. 
92. P. Schultheiss-Grassi, J. Dobson, H. G. Wieser and N. Kuster, in Electricity and 

Magnetism in Biology and Medicine, ed. F. Bersani, Springer US, 1999, DOI: 
10.1007/978-1-4615-4867-6_125, ch. 125, pp. 529-532. 



 
Chapter 2 

 

50 
 

93. M. A. Martínez Banaclocha, I. Bókkon and H. M. Banaclocha, Medical Hypotheses, 
2010, 74, 254-257. 

94. A. Komeili, Annual Review of Biochemistry, 2007, 76, 351-366. 
95. L. Chen, D. Bazylinksi and B. Lower, Nature Education Knowledge, 2010, 3, 30. 
96. E. Cornejo, P. Subramanian, Z. Li, G. J. Jensen and A. Komeili, mBio, 2016, 7. 
97. R. B. Frankel, R. P. Blakemore and R. S. Wolfe, Science, 1979, 203, 1355. 
98. D. Faivre, L. H. Böttger, B. F. Matzanke and D. Schüler, Angewandte Chemie 

International Edition, 2007, 46, 8495-8499. 
99. S. Staniland, B. Ward, A. Harrison, G. van der Laan and N. Telling, Proceedings of the 

National Academy of Sciences, 2007, 104, 19524-19528. 
100. V. Reichel and D. Faivre, in New Perspectives on Mineral Nucleation and Growth: From 

Solution Precursors to Solid Materials, eds. A. E. S. Van Driessche, M. Kellermeier, L. G. 
Benning and D. Gebauer, Springer International Publishing, Cham, 2017, DOI: 
10.1007/978-3-319-45669-0_14, pp. 275-291. 

101. J. Baumgartner, G. Morin, N. Menguy, T. P. Gonzalez, M. Widdrat, J. Cosmidis and D. 
Faivre, Proceedings of the National Academy of Sciences of the United States of America, 
2013, 110, 14883-14888. 

102. M. L. Fdez-Gubieda, A. Muela, J. Alonso, A. García-Prieto, L. Olivi, R. Fernández-
Pacheco and J. M. Barandiarán, ACS Nano, 2013, 7, 3297-3305. 

103. A. Komeili, Z. Li, D. K. Newman and G. J. Jensen, Science, 2006, 311, 242-245. 
104. A. Scheffel, M. Gruska, D. Faivre, A. Linaroudis, J. M. Plitzko and D. Schüler, Nature, 

2006, 440, 110-114. 
105. J. Löwe, S. He, S. H. W. Scheres and C. G. Savva, Proceedings of the National Academy 

of Sciences, 2016, 113, 13396-13401. 
106. C. T. Lefèvre, N. Menguy, F. Abreu, U. Lins, M. Pósfai, T. Prozorov, D. Pignol, R. B. 

Frankel and D. A. Bazylinski, Science, 2011, 334, 1720-1723. 
107. C. T. Lefèvre, M. Pósfai, F. Abreu, U. Lins, R. B. Frankel and D. A. Bazylinski, Earth 

and Planetary Science Letters, 2011, 312, 194-200. 
108. B. Devouard, M. Posfai, X. Hua, D. A. Bazylinski, R. B. Frankel and P. R. Buseck, 

American Mineralogist, 1998, 83, 1387-1398. 
109. S. Mann, N. H. C. Sparks and R. P. Blakemore, Structure, Morphology and Crystal 

Growth of Anisotropic Magnetite Crystals in Magnetotactic Bacteria, 1987. 
110. A. R. Muxworthy and W. Williams, Journal of Geophysical Research: Solid Earth, 2006, 

111, B12S12. 
111. F. C. Meldrum, S. Mann, B. R. Heywood, R. B. Frankel and D. A. Bazylinski, 

Proceedings of the Royal Society of London B: Biological Sciences, 1993, 251, 231-236. 
112. R. E. Dunin-Borkowski, M. R. McCartney, R. B. Frankel, D. A. Bazylinski, M. Pósfai 

and P. R. Buseck, Science, 1998, 282, 1868-1870. 
113. A. Körnig, M. Winklhofer, J. Baumgartner, T. P. Gonzalez, P. Fratzl and D. Faivre, 

Advanced Functional Materials, 2014, 24, 3926-3932. 
114. D. Schüler, FEMS microbiology reviews, 2008, 32, 654-672. 
115. K. Grünberg, C. Wawer, B. M. Tebo and D. Schüler, Applied and Environmental 

Microbiology, 2001, 67, 4573-4582. 
116. S. Schübbe, M. Kube, A. Scheffel, C. Wawer, U. Heyen, A. Meyerdierks, M. H. 

Madkour, F. Mayer, R. Reinhardt and D. Schüler, Journal of Bacteriology, 2003, 185, 
5779-5790. 

117. S. Ullrich, M. Kube, S. Schübbe, R. Reinhardt and D. Schüler, Journal of Bacteriology, 
2005, 187, 7176-7184. 

118. S. Barber-Zucker and R. Zarivach, ACS Chemical Biology, 2017, 12, 13-22. 
119. A. Arakaki, J. Webb and T. Matsunaga, Journal of Biological Chemistry, 2003, 278, 

8745-8750. 



 
Bioinspired synthesis of magnetite nanoparticles 

 

51 
 

120. A. Arakaki, A. Yamagishi, A. Fukuyo, M. Tanaka and T. Matsunaga, Molecular 
Microbiology, 2014, 93, 554-567. 

121. A. Scheffel, A. Gärdes, K. Grünberg, G. Wanner and D. Schüler, Journal of Bacteriology, 
2008, 190, 377-386. 

122. D. Murat, V. Falahati, L. Bertinetti, R. Csencsits, A. Koernig, K. Downing, D. Faivre 
and A. Komeili, Molecular Microbiology, 2012, 85, 684-699. 

123. Y. A. Gorby, T. J. Beveridge and R. P. Blakemore, Journal of Bacteriology, 1988, 170, 
834-841. 

124. J. L. Kirschvink and H. A. Lowenstam, Earth and Planetary Science Letters, 1979, 44, 
193-204. 

125. L. R. Brooker and J. A. Shaw, The chiton radula: a unique model for biomineralization 
studies, INTECH Open Access Publisher, 2012. 

126. H. A. Lowenstam, Chemical Geology, 1972, 9, 153-166. 
127. M. Saunders, C. Kong, J. A. Shaw, D. J. Macey and P. L. Clode, Journal of Structural 

Biology, 2009, 167, 55-61. 
128. A. P. Lee, L. R. Brooker, D. J. Macey, W. van Bronswijk and J. Webb, Calcif Tissue 

Int, 2000, 67, 408-415. 
129. R. M. Cornell and U. Schwertmann, The iron oxides: structure, properties, reactions, 

occurrences and uses, John Wiley & Sons, 2006. 
130. L. M. Gordon, J. K. Román, R. M. Everly, M. J. Cohen, J. J. Wilker and D. Joester, 

Angewandte Chemie International Edition, 2014, 53, 11506-11509. 
131. Q. Wang, M. Nemoto, D. Li, J. C. Weaver, B. Weden, J. Stegemeier, K. N. Bozhilov, L. 

R. Wood, G. W. Milliron, C. S. Kim, E. DiMasi and D. Kisailus, Advanced Functional 
Materials, 2013, 23, 2908-2917. 

132. S. Weiner and L. Addadi, Annual Review of Materials Research, 2011, 41, 21-40. 
133. L. A. Evans, D. J. Macey and J. Webb, Mar. Biol., 1991, 109, 281-286. 
134. T. Daou, G. Pourroy, S. Begin-Colin, J. Greneche, C. Ulhaq-Bouillet, P. Legare, P. 

Bernhardt, C. Leuvrey and G. Rogez, Chemistry of Materials, 2006, 18, 4399-4404. 
135. X. Wang, J. Zhuang, Q. Peng and Y. Li, Nature, 2005, 437, 121-124. 
136. Y.-H. Zheng, Y. Cheng, F. Bao and Y.-S. Wang, Materials Research Bulletin, 2006, 41, 

525-529. 
137. S. Xuan, L. Hao, W. Jiang, X. Gong, Y. Hu and Z. Chen, Journal of Magnetism and 

Magnetic Materials, 2007, 308, 210-213. 
138. X. Sun, C. Zheng, F. Zhang, Y. Yang, G. Wu, A. Yu and N. Guan, The Journal of 

Physical Chemistry C, 2009, 113, 16002-16008. 
139. D. Zhang, X. Zhang, X. Ni, J. Song and H. Zheng, Crystal Growth & Design, 2007, 7, 

2117-2119. 
140. R. S. Sapieszko and E. Matijević, Journal of Colloid and Interface Science, 1980, 74, 405-

422. 
141. J. Wang, J. Sun, Q. Sun and Q. Chen, Materials Research Bulletin, 2003, 38, 1113-1118. 
142. R. Fan, X. Chen, Z. Gui, L. Liu and Z. Chen, Materials Research Bulletin, 2001, 36, 497-

502. 
143. Z. Zhou, J. Wang, X. Liu and H. Chan, Journal of Materials Chemistry, 2001, 11, 1704-

1709. 
144. Y. Lee, J. Lee, C. J. Bae, J. G. Park, H. J. Noh, J. H. Park and T. Hyeon, Advanced 

Functional Materials, 2005, 15, 503-509. 
145. P. A. Dresco, V. S. Zaitsev, R. J. Gambino and B. Chu, Langmuir, 1999, 15, 1945-1951. 
146. M. Gotić, T. Jurkin and S. Musić, Colloid and Polymer Science, 2007, 285, 793-800. 
147. Z. Liu, X. Wang, K. Yao, G. Du, Q. Lu, Z. Ding, J. Tao, Q. Ning, X. Luo and D. Tian, 

Journal of Materials Science, 2004, 39, 2633-2636. 
148. H. S. Lee, W. C. Lee and T. Furubayashi, Journal of Applied Physics, 1999, 85, 5231-



 
Chapter 2 

 

52 
 

5233. 
149. R. Vijaya Kumar, Y. Koltypin, Y. S. Cohen, D. Aurbach, O. Palchik, I. Felner and A. 

Gedanken, Journal of Materials Chemistry, 2000, 10, 1125-1129. 
150. F. Dang, N. Enomoto, J. Hojo and K. Enpuku, Ultrasonics Sonochemistry, 2009, 16, 

649-654. 
151. Y. Mizukoshi, T. Shuto, N. Masahashi and S. Tanabe, Ultrasonics Sonochemistry, 2009, 

16, 525-531. 
152. E. H. Kim, H. S. Lee, B. K. Kwak and B.-K. Kim, Journal of Magnetism and Magnetic 

Materials, 2005, 289, 328-330. 
153. F. Dang, K. Kamada, N. Enomoto, J. Hojo and K. Enpuku, Journal of the Ceramic 

Society of Japan, 2007, 115, 867-872. 
154. G. Marchegiani, P. Imperatori, A. Mari, L. Pilloni, A. Chiolerio, P. Allia, P. Tiberto and 

L. Suber, Ultrasonics Sonochemistry, 2012, 19, 877-882. 
155. S. Wang, H. Xin and Y. Qian, Materials Letters, 1997, 33, 113-116. 
156. Y. Khollam, S. Dhage, H. Potdar, S. Deshpande, P. Bakare, S. Kulkarni and S. Date, 

Materials Letters, 2002, 56, 571-577. 
157. S. Dhage, Y. Khollam, H. Potdar, S. Deshpande, P. Bakare, S. Sainkar and S. Date, 

Materials Letters, 2002, 57, 457-462. 
158. W.-W. Wang, Y.-J. Zhu and M.-L. Ruan, Journal of Nanoparticle Research, 2007, 9, 419-

426. 
159. H. Hu, H. Yang, P. Huang, D. Cui, Y. Peng, J. Zhang, F. Lu, J. Lian and D. Shi, 

Chemical Communications, 2010, 46, 3866-3868. 
160. J. Park, J. Joo, S. G. Kwon, Y. Jang and T. Hyeon, Angewandte Chemie International 

Edition, 2007, 46, 4630-4660. 
161. S. Sun and H. Zeng, Journal of the American Chemical Society, 2002, 124, 8204-8205. 
162. N. Pinna, S. Grancharov, P. Beato, P. Bonville, M. Antonietti and M. Niederberger, 

Chemistry of Materials, 2005, 17, 3044-3049. 
163. S. Sun, H. Zeng, D. B. Robinson, S. Raoux, P. M. Rice, S. X. Wang and G. Li, Journal 

of the American Chemical Society, 2004, 126, 273-279. 
164. D. Kim, N. Lee, M. Park, B. H. Kim, K. An and T. Hyeon, Journal of the American 

Chemical Society, 2008, 131, 454-455. 
165. J. Rockenberger, E. C. Scher and A. P. Alivisatos, Journal of the American Chemical 

Society, 1999, 121, 11595-11596. 
166. W. Y. William, J. C. Falkner, C. T. Yavuz and V. L. Colvin, Chemical Communications, 

2004, 2306-2307. 
167. J. Park, K. An, Y. Hwang, J.-G. Park, H.-J. Noh, J.-Y. Kim, J.-H. Park, N.-M. Hwang 

and T. Hyeon, Nature Materials, 2004, 3, 891-895. 
168. A. Roca, M. Morales, K. O’Grady and C. Serna, Nanotechnology, 2006, 17, 2783. 
169. M. Gonzales and K. M. Krishnan, Journal of Magnetism and Magnetic Materials, 2005, 

293, 265-270. 
170. T. Hyeon, S. S. Lee, J. Park, Y. Chung and H. B. Na, Journal of the American Chemical 

Society, 2001, 123, 12798-12801. 
171. K. Woo, J. Hong and J.-P. Ahn, Journal of Magnetism and Magnetic Materials, 2005, 

293, 177-181. 
172. Z. Li, H. Chen, H. Bao and M. Gao, Chemistry of Materials, 2004, 16, 1391-1393. 
173. Z. Li, Q. Sun and M. Gao, Angewandte Chemie International Edition, 2005, 44, 123-126. 
174. Z. Li, L. Wei, M. Gao and H. Lei, Advanced Materials, 2005, 17, 1001-1005. 
175. C. Feldmann and H. O. Jungk, Angewandte Chemie International Edition, 2001, 40, 359-

362. 
176. J. Wan, W. Cai, X. Meng and E. Liu, Chemical Communications, 2007, 5004-5006. 
177. X. Jia, D. Chen, X. Jiao and S. Zhai, Chemical Communications, 2009, 968-970. 



 
Bioinspired synthesis of magnetite nanoparticles 

 

53 
 

178. J. Y. Park, P. Daksha, G. H. Lee, S. Woo and Y. Chang, Nanotechnology, 2008, 19, 
365603. 

179. W. Cai and J. Wan, Journal of Colloid and Interface Science, 2007, 305, 366-370. 
180. R. Massart, Ieee T Magn, 1981, 17, 1247-1248. 
181. Y. S. Kang, S. Risbud, J. F. Rabolt and P. Stroeve, Chemistry of Materials, 1996, 8, 

2209-2211. 
182. T. Sugimoto, Chemical Engineering & Technology, 2003, 26, 313-321. 
183. U. Schwertmann and R. M. Cornell, Iron oxides in the laboratory, John Wiley & Sons, 

2008. 
184. S. E. Ziemniak, M. E. Jones and K. E. S. Combs, Journal of Solution Chemistry, 1995, 

24, 837-877. 
185. J. Baumgartner and D. Faivre, Earth-Science Reviews, 2015, 150, 520-530. 
186. N. M. Gribanov, E. E. Bibik, O. V. Buzunov and V. N. Naumov, Journal of Magnetism 

and Magnetic Materials, 1990, 85, 7-10. 
187. X.-P. Qiu, Chinese Journal of Chemistry, 2000, 18, 834-837. 
188. I. Martínez-Mera, M. Espinosa-Pesqueira, R. Pérez-Hernández and J. Arenas-Alatorre, 

Materials Letters, 2007, 61, 4447-4451. 
189. T. Iwasaki, N. Mizutani, S. Watano, T. Yanagida and T. Kawai, Journal of 

Experimental Nanoscience, 2010, 5, 251-262. 
190. Y. Kuwahara, T. Miyazaki, Y. Shirosaki and M. Kawashita, Rsc Advances, 2014, 4, 

23359-23363. 
191. Y. Kuwahara, T. Miyazaki, Y. Shirosaki, G. Liu and M. Kawashita, Ceramics 

International, 2016, 42, 6000-6004. 
192. J. Baumgartner, L. Bertinetti, M. Widdrat, A. M. Hirt and D. Faivre, PloS one, 2013, 8, 

e57070. 
193. E. Beniash, J. Aizenberg, L. Addadi and S. Weiner, Proceedings of the Royal Society B-

Biological Sciences, 1997, 264, 461-465. 
194. Y. Politi, T. Arad, E. Klein, S. Weiner and L. Addadi, Science, 2004, 306, 1161-1164. 
195. J. Mahamid, A. Sharir, L. Addadi and S. Weiner, Proceedings of the National Academy of 

Sciences of the United States of America, 2008, 105, 12748-12753. 
196. J. Mahamid, B. Aichmayer, E. Shimoni, R. Ziblat, C. H. Li, S. Siegel, O. Paris, P. 

Fratzl, S. Weiner and L. Addadi, Proceedings of the National Academy of Sciences of the 
United States of America, 2010, 107, 6316-6321. 

197. N. Sommerdijk and G. de With, Chemical Reviews, 2008, 108, 4499-4550. 
198. L. C. Palmer, C. J. Newcomb, S. R. Kaltz, E. D. Spoerke and S. I. Stupp, Chemical 

Reviews, 2008, 108, 4754-4783. 
199. A. Arakaki, F. Masuda, Y. Amemiya, T. Tanaka and T. Matsunaga, Journal of Colloid 

and Interface Science, 2010, 343, 65-70. 
200. Y. Amemiya, A. Arakaki, S. S. Staniland, T. Tanaka and T. Matsunaga, Biomaterials, 

2007, 28, 5381-5389. 
201. L. Wang, T. Prozorov, P. E. Palo, X. Liu, D. Vaknin, R. Prozorov, S. Mallapragada 

and M. Nilsen-Hamilton, Biomacromolecules, 2012, 13, 98-105. 
202. T. Prozorov, S. K. Mallapragada, B. Narasimhan, L. Wang, P. Palo, M. Nilsen-

Hamilton, T. J. Williams, D. A. Bazylinski, R. Prozorov and P. C. Canfield, Advanced 
Functional Materials, 2007, 17, 951-957. 

203. J. Donners, R. J. M. Nolte and N. Sommerdijk, Journal of the American Chemical 
Society, 2002, 124, 9700-9701. 

204. C. Valverde-Tercedor, M. Montalbán-López, T. Perez-Gonzalez, M. Sanchez-Quesada, T. 
Prozorov, E. Pineda-Molina, M. Fernandez-Vivas, A. Rodriguez-Navarro, D. Trubitsyn 
and D. A. Bazylinski, Applied microbiology and biotechnology, 2015, 99, DOI: 
10.1007/s00253-00014-06326-y. 



 
Chapter 2 

 

54 
 

205. J. Baumgartner, M. Antonietta Carillo, K. M. Eckes, P. Werner and D. Faivre, 
Langmuir, 2014, 30, 2129-2136. 

206. A. S. Schenk, H. Zope, Y.-Y. Kim, A. Kros, N. A. J. M. Sommerdijk and F. C. Meldrum, 
Faraday discussions, 2012, 159, 327-344. 

207. V. Dmitrović, J. J. M. Lenders, H. R. Zope, G. de With, A. Kros and N. A. J. M. 
Sommerdijk, Biomacromolecules, 2014, 15, 3687-3695. 

208. J. J. M. Lenders, H. R. Zope, A. Yamagishi, P. H. H. Bomans, A. Arakaki, A. Kros, G. 
de With and N. A. J. M. Sommerdijk, Advanced Functional Materials, 2015, 25, 711-719. 

209. P. J. M. Smeets, K. R. Cho, R. G. E. Kempen, N. A. J. M. Sommerdijk and J. J. De 
Yoreo, Nature Materials, 2015, 14, 394-399. 

210. T. Sugimoto and E. Matijević, Journal of Colloid and Interface Science, 1980, 74, 227-
243. 

211. F. Vereda, J. de Vicente and R. Hidalgo-Alvarez, Journal of Colloid and Interface 
Science, 2013, 392, 50-56. 

212. C. Domingo, R. Rodríguez-Clemente and M. A. Blesa, Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, 1993, 79, 177-189. 

213. A. Regazzoni, G. Urrutia, M. Blesa and A. Maroto, Journal of Inorganic and Nuclear 
Chemistry, 1981, 43, 1489-1493. 

214. C. Domingo, R. Rodríguez-Clemente and M. Blesa, Materials Research Bulletin, 1991, 26, 
47-55. 

215. C. Domingo, R. Rodríguez-Clemente and M. Blesa, Journal of Colloid and Interface 
Science, 1994, 165, 244-252. 

216. M. A. Vergés, R. Costo, A. Roca, J. Marco, G. Goya, C. Serna and M. Morales, Journal 
of Physics D: Applied Physics, 2008, 41, 134003. 

217. Z. Li, M. Kawashita, N. Araki, M. Mitsumori, M. Hiraoka and M. Doi, Journal of 
Biomaterials Applications, 2011, 25, 643-661. 

218. K. Nishio, M. Ikeda, N. Gokon, S. Tsubouchi, H. Narimatsu, Y. Mochizuki, S. 
Sakamoto, A. Sandhu, M. Abe and H. Handa, Journal of Magnetism and Magnetic 
Materials, 2007, 310, 2408-2410. 

219. Y. Tamaura, P. V. Buduan and T. Katsura, Journal of the Chemical Society-Dalton 
Transactions, 1981, DOI: 10.1039/dt9810001807, 1807-1811. 

220. J. J. M. Lenders, L. A. Bawazer, D. C. Green, H. R. Zope, P. H. H. Bomans, G. de 
With, A. Kros, F. C. Meldrum and N. A. J. M. Sommerdijk, Advanced Functional 
Materials, 2017, 27, 1604863-n/a. 

221. J. J. De Yoreo, P. U. P. A. Gilbert, N. A. J. M. Sommerdijk, R. L. Penn, S. Whitelam, 
D. Joester, H. Zhang, J. D. Rimer, A. Navrotsky, J. F. Banfield, A. F. Wallace, F. M. 
Michel, F. C. Meldrum, H. Coelfen and P. M. Dove, Science, 2015, 349, aaa6760. 

222. A. E. Rawlings, J. P. Bramble, A. A. S. Tang, L. A. Somner, A. E. Monnington, D. J. 
Cooke, M. J. McPherson, D. C. Tomlinson and S. S. Staniland, Chemical Science, 2015, 6, 
5586-5594. 

223. J. Bain and S. S. Staniland, Physical Chemistry Chemical Physics, 2015, 17, 15508-15521. 
224. S. M. Bird, J. M. Galloway, A. E. Rawlings, J. P. Bramble and S. S. Staniland, 

Nanoscale, 2015, 7, 7340-7351. 
225. T. Prozorov, T. Perez-Gonzalez, C. Valverde-Tercedor, C. Jimenez-Lopez, A. Yebra-

Rodriguez, A. Koernig, D. Faivre, S. K. Mallapragada, P. A. Howse, D. A. Bazylinski 
and R. Prozorov, European Journal of Mineralogy, 2014, 26, 457-471. 

226. S. Kashyap, T. J. Woehl, X. Liu, S. K. Mallapragada and T. Prozorov, ACS Nano, 
2014, 8, 9097-9106. 

227. T. J. Woehl, S. Kashyap, E. Firlar, T. Perez-Gonzalez, D. Faivre, D. Trubitsyn, D. A. 
Bazylinski and T. Prozorov, Scientific reports, 2014, 4, 6854. 

228. J. J. De Yoreo and S. N. A. J. M, Nature Reviews Materials, 2016, 1, 16035. 



 
Bioinspired synthesis of magnetite nanoparticles 

 

55 
 

229. J. M. Galloway, J. P. Bramble, A. E. Rawlings, G. Burnell, S. D. Evans and S. S. 
Staniland, Small, 2012, 8, 204-208. 

230. J. M. Galloway, J. P. Bramble, A. E. Rawlings, G. Burnell, S. D. Evans and S. S. 
Staniland, Journal of Nano Research, 2012, 17, 127-146. 

231. J. M. Galloway and S. S. Staniland, Journal of Materials Chemistry, 2012, 22, 12423-
12434. 

232. J. M. Galloway, J. P. Bramble and S. S. Staniland, Chemistry-a European Journal, 2013, 
19, 8710-8725. 

233. I. V. Pylypchuk, D. Kolodynska, M. Koziol and P. P. Gorbyk, Nanoscale research letters, 
2016, 11, 168. 

234. Y.-H. Chen, C.-H. Cheng, W.-J. Chang, Y.-C. Lin, F.-H. Lin and J.-C. Lin, Materials 
Science & Engineering C-Materials for Biological Applications, 2016, 62, 338-349. 

235. G. Wang, Y. Zhang, Y. Fang and Z. Gu, Journal of the American Ceramic Society, 2007, 
90, 2067-2072. 

236. M. Helminger, B. Wu, T. Kollmann, D. Benke, D. Schwahn, V. Pipich, D. Faivre, D. 
Zahn and H. Cölfen, Advanced Functional Materials, 2014, 24, 3187-3196. 

237. A. Kleine, C. L. Altan, U. E. Yarar, N. A. J. M. Sommerdijk, S. Bucak and S. J. Holder, 
Polymer Chemistry, 2014, 5, 524-534. 

238. C. L. Altan, B. Gurten, R. Sadza, E. Yenigul, N. A. J. M. Sommerdijk and S. Bucak, 
Journal of Magnetism and Magnetic Materials, 2016, 416, 366-372. 

 
 



 



Chapter 3 
Synthesis of magnetite 

through an iron phosphate 
precursor phase 

Abstract 

The biomineralization of intracellular magnetite in magnetotactic bacteria (MTB) is still under 
investigation. The biomineralization mechanism consists of multiple steps where an amorphous 
phosphate-rich ferric hydroxide precursor phase is transported inside vesicles, the magnetosomes, 
and then converted into magnetite by redox chemical reactions. The whole process is controlled by 
transmembrane proteins with specific functions. Even though important progress has been made 
in elucidating the different steps and, more importantly, the possible precursor phases involved in 
the overall process, many questions still remain.  

Reviewing the literature, we present a possible mechanism for magnetite biomineralization 
starting from an iron phosphate precursor. To validate our model, we have designed in vitro 
experiments that mimic the formation of magnetite according to the proposed mechanism. The 
results show that magnetite is formed directly from a mixed valence iron phosphate without 
involving other known iron precursors, like ferrihydrite or ferrous hydroxide. Furthermore, the 
experimental results may help in elucidating the role of phosphate ions in magnetite 
biomineralization. 

 
 

 

 

 

“Aceddu `nta la aggia non canta p`amuri, ma pi raggia” 

“Bird in a cage does not sing out of love, but out of anger” 

– Sicilian proverb 

 

This chapter will be submitted as: Giulia Mirabello, Matt Goodsmith, Paul H. H. Bomans, Gijsbertus de 

With and Nico A.J.M. Sommerdijk, Synthesis of magnetite through an iron phosphate precursor phase.  
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3.1| Introduction 
Magnetite (Fe3O4), a magnetic mineral found in both geological and 

biomineralization contexts, has magnetic and biocompatible properties that allows 

for a wide range of applications 1-3. While there are many ways to synthetically 

produce magnetite, producing magnetite with specific shapes and sizes usually 

requires high temperatures and environmentally harmful solvents 4, 5. Magnetotactic 

bacteria (MTB), on the other hand, are able to form crystals of magnetite at room 

temperature and in aqueous media with exquisite control over their size, shape and 

organization, and thereby over their magnetic properties. 6. Therefore there is a great 

interest in developing biomimetic pathways using peptides and proteins similar to 

those found within magnetotactic bacteria in order to unravel, and ultimately 

exploit, their magnetite formation strategies 7-10.  

Magnetotactic bacteria form magnetite nanocrystals in specialized vesicles called 

magnetosomes. The mineralization process in the magnetosomes is regulated by a 

large number of proteins with specific functions that are only now starting to be 

resolved 11-13. However, many questions regarding the pathway by which magnetite 

is formed still remain. Several pathways have been proposed, including the 

conversion of a ferrihydrite precursor 14, 15, a fast co-precipitation of Fe2+ and Fe3+ 16, 

17, and the conversion of hematite 18.  Recent studies on the AMB-1 strain of 

Magnetospirillum magneticum 19, and the MSR-1 strain of Magnetospirillum 

gryphiswaldense 20 present evidence of a multi-step mechanism in which a disordered 

phosphate-rich ferric hydroxide precursor phase is first formed and then 

subsequently converted into magnetite. Given its similarity to phosphate-rich 

ferritin, which is known to exist in many prokaryotes 21, this precursor phase is likely 

to act as a storage for iron before the magnetite formation process. A similar 

amorphous, hydrated ferric phosphate phase has also been described in the dermal 

granules of Molpadia Intermedia 22, and ferric phosphates have been readily observed 

in many marine invertebrates 23.  

It has been proposed that inorganic phosphate (Pi) stabilizes iron (hydr)-oxides 

by binding strongly to their surfaces, thereby inhibiting the formation of crystalline 

iron oxides 24, 25. This suggests that the role of Pi could be the stabilization of the iron 

ions to prevent the precipitation of other iron oxides than Fe3O4. The same strategy 
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has been shown in the case of crayfish gastroliths where the Pi plays an important 

role in stabilizing the biogenic amorphous calcium carbonate 26-29, a storage of CaO3 

for the skeleton formation process. Similarly, in biogenic magnetite formation, 

phosphate’s strong binding affinity for iron ions could potentially assist in controlling 

nucleation and growth during the crystal formation process, ensuring the formation 

of uniform magnetite crystals with defined shape and size and with the purity needed 

to achieve optimal magnetic properties. 

Even though the co-localization of P and Fe was demonstrated within 

magnetotactic bacteria, it is not known yet how the amorphous iron phosphate 

precursor is formed, nor how it is transformed into magnetite.  Here we propose a 

mechanism for the production of magnetite through an iron phosphate precursor in 

magnetotactic bacteria, based on available data on the function and structure of 

transporters in magnetosome membranes. To support our model we designed a 

biomimetic method where magnetite nanoparticles were obtained through the 

controlled formation and transformation of a phosphate precursor, using a titration 

system. We characterize the products formed at several stages of the reaction using 

cryogenic transmission electron microscopy (cryoTEM), selected area electron 

diffraction (SAED), and Raman spectroscopy, and demonstrate for the first time the 

amorphous iron phosphate (AIP) to magnetite transition in an in vitro system, 

underlining the feasibility of the proposed biomineralization pathway.  

3.2| Biological model: MamH and 
MamZ as possible phosphate 
transporters 

It is clear that the separation of Fe and P must be accomplished during the 

transformation of the phosphate-rich precursor phase into magnetite, however, how 

and where this occurs has not been demonstrated yet 19. Nevertheless, it is reasonable 

to assume that transmembrane proteins found in magnetosomes are responsible for 

this process. In this paragraph we will argue that two of these transmembrane 

proteins, specifically MamH and MamZ, could be involved in phosphate transport 
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during the synthesis of magnetite from an iron phosphate precursor within the 

magnetosome.  

Knock-out experiments have demonstrated that MamH and MamZ are both 

involved in regulating magnetite formation, although their precise roles in the process 

are still unknown 30. Nevertheless MamH has many similarities with the proteins in 

the Major Facilitator Superfamily (MFS), which are known membrane transporters 

that use electrochemical gradients for transport 31, 32. MamZ is also a transmembrane 

protein with an MFS transporter N-terminal domain that shares 64% similarity with 

MamH 30, and that has a C-terminal domain exhibiting ferric reductase properties 33. 

Based on these analogies, it was suggested that MamH could be involved in iron 

transport and MamZ in both iron transport and iron reductase activity 30. However, 

as iron transport has already been assigned to other proteins such as MamM, MamO, 

MamB, and MamI 34, and knock-out experiments revealed a degree of redundancy 

between the action of MamH and MamZ, alternative functions should be considered. 

Nudelman and Zarivach predicted a structure-function model for the MamZ N-

terminal MFS transporter domain based on its structural similarity with the glycerol-

3-phosphate transporter (GlpT) from E. coli. 32 GlpT transports glycerol-3-phosphate 

into the cell from the periplasm in exchange for inorganic phosphate (Pi) 35. The 

model further predicts the MamZ C-terminal that faces the magnetosome lumen to 

have a domain structure from the cytochrome bc1 complex, also known as ubiquinol-

cytochrome c reductase, and to contain both a negative and a positive pocket that 

would allow the protein to interact with ferric iron and phosphate, respectively. 

According to this structural model the N-terminal domain of MamZ could be 

responsible for the transport of Pi into the magnetosome, as well as for the partial 

reduction of the Fe3+ ions to Fe2+.  

In the same way, a structure-function model was predicted for MamH based on 

the structural similarity with the MFS protein Piriformospora indica phosphate 

transporter (PiPT) 32, a Pi/H+ symporter in plants where it facilitates the coupled 

increase of phosphate and proton levels 36. When MamH was modeled in this way, a 

positive pocket (which could bind phosphate ions) was observed on the 

magnetosomal side, suggesting that MamH could potentially function as a Pi 

transporter to clear phosphate from the magnetosome 32. Significantly, since most 

MFS proteins operate using electrochemical gradients, the directionality of the 

transporters can be altered depending on the conditions in the cell. The possibility 
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that these proteins are able to transport phosphate in either direction, could explain 

the observed redundancy of MamH and MamZ functionality. 

Based on this information, we propose the following model for magnetite 

formation within the magnetosome membrane (Figure 3.1): 1) Fe3+  is transported 

into the magnetosome by proteins known to be involved in iron transport, such as 

MamM, MamO, MamB, and MamI 34; 2) the N-terminal MFS domain of MamZ 

transports Pi into the magnetosome 3) to produce a disordered ferric phosphate 

precursor; 4) the C-terminal ferric reductase domain of MamZ partially reduces the 

precursor producing H+ in the process thereby reducing slightly the pH to prevent 

precipitation unwanted iron oxide phases; 5) finally, MamH initiates the precursor-

to-magnetite transformation by transporting the Pi and H+ out of the magnetosome.  

This mechanism allows for the in situ formation of magnetite from a mixed valent 

iron phosphate precursor within the magnetosome, in a pH dependent manner that 

allows for the effective decoupling of the iron and phosphate, with optimal control 

over the nucleation and growth of the mineral crystals. 

 

Figure 3.1 | Proposed mechanism for magnetite formation through iron phosphate precursor. 
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3.3| Biomimetic synthesis of the mixed 
valent iron phosphate precursor 
(mimicking the role of MamZ) 

To demonstrate the feasibility of the proposed reaction sequence we designed a 

titration controlled mineralization system to mimic its 3 principle steps, which are: 

a) the formation the amorphous ferric phosphate, b) the formation of a mixed valence 

mineral precursor and c) its conversion to magnetite, according to the above proposed 

mechanism.  

A disordered ferric phosphate was formed by increasing the pH of an acidic 

solution containing phosphate and Fe3+ to pH = 3 where a yellow-white precipitate 

(Figure A3.1b) was formed for which Raman spectroscopy showed a broad band at 

1018 cm–1 (black spectrum Figure 3.2) in the region of the P-O stretching modes (900-

1250 cm–1), in accordance with the literature 37. The subsequent formation of a mixed 

valence precursor by partial reduction of Fe3+ to Fe2+ was mimicked by the addition 

 
Figure 3.2 | Raman spectra of the ferric phosphate obtained at pH 3 (black), of the mixed-valence iron 
phosphate obtained at pH 6, the ferrous phosphate obtained at pH 6 (blue), the aged final product 
obtained at pH 12 (pink), and magnetite crystals synthesized as control (green). The band marked with 
the ash is the typical signal for magnetite, while the band marked with the star is the typical signal for 
water. 
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of Fe2+ ions to the isolated, washed ferric phosphate at pH 3 and increasing the pH 

to ~ 6 where the reduced solubility of the ferrous ions leads to the formation of a 

green precipitate (Figure A3.1d) for which the Raman spectrum showed a shoulder 

at 1100 cm–1. In comparison, Raman spectra of ferrous phosphate and ferric 

phosphate synthetized in two separate batches (blue and black Raman spectra in 

Figure 3.2) show two bands at ~ 963 cm–1  and ~ 1010 cm–1, respectively. Therefore, 

if a physical mixture of ferrous and ferric phosphate was formed, the shoulder would 

be expected at ~ 960 cm–1 rather than 1100 cm–1, indicating that indeed a mixed-

valence phase was formed. Moreover, the broad nature of the bands of the ferric and 

the mixed valence phosphate phases suggests that these precipitates are poorly 

ordered as the broad shape is typical of an amorphous phosphate 37, 38. The fact that 

the main peak of the AIP does not change in the conversion from ferric to mixed 

valence could be explained by considering that the transformations connect to the 

incorporation of Fe2+ in the structure. Assuming that Fe2+ interacts mostly with the 

surface of the ferric amorphous phosphate this will affect the interface thus leaving 

the bulk unaltered resulting on a constant P-O stretching modes of the material.  

When the pH of a solution containing both Fe2+ and Fe3+ ions was increased, the 

large difference in solubility between ferrous and ferric ions at pH < 4 [Ksp(Fe(OH)2) 

= 7.1×10–16 M3; Ksp(Fe(OH)3) ≈ 10–39 M4] leads to the selective precipitation of 

amorphous ferric phosphate as identified with Raman spectroscopy. Cryo-TEM 

showed that the ferric phosphate is composed of particles with well-defined sizes of 

7-9 nm (Figure 3.3b), that evolved to larger aggregates when increasing the pH to 3.5 

(Figure 3.3c). Only after a further increase of the pH to values above pH 4, the co-

precipitation of ferrous ions occurred which, also in this case, leads to the formation 

of a green precipitate showing spectral features identical to the product from the 

initial stepwise reaction (Figure A3.1c, d). This mixed-valence iron phosphate 

precursor consist of ~ 10 nm nanoparticles which, in turn, are composed of even 

smaller particles (inset Figure 3.3d). Electron diffraction confirmed that both these 

iron phosphate phases were amorphous, consistent with the Raman spectra. Hence, 

this procedure allowed us to synthesize the mixed valence precursor using the same 

reaction in a direct, one-pot procedure without the need to isolate the iron phosphate.  



 
Chapter 3 

 

64 

3.4| Biomimetic precursor-to-
magnetite conversion (mimicking 
the role of MamH) 

For the precursor-to-magnetite conversion, we must break the coordination of the 

phosphate with the iron and increase the pH to drive the reaction towards magnetite 

formation. While we propose that in vivo this is achieved through the phosphate 

transport action of MamH, in our biomimetic in vitro system we achieved this 

through rapidly increasing the pH to higher values (pH > 11), such that hydroxy 

ions replace the phosphate ions and that after release of any associated water, 

magnetite can be formed.  

Upon increasing the pH of the solution containing the mixed valance iron 

phosphate precursor (pH > 11), a black nanoparticulate dispersion was formed 

 
Figure 3.3 |a) Representative pH profile of the reaction. b-f) Cryo-TEM images of samples at b) pH 
1.6, c) pH 3.5, d) pH 6 and e) pH 12. f) Cryo-TEM micrograph of the 5 weeks aged product. The insets 
in the top right corner correspond to the SAED patterns of each sample. The inset in c) shows 
enlargement of the precipitate at pH 6. The inset in e) shows the crystallinity of the final product after 
5 weeks of the aging process. Scale bars 20 nm.  
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(Figure 3.2f) which consists of ~ 2.5 nm nanoparticles that did not show any clear 

sign of crystallinity in electron diffraction (ED) (inset Figure 3.3d). However, the 

radial average of the electron diffraction pattern of this 2.5 nm nanoparticles showed 

a weak and broad signal around 1.5 Å (see Appendix 3.1 Figure A3.1) that 

corresponds to the [440] of magnetite and indicated the partial conversion to the 

magnetite mineral phase. The broad reflections at ~ 2.16 and 3.80 Å visible in all 

diffraction patterns correspond to the signal of first and second diffuse diffraction 

rings of the vitrified amorphous water layer (Figure 3.3). 

After aging for 5 weeks 3-5 nanometer nanoparticles that produced an ED 

pattern consistent with magnetite were formed through the aggregation of this 2.5 

nm nanoparticles. The phase purity of the magnetite nanoparticles was confirmed 

using Raman spectroscopy which showed the expected peak at 673 cm–1 (green 

spectrum in Figure 3.2), while the absence of a peak at 705 cm–1 excluded the presence 

of significant contamination with maghemite due to oxidation 39, 40.  

3.5| Discussion 
In this chapter we present a possible mechanistic route for the formation of magnetite 

in magnetospirillum magnetotactic bacteria, such as Magnetospirillum magneticum 
19, and Magnetospirillum gryphiswaldense20. The proposed mechanism is based on 

morphological, spectroscopic data combined with bioinformatics information from 

recent literature sources. We suggest that the amorphous ferric phosphate precursor 

phase can be generated inside the magnetosome, in contrast with a previously 

suggested mechanism 19, 41. This would be possible based on the multiple functions of 

MamH and MamZ associated with their structures domains that allow the transport 

of Pi in and out of the magnetosome regulating at the same time also the pH.   

In vivo studies have suggested that magnetite forms through a ferrihydrite-like 

intermediate phase 14, 15, 20, whereas in vitro studies, which explored the bioinspired 

coprecipitation of ferric and ferrous ions in alkaline conditions, have suggested that 

magnetite forms through the aggregation of nanometer-sized ferrihydrite-like 

primary particles 42 43. Nevertheless, this ferrihydrite-like intermediate phase has not 

been yet experimentally demonstrated via in vivo experiments. On the other hand, 

this particle attachment mechanism observed in vitro is in agreement with the results 
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presented here, where magnetite crystals are formed by the aggregation of ~ 2.5 nm 

nanoparticles.  

Crucial in our proposed mechanism is the formation of an amorphous mixed 

valence iron phosphate precursor phase. When the reaction is performed with the 

same titration protocol but in the absence of phosphate (see Appendix 3.1 Figure A 

3.2) the initial product is ferrihydrite, which is converted to magnetite already at pH 

8, while in the presence of phosphate magnetite is formed only above pH 12. This 

shift to a higher pH value indicates that the phosphate inhibits the formation of 

magnetite as well as all other iron oxides, which under many synthetic conditions 

competes with magnetite formation 25, 44.  

Control over nucleation has been shown to be notoriously difficult in bioinspired 

studies and is limiting the control over the size and size distribution of magnetite 

crystals. We propose that in magnetotactic bacteria the phosphate ions act as a 

control agent that allows accumulation and co-localization of Fe2+ and Fe3+ ions 

while preventing the precipitation of unwanted iron oxide phases25, which is essential 

for obtaining the relatively large (30-140 nm) monodisperse single domain magnetite 

nanocrystals.  

The fact that none of the other common iron oxides are formed, suggests that by 

chelating Fe2+ and Fe3+ in one mixed phase the system is able to drive the conversion 

directly to magnetite upon removal of the phosphate ions. A similar concept was 

demonstrated for the inclusion of high concentrations of Mg2+ in biogenic high calcite. 

An in vitro experiment showed how the presence of stabilizing ligands that bind both 

Ca2+ and Mg2+ can lead to the formation of high-magnesian calcite instead of the most 

favorable aragonite (which does not include Mg2+) 45. The small size of the magnetite 

crystals formed in our bio-inspired experiment is most likely due to the presence of 

the phosphate ions that despite the high pH may still interact with the developing 

crystals.  

3.6| Conclusions 
The mechanism we propose here gives a possible explanation for the unsolved 

questions about where and how the disordered phosphate-rich ferric hydroxide 

precursor phase is formed and converted into magnetite. Key points of the presented 

mechanism are 1) that the overall process can occur inside the magnetosome and 2) 
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the role that the phosphate plays in the process. The first point would avoid the 

unsolved question about how the Fe and P are separated before entering the 

magnetosome. The phosphate helps in the co-localization of Fe2+ and Fe3+ while 

inhibiting the precipitation of iron oxides other than magnetite. The precipitation 

inhibition is regulated in vivo by the various transmembrane proteins involved in 

nucleation and growth processes. Important to note is that none of the common 

magnetite precursor phases, such as ferrihydrite 46 (believed to be involved in the 

biomineralization mechanism) or ferrous hydroxide 47, have been detected in the in 

vitro experiments presented here.  

The results from the in vitro experiments performed to mimic the different steps 

of the proposed in vivo process support our hypothesis. With this we offer an 

alternative route that can give a new perspective on the biomineralization of 

magnetite, and opens a new approach for the experimental design of magnetic 

nanoparticles with defined shapes and sizes.  
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A3|Appendix to chapter 3 
A3.1| Materials and methods 

A3.1.1 | Magnetite synthesis 
The pH of a solution containing FeCl3 (0.02 M), FeCl2 (0.01 M) and H3PO4 (0.03 M) 

was increased to 12 by addition of NaOH 0.5 M. The reaction was carried out by using 

an automated titration system (Methrom Applikon) consisting of two 20 mL Dosino 

dosing units, a glass pH microelectrode and a magnetic stirring plate, all connected 

to two 901 Titrando titration units controlled by the TIAMO 2.2 software. All the 

solutions were prepared with Milli-Q water and degassed with N2 for at least 30 min 

prior to use. Also, the reaction solution was constantly flushed during the synthesis 

with wet argon gas. NaOH, H3PO4 and FeCl2·4H2O were purchased from Sigma-

Aldrich, while FeCl3·6H2O were purchased from Merck and used as received. 

All the syntheses were performed at room temperature in 35 mL of total volume 

inside a 50 mL double-walled glass vessel. The overall synthetic set-up was placed 

inside a glovebag filled with nitrogen gas in which the oxygen percentage was kept 

below 5% and constantly measured by a sensor. For purposes of comparison, a 

sample of magnetite was synthesized through simple coprecipitation in the absence 

of H3PO4 using the same titration program. One magnetite sample prepared in this 

way was later oxidized by bubbling O2 gas for 8 hours, and the resulting brown solid 

was used as the maghemite standard.  

A3.1.2 | Transmission electron microscopy 
For conventional dry TEM, 200 mesh Cu grids with continuous carbon films (Agar 

Scientific) were used. Sample preparation was performed by applying 50 µL of 

solution onto the TEM grid and drying by air. For cryo-TEM, samples were prepared 

on 200 mesh Cu grids with Quantifoil R 2/2 holey carbon films (Quantifoil Micro 

Tools GmbH). The cryogenic samples were prepared by employing an automated 



 
A3| Magnetite Synthesis through an Iron Phosphate Precursor Phase 

71 

vitrification robot (FEI Vitrobot™ Mark III) to plunge each sample in liquid ethane 

in preparation for cryo-TEM 1. All TEM grids were surface plasma treated for 40 

seconds using a Cressington 208 carbon coater prior to use. Conventional dry samples 

were analyzed on a FEI Technai 20 (type Sphera) operated at 200 kV, equipped with 

a LaB6 filament and a 1k × 1k Gatan CCD camera. Cryogenic samples were analyzed 

on the TU/e cryoTITAN (FEI, www.cryotem.nl) operated at 300 kV, equipped with 

a field emission gun (FEG), a postcolumn Gatan Energy Filter (GIF) and a post-GIF 

2k × 2k Gatan CCD camera. Gatan DigitalMicrograph™ (including DiffTools) and 

MATLAB were used for TEM image and SAED pattern analysis.  

A3.1.3 | Image and electron diffraction analysis and 
processing 

For display reasons enlargements of the cryo-TEM images were bilinearly 

interpolated with Adobe Photoshop™, while the image analysis was performed on 

the original non-processed files.  

The low dose selected area electron diffraction (LD-SAED) patterns obtained 

were analyzed by radially averaging the intensity resulting in the so-called radial 

intensity profile. This analysis was performed with the use of a MATLAB script. The 

center of the ED pattern is determined manually by selecting 4 points on one of the 

concentric circles. The center is then used produce a profile plot of normalized 

integrated intensities as a function of the distance from the diffraction rigs to the 

center. It is important to note that the beamstopper is not integrated as it is removed 

by applying a mask. This procedure allows to determine the d-spacing of each 

reflection.  

A3.1.4 | Crystal size measurements 
Crystal size distributions were determined by manually measuring the long and short 

axes of at least 100 individual crystals per sample in TEM images using a MATLAB 

script. The average of long and short axis for each crystal was taken as the crystal 

size. 
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A3.1.5 | Raman Spectroscopy 
Raman spectroscopy was performed on a Jobin-Yvon Labram spectrometer 

equipped with a HeNe laser (excitation wavelength 632.81 nm), a holographic 

grating (600 grooves/mm), an ultra-long working distance objective (Olympus, 

magnification 100 ×, numerical aperture 0.8) and a CCD camera. 

Slides were prepared for Raman spectroscopy in an oxygen-free environment 

using custom glass slides that allow for the measurement of particles in solution (see 

Appendix 3.1 Figure A3.3). An epoxy seal around the solution ensured minimal 

oxygen in the measured solution. This immersion set-up was necessary given the 

oxygen-sensitive nature of products containing Fe2+. A standard Filter function in 

the Labspec software was applied to curves with prohibitively large signal-to-noise 

ratios. 

A3.2| Supplementary figures 

 
Figure A3.1 | Radial intensity profile of the of the low-dose cryogenic electron diffraction (LD-cryo-
ED) patterns of samples at pH 1.6 (red), pH 3.5 (pink), pH 6 (green), pH 12 (blue). The black curve is 
the ED of the 5 weeks aged product showing the typical reflections for magnetite mineral phase. The 
broad reflections at ~ 2.16 and 3.80 Å correspond to the signal of the vitrified amorphous water layer. 
Dose rate ~ 3.76 𝑒𝑒− ∙ Å−2 ∙ 𝑠𝑠−1. 
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Figure A3.2 | Crystal size distribution of magnetite synthesized in absence (blue) and in presence 
(red) of H3PO4. Inset a) pH profile of magnetite synthesis via coprecipitation of Fe2+ and Fe3+ in in 
absence (blue) and in presence (red) of H3PO4. (aged 5 week) vs. control (aged 1 week). Inset b) TEM 
image of magnetite obtained with conventional coprecipitation method (absence of H3PO4).  Inset c) 
TEM image of aged magnetite obtained from iron phosphate precursors.  

 
Figure A3.3 | Sample holder for Raman spectroscopy measurements. 



 



Chapter 4 
Crystallization by particle 
attachment is a colloidal 

assembly process 
Abstract 

The existence of non-classical crystallization pathways has been recently demonstrated in different 
synthetic systems; however, the effect of these pathways on the final characteristics of the 
crystalline product still remains largely unclear. Herein, we present a new thermodynamic and 
kinetic model for non-classical crystallization, which involves the attachment of primary particles. 
We show that, when primary particles are involved, the crystallization process is kinetically 
regulated by the laws of colloidal assembly. The model is able to describe with quantitative 
agreement the formation of magnetite nanocrystals, which forms via assembly of primary particles. 

 

 

 

 

 

 

 

“Dui su` i putenti, cu avi assai e cu non avi nenti.” 
“Two are powerful, he who has everything and he who 
has nothing.” 

– Sicilian proverb 

The thermodynamic and kinetic model presented in this chapter were made in collaboration with 
Alessandro Ianiro from Eindhoven University of Technology. 
This chapter will be submitted as: Giulia Mirabello, Alessandro Ianiro, Paul H. H. Bomans, Takuto Yoda, 
Atsushi Arakaki, Heiner Friedrich, Gijsbertus de With and Nico A.J.M. Sommerdijk, Crystallization by 
particle attachment is a colloidal assembly process.  
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4.1| Introduction 
The nucleation of crystals has traditionally been thought to occur through the 

stochastic association of ions, atoms or molecules to form critical nuclei that will later 

become crystals 1-3. Only in the last decade the awareness has grown that 

crystallization can also occur via a variety of so-called non-classical pathways 4. 

These are characterized by different Gibbs energy landscapes and proceed through 

the assembly of different types of particles including amorphous precursor phases 5, 

primary particles 6, pre-nucleation species 7, or dense liquid droplets 8, 9. However, the 

consequences of the existence of these different pathways for the final crystalline 

products has hardly been addressed, which limits our ability to predict the outcome 

of crystallization processes. Magnetite (Fe3O4), is a ferrimagnetic iron oxide 10 that 

finds a large variety of technological and biomedical applications 11, 12. The magnetic 

properties of Fe3O4 depend on the size and shape of the crystals 13. Therefore, 

predicting the size and shape of magnetite crystals is important for the preparation 

of crystalline materials with predetermined properties tuned to specific applications. 

Here we investigate the formation of magnetite (Fe3O4) crystals through the 

formation and aggregation of primary particles where the average crystal size 

increases with increasing initial iron concentration. Where this apparently contrasts 

with classical views on crystallization 14, we show that both the thermodynamics and 

the kinetics of the process can be described in terms of colloidal assembly of the 

primary particles. This model allows to predict the average crystal size at a given 

initial Fe concentration, thereby opening the way to the design of crystals with 

predefined sizes and properties. 

4.2| Results and discussion 
Magnetite was synthesized using the partial oxidation of ferrous hydroxide (Fe(OH)2) 

(see Appendix A4.1.1) 15, 16. In a titration set up the pH of a Fe2+ solution was 

gradually increased to pH = 9, leading to the precipitation of the Fe(OH)2 precursor 

(Figures A4.1 and A4.2a) which appeared as ultrathin (~ 1 nm) platelets (Figure 4.1a) 

in cryogenic transmission electron microscopy (cryo-TEM). Subsequent titration of 

the oxidant (KNO3) led to the conversion of the precursor into magnetite crystals. 

During this process particles of ~ 2 nm in diameter formed in solution (Figure 1b)  
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Figure 4.1| Magnetite synthesis. (a-e) CryoTEM micrographs of different stages of magnetite formation 
in the range of initial Fe concentrations [Fei] indicated in (f). (a) Solution at pH ~ 7.5 before the addition 
of NO3–. (b) Primary particles formed after the addition of NO3–. (c) After addition of 35% of the total 
stoichiometric amount of NO3–. (d) After addition of 40% of the total stoichiometric amount of NO3–; 
inset shows the enlargement of a growing nanogranular magnetite crystal. (e) End product. (f) Average 
crystal radius as a function of [Fei]. The dashed line is a guide to the eye; error bars represent the 
standard deviation on the mean. 
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and assembled to form nanogranular particles diffracting as magnetite (Figure 4.1c 

and Figure A4.2c), indicating that magnetite is formed through the colloidal 

assembly of the 2 nm primary particles (PPs), as was previously reported for the co-

precipitation of Fe2+ and Fe3+ at high pH 6. Upon continued addition of the oxidant, 

the nanogranular magnetite crystals grew in size and number, while the PPs from 

which they were formed could still be recognized (inset Figure 4.1d). During the 

magnetite formation process the precursor crystals dissolved, showing cracks at the 

edges and a decrease in size (arrows in Figure A4.3c). After the addition of NO3– was 

completed, only magnetite crystals with smooth facets were observed (Figure 4.1e), 

indicating that, in addition to the crystallization via particle attachment (CPA) 4, 

coarsening occurs, minimizing the surface energy of the developing crystals.  

Depending on the initial Fe2+ concentrations, which ranged between 0.5 and 100 

mM, the magnetite nanocrystals had an average size between 10-190 nm with a size 

dispersity of 26-41% (Figure 4.1f, Figure A4.4 and Table A4.1). We performed 

vibrating sample magnetometry (VSM) (Appendix A4.1.4 and Figure A4.5) to study 

the magnetic properties and the magnetic domain type of the crystals (Figure A4.5). 

The values of coercivity (Hc) and saturation magnetization (Ms) decrease with 

decreasing crystal size, except for the sample synthesized with an initial Fe 

concentration of 4 mM (Fiure A4.5b)), while the remanent magnetization (Mr) 

slightly increases with decreasing crystal size. The measured magnetic properties are 

in good agreement with literature values 17. This indicates that magnetite with 

crystal size > 80 nm shows multidomain (MD) behavior, while magnetite with a 

crystal size of ~ 40 nm consists of single domain (SD) particles. Surprisingly, the 

average crystal size increased with increasing initial Fe concentration ([Fe]i) (Figure 

4.1f), in contrast to conventional crystallization experiments where the reverse is 

observed 14, 18. 

It was previously shown that when PPs are involved in a crystal nucleation 

process, the total Gibbs energy, ∆G, is lower than as calculated for classical theory; 

however, the role of the chemical transformation of the PP that takes place in this 

process has not yet been discussed 6, 7.  

We now consider the total Gibbs energy for the crystallization (∆𝐺𝐺xtl) via 

aggregation of PPs to have three different components associated with 1. the 

formation of the PPs composed of an intermediate phase (∆𝐺𝐺pp), 2. aggregation of 
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the PPs into clusters of x PPs (∆𝐺𝐺clust) and 3. the conversion of the clusters into the 

final crystalline phase (∆𝐺𝐺conv).  

∆𝐺𝐺xtl = 𝑥𝑥∆𝐺𝐺pp + ∆𝐺𝐺clust + ∆𝐺𝐺conv                                     (4.1) 

This we can write as depending on a bulk and surface term according to  

∆𝐺𝐺xtl = 4
3
π𝑅𝑅clust3 �𝑔𝑔pp + 𝜙𝜙∆𝑔𝑔conv�+ 4π𝑅𝑅clust2 �𝛾𝛾pp + 𝜙𝜙∆𝛾𝛾conv�,               (4.2) 

where  𝑅𝑅clust is the radius of a cluster composed of 𝑥𝑥PPs, ∆𝑔𝑔pp is the Gibbs energy 

gain per unit volume for the formation of the PP phase, ∆𝑔𝑔conv = 𝑔𝑔xtl − 𝑔𝑔pp 

represents the change in bulk Gibbs energy density for the conversion of cluster into 

the final crystalline phase, ∆𝛾𝛾conv = 𝛾𝛾xtl − 𝛾𝛾pp is the corresponding change in 

interfacial energy and 0 < 𝜙𝜙 < 1 represents the degree in which the cluster has 

converted to the crystal (for the derivation see Appendix A4.3.1). 

Here ∆𝐺𝐺xtl does not depend on the size of the PPs. If no intermediate phase is 

involved (𝑔𝑔pp = 𝑔𝑔xtl, 𝛾𝛾pp = 𝛾𝛾xtl) or if the intermediate phase converts 

instantaneously into the final crystalline phase (𝜙𝜙 = 1), our model recovers the 

classic expression for the free energy of crystallization (Figure 4.2a). Hence, if the 

conversion processes occur simultaneously with the clustering, the crystallization via 

PP attachment is not preferred over the classic one from a thermodynamic point of 

view. However, crystallization via PP attachment is thermodynamically favored 

when (Appendix A4.3.1): 

 �𝜙𝜙∆𝛾𝛾conv+𝛾𝛾pp�
3

𝛾𝛾xtl3
< �𝜙𝜙∆𝑔𝑔conv+𝑔𝑔pp�

2

𝑔𝑔xtl2
        , 𝜙𝜙 < 1                 (4.3) 

which relates the relative magnitudes of the surface and bulk energies in the 

developing and fully converted crystals. In the limit of 𝜙𝜙 = 0 this reduces to the 

expression proposed by Baumgartner and coworkers 6 (Appendix A4.3.1, equation 

(A4.12)).  

In agreement with previous observations 19, the model further predicts that the 

conversion of the intermediate phase becomes favorable only if the cluster exceeds a 

certain critical size, 𝑅𝑅conv, which depends on the change of interfacial and bulk energy 

upon conversion: 

 𝑅𝑅conv = −3∆𝛾𝛾conv
∆𝑔𝑔conv

.                                                  (4.4) 

Hence, in the early stages (< 𝑅𝑅conv) the crystallization process will be dominated by 

PP clustering, while the conversion to magnetite will occur at a later stage (Figure 

4.2). 
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Figure 4.2| a) Comparison between the ∆𝐺𝐺c curves as function of 𝑅𝑅clust according to classical nucleation 
theory (thin black curve) and to equation (4.2) for values of 𝜙𝜙 = 1 (green curve), 𝜙𝜙 = 0.5 (blue curve) 
and 𝜙𝜙 = 0 (red curve). The thick black line indicates the most favorable thermodynamic pathway. The 
crossover of the curves identifies 𝑅𝑅conv, indicated by the vertical red dashed line. b) Contour plot showing 
the change in ∆𝐺𝐺c according to equation (4.2) as function of 𝜙𝜙 and 𝑅𝑅clust. The vertical dashed line 
indicates 𝑅𝑅conv, while the white arrow indicates our proposed crystallization pathway. Data are 
generated using ∆𝑔𝑔pp = −4.1 ∙ 107 J ∙ m−3, ∆𝑔𝑔xtl = −8 ∙ 107 J ∙ m−3, 𝛾𝛾pp = 0.4 J ∙ m−2, 𝛾𝛾xtl = 0.8 J ∙
m−2. (c-e) Pair interaction potential V(H,t) as function of the inter-particle distance H at the beginning 
of the crystallization process (t = 0) between c) two primary particles, d) a primary particle and a cluster 
and e) two clusters calculated by using equation (A4.22) in Appendix A4.3.3, showing that all interaction 
potentials are barrierless for [Fe]𝑖𝑖 > 5 mM, while at [Fe]𝑖𝑖 < 5 mM a barrier appears and increases with 
decreasing [Fe]𝑖𝑖. (f) Kinetic constants as function of the total ion concentration using equation (A4.21) 
and (A4.22) in Appendix 4.  
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The outcome of crystallization, especially the final size of the crystals, therefore 

strongly depends on the kinetics of PP formation and clustering. Regarding the PPs 

as charged colloids, we can describe their aggregation in terms of colloidal assembly, 

as anticipated by Habraken and coworkers 7, mediated by a double layer of ions that 

surrounds the particles. When two colloidal particles approach, the overlapping of 

these double layers creates a repulsive interaction that disfavors clustering. However, 

at close distances the attractive forces dominate and the colloids aggregate 

irreversibly, as described by the Derjaguin-Landau-Verwey-Overbeek (DLVO) 

theory 20, 21. The balance between long-range repulsion and short-range attraction 

can result in a barrier (∆𝐸𝐸int) that affects the kinetics of PP aggregation, but so far 

has not yet been considered in crystallization theories.  

Our kinetic model assumes the cluster-to-crystal conversion to occur only at a 

late stage of the process, and describes the changes in the number of PPs (𝑁𝑁pp) and 

clusters (𝑁𝑁clust) respectively via four kinetic constants, 𝑘𝑘0, 𝑘𝑘p,p, 𝑘𝑘c,c and 𝑘𝑘p,c (see 

Figure 4.3a and Appendix A4.3.2). Here 𝑘𝑘0 describes the formation of the PPs, 

modeled with zero-order kinetics, since the supersaturation level of the Fe in solution 

is constant and determined by the solubility product of the precursor. The constant 

𝑘𝑘p,p describes the aggregation of two PP, and can be regarded as the initiation step. 

The other constants 𝑘𝑘p,c and 𝑘𝑘c,c describe two possible growth mechanisms, via 

addition of a single PP to a cluster or via aggregation of two clusters, respectively 

(Figure 4.3a). The constants 𝑘𝑘p,p, 𝑘𝑘p,c and 𝑘𝑘c,c  depend on the repulsive barriers of 

the interaction potential between the particles (∆𝐸𝐸int
p,p, ∆𝐸𝐸int

p,c,∆𝐸𝐸int
c,c, respectively), and 

were estimated with the DLVO theory 20, 21, using literature data 22, 23 and at the 

different experimental conditions used (pH, total ion concentration of the solution, 

[I], see Appendix A4.3.3). This yields a set of rate equations  
d𝑁𝑁pp

d𝑡𝑡
≈ 𝑘𝑘0 − 2𝑘𝑘p,p𝑁𝑁pp2 − 𝑘𝑘p,c𝑁𝑁pp𝑁𝑁clust,                                        (4.5) 

d𝑁𝑁clust

d𝑡𝑡
≈ 𝑘𝑘p,p𝑁𝑁pp2 − 𝑘𝑘c,c𝑁𝑁clust2.                                                    (4.6) 

that were solved numerically using 𝑁𝑁pp(𝑡𝑡 = 0) = 0 and 𝑁𝑁clust(𝑡𝑡 = 0) = 0 as starting 

conditions and which gives the evolution of 𝑁𝑁pp and 𝑁𝑁clust over time (see Figure 4.3b). 

The model predicts that initially the clustering process dominates with 

𝑁𝑁clust increasing to a plateau value where the reaction reaches a steady state. If the 

steady state is reached before the precursor is completely depleted, the final number 
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of crystals, 𝑁𝑁xtl, should correspond to the steady state value of 𝑁𝑁clust. From this the 

expected average value of crystal radius 𝑅𝑅xtl can be estimated upon applying the 

principle of conservation of mass (see Appendix 4.3.4). This equation can thus be used 

 
Figure 4.3|. The model for crystallization by attachment of primary particles. (a) Schematic 
representation of the formation mechanism of primary particles (left) and the colloidal assembly 
mechanism (right). (b) Example of the evolution of 𝑁𝑁pp and 𝑁𝑁clust over time as obtained by numerically 
solved equations (4.5) and (4.6) at [𝐹𝐹𝐹𝐹]𝑖𝑖 = 100 𝑚𝑚𝑚𝑚. (c) Evolution of 𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡 over time at different value 

of [Fe]𝑖𝑖. (d) Comparison between experimentally measured (𝑁𝑁xtl
exp) and predicted (𝑁𝑁xtl

pred) number of 

crystals. (e) Comparison between experimentally measured (𝑅𝑅xtl
exp) and predicted (𝑅𝑅xtl

pred) values of the 
crystal radius.  
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to estimate the experimental number of particles formed in solution (𝑁𝑁xtl
exp) when the 

experimental average radius of the crystals (𝑅𝑅xtl
exp) is known.  

Under the experimental conditions used, our model predicts the interaction 

potentials to be barrierless for the regime [Fe]𝑖𝑖 > 5 mM, while at [Fe]𝑖𝑖 < 5 mM a 

barrier appears, that increases with decreasing [Fe]𝑖𝑖 (Figure 4.2 c-e). This variation 

in the interaction potentials is caused by the change in the total ion concentration of 

the solution [I], in particular due to the counter ions (Cl–, K+) and the added oxidant. 

Consequently the model predicts a decrease of 𝑁𝑁xtl with increasing [Fe]𝑖𝑖 until [Fe]𝑖𝑖 ≈
5 m𝑚𝑚, and a constant value of 𝑁𝑁xtl for [Fe]𝑖𝑖 > 5 m𝑚𝑚 (Figure 4.3d). These results 

perfectly match the change in 𝑁𝑁xtl
exp as derived from the experimentally observed 

crystal radii 𝑅𝑅xtl
exp. Concomitantly, the predicted crystal radii 𝑅𝑅xtl

pred follow the 

experimental ones over the entire [Fe]𝑖𝑖 interval (Figure 4.3e).  

Our model uses different rate constants for the cluster-primary particle 

aggregation 𝑘𝑘p,c and cluster-cluster aggregation, 𝑘𝑘c,c, of which the ratio varies with 

[I] (Figure 4.2f). At low [I], 𝑘𝑘p,c is several orders of magnitudes larger than 𝑘𝑘c,c and 

crystals are predicted to grow at comparable rates, and to have narrow size 

distributions. However, as [I] increases, 𝑘𝑘c,c increases relative to 𝑘𝑘p,c and their values 

become comparable. Cluster aggregation will lead to a decrease in 𝑁𝑁clust and hence to 

a decrease in 𝑁𝑁xtl and a concomitant increase in 𝑅𝑅xtl
exp while growth will occurs in steps 

of unequal size, resulting in more polydisperse crystals.  

To verify these predictions we synthesized magnetite at [Fe]𝑖𝑖 = 0.9 mM in the 

presence of 8 mM of KCl to increase [I]. Indeed, under these conditions the average 

size of the crystals (78 ± 30 nm; 𝑁𝑁p
exp = 1.3 ∙ 1012) was significantly higher than of 

those grown in absence of added salt (19 ± 5 nm; 𝑁𝑁p
exp = 9.2 ∙ 1013) with a 

corresponding increase in the coefficient of variation from 26% to 38% (Figure A4.6).  

4.3| Conclusions 
In conclusion, we demonstrated that, by combining experimental and theoretical 

approaches, we are able to fully describe a so-called non-classical crystallization 

mechanism with classical concepts. We prove that the primary particles involved in 

the process behave as colloids, and that the kinetics of the crystallization process is 

regulated by the interaction potential between the particles. We further show that 
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the kinetics of this process are governed by the rate of transformation of the precursor 

particles. This allows us to predict the size and polydispersity of the crystals and to 

tune these through the solution conditions. We argue that crystallization by particle 

attachment (CPA) should not be described in terms of classical nucleation concepts; 

instead, we should consider this process them in terms of colloidal assembly. The 

intersection of crystallization theory with colloidal theory might be the key to 

bringing new understanding and perspectives on crystal formation. 
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A4|Appendix to chapter 4 
A4.1| Materials and methods 

A4.1.1| Magnetite synthesis 
We have synthesized magnetite by using the partial oxidation method, in which 

different factors, such as pH, temperature, concentration and chemical nature of the 

oxidant, total iron concentration, and chemical nature of the cations and anions 

present in solution 1-4 can be used to influence the final particle features. In particular, 

it has been reported that the final crystal size can be tuned by varying on the initial 

Fe to base molar ratio 5-7. This method is performed in aqueous solution and at room 

temperature and involves the oxidation of a ferrous hydroxide precursor, Fe(OH)2, 

at alkaline pH according to eq. (A4.1) and (A4.2). 

Fe2++2 OH– → Fe(OH)2                        (A4.1) 

3Fe(OH)2 + NO3– → Fe3O4 + NO2– + 3H2O                          (A4.2) 

The reaction was carried out by using an automated titration system (Methrom 

Applikon) consisting of two 20 mL Dosino dosing units, a glass pH microelectrode 

and a magnetic stirring plate, all connected to two 905 Titrando titration units 

controlled by the TIAMO 2.3 software. All the syntheses were performed at room 

temperature in 25 mL of total volume inside a 50 mL double-walled glass vessel under 

a flow of room temperature argon. The overall synthetic set-up was inside a glovebag 

filled with nitrogen gas in which the oxygen percentage was kept below 5% and 

constantly measured by a sensor.  

All the solutions were prepared with Milli-Q water and degassed with N2 for at 

least 30 min prior to use. KOH and KNO3 were purchased from Merck, while 

FeCl2·4H2O were purchased from Sigma-Aldrich and used as received.  

In order to have approximately the same time frame for the addition of base and 

oxidant during the synthesis we have varied the relative concentration for the KOH 

and KNO3 depending on the FeCl2 initial concentration, as shown in Table A4.1. 



 
A4|Crystallization by particle attachment is a colloidal assembly process 

 

87 

The pH of a solution containing Fe2+ was gradually increased by adding KOH up 

to pH 9, which involves the formation of a ferrous hydroxide precursor phase, 

Fe(OH)2. Region III and IV corresponds to the overnight aging process at pH 9. 

Then, the pH was held constant during the addition of the oxidant KNO3 in a 

stoichiometric ratio of 3:5 Fe:NO3–, which oxidized the precursor to magnetite. 

Figure A4.1 illustrates this for a 4 mM FeCl2 solution. 

Figure A4.1| Magnetite synthesis from a solution with [Fe]𝑖𝑖 = 4 mM. Graph of the pH (black) and 
amount of base (dash dot line) and nitrate (dot line) added to the solution as a function of time. Region 
I corresponds to pH values between 4 and 8. Region II corresponds to pH values between 8 and 9.  

The addition of the base led to an initial rapid increase of the pH up to ~ pH 8 

(region I; Figure A4.1), after which it slowly increased to reach pH ~ 9 (region II). 

After this the pH is kept approximately constant at 9 during the addition of the 

oxidant NO3– (region III and IV). In region I, around pH 6.5, a small variation in the 

pH profile marks the start of the precipitation of Fe(OH)2. The subsequent plateau 

in region II corresponds to the depletion of the Fe2+ from the solution, where the end 

of the plateau coincides with the consumption of stoichiometric amounts of OH– and 

Fe2+ in the formation of Fe(OH)2 . In region III the pH is then kept constant at 9 

during the addition of the NO3–, which oxidizes the Fe(OH)2 to form Fe3O4, as a black 

precipitate. Finally, the solution is aged overnight at constant pH 9 (region IV).  
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A4.1.2| Transmission electron microscopy 
For conventional dry TEM, we used 200 mesh Cu grids with continuous carbon films 

(Agar Scientific). The sample was prepared by applying 50 µL of solution onto the 

TEM grid and drying by air. For cryo-TEM, we used 200 mesh Cu grids with 

Quantifoil R 2/2 holey carbon films (Quantifoil Micro Tools GmbH). We use an 

automated vitrification robot (FEI Vitrobot Mark III) to plunge each sample in 

liquid ethane in preparation for cryo-TEM 9. All TEM grids were surface plasma 

treated for 40 seconds using a Cressington 208 carbon coater prior to use. 

Conventional dry samples were analyzed on a FEI Technai 20 (type Sphera) operated 

at 200 kV, equipped with a LaB6 filament and a 1k × 1k Gatan CCD camera. 

Cryogenic samples were analyzed on the TU/e cryoTITAN (FEI, www.cryotem.nl) 

operated at 300 kV, equipped with a field emission gun (FEG), a postcolumn Gatan 

Energy Filter (GIF) and a post-GIF 2k × 2k Gatan CCD camera. Gatan 

DigitalMicrograph (including DiffTools) and MATLAB were used for TEM image 

and SAED pattern analysis. 

A4.1.3| Crystal size measurements 
Crystal size distributions were determined by manually measuring the long and short 

axes of more than 100 individual crystals per sample in TEM images using a 

MATLAB program. The average of long and short axis for each crystal was taken as 

the crystal size. Crystal sizes are reported as mean ± standard deviation on the mean 

(see table A4.1). 

Table A4.1. Concentration of FeCl2 ([𝐹𝐹𝐹𝐹]𝑖𝑖), KOH and KNO3 used in the experiments and average crystal 
size of the final product ± standard deviation. 

[𝐹𝐹𝐹𝐹]𝑖𝑖 (mM) KOH (M) KNO3 (M) 
Average crystal size 

(nm) 
100 0.7 1.5 192 ±80 
40 0.5 0.5 141 ± 41 
20 0.4 0.4 131 ± 34 
6 0.3 0.15 84 ± 28 
4 0.15 0.1 38 ± 14 

0.9 0.1 0.007 19 ± 5 
0.5 0.1 0.007 9 ± 3 
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A4.1.4| Vibrating sample magnetometry 
Vibrating sample magnetometry (VSM) measurements were performed on a TM-

VSM101483N7-MRO magnetometer (Tamakawa Co., Ltd., Sendai, Japan) having a 

14 mm pole piece gap. Samples were prepared by dispersing between 10 to 1 mg dried 

magnetite in an aliquot of a freshly prepared mixture of 1 mL 40% SDS-PAGE 

solution, 10 μL TEMED (N,N,N’,N’-tetramethylethylenediamine, crosslinker) and 

10 μL 10% APS buffer (activator), using an ultrasonic probe for 120 s (130 W, 20 

kHz, 50% amplitude) to enhance suspension. The mixture subsequently gelled in a 

few minutes and therefore held the magnetite in position, allowing quantification of 

remnant magnetization and coercivity. The magnetic hysteresis loops were acquired 

at room temperature from +1 T to –1 T and back in a total of 116 steps (time constant 

10 ms, total measurement time ~ 30 min). The results were corrected for the 

diamagnetic background of the sample container/holder and normalized to the 

sample mass. 

A4.2| Supplementary figures 

 
Figure A4.2| Low-dose selected area electron diffraction patterns (LD-SAED) of magnetite at the 
relevant synthetic steps. a) LD-SAED corresponding to the area shown in Figure 4.1a in the main 
text; b) SAED corresponding to the area shown in Figure 4.1b in the main text; c) LD-SAED 
corresponding to the area shown in Figure 4.1c in the main text; d) LD-SAED corresponding to the 
area shown in Figure 4.1d in the main text; e) LD-SAED corresponding to the area shown in Figure 
4.1c in Chapter 4. The half circle in a) and the circles in and b) highlight the most representative 
reflections of Fe(OH)2 8. The half circles in c), d) and e) highlight the most representative reflections 
of Fe3O4 8. 
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Figure A4.3| Additional cryo-TEM micrographs of the solution during the synthetic reaction. a) Sample 
at pH ~ 8.5 before the addition of NO3–. b) SAED pattern of the area shown in (a), where the inset 
highlights weak reflection corresponding to the 1.6 Å d-spacing of (110) Fe(OH)2, indicating that no 
detectable amounts of magnetite had yet developed. c) Sample after the addition of 40% of the total 
stoichiometric amount of NO3– from an initial Fe concentration of 20 mM Fe3O4 (high contrast) crystals 
growth at the expense of Fe(OH)2 (low contrast) crystals. Fe3O4 crystals have a rough border showing a 
granular morphology. The granular morphology of Fe3O4 crystals suggests a crystal growth process by 
particle addition, CPA. The arrows highlight cracks in the Fe(OH)2 showing the dissolution process 
during the growth of Fe3O4 crystals. 

 

Figure A4.4| Analysis of the obtained product. Conventional TEM and SAED of magnetite nanocrystals 
synthetized at a) 40 mM b) 6 mM, c) 4 mM and d) 0.9 mM of total Fe. The yellow half circle insets in the 
SAED highlight the most characteristic reflections for the magnetite mineral phase 8. 
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A4.3| Supplementary text 

A4.3.1| Thermodynamic model 
The crystallization via aggregation of primary particles can be divided into three 

distinct steps: formation of the primary particles, aggregation of the primary 

particles into clusters and conversion of the clusters into crystals. The formation of 

 
Figure A4.5| Magnetite properties of synthesized magnetite through partial oxidation method. a) 
Hysteresis measurements of magnetite synthesized from an initial, Fe concentration of 40 mM (black), 
20 mM (red), 6 nmM (blue) and 4 mM (magenta). b) Graph of the saturation magnetization Ms, 
remanent magnetization Mr and coercivity Hc values measured as function of magnetite crystals size.  

 
Figure A4.6| Conventional TEM and SAED pattern of magnetite nanocrystals synthetized at 0.9 mM 
of total Fe with the addition of 8 mM of KCl. 
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the primary particles can be modeled in terms of classical nucleation theory, where 

the Gibbs energy variation is a function of the radius of the primary particle 𝑅𝑅pp, of 

the Gibbs energy gain per unit volume of the formed phase 𝑔𝑔pp and on the interfacial 

tension between the primary particle and the solvent, 𝛾𝛾pp: 

∆𝐺𝐺pp =
4
3
π𝑅𝑅pp3 𝑔𝑔pp + 4π𝑅𝑅pp2 𝛾𝛾pp − 𝑇𝑇∆𝑆𝑆pp                           (A4.3) 

The last term of the equation accounts for the variation in the configurational 

entropy of the ions and the water molecules composing the hydration shell around 

the ions and primary particles. 

We assume that the aggregation of the primary particles into clusters does not 

involve a change in the bulk energy, but simply a reduction of the interfacial area 

and a decrease in the configurational entropy of the system. Assuming clusters to be 

spherical, with radius  𝑅𝑅clust and composed of 𝑥𝑥 = 𝑅𝑅clust3 /𝑅𝑅pp3  primary particles, the 

change in Gibbs energy can be expressed as: 

∆𝐺𝐺clust = 4π𝛾𝛾pp�𝑅𝑅clust2 − 𝑥𝑥𝑅𝑅pp2 � − 𝑇𝑇∆𝑆𝑆clust = 4π𝛾𝛾pp �𝑅𝑅clust2 − 𝑅𝑅clust
3

𝑅𝑅pp
� − 𝑇𝑇∆𝑆𝑆clust (A4.4) 

Unless the interfacial tension 𝛾𝛾pp is very small, the configurational entropy does 

not contribute significantly to ∆𝐺𝐺clust, therefore in most of the cases the clustering 

process can be considered barrierless. 

Finally the conversion of the cluster into a single crystal might involve a 

variation in the bulk Gibbs energy density, ∆𝑔𝑔conv = 𝑔𝑔xtl − 𝑔𝑔pp, a change of 

interfacial energy ∆𝛾𝛾conv = 𝛾𝛾xtl − 𝛾𝛾pp and an entropy variation due to change in the 

atomic ordering and coexistence of the two phases. Neglecting any possible change in 

the interfacial area and the interfacial energy between the two phases we can write: 

∆𝐺𝐺conv = 𝜙𝜙 �4
3
π𝑅𝑅clust3 ∆𝑔𝑔conv + 4π𝑅𝑅clust2 ∆𝛾𝛾conv�                        (A4.5) 

Here 0 < 𝜙𝜙 < 1 represents the degree of conversion; ∆𝐺𝐺conv = 0 if the crystallization 

does not involve a precursor phase. 

The resulting total Gibbs energy variation for the formation of a crystal 

composed of x primary particles is: 

∆𝐺𝐺xtl = 𝑅𝑅clust
3

𝑅𝑅pp3
∆𝐺𝐺pp + ∆𝐺𝐺clust + ∆𝐺𝐺conv.                              (A4.6) 

Neglecting the configurational entropy contributions, equation (A4.6) becomes: 

∆𝐺𝐺xtl = 4
3
π𝑅𝑅clust3 �𝑔𝑔pp +   𝜙𝜙∆𝑔𝑔conv�+ 4π𝑅𝑅clust2 �𝛾𝛾pp + 𝜙𝜙∆𝛾𝛾conv�,   (A4.7) 
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which reduces to the classical expression for 𝜙𝜙 = 1. 

The critical radius 𝑅𝑅clustcrit  corresponding to the maximum of ∆𝐺𝐺xtl can be 

calculated by imposing the condition d∆𝐺𝐺c/d𝑅𝑅clust = 0, resulting in 

𝑅𝑅clustcrit = −2�𝜙𝜙∆𝛾𝛾conv+𝛾𝛾pp�
𝜙𝜙∆𝑔𝑔conv+𝑔𝑔pp

                                                       (A4.8) 

∆𝐺𝐺xtlmax = 16π�𝜙𝜙∆𝛾𝛾conv+𝛾𝛾pp�
3

3�𝜙𝜙∆𝑔𝑔conv+𝑔𝑔pp�
2                                                     (A4.9) 

If a precursor phase is involved, the nucleation barrier depends on the degree of 

conversion 𝜙𝜙, and for 𝜙𝜙 = 1 corresponds to the classical nucleation barrier, as 

expected. The barrier is reduced only if:  

∆𝐺𝐺xtlmax − ∆𝐺𝐺classicmax = 16π
3
�
�𝜙𝜙∆𝛾𝛾conv+𝛾𝛾pp�

3

�𝜙𝜙∆𝑔𝑔conv+𝑔𝑔pp�
2 −

𝛾𝛾xtl3

𝑔𝑔xtl2
� < 0                           (A4.10) 

where ∆𝐺𝐺classicmax  represents the barrier of classical nucleation, and can be derived from 

d∆𝐺𝐺c(𝜙𝜙 = 1)/d𝑅𝑅clust = 0, which is equivalent to: 

�𝜙𝜙∆𝛾𝛾conv+𝛾𝛾pp�
3

𝛾𝛾xtl3
< �𝜙𝜙∆𝑔𝑔conv+𝑔𝑔pp�

2

𝑔𝑔xtl2
                                        (A4.11) 

This is true only for 𝜙𝜙 < 1. In the limiting case 𝜙𝜙 = 0, which is most likely 

applicablle during the early stage of the process, eq. (A4.11) reduces to the one 

proposed by Baumgartner and coworkers 10: 
𝛾𝛾pp3

𝛾𝛾xtl3
< 𝑔𝑔pp2

𝑔𝑔xtl2
                                                              (A4.12) 

Finally, the conversion of the intermediate phase into the final crystalline phase 

should occur only if the crystal reaches a certain radius, identified by the condition 
d∆𝐺𝐺𝑐𝑐
d𝜙𝜙

= 0, or  

𝑅𝑅conv = −3 ∆𝛾𝛾conv
∆𝑔𝑔conv

                                                          (A4.13) 

A4.3.2| Kinetic model  
Before the addition of the oxidant (𝑡𝑡 < 0) the precursor platelets are in equilibrium 

with a certain amount of dissolved Fe2+. As soon as the oxidant is added (𝑡𝑡 = 0), the 

precursor converts into primary particles. We model such a process with zero-order 

kinetics, which means that the rate of formation of the primary particles is constant 

and independent of [Fe]𝑖𝑖 as the supersaturation level of the Fe in solution is constant 

and determined by the solubility product of the precursor 
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d𝑁𝑁pp
d𝑡𝑡

= 𝑘𝑘0                                                            (A4.14) 

where 𝑁𝑁pp is the number of primary particles, and 𝑘𝑘o represents the number of 

primary particles produced per second. At 𝑡𝑡 > 0 the colloidal assembly process starts. 

We assume this process to consist of a set of collisions between two particles with 

second order kinetics, since contemporary collision of three or more particles are very 

unlikely to occur. Three different kind of events can be identified: aggregation of two 

primary particles to form a new cluster, aggregation of a primary particle and a 

cluster and aggregation of two clusters. The first can be regarded as an initiation 

process, while the others consist of two different types of growth processes: when a 

primary particle and a cluster aggregate, the number of primary particles decreases, 

while the number of cluster stays constant. In contrast, when two clusters aggregate, 

the number of clusters decreases, while the number of primary particles stays 

constant. This can be formalized in the following set of rate equations: 
d𝑁𝑁pp
d𝑡𝑡

= −2𝑘𝑘1,1𝑁𝑁pp2 − ∑ 𝑘𝑘1,𝑖𝑖𝑁𝑁pp∞
𝑖𝑖=2 𝑁𝑁clust,𝑖𝑖 ,                                      (A4.15) 

d𝑁𝑁clust
d𝑡𝑡

= 𝑘𝑘1,1𝑁𝑁pp2 − ∑ 𝑘𝑘𝑖𝑖,𝑗𝑗𝑖𝑖,𝑗𝑗 𝑁𝑁clust,𝑖𝑖𝑁𝑁clust,𝑗𝑗 ,                                     (A4.16) 

where 𝑁𝑁clust,𝑖𝑖 and 𝑁𝑁clust,𝑗𝑗 are the number of clusters composed of i and j primary 

particles, 𝑁𝑁clust is the total number of clusters and 𝑘𝑘𝑖𝑖,𝑗𝑗 is the kinetic constant 

describing the collision between particles composed of i and j primaries, respectively. 

The value of such constants can be calculated using the collision theory 11 

𝑘𝑘𝑖𝑖,𝑗𝑗 = 4π(𝐷𝐷𝑖𝑖 + 𝐷𝐷𝑗𝑗)(𝑅𝑅𝑖𝑖 + 𝑅𝑅𝑗𝑗)e−
∆𝐸𝐸𝑖𝑖,𝑗𝑗
𝑘𝑘B𝑇𝑇                                     (A4.17) 

In equation (A4.17) 𝐷𝐷𝑖𝑖 and 𝐷𝐷𝑗𝑗 are the diffusion coefficients of the reacting species, 

having average radii of 𝑅𝑅𝑖𝑖 and 𝑅𝑅𝑗𝑗, respectively. The ∆𝐸𝐸𝑖𝑖,𝑗𝑗 are the repulsive barriers of 

the interaction potential between the particles, which can be calculated using the 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory 12, 13 and depend on the pH, on 

the ionic strength of the solution and on the surface charge of the particles. Assuming 

the hydrodynamic radii of the particles equal to 𝑅𝑅𝑖𝑖, the diffusion coefficients can be 

calculated using the Stokes-Einstein equation 

𝐷𝐷𝑖𝑖 = 𝑘𝑘B𝑇𝑇
6π𝜂𝜂𝑅𝑅𝑖𝑖

,                                                        (A4.18) 

where 𝜂𝜂 is the viscosity of the solvent and 𝑘𝑘B is the Boltzmann constant. Equations 

(A4.15) and (A4.16) can be simplified using an average value for the size of the 

clusters, 𝑅𝑅�clust, which in the following we will assume to be ten times the value of 
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 𝑅𝑅pp (𝑅𝑅�clust = 10  nm). Combining equations (A4.14), (A4.15) and (A4.16) under 

these assumptions leads to the final set of rate equations describing the colloidal 

assembly of the primary particles:  
d𝑁𝑁pp
d𝑡𝑡

≈ 𝑘𝑘0 − 2𝑘𝑘p,p𝑁𝑁pp2 − 𝑘𝑘p,c𝑁𝑁pp𝑁𝑁clust,                           (A4.19) 

d𝑁𝑁clust
d𝑡𝑡

≈ 𝑘𝑘p,p𝑁𝑁pp2 − 𝑘𝑘c,c𝑁𝑁clust2.                                         (A4.20) 

This set of rate equations does not have analytical solutions, but can be solved 

numerically using 𝑁𝑁pp(𝑡𝑡 = 0) = 0 and 𝑁𝑁clust(𝑡𝑡 = 0) = 0 as starting conditions. To 

solve the set of differential equations we used the NDSolve function in Wolfram 

Mathematica. 

A4.3.3| Modeling of the experimental conditions 
The rate of the primary particle formation 𝑘𝑘0 cannot be easily determined neither 

theoretically nor experimentally. For this reason we set this value to be 𝑘𝑘0 = 5.5 ∙
109 𝑠𝑠−1, which in absence of repulsive barrier in the interaction potentials results in 

a steady-state value of 𝑁𝑁clust ≈ 1 ∙ 1013.  
Since the oxidant is slowly added to the solution the total ion concentration, [I], 

changes over the addition time. To account for that we model the kinetic constants 

as: 

𝑘𝑘(𝑡𝑡)𝑖𝑖,𝑗𝑗 = 𝐴𝐴𝑖𝑖,𝑗𝑗e−
∆𝐸𝐸𝑖𝑖,𝑗𝑗(𝑡𝑡)

𝑘𝑘B𝑇𝑇                                              (A4.21) 

To calculate the repulsive barrier𝑠𝑠 ∆𝐸𝐸𝑖𝑖,𝑗𝑗(𝑡𝑡) in the interaction potentials we used 

the DLVO theory 12, 13.  

The interaction potential 𝑉𝑉(𝐻𝐻, 𝑡𝑡) between two charged spherical colloids with 

radius 𝑅𝑅1 and 𝑅𝑅2 at a distance H can be calculated from 

𝑉𝑉(𝐻𝐻, 𝑡𝑡) =  − 𝑅𝑅1𝑅𝑅2𝐴𝐴H
6𝐻𝐻(𝑅𝑅1+𝑅𝑅2) + 128𝜋𝜋𝜔𝜔1𝜔𝜔2[𝐼𝐼(𝑡𝑡)]𝑅𝑅1𝑅𝑅2103𝑁𝑁A

𝑘𝑘(𝑡𝑡)2(𝑅𝑅1+𝑅𝑅2) 𝐹𝐹−𝜅𝜅(𝑡𝑡)𝐻𝐻              (A4.22) 

Here 𝐴𝐴H is the Hamaker constant, [𝐼𝐼(𝑡𝑡)] is the total ion concentration in the solution 

and 𝜅𝜅 the inverse Debye length. 

If the addition of the oxidant is performed in a time 𝑡𝑡add and [𝐼𝐼(𝑡𝑡)] changes with 

a rate 𝑣𝑣add, we can express  

�
[𝐼𝐼(𝑡𝑡)] =  [𝐼𝐼(𝑡𝑡)]𝑡𝑡=0 + 𝑡𝑡𝑣𝑣add                     𝑡𝑡 < 𝑡𝑡add
[𝐼𝐼(𝑡𝑡)] =  [𝐼𝐼(𝑡𝑡)]𝑡𝑡=0 + 𝑡𝑡add𝑣𝑣add               𝑡𝑡 > 𝑡𝑡add

                       (A4.23) 

The value of 𝜅𝜅 can be calculated from 
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𝜅𝜅 =  �2[𝐼𝐼(𝑡𝑡)]103𝑁𝑁A𝑧𝑧2𝑒𝑒2

𝜀𝜀𝑘𝑘B𝑇𝑇
                                      (A4.24) 

where 𝑧𝑧 = 1 is the valence of the ions, 𝐹𝐹 is the elementary charge and 𝜀𝜀 is the dielectric 

constant of the solvent.  

The factor 𝜔𝜔𝑖𝑖 equals 

𝜔𝜔𝑖𝑖 = tanh � 𝑧𝑧𝑒𝑒𝜎𝜎𝑖𝑖
4𝜅𝜅𝜀𝜀𝑘𝑘B𝑇𝑇

�                                                   (A4.25) 

where 𝜎𝜎𝑖𝑖 is the surface charge density of particles with radius 𝑅𝑅𝑖𝑖. 
We used equation (A4.22) to calculate the interaction potential between primary 

particles (𝑅𝑅1 = 1 nm and 𝑅𝑅2 = 1 nm), between a primary particle and a cluster (𝑅𝑅1 =
1 nm and 𝑅𝑅2 = 10 nm) and between clusters (𝑅𝑅1 = 10 nm and 𝑅𝑅2 = 10 nm) 

assuming 𝑧𝑧 = 1, 𝐴𝐴H = 30 ∙ 10−21J 14 and 𝜎𝜎 = 0.01 𝐶𝐶 ∙ m−2 14-16. The values of 

[𝐼𝐼(𝑡𝑡)]𝑡𝑡=0, 𝑣𝑣add and 𝑡𝑡add used in the different experiments are reported in Table A4.2. 

The values of  [𝐼𝐼(𝑡𝑡)]𝑡𝑡=0 have been calculated considering the concentration of Cl– and 

K+, representing the counter ions of the iron and the base added for the reaction, and 

the concentration of OH– at pH 9. We took as ∆𝐸𝐸𝑖𝑖,𝑗𝑗(𝑡𝑡) the maximum value of 𝑉𝑉(𝐻𝐻, 𝑡𝑡). 

Table A4.2. Values of the initial total ion concentration, [𝐼𝐼(𝑡𝑡)]𝑡𝑡=0, oxidant addition rate, 𝑣𝑣add, and 
addition time, 𝑡𝑡add, for each experiment performed at a certain [Fe]𝑖𝑖. 

[Fe]𝑖𝑖 (mM) [𝐼𝐼(𝑡𝑡)]𝑡𝑡=0 (M) 𝑣𝑣add (M𝑠𝑠−1) 𝑡𝑡add (𝑠𝑠) 

100 0.2 1.0 ∙ 10−4 3600 

40 0.14 4.0 ∙ 10−5 3600 

20 0.04 2.0 ∙ 10−5 3600 

6 0.013 6.0 ∙ 10−6 3600 

4 0.014 4.4 ∙ 10−6 3300 

0.9 0.0023 8.3 ∙ 10−6 3600 

0.5 0.00095 8.2 ∙ 10−7 3600 

 

A4.3.4| Relation between average crystal size and 
number of particles. 

The expected average value of crystal radius 𝑅𝑅xtl can be estimated upon applying 

the principle of conservation of mass: 

𝑅𝑅xtl3 = 3𝑀𝑀xtl

4π𝜌𝜌xtl𝑁𝑁xtl
                                                    (A4.26) 
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Here 𝑀𝑀xtl and 𝜌𝜌xtl represent the total mass and the density of the crystalline material. 

The same equation can be used to estimate the experimental number of particles 

formed in solution (𝑁𝑁xtl
exp) knowing the experimental average radius of the crystals 

(𝑅𝑅xtl
exp). 
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Chapter 5 
Magnetite mesocrystals: 

understanding the formation 
mechanism with electron 

microscopy  
Abstract 

Magnetite (Fe3O4) nanoaggregates with a flower-like morphology are considered to be promising 
materials in the field of magnetically induced hyperthermia in cancer therapy as they present good 
heating efficiency at low applied alternating magnetic fields. These aggregates are commonly 
synthesized in the presence of additives containing carboxylic acid groups that can interact with 
the iron oxide surface. These Fe3O4 aggregates are composed of smaller subunits of ~ 10 nm in size, 
often showing a uniform crystallographic orientation resulting in single-crystal-like diffraction 
patterns. Although the structure and the magnetic state of these flower-like crystals have been 
investigated before, the mechanism that lead to such hierarchical structure is still poorly 
understood as was never directly observed. Here we study the formation mechanism of Fe3O4 
aggregates synthesized through the partial oxidation of ferrous hydroxide in presence of polyacrylic 
acid by using cryogenic electron microscopy (cryo-TEM). Further, high resolution electron 
tomography (HR-ET) is used to show the three dimensional morphological and crystallographic 
organization of the subunits, and electron holography (EH) is used to determine the magnetic state 
of the final crystals. The results show that the aggregates are formed through a multi-step process 
involving first the conversion of a ferrous hydroxide precursor in ~ 5 nm primary particles that 
aggregate into ~ 10 nm primary Fe3O4 crystals which finally arrange into the secondary 
mesocrystal structure with a single magnetic domain. The new insights in the formation mechanism 
and in the role played by the polymer in the process could be used for designing materials with 
specific properties by modulating the morphology and/or magnetic state. 

“Megghiu u tintu canusciutu ca u bonu a canusciri” 

“Better the devil you know than the angel you don’t”  

– Sicilian proverb 

The results in this chapter will be submitted as: G. Mirabello, A. Keizer, P. H. H. Bomans, A. Kovacs, 
R. Dunin-Borkowski, N. A. J. M. Sommerdijk and H. Friedrich, Magnetite mesocrystals: 
understanding the formation mechanism with electron microscopy. 
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5.1| Introduction 
The use of specifically designed nanoparticles (NPs) for cancer diagnosis and 

treatment has recently received growing interest 1-3. In particular magnetite (Fe3O4) 

is considered to be one of the most promising materials as it possesses a high 

saturation magnetization. Besides, because of its biocompatibility, magnetite is also 

used as contrast agent in magnetic resonance imaging (MRI) and targeted drug 

delivery 4-10.  

The magnetic properties of Fe3O4-NPs have been exploited to locally induce cell 

necrosis in magnetically mediated hyperthermia for cancer therapy 11, 12. Upon 

applying an external alternating magnetic field the magnetic domains convert 

magnetic energy into heat, due to hysteresis loss, either by Néel relaxation or induced 

Eddy currents 3, 13. The temperature can be locally increased above 42 °C, which is 

known to interfere with many cell functions (cell growth and the differentiation) 

which in turn cause apoptosis 14, 15.  

Although the Fe3O4-NPs has been successfully employed in in vivo hyperthermia 

therapy for small animals 16, 17, there is a very limited number of clinical studies for 

humans 18-20. The problem of accurate thermometry within the tumor mass, precise 

tumor heating, preventing damage of surrounding healthy tissues, and the 

accumulation of intravenously-administrated Fe3O4-NPs in healthy tissue, such as 

liver and kidneys, makes the treatment still very challenging 21. Therefore, recent 

studies have been focused on optimizing the heating efficiency of the Fe3O4-NPs 22, 

23. The heating efficiency is measured in terms of the specific absorption rate (SAR) 

which in turns depends on the magnetic saturation (Ms) and the volume ratio of the 

Fe3O4-NPs 24, 25. Magnetite clusters embedded in polymers with a flower-like 

morphology are the most investigated system for magnetically mediated 

hyperthermia, as they have shown a high SAR at low applied alternating magnetic 

fields 22, 26, 27.   

According to previous work, magnetite nanoclusters can be synthesized at high 

temperature (> 90° C) by polyol methods 22, 27-31. Depending on the specific polymer 

that is used during synthesis, the crystal size can vary over a wide range (35-200 nm). 

The resulting magnetite crystals are constituted of smaller subdomains arranged into 

a flowerlike morphology which are often crystallographically aligned, resulting into 
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a mesocrystals 32, 33. Although the structure and the magnetic properties have been 

well investigated in terms of hyperthermia performance, very little is known about 

the formation mechanism that leads to such hierarchical crystals.  It has been 

proposed that the superstructure obtained via aqueous polyol synthesis is formed 

starting from the agglomeration of ferrihydrite-like ~ 2 nm primary particles formed 

in presence of Fe2+ 29, through a similar mechanism to what was reported in 2013 for 

the co-precipitation of Fe2+ and Fe3+ at room temperature in absence of additives 34 

(See also chapter 4). However, there are no in situ observations of the formation 

mechanism that can confirm this hypothesis. In fact, most studies have focused on 

the characterization of the final product with ex situ techniques. Furthermore, 

intermediate stages during the formation of magnetite nanoflowers have only been 

investigated with conventional (dry) transmission electron microscopy (TEM) 29 

which often introduces artifacts caused by the drying process or by the exposure to 

oxygen 35. In contrast, cryogenic transmission electron microscopy (cryo-TEM) can 

image the solution in its native hydrated state, giving the great advantage of 

avoiding the formation of these artifacts 36.  

In this study we present a time-resolved analysis of the different stages during 

the formation of flower-like magnetite crystals using cryo-TEM. The magnetite 

crystals were synthesized using the partial oxidation method in the presence of 

polyacrylic acid (pAA). As discussed in Chapter 4, this is a well-known aqueous 

synthetic method, involving a ferrous hydroxide precursor 37, 38. The pAA was chosen 

as additive for its well-known affinity to the iron oxide surface, biocompatibility and 

water solubility. Furthermore, we have performed high resolution electron 

tomography (HR-ET) to resolve the hierarchical three-dimensional (3-D) structure, 

and electron holography to study the magnetism of the crystals. The results show 

that the magnetite mesocrystals are formed through a two step process. In the first 

step the precursor Fe(OH)2 is converted into primary particles that aggregate into 

primary magnetite crystals. In the second step these primary magnetite crystals 

further aggregate and align into the secondary structure resulting in the final 

magnetite mesocrystal. Unraveling the formation steps of this hierarchical structure 

is important in the manipulation of these aggregation steps. We believe that a better 

understanding of the formation mechanism of this magnetic superstructure will help 

in designing future materials with tunable properties for new applications.  
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5.2| Results and discussion 
Magnetite nanocrystals were synthesized in water through the partial oxidation of 

ferrous hydroxide in the presence of pAA as reported by Altan at al. 31. In short, an 

aqueous solution containing KOH (0.14 M), KNO3 (0.2 M), and pAA (450 kDa; ~4 × 

10–6 M)) was degassed with nitrogen gas (~ 15 mL/min) for approximately 30 min, 

then the mixture was added to a FeSO4 solution (0.026 M). The overall synthesis was 

performed under constant nitrogen flow at 90 °C for about 4 hours. A detailed 

synthesis protocol for Fe3O4-pAA can be found in the Materials and Methods section 

(Appendix A5.1.1). Immediately after the addition of the KOH-KNO3-pAA mixture 

to the FeSO4 solution, the iron precipitates as green rust 39, a form of partially 

oxidized ferrous hydroxide. Subsequently, magnetite was formed by the oxidation of 

the green rust, via a dissolution-reprecipitation process 38, as was shown in Chapter 

4. Thus, green rust can be considered as both a precursor phase and a reserve of iron 

ions which have an inherent low solubility in water.  

We investigated the evolution of morphology and crystallinity during magnetite 

formation using cryo-TEM in combination with low-dose selected-area electron 

diffraction (SAED) (Figure 5.1). For this, samples were prepared at different time 

points during the reaction by plunge freeze vitrification. Time zero is taken as the 

moment immediately after mixing of the reagents. 

The cryo-TEM micrographs taken at the different times show the presence of 

different objects in the solution: green rust platelets (Figure 5.1a), primary particles 

(circles in Figure 5.1b), primary magnetite crystals (Figure 5.1b) and secondary 

magnetite aggregates with a flower-like morphology (Figure 5.1c). Under the reaction 

condition used (at alkaline pH) the surface of the green rust is positively charged, 

while the magnetite surface is known to be negative 40, 41. Since pAA is a negatively 

charged polyelectrolyte at these conditions, it will adsorb on the green rust surface, 

while an electrostatic repulsion is expected to act between pAA and the magnetite 

surface. Still, carboxylate groups are thought to coordinate with the Fe atoms on the 

surface 42, e.g.: the negatively charged C-terminals of proteins involved in the 

biomineralization of magnetite in magnetotactic bacteria 43. Here the polymers may 

form positively charged Fe complexes in solution that interact with the negatively 

charged mineral surface 
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At time 0 the solution is composed of only thin hexagonal platelets, consistent 

with other reports on green rust type 2 44 (Figure 5.1d, e and see Appendix A5.2 for 

details). The majority of these green rust platelets are organized in dense star-like 

 
Figure 5.1 | Cryo-TEM micrographs of the solution at different time during the reaction. a) Green rust 
platelets b) Primary particles (circles) and magnetite subdomains. c) Flower-like magnetite aggregates. 
d) Star-like green rust aggregates.  e) Green rust platelets network. f) Solution at time 0 min, showing 
star-like green rust aggregates arranged in strings. g) Solution at 7 min reaction time showing magnetite 
aggregate arranged in strings together with green rust aggregates. The arrow highlight individual 
dispersed magnetite aggregates. h) Solution at 45 min reaction time, showing the dissolution of the green 
rust to form magnetite. i) Magnetite aggregate strings.  The insets in c), d), e), f) and i are the SAED 
pattern of the area showed in corresponding image. Scale bars in a-e) are 50 nm; scale bars in g) and i) 
are 500 nm. 
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aggregates (Figure 5.1d) which in turn are arranged in strings (Figure 5.1f). However, 

as the reaction proceeds, dense star-like aggregates decrease in frequency while open 

networks of precursor platelets are more increasingly found (Figure 5.1e). The 

formation of this star-like green rust aggregates could be due to the bridging 

flocculation phenomenon 45 driven by the adsorption of pAA onto green rust precursor 

surface (see Appendix A5.3). While magnetite is formed, the green rust crystals are 

consumed as observed in cryo-TEM where their shape starts deviating from the ideal 

hexagon (inset in Figure 5.1h and Appendix A5.4 Figure A6.2c). At the end of the 

reaction the solution contains only magnetite crystal aggregates indicating that all 

the green rust is completely converted (Figure 5.1i).  

At t = 7 minutes, magnetite crystals with a flower-like morphology as previously 

reported are already formed 30, 31. The Fe3O4 crystals are present either as individual 

crystals or in chains (Figure 5.1g and Figure A5.2 and A5.3) and have an average size 

of 52 ± 12 nm, in good agreement with what was previously reported 31. Surprisingly, 

the majority of the magnetite crystals appears to always have a crystal size within 

the range of the measured final average size regardless of the reaction time (see 

Appendix 5.1.3, Figure A5.1), while their frequency increased in time. The fact that 

the crystal size is roughly constant probably depends on various factors, such as the 

formation rate and the polymer adsorption on the magnetite surface.   

According to what was previously reported, this flower-like morphology may 

suggest that each Fe3O4 crystal is formed by the aggregation of smaller crystal 

subunits 22, 46. The high-resolution cryo-TEM (HR-cryo-TEM) image in Figure 5.1c 

shows a typical magnetite crystal where a complex and rough crystal morphology 

can be seen that appears to be composed of smaller crystal subunits. Also, many 

bright line features are visible throughout the structure. 

The cryo-TEM analysis further shows that the subunits are formed by the 

aggregation of primary particles of ~ 5 nm in size (circles in Figure 5.1b), confirming 

previous hypotheses regarding the involvement of primary particles in the formation 

mechanism of these crystals 29, 46.  

Despite being composed of several subunits, the SAED pattern of one aggregate 

shows a single-crystal diffraction pattern (inset Figure 5.1c and Figure A5.3) 

indicating the crystallographic alignment of the subunits, within a certain degree, 

into a mesocrystalline structure as was previously observed for similar magnetite 

aggregates synthesized in presence of pAA, diethylene glycol, and polyarginine 22, 30, 
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46. The results on the 2-D diffraction patterns confirm alignment in two directions 

but do not provide information on the 3-D crystallographic organization.  

Hence, to fully understand the hierarchical structure of these aggregates and to 

determine whether or not the subunits are crystallographic aligned into a 

mesocrystalline structure we need to investigate the 3-D morphological and 

crystallographic organization of the aggregates. For this, we performed electron 

tomography (HR-ET) (Appendix A5.5) by acquiring a series of high-resolution 

images at different tilt angles (tomographic tilt series). The point resolution is defined 

as the first zero of the contrast transfer function (CTF) 47. For our acquisition 

conditions (0.095 nm/pixel and – 300 nm defocus) it is 0.8 nm, while the information 

limit is ~ 1.5 Å (See Appendix A5.5.2). Thus, some images of the acquired 

tomographic tilt-series contain lattice information allowing us to detect the common 

d-spacings for magnetite. To study the orientation of the subunits the tomographic 

tilted series was aligned, filtered to point resolution and reconstructed (Appendix 

A5.5.1). The reconstructed tomogram shows that the structure is composed of 

subunits and low-density areas (or gaps) that penetrate through the entire volume of 

the crystal, confirming what was observed in cryo-TEM. Also, these gaps between 

the subunits were not uniformly distributed in the structure with areas in which the 

subunits appear to have partially coalesced. Since the carboxylic acid groups of pAA 

are known to strongly interact with the iron ions on the surface Fe3O4 31, these gaps 

probably contain the polymer that was adsorbed on subunits during the formation 

process, in agreement with what was previously observed by elemental analysis of 

magnetite mesocrystals formed in presence of polyarginine 46. Interestingly, the 3-D 

reconstructed volume visualization (Figure A5.4) shows that the gaps are placed at 

approximately 90° to each other, suggesting a preferential absorption of the polymer 

onto the surface crystal aggregate.  

To resolve the complexity of the structure and the distribution of the gaps, we 

have processed the reconstructed tomogram using a multi-step algorithm (See 

Appendix A5.5.3 for more details) to obtain a volume segmentation of the aggregate 

subunits (Figure 5.2). The processing provides extra information about the shape and 

organization of the subunits as well as a quantitative estimation of their size. It 

should be noted that the volume segmentation of the subunits was performed on a 

cropped area of the reconstructed tomogram containing a single aggregate in order to 
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reduce the size of data to be processed. From the results of the volume segmentation 

we calculated an average subunit size of approximately 12.1 ± 4.7 nm (Figure 5.2.c), 

twice the size of the smallest feature observed in cryo-TEM (Figure 5.1b). Therefore, 

magnetite crystal aggregates must be formed through multiple aggregation steps: the 

precursor converts into primary particles that aggregate to form the subunits, which 

in turn aggregate into the flower-like morphology. The majority of the subunits have 

a crystal size below the superparamagnetic (SP) regime (< 20 nm), however, a few 

are on the edge to the magnetic stable single domain (SSD) regime (~ 25 nm) 48.  

 
Figure 5.2| Electron tomogram of magnetite aggregate. a) Numerical cross-section through 
reconstruction. b) Magnetite aggregate segmented into sub-domains; each different shade of grey 
represent an individual subdomain. c) Size distribution of the identified subdomains after the processing. 

 
Figure 5.3 | a) Extract slice from the reconstructed tomogram of a typical magnetite aggregate. b) 
Graph of the d-spacings as a function of the tilt angle. The lines indicate the reference d-spacings for 
magnetite mineral phase, while the dots represent the experimental d-spacings obtained from the FFT 
of the tomographic tilt series.  



 
Magnetite mesocrystals: understanding the formation mechanism with electron microscopy 

107 

The crystallographic orientation of the subdomains was investigated by a 

different analysis approach again using the data the tomographic tilt series 

(Appendix A5.5.3). First, a Fast Fourier transform (FFT) of each image of the 

tomographic tilt series was calculated containing lattice information in the form of 

diffraction spots. From these spots the lattice plane d-spacing can be measured. This 

analysis gives access to the 3-D crystallographic orientation of the subdomains. We 

performed Fourier filtering on the FFT images to enhance the area of the aggregates 

that generated the diffraction spot, a process we refer to as backmapping (see 

Appendix 5.5.4 for more details). The superimposed image of the Fourier filtering 

with the original TEM micrograph (Figure A5.6) shows the high level of alignment 

of the subunits. The degree of alignment of the subunits can be estimated from the 

colored area representing the region of the aggregate that have generated the d-

spacing in the FFT. All the d-spacings determined from the FFT tilt-series can be 

plotted as function of the rotation angle (Figure 5.3b) showing the observed 

crystalline planes. The d-spacings are consistent with magnetite, however, a few of 

them present a d-spacing that could not be assigned, neither to Fe3O4, nor to any 

other iron (oxy)hydroxide mineral. The results of morphological and crystallographic 

analysis of the tomogram demonstrate that these magnetite aggregates are composed 

of ~ 10 nm subunits crystallographically aligned in all directions. However, a small 

percentage of the subunits (< 1%) exhibit only one dimensional alignment (along the 

(111) direction). Although some of the subunits coalesced, we conclude that this 

aggregates consist of crystallographically aligned subunits, thus having the main 

characteristic of a mesocrystalline structure. 

To investigate the magnetization of individual Fe3O4 mesocrystals we used off-

axis electron holography (EH) (Figure 5.4) 49. In EH, an electrostatic biprism is 

employed to tilt and overlap two electron waves, which are referred to as object wave 

and reference wave, respectively. The interference of these two tilted waves produces 

a fringe pattern, i.e. a hologram, where bending of the fringes records the local phase 

shift in the object wave and intensity modulations along the fringes record the 

amplitude modulations present in the object wave (see Appendix A5.1.2). 

The phase shifts corresponding to the mean inner potential (MIP, 𝜙𝜙MIP) and the 

magnetic flux density (𝜙𝜙M) contributions can be separated by using a pair of 

holograms (object wave phase images), in which the magnetization direction of the 
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magnetite chain has been reversed by an external magnetic field. 

The studied chain contains crystals of different size, from ~ 30 nm, the smallest, 

to 120 nm, the largest (Figure 5.4a). The MIP map (Figure 5.4b) shows 

inhomogeneities in the intensity distribution within the crystals that might result 

from thickness variation of the particles due to the irregular morphology of the 

crystals as observed by cryo-TEM and ET. In the 𝜙𝜙M map small experimental 

artifacts around some of the edges of the crystal can be seen (arrows in Figure 5.4c). 

These artifacts are due to the movement of the specimen during the acquisition while 

obtaining the magnetization phase shift. Nevertheless, these misalignments are small 

and do not affect the outcome of the analysis. The magnetic flux density map (B) 

(Figure 5.4d) shows the magnetic field distribution within the crystals after the 

magnetization step. The magnetic induction map shows how the magnetic flux 

follows the chain from crystal to crystal, indicating that the majority of the crystals 

form a stable single magnetic domain. However, the magnetic state of crystals 

marked as 1 and 2 in Figure 5.4d, having a crystals size of 120 and 90 nm, 

respectively, possess a complex magnetic state with curling flux lines suggesting a 

partial vortex state. The small ~ 30 nm crystal on the left side of the chain shows no 

parallel field lines, hence, no permanent magnetization. An alternative explanation 

is that during the applied external magnetic field no (complete) magnetization 

reversal occurred. The phase shift corresponding to the magnetic contribution 

measured for a crystal in the chain (Figure 5.4e) is equal to the calculated value for a 

spherical magnetite crystal of the same size. Thus, it can be concluded that the 

subunits are crystallographically aligned and, while in the SP regime, they form a 

stable single magnetic domain. The same behavior was reported for mesocrystalline 

magnetite aggregates formed in presence of polyarginine 46, while another study 

reported magnetite mesocrystals (synthesized in the presence of diethylene glycol) 

that remain in the SP state 22, 27. Since the easy magnetization direction for magnetite 

is along the [111] plane, the magnetism might play a role in the crystallographic 

alignment of the subdomains. The results show a hierarchical alignment of the 

magnetite aggregates, crystallographically and magnetically. These alignments can 

occur sequentially to each other or simultaneously as the SP subdomains possess a 

certain degree of rotational freedom. However, there are no experimental results that 

can distinguish between the two mechanisms.  
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5.3| Conclusions  
Here we present a study on the intermediate stages during the aqueous formation of 

Fe3O4 aggregates in presence of pAA. The cryo-TEM micrographs (Figure 5.1 and 

Appendix 5.4) reveal that magnetite is formed through a multi-step process. First 

green rust platelets are formed that transform into ~ 5 nm primary particles (Figure 

5.1b). In a second step, the agglomeration of primary particles, probably through an 

oriented attachment mechanism 34, form magnetite crystals of ~ 10 nm in size that 

represent the subunits. Finally, the aggregation of these magnetite subunits produce 

the final mesocrystalline magnetic structure (Figure A5.2b). 

 
Figure 5.4 | Off-axis electron holography analysis of a chain of Fe3O4 mesocrystals. a) Bright field 
hologram image of the investigated crystals chain, containing crystals of variable size from 30 nm the 

smallest to 120 nm the biggest. b) Mean inner potential (MIP, φMIP) map showing inhomogeneity on 

the intensity distribution within the crystals. c) Magnetic phase (φM) map containing misalignment 
artefacts (arrows). D) Magnetic induction (B) map showing the alignment of the chain with the applied 
magnetic field (H); crystals marked as 1 and 2 show a complex magnetic state. e) Magnetic phase shift 
measured from A to A’ points of the crystal by taking the intensity in d). 
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The polymer plays a crucial role in this process. In the early stages of the reaction, 

green rust platelets aggregate (star-like aggregates) due to the electrostatic 

absorption of pAA on the platelet surfaces most likely due to the bridging flocculation 

phenomenon. While the green rust is consumed in the formation of magnetite, its 

colloidal stabilization wins over the flocculation. This effect is caused by the 

reduction in the surface area of the platelets, resulting in a decrease in frequency of 

the star-like aggregates. At the same time, the polymer is also interacting with the 

forming magnetite mineral phase. This interaction is due to the fact that some of the 

magnetite crystalline planes (for instance [111] 50 and [100] 51), expose Fe that can 

coordinate with carboxylate groups. In fact, the 3-D reconstructed volume 

visualization (Appendix 5.5.1, Figure A5.4) of the crystal structure shows that the 

cracks, propagating through the structure, are located at approximately 90° to each 

other, supporting the idea of a directional absorption of the polymer. Therefore, pAA 

would not absorb completely on the Fe3O4 surface giving origin to the depletion 

interaction 52 (see Appendix 5.3) that could contribute to promoting the aggregation 

of both primary particles and subunits.  

ET analysis shows that the subunits are crystallographically aligned in the Fe3O4 

aggregate crystals. Interestingly, even though the crystals are composed of 

subdomains in the SP regime, the overall structure displays magnetic properties 

depending on the final crystal size (either SSD or MD) as expected for magnetite 

crystals formed in absence of any additives. Furthermore, the presence of isolated 

Fe3O4 aggregates at early stages (7 min, Figure 5.1g) but not in the end product 

suggest that the magnetism of the crystals also evolves during the reaction.  

The electron holography analysis reveals that the aggregates arranged in chains 

present a single stable magnetic domain or a vortex state depending on the final 

crystal size. In solution magnetite aggregates that are not arranged with other 

magnetite crystals are observed, possibly due to the large size that reduced their 

diffusion coefficient in solution. Nevertheless, these large isolated aggregates still 

present a crystallographic alignment (Appendix A5.4 Figure A5.3).  

The work presented here gives new insights in the formation mechanism of 

multicore magnetite aggregates that can be useful for designing material for future 

application. The shape and magnetic state of the crystals could be regulated by 

controlling the formation of the subunits or affecting their aggregation. This level of 



 
Magnetite mesocrystals: understanding the formation mechanism with electron microscopy 

111 

control is crucial when design materials for technological applications such as 

magnetic data storage.  
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A5|Appendix to chapter 5 
A5.1| Materials and Methods 

A5.1.1 | Magnetite Synthesis 
Polyacrylic acid (pAA) Mw ~ 450,000 Da, FeCl2∙4H2O and FeSO4∙7H2O were 

purchased from Sigma Aldrich. KNO3 and KOH were purchased from Merck. All 

chemicals were used as received. All solutions were prepared using Milli-Q water (18.2 

MΩ, Millipore, 20 °C), that was degassed using either nitrogen or argon gas flow for 

at least 30 minutes prior use.  

A mixture contacting 7 ml of 0.5 M of KOH, 10 ml 0.5 M of KNO3 and 0.0456 g 

of pAA was prepared and degassed. These mixture was then added to a three-neck 

round-bottom flask containing 8 mL of 0.08 M of FeSO4∙7H2O and immediately after 

that a dark green precipitate was formed, which gradually converted into black 

magnetite. The entire synthesis was performed under continuous nitrogen flow and 

at 90 °C, with a final pH value of ~ 13-14. After 4-6 hours the reaction was stopped 

and the solution product stored in a vial sealed under nitrogen. 

A5.1.2 | Transmission electron microscopy 
Cryogenic transmission electron microscopy 

For cryogenic TEM, we used 200 mesh Cu grids with Quantifoil R 2/2 holey carbon 

films (Quantifoil Micro Tools GmbH). For the cryogenic sample preparation we used 

an automated vitrification robot (FEI Vitrobot™ Mark III) to plunge each sample 

in liquid ethane in preparation for cryo-TEM 1. Prior to use the TEM grids were glow 

discharged for 40 seconds by a Cressington 208 carbon coater to render them 

hydrophilic. Samples were analyzed on the Titan Krios™ (FEI) operated at 300 kV, 

equipped with a field emission gun (FEG), a postcolumn Gatan Energy Filter (GIF) 

and a post-GIF Gatan CCD camera 2048×2048 pixels. Gatan Digital Micrograph 
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(including DiffTools) and MATLAB were used for TEM image and SAED pattern 

analysis.  

Cryo-TEM image processing 

Enlargement of the TEM images were filtered by applying a low path filter in order 

to enhance their quality. 

Electron tomography (ET) 

Tomographic tilt-series were acquired from dry samples at room temperature and 200 

mesh Cu grids with continuous 2 nm carbon films (Agar Scientific) were used. For the 

tomographic sample preparation first a solution containing 5 nm gold nanoparticles 

(fiducials) was applied and dried by air. Afterwards 50 µL of sample solution was 

applied onto the TEM grid and dried by air. Prior to use the TEM grids were glow 

discharged for 40 seconds by a Cressington 208 carbon coater to render them 

hydrophilic. Tomographic samples were analyzed on a Titan (FEI, www.cryotem.nl) 

operated at 300 kV, equipped with a field emission gun (FEG), a postcolumn Gatan 

Energy Filter (GIF) and a post-GIF Gatan CCD camera 2048×2048 pixels. Gatan 

Digital Micrograph (including DiffTools) and MATLAB were used for TEM image 

and SAED pattern analysis.  

For the acquisition of the tomographic tilt-series a single rotation axis was used 

to tilt the stage from –68° to 68° at 2° intervals. Focus was determined from the image 

shift of the gold fiducials, applying beam tilting of 16 mrad between the images. The 

tomographic tilt series was processed to obtain the reconstruction by using a 

simultaneous iterative reconstruction technique (SIRT) 2. 

Electron holography 

For the electron holography Cu grids with lacey carbon layer grids were used. The 

samples were prepared by applying ~ 50 µL of sample solutions and drying in 

vacuum. The electron holograms were recorded using the FEI Titan “Holo” 

microscope at Ernst Ruska-Centre for Microscopy and Spectroscopy with Electrons 

in Forschungszentrum Jülich. It was operated in magnetic field free Lorentz mode at 

300 kV. A positively charged biprism was used at 120 V voltage that results in ~ 2.6 

nm fringe spacing. The holograms were recorded using a conventional CCD camera 

at 2048×2048 pixels (Gatan) and a Fischione dual-axis tomography holder. 
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For the magnetization reversal experiment the sample stage was tilted to +75º 

and –75°, and magnetized using the full excitation of the objective lens applying an 

in-plane magnetic field of ~ 1.4 T to the sample. The objective lens was then switched 

off, the sample stage tilted back to 0° and the holograms taken to image the resulting 

magnetic remanent states. The holograms were acquired in pairs where the sample 

was magnetically saturated in opposite directions, assuming that the magnetization 

state of the material is completely reversible. We investigate strings composed of 

several magnetite aggregates. Magnetite magnetization, M0, is 0.6 T therefore we can 

assume that the magnetic field within the string is aligned to the saturating magnetic 

field. The applied magnetic field (H) direction is approximately the same as the main 

axis direction of the investigated magnetite strings. It should be noted, however, that 

no magnetic field is applied during the acquisition, but only before in the 

magnetization step. Assuming no significant charging of the sample is present during 

the electron holography experiment, the mean inner potential (MIP, 𝜙𝜙MIP) and the 

magnetic phase shift (𝜙𝜙M) can be calculated from the acquired pairs of holograms. 

A5.1.3 | Crystal size measurements 
Crystal size distributions were determined by manually measuring the long and short 

axes of more than 100 individual crystals per sample in TEM images using a 

MATLAB program. The average of long and short axis for each crystal was taken as 

the crystal size and ± indicates the standard deviation on the mean. 

We measured the average crystal size of the magnetite aggregates as a function 

of the reaction time. The results of this analysis show that crystal size is 

approximately constant regardless the reaction time. However, a slightly increase in 

crystal size from 7 to 25 minutes of reaction is observed (Figure A5.1a). Further, we 

labelled the magnetite aggregate in terms of their aggregation type and compared 

their crystal size (Figure A5.1b). The magnetite crystals are divided in two categories: 

crystals arranged in strings or stabilized in solution unpaired crystals. The “string 

crystals” are further labeled in terms of the number of crystals contacts: 1) 1 contact 

represent the crystals at the end of the string; 2) 2 contacts represent the crystals that 

compose the segments of the string; 3) 3 or more contacts represent the crystals at 

the cross point of the multiple strings. Also, crystal aggregates arranged in pairs were 

found and labeled. The results of the labeling analysis shows that the average size is 
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constant regardless of the type of crystals (strings or isolated in solution), regardless 

of the reaction time, suggesting that the polymer controls the growth process. 

A5.2| Green rust 
Green rust is a mixed valence iron (Fe2+ - Fe3+) hydroxide with green/bluish color, 

formed by the oxidation of  Fe2+ at alkaline pH with a variable Fe2+ : Fe3+ ratio 3, 

constituted of hexagonal thin platelets. Green rust is isostructural to pyroaurite 

(Mg6Fe2(OH)16CO3), consisting of sheets in which some of the Fe2+ is replaced by Fe3+ 

4. The presence of Fe3+ generates a positive charge that is balanced by the 

incorporation of anions between the sheets. Green rust is classified either as “type 1” 

or “type 2” depending on the counter anions, Cl– for type 1 and SO42– for type 2. The 

green rust obtained in this work is type 2 given that only SO42– ions are available as 

the counter ion in solution.  

A5.3| Colloidal stability: pAA adsorption 
effects 

Polymer adsorption is energetically favorable when the loss of configurational 

entropy caused by the interaction between the colloid surface and the polymer 

segments is compensated for 5. The adsorbed polymer can produce two different 

 
Figure A5.1| Measured average crystal size of the magnetite aggregates a) in terms of the reaction time 
and b) in terms of the crystal labeling from the sample vitrified at 14 min. 
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effects depending on the degree of adsorption (Γ). When the surfaces of the particles 

are completely saturated with the adsorbed polymer, the dispersion will be kinetically 

stabilized. This effect is caused by the dense polymer layers around the particles that 

give rise to a steric repulsive interaction. In contrast, when the surface of the particles 

are not saturated, the thin polymer layer cannot inhibit the approaching of the 

particles. Moreover, the polymer chains can interact with the surface of other 

particles forming the so-called bridges, promoting the attraction between particles. 

The phenomena is known as bridging flocculation 5 and it is accentuated when the 

polymer is a polyelectrolyte and/or has high molecular weight (Mw). Typically the 

amount of polymer adsorbed at saturation is Γ ~ 1 mg ∙ m–2 5.  

A completely different effect is caused by the presence of a nonadsorbing polymer 

in solution. The fact that the polymer does not adsorb on the surface particles induces 

an interaction between the colloids. This interaction is the result of the overlap of the 

depletion layers, located around the particles, which in turns minimizes the free energy 

of the polymer. As a consequence, states where the particles are close together are 

more favorable and the polymer indirectly induces the attractive interactions 

between particles 6-8.  

In our experiments we used polyacrylic acid, pAA, with Mw ~ 450 kDa that is 

negatively charged at alkaline pH. The formation of the green rust star-like 

aggregate, observed in the early stages of magnetite formation by cryo-TEM (see 

Figure 5.1d), could be due to the bridging flocculation. In our experimental 

conditions Γ has an estimated value of ~ 1 mg ∙ m–2, suggesting that indeed the 

flocculation is possible. While magnetite is formed, the green rust is consumed with, 

consequently, a reduction of their surface, as observed in cryo-TEM, where their 

shape changes from the ideal hexagon (inset in Figure 5.1h and Appendix A5.4 Figure 

A5.2c). When the polymer in solution becomes sufficient to fully cover the surface of 

the green rust, the colloidal stabilization of the platelets wins over the flocculation. 

In fact, as the reaction proceeds the star-like aggregates decreased in frequency. 

Nevertheless, star-like aggregates of green rust are observed up to 45 minutes reaction 

time. On the contrary, the “platelet networks” are observed up to two hours reaction 

time, however, their size is significantly decreased (see Appendix A5.4 Figure A5.2d).  
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A5.4| Additional cryo-TEM images 
Figure A5.2 and A5.3 show the cryo-TEM micrographs of the solution during the 

reaction at different times. In Figure A5.2a two isolated Fe3O4-NF are shown, where 

green rust platelets seem to interact closely with the structure. In Figure A5.2b 

magnetite subunits in proximity of a string of Fe3O4 aggregates are shown, 

supporting the hypothesis of an aggregation mechanism for the formation of the 

nanoflower magnetite crystals. In Figure A5.2c green rust platelets can be seen, 

where the ideal hexagonal shape is lost due to the dissolution process, also fracture is 

visible at the edge. In Figure A5.2d isolated magnetite crystals are observed together 

with the green rust. The green rust is significantly reduced in size and appears to be 

more dispersed as compared with previous time points.  

Figure A5.3 shows the cryo-TEM micrographs and the corresponding SAED 

patterns of isolated Fe3O4 aggregates at early stages during the reaction. The SAED 

pattern, illustrated in Figure A5.3 b and d, show a single-crystal-like electron 

 
Figure A5.2 | Cryo-TEM micrographs of samples during the reaction: a) 18 min, b) 34 min, c) 1 hour and 
d) 2 hours.   
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diffraction pattern. The reflections which are not in the single-crystal-like pattern 

may originate from subunits that are not aligned or by green rust crystals present in 

the background of the acquisition area, highlighted with a yellow circle in Figure 

A5.3 a, c.  

A5.5| High-resolution electron tomography 

A5.5.1| 3-D volume reconstructed visualization 

The tomographic tilt-series is used to obtain the tomographic reconstruction, where 

the 2-D images acquired at different tilt angles are converted into a 3D image giving 

access to the volume organization of the crystals investigated. Alignment and 

reconstruction of the tilt-series were performed using IMOD. The segmentation and 

 
Figure A5.3 | a, c) Cryo-TEM micrographs and b, c) SAED pattern of isolated Fe3O4-NFs at a, b) 25 min 
and c, d) 28 min reaction time.   
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the 3-D volume visualization of the reconstructed tomogram were performed with 

the 3-D analysis Software package Avizo 8.1. Volume visualization (Figure A5.4) 

shows how the gaps (in green) are distributed in the magnetite aggregate through the 

subunits (in red). The gaps appear as layers that separate subunits placed at 90° to 

each other.  

A5.5.2| Artifacts and resolution limit 

In the reconstructed tomogram the y-axis is parallel to the rotation stage axis, thus 

the x-axis, perpendicular to y, is parallel to the 0° image plane, and the z-axis is 

perpendicular to both x and y. Due to the acquisition conditions the resolution in the 

tomogram is anisotropic, as the x-direction is compressed because the tilting stage 

and the z-direction is extrapolated from x and y during the reconstruction. As a 

consequence, highest resolution can be achieved in the y-direction, while the lowest 

is the z-direction.  

A low pass filter was applied to the tomographic tilt-series before the 

reconstruction to filter out the high frequency signals. The non-uniformity of the 

background as well as some horizontal striping visible in the reconstructed tomogram 

 
Figure A5.4 | a,b) Computer volume visualization of the reconstructed tomogram of a single 
magnetite aggregate. In green are highlighted the gaps between the magnetite subunits, which 
are in red.  
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are due to the acquisition method used and to the reconstruction process and have to 

be considered as artifacts. 

The tomographic tilted series was acquired at a magnification of 105 k (pixel size 

0.095×0.095 nm) with a defocus value of –300 nm. The contrast transfer function is 

commonly used to determine the point resolution and the information limit of a TEM 

micrograph. The CTF describes the electron phase information transfer into the 

intensity image through self-interference. With our experimental acquisition 

condition we have estimated a point resolution of ~ 0.8 nm and an information limit 

of ~ 1.5 Å, allowing lattice information to be obtained from each image of the 

tomographic tilt-series. The point resolution represents the minimum distance at 

which two objects can be distinguished as separate objects. 

A5.5.3| Volume segmentation of the subunits in  a 
Fe3O4 aggregate 

The reconstructed tomogram of a single aggregate was processed with a multi-step 

algorithm in order to obtain the volume segmentation of the subunits composing the 

magnetite aggregate. The segmentation algorithm consists of 5 Matlab scripts and 2 

manual segmentation steps. The purpose of the first step was to enhance the signal 

from the gaps by reducing the nose from the images. This step is carried out by 

 
Figure A5.5 | Representative slice of the subunits volume segmentation of the magnetite aggregate. a) 
Result of the manual segmentation of the aggregate and gaps. b) Distance transform map. 
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applying a one dimensional maximum filter with a length of 9 pixels (0.86 nm) in all 

3 directions whose average gives the filtered volume. In the next step the aggregate 

and the gaps are manually segmented in two separate moments, from the volume 

background with Avizo Software (Figure A5.5a). The obtained filtered volume, 

aggregate segmentation and gaps segmentation were processed with a distance-based 

watershed to obtain the distance transform map (Figure A5.5b) and thereafter the 

final volume labeling of the subunits (Figure 5.2b) was done. The final labelled 

segmentation volume was used to calculate the average size of the subunits by 

counting the pixel numbers (voxels) in the volume of each segmented subunits.  

A5.5.4| Crystallographic alignment  

Each image acquired from the tomographic tilted series contains information on the 

crystal lattice represented by the striping pattern visible in the images (Figure A5.6). 

The fast Fourier transform (FFT) images in Figure A5.6b shows diffraction spots 

whose distance from the center corresponds to the d-spacing of a certain crystalline 

plane. The FFT series was further processed by Fourier filtering in order to enhance 

the area in the TEM image that produces a certain diffraction spot.  Thus, this 

processing can help in visualizing the crystallographic alignment along a certain 

crystalline plane of the magnetite subunits of the aggregate. Figure A5.6 shows a 

representative example of the process above described. The results of this analysis 

 
Figure A5.6 | Fourier filtering analysis of the tomographic tilt-series. a) TEM micrograph extracted 
from the reconstructed tomogram of a single magnetite aggregate. b) FFT of a) showing diffraction spots 
consistent with magnetite mineral phase.  
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indicate that all subunits are crystallographically aligned, except for one subunit that 

shows alignment only in the (111) direction.  
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Chapter 6 
Magnetite formation 

through a reductive pathway  
Abstract 

Due to its poor crystallinity, ferrihydrite (Feh) is used as a precursor to form different iron 
(hydroxy)oxides, depending on the reaction conditions. Feh can convert into magnetite crystals by 
reacting in solution with Fe2+ ions, or by its reduction-dissolution and subsequent reprecipitation, 
at alkaline pH. In this chapter, we explore the reductive conversion of Feh into magnetite by the 
addition of L-ascorbic acid (AA) at alkaline pH. The obtained mixture was characterized by 
transmission electron microscopy (TEM) and pair distribution function (PDF) analysis. The 
majority of the final product consists of ~ 2 nm primary particles that aggregate in time to form ~ 
10 nm magnetite crystals. The preliminary results of the PDF analysis suggest that the crystalline 
phase consists of a mineral phase with a composition in between magnetite and maghemite. The 
dispersion is surprisingly stable as 10 months aging did not affect its composition. The TEM 
analysis of the aged dispersion shows that the primary particles, representing still the majority of 
the sample, are present as individual, dispersed particles. This stability is most likely caused by the 
presence of the AA that can act as surfactant interacting with the surface of the primary particles, 
stabilizing them in solution and slowing down their aggregation into magnetite. The synthesis of 
these stable magnetite primary particles through the synthetic procedure presented in this chapter, 
can have important consequences in controlled material design for future applications. 

 

 

“L’acqua lu vagna e u ventu l’asciuca” 

“The water wets him and the wind dries him” 

– Sicilian proverb 

 

 
The PDF data acquisition and analysis were made in collaboration with Prof. Dr. Reinhard Neder 

from the University of Erlangen-Nüremberg. 
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6.1| Introduction 
Ferrihydrite, Feh, is a naturally and synthetically occurring ferric oxyhydroxide, 

mainly present as a precipitate in waters and soils 1. As mentioned in chapter 3, Feh 

is also found in biology in the core of ferritins 2, iron storage proteins responsible for 

regulating the iron level in plants 3, microbes 4, animals and humans 5. Due to its high 

surface area and reactivity, Feh is used as a sorbent to remove heavy metals from 

water, for instance arsenic 6, 7, lead 8, zinc and cupper 9, and is also used as a catalyst10.  

Feh is a poorly ordered iron oxyhydroxide and the degree of order varies 

depending on the formation conditions and formation rates. The Feh crystal 

structure and chemical composition have been extensively discussed and investigated 

but they have not been established due to the variable H2O content 11. The chemical 

formula commonly used is Fe5O8H·4H2O, originally proposed by Towe and Bradley 
12, but several alternatives have been given over the years 11, 13-16. Feh is classified as 

2-line or 6-line based on the number of broad reflections in its X-ray diffraction 

(XRD) patterns (2 to 6-8 reflections, respectively) 15. The difference in crystalline 

order between the 2-line and 6-line Feh reflects the size of their crystalline domains 
16.  

Unless stabilized, Feh can transform into more stable iron oxides. In fact, Feh 

represents the precursor phase in the formation of many iron oxides, where, 

depending on the reaction conditions, such as pH, temperature and/or the presence 

of foreign ions, goethite, hematite 17-19, lepidocrocite 20 or akaganéite can be formed 

through either a solid state transformation or a dissolution-reprecipitation 

mechanism 21.  

Magnetite, Fe3O4, can be obtained from Feh by simply reacting with Fe2+ in 

solution at alkaline 22 or neutral 23 pH. Alternatively, Feh can be partially reduced 

and converted into Fe3O4. The formation of magnetite through the reduction of Feh 

has been mostly investigated in the context of the bioreduction employing 

dissimilatory iron reducing bacteria (DIRB) 24, 25, while the synthetic reduction at 

room temperature and in aqueous solution is poorly explored. Furthermore, the 

reduction and consequent conversion of Feh into magnetite is believed to be involved 

in the magnetite biomineralization process of magnetotactic bacteria and chiton 

teeth. 
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Ascorbic acid, AA, has been previously investigated in the reductive dissolution 

of Feh 26, 27, showing the ability to reduce ferric oxides in a wide range of pH values. 

In particular it has been shown how the reduction rate of ferric oxides by AA is pH 

dependent 28 and the reduction becomes gradually slower above pH 6 29, 30. AA is a 

two electron reductant often used as an antioxidant in the food industry.   

Here we explore the reductive conversion of freshly formed Feh into Fe3O4 by 

slow addition of AA. The final product is characterized with conventional and 

cryogenic transmission electron microscopy (dry-TEM and cryo-TEM), and Raman 

spectroscopy. Furthermore, in order to study the chemical nature of the final 

product, we applied a PDF (pair distribution function) analysis. The results show 

that the product of the reduction conversion consists of particles of ~ 2 nm in size 

that aggregate in time to form magnetite nanocrystals. According to the preliminary 

results of the PDF analysis the final product compound consists of a phase in between 

magnetite and maghemite. The results presented here contribute to understanding 

the iron chemistry of the reductive conversion process involved in the magnetite 

biomineralization. Furthermore, understanding the interaction between Feh and AA 

can give important insights on the interaction of ferritin with biomolecules and future 

applications in the food industry.  

6.2| Results and discussion 
Magnetite was formed by the reduction of Feh with AA. Feh was prepared by 

gradually increasing the pH of a Fe3+ solution to alkaline pH, then AA was added to 

the mixture while the pH was kept constant (See Appendix A6.1.2). During the 

addition of the reductant the color of the suspension changed from orange to brown 

to black. Important to note is that, as the color changed, the solid was gradually 

dissolved until a transparent black solution was obtained in the end. The overall 

reaction took approximately 2 hours. 

The Feh precursor formed was characterized by dry-TEM and powder X-ray 

diffraction (PXRD). The results show that nanocrystals were formed with a crystal 

size of ~ 1.5 nm (Figure 6.1a). The selected area electron diffraction (SAED) pattern 

of the Feh synthetized shows three diffuse rings as expected from the small size of the 

crystals (inset in Figure 6.1a). The diffractogram of the dry sample shows the 2 

typical broad reflections at 34° and 62° (2θ) consistent with 2-line Feh (Figure 6.1b) 
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31. The extra reflection at 18° 2θ suggests a higher degree of order of the Feh, as a 

reflection in a similar position is found in ordered Feh 6-line 32. Alternatively, the 

position of this reflection could also be assigned to goethite, suggesting a partial 

conversion of the precursor 19. However, based on the uniformity in morphology and 

the absence of elongated crystals, typical for the goethite mineral phase, this 

interpretation seems unlikely to be correct.  

The cryo-TEM image of the end product shows that the dispersion contains 

mainly small well dispersed particles with a well-defined size of ~ 2 nm (Figure 6.2a). 

The SAED pattern of these particles shows no sign of crystallinity (Figure 6.2b). 

Moreover, particles of 10.5 ± 2.5 nm in size showing an electron diffraction pattern 

consistent with magnetite are also found in the sample but less frequently compared 

to the amorphous 2 nm particles. Moreover, the granularity of the crystals (Figure 

6.2d) suggests that magnetite is formed by the aggregation of the 2 nm primary 

particles, possibly with a similar mechanism as the one already observed in chapter 

4 for the partial oxidation of ferrous hydroxide. The small amount of magnetite 

crystals detected in the end product suggest that the excess of ascorbate present can 

act as surfactant stabilizing the primary particles and, therefore, slows down the 

aggregation process. In fact, the solution appears very stable in time with no 

significant changes in the color after 10 months. Dry-TEM images of the aged 

solution show that the majority of the solution is still composed of the 2 nm primary 

particles, however, magnetite crystals are also found with an increased frequency 

compared to the freshly prepared sample (Figure A6.1). The determined crystal size 

 
Figure 6.1 | a) Dry-TEM images and b) PXRD of Feh precursor. Inset in a) show the SAED pattern 
corresponding to the area shown in a). 
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of the aged magnetite crystals is 13.7 ± 3.7 nm and did not significantly increase in 

time.  

A preliminary PDF analysis of the sample was performed by comparing the PDF 

calculated from the experimental x-ray scattering data and the ones calculated from 

the structural model of the magnetite and maghemite mineral phases. The analysis 

shows that the two models used match the experimental data almost equally well, as 

can be seen by comparing the difference function in Figure 6.3, although the 

maghemite plot seems to match slightly better. Furthermore, the analysis is 

consistent with particles of ~ 2.5 nm in size. However, neither of the two structural 

models used match well with the first experimental peaks at 0-3 Å suggesting the 

presence of another mineral phase, possibly ferrihydrite. Therefore we can conclude 

 
Figure 6.2 | a) Cryo-TEM image of the black end product showing the presence of primary particles of ~ 2 nm 
in size dispersed in solution. b,c) SAED pattern of the b) primary particles shown in a) and c) magnetite crystals 
shown in d). d) Dry-TEM image of magnetite crystals.  
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that the final product consists of 2.5 nm particles and that both magnetite and 

maghemite are present in solution. The coexistence of this two phases could be due 

to the partial oxidation of the sample caused by excess AA or contamination by 

oxygen. In order to determine whether the two phases are present in dual structures, 

e.g., core-shell structures, or are simply present as individual particles, further 

analysis needs to be done. Moreover, in situ PDF analysis will be performed to follow 

 
Figure 6.3 |a,b) Experimental (blue) and calculated (red) PDFs of the final solution. The calculate PDFs are 
obtained by modeling pure defect free a) magnetite and b) maghemite nanoparticles. 
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the aggregation process and study the chemical transformation involved in the 

reductive conversion of Feh precursor into magnetite.  

6.3| Conclusions 
In this chapter, we explored the reductive conversion of a ferric precursor phase into 

magnetite crystals, in a similar fashion as described in Chapter 4 where a ferrous 

precursor phase is partially oxidized instead. The 2-line Feh precursor is partially 

reduced by the addition of AA resulting in the formation of ~ 2 nm primary particles 

that aggregate into ~10 nm magnetite crystals, as shown by the granularity of the 

crystals in TEM images. This observation suggests a crystallization by particle 

attachment (CPA) mechanism as previously observed in this thesis (Chapter 3, 4 and 

5). Surprisingly, the solution appears extremely stable as the analysis of the 10 

months aged mixture shows no significant changes. In fact, the dry-TEM images of 

the aged sample show that the majority of the mixture is still composed of primary 

particles together with a minor part composed of magnetite crystals. Interestingly, 

the magnetite crystal size has not significantly increased over time, however, 

magnetite crystals seem to be more frequently present compared to the freshly 

prepared product. The preliminary PDF analysis suggests that the product consist of 

a phase in between magnetite and maghemite as the difference function obtained 

from the comparison of the experimental PDF and PDF calculated from the model 

of the mineral phase appear fairly similar. The PDF results are consistent with the 

TEM analysis where diffracting magnetite crystals were found. However, the initial 

peaks are not described by the 2 mineral phases considered, suggesting the 

contribution of another phase, possibly Feh. Therefore, the model has to be refined 

by including the precursor phase in order to fully describe the structure of the final 

product.  

Further experiments will help to elucidate the crystal structure and chemical 

nature of primary particles, and also to investigate the chemical transformations 

involved in the aggregation-conversion to magnetite. However, the synthetic 

procedure described here has the great advantage to synthesize of what appears to be 

stable primary particles for magnetite crystallization. The destabilization of these 

primary particles could allow a new level of control in the magnetite formation that 

would help in the crystal designing for future applications.  
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A6|Appendix to chapter 6 
A6.1| Materials and Methods 

A6.1.1| Chemicals and solution preparation 

All solution were freshly prepared for each experiment using Milli-Q water (18.2 MΩ, 
Millipore, 20°) and degassed with nitrogen or argon gas for approximately 1 hour 
prior use. The NaOH (0.4 or 0.75 M), L-ascorbic acid (30 mM, 0.1 M or 0.4 M) and 
Fe3+ (30 mM) solutions were prepared by dissolving respectively NaOH pellets (≥ 
97%, Merck 106462), L-ascorbic acid (Fisher Chemical, A/8882) and FeCl3∙6H2O (≥ 
99.7%, VWR Chemicals, 24208) into the degassed water. 

A6.1.2| Titration experiment 

Magnetite was synthesized by partially reducing the ferrihydrite precursor phase 
(FeH) with L-ascorbic acid (AA). The reaction was carried out by using an automated 
titration system (Methrom Applikon) consisting of two 20 mL Dosino dosing units, a 
glass pH microelectrode and a magnetic stirring plate, all connected to two 905 
Titrando titration units controlled by the TIAMO 2.3 software. All the syntheses 
were performed at room temperature in 40 mL of total volume inside a 50 mL double-
walled glass vessel under a flow of room temperature argon. The overall synthetic set-
up was inside a glovebag filled with nitrogen gas in which the oxygen percentage was 
kept below 5% and constantly measured by a sensor.  

𝐹𝐹𝐹𝐹3+ + 3𝑂𝑂𝑂𝑂− → 𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂)3                                              (A6.1) 
The experiments were designed as follows: the pH of a solution containing Fe3+ 

was gradually increased by adding NaOH up to pH 9 (0.5 mL/min), with consequent 
formation of a FeH precursor phase (Eq. 1). Then, the pH was held constant at 9 
during the addition of the reductant AA (0.5 mL/min) in a stoichiometric ratio of 
1:0.5 of Fe to AA. During the reduction step the pH was kept constant if needed by 
extra addition of the base (0.3 mL/min). it is important to note is that a solid state 
reduction is performed in the experiment. 
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A6.1.3| Transmission electron microscopy 

Cryogenic transmission electron microscopy (cryo-TEM) 
For cryogenic TEM, we used 200 mesh Cu grids with Quantifoil R 2/2 holey carbon 
films (Quantifoil Micro Tools GmbH). For the cryogenic sample preparation we used 
an automated vitrification robot (FEI Vitrobot™ Mark III) to plunge each sample 
in liquid ethane in preparation for cryo-TEM 1. Prior to use, the TEM grids were glow 
discharged for 40 seconds by a Cressington 208 carbon coater to render them 
hydrophilic. Samples were analyzed on the Titan Krios™ (FEI) operated at 300 kV, 
equipped with a field emission gun (FEG), a postcolumn Gatan Energy Filter (GIF) 
and a post-GIF Gatan CCD camera 2048×2048 pixels. Gatan Digital Micrograph 
(including DiffTools) and MATLAB were used for TEM image and SAED pattern 
analysis.  
Conventional dry transmission electron microscopy (TEM) 
For conventional dry TEM, we used 200 mesh Cu grids with continuous carbon films 
(Agar Scientific). The sample was prepared by applying 50 µL of solution onto the 
TEM grid and drying by air. All TEM grids were surface plasma treated for 40 
seconds using a Cressington 208 carbon coater prior to use. Samples were analyzed on 
a FEI Technai 20 (type Sphera) operated at 200 kV, equipped with a LaB6 filament 
and a 1k × 1k Gatan CCD camera, or on the TU/e cryoTITAN (FEI, 
www.cryotem.nl) operated at 300 kV, equipped with a field emission gun (FEG), a 
postcolumn Gatan Energy Filter (GIF) and a post-GIF 2k × 2k Gatan CCD camera. 
TEM image processing 
Gatan DigitalMicrograph (including DiffTools) and MATLAB were used for the 

analysis of TEM images and SAED patterns. Enlargement of the TEM images were 

filtered by applying a low path filter in order to enhance their quality. 

A6.1.4| Crystal size measurements 

Crystal size distributions were determined by manually measuring the long and short 
axes of 30-40 individual crystals per sample in TEM images using a MATLAB 
program. The average of long and short axis for each crystal was taken as the crystal 
size ± the standard deviation on the mean.  

A6.1.5| Powder X-ray diffraction 

Powder X-Ray diffraction (XRD) measurements were performed on a Rigaku 
Powder diffractometer using copper radiation at 40 kV and 30 mA, with a wavelength 
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of 1.54056 Å. The samples were prepared by using a thin Vaseline film on top of a 
glass slide, on which the freeze-dried sample was placed. The measurements were done 
using a 0.04° step size and 30 seconds dwell time. 

A6.1.6| High-energy X-ray diffraction and pair 
distribution function (PDF) analysis 

Synchrotron XRD measurements were carried out at beamline ID-11-B at Advanced 
Photons Source (APS) in Argonne National Laboratory, Illinois, with an X-ray 
energy of 58.6 keV. The samples were prepared and measured in polyimide capillaries 
(d = 1 mm). A sample containing the blank solution was used for background 
subtraction. The experiments were carried out at room temperature.  

XRD data were processed using Dioptas software and the PDF calculation with 
PDFgetX3 2. Fourier Transformation of the diffraction data results in the PDF, also 
called G(r) function. Finally, the DISCUS software package was used to generate the 
modelling.  

A6.2| Additional figure 
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Figure A6.1 | a, b) Dry-TEM images of the aged product, showing the presence of primary particles (a) and 
magnetite crystals (b). c, d) SAED patterns of c) the area shown in a) and d) the area shown in b). 
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“Agneddu e sucu e finiu u vattiu!” 

“Lamb and sauce and the baptism is over” 

– Sicilian proverb 
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7.1| Epilogue 
This thesis entitled “Nucleation and growth of magnetite in bioinspired 

environments” tries to shed light on the crystallization behavior of magnetite under 

ambient conditions, inspired by processes that occur in nature. To this end, we have 

investigated the crystal formation mechanisms of magnetite under different reaction 

conditions with advanced electron microscopy techniques.  

The iron chemistry is particularly interesting as iron (oxy)hydroxides are present 

in many living organisms 1 and for their technological applications, as catalysts 2, 

colored pigments 3, 4 or magnetic materials 5, 6 . The structural chemistry of iron 

(oxy)hydroxides is very diverse as 16 structural different types of iron oxides for 

ferrous, ferric and mixed valent complexes exist 7. The majority of these different 

forms of iron (oxy)hydroxide can be formed from aqueous solution at ambient 

conditions resulting in a complex chemistry with different competing pathways 8. 

Therefore, controlling the reaction conditions (e.g. pH, temperature and redox 

potential of the solution) is essential for the selective formation of magnetite. In this 

thesis, we have investigated the formation of magnetite at alkaline conditions in 

aqueous media starting from ferrous (see Chapter 4 and 5) and ferric (see Chapter 6) 

ions in separated or mixed solutions (see Chapter 3). 

Regardless of the initial conditions, we observed that the use of precursor phases 

can help control the size and polydispersity of the final product, as previously 

reported 9. The precursor phase is often a more soluble and poorly ordered phase than 

magnetite, which acts as a reservoir of iron. The two most common magnetite 

precursor phases are ferrous hydroxide (Chapter 4 and 5), often found in its oxidized 

version of green rust, and ferrihydrite (Chapter 6). This strategy of storing the iron 

in a metastable phase prevents the precipitation of unwanted iron oxide and controls 

the iron supersaturation, as was described in Chapter 4 for the formation of magnetite 

via the partial oxidation of ferrous hydroxide.  

Furthermore, in Chapter 3, we discussed the possibility that living organisms 

such a magnetotactic bacteria (MTB) use the same strategy, of storing the iron in a 

metastable phase, in the biomineralization of magnetite where an amorphous 

phosphate-rich ferric hydroxide precursor is formed to accumulate and store iron 

inside specialized vesicles and later converted into magnetite. In this chapter we 
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propose a mechanism based on a review of the existing literature on the structure and 

the functions of the transmembrane proteins MamH and MamZ. To support this 

biological model, we designed a biomimetic in vitro synthesis where magnetite is 

formed from the conversion of a mixed-valence amorphous iron phosphate precursor. 

The results from the in vitro experiments were consistent with our hypothesis 

suggesting that the model represents an alternative route to magnetite 

biomineralization.  

In addition to the use of the precursor in the initial phase of the reaction, a second 

common feature was observed. Regardless of the initial reaction conditions, cryogenic 

transmission electron microscopy (cryo-TEM) analysis showed that magnetite is 

formed via aggregation of primary particles of approximately 2 nm size. The 

aggregation process of these primary particles can be quantitatively described in 

accordance with colloidal assembly theory, as shown in Chapter 4. These primary 

particles (PPs) are well-defined in size and surprisingly stable under conditions 

(Fe2+/Fe3+ = 0.55 and pH ~ 5 according to Baumgartner et al. 10) and can be stabilized 

by ascorbic acid preventing and/or delaying the aggregation process (Chapter 6).  

The preferred size and monodispersity of these PPs, as observed here by cryo-

TEM suggest that their chemical composition plays an essential role in their 

stabilization. The PPs chemical composition is still poorly understood and no direct 

experimental analysis has been reported so far. However, it has been shown by 

Baumgartner and coworkers 10 that their formation is a consequence of the reaction 

of ferrihydrite with Fe2+, consistent with what we observed and reported in Chapter 

6. Moreover, the cryo-TEM analysis in Chapter 4 showed the formation of very 

similar primary particles from the oxidation of ferrous hydroxide. This result 

suggests that the PPs contain Fe3+ and Fe2+, possibly in a similar ratio to the one in 

magnetite. Interestingly, also in the absence of ferrihydrite or ferrous hydroxide, the 

formation of PPs was observed in the presence of phosphate ions, by conversion of 

an amorphous mixed-valence iron phosphate when the pH was rapidly increased to 

12. The latter observation suggests that the formation and aggregation of PPs to 

form magnetite crystals is a general, preferred mechanism for magnetite 

crystallization in precursor assisted processes and is independent of the nature of the 

precursor phase involved.  

Understanding the factors behind the formation of primary particles, as well as 
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their aggregation (rather than their growth) is fascinating and still largely unexplored 

and unknown. The results discussed in this thesis represent a step forward in the 

understanding of the iron chemistry of in vitro and in vivo systems.  

7.2| Perspective 
Groundwater is an important resource of drinking water. The total iron concentration 

in groundwater is within a range of 1-50 mg/L, while the recommended level by the 

World Health Organization (WHO) is less than 0.3 mg/L 11, 12. Even though this is 

regulated by law it can be different in different countries. As the name already 

suggests, groundwater is extracted from anaerobic pockets underground where iron 

is present in the Fe2+ oxidation state. Currently, Fe can be removed by continuous or 

discontinuous sand filtration 13 after the water has been aerated, resulting in the 

oxidation of all the Fe2+ and consequent precipitation of amorphous hydrous Fe3+ 

oxides. The iron sludge that results from the filter backwashing is voluminous and 

has a high water content. This sludge is ferric (hydr)oxide containing material and 

has a market value of € 10-30/ton.  

Finding alternative methods to convert Fe present in groundwater into 

something with a higher market value, for instance magnetite (Fe3O4), would create 

a valuable material that can later be used in different fields. We have already 

discussed that due to its magnetic properties, Fe3O4 nanocrystals have a wide range 

of applications in magnetic sensors 14, data storage 15, catalysis 16 and water 

purification 17, 18. Also, because Fe3O4 is biocompatible, it has been extensively used 

in biomedicine: as contrast agents in MRI, drug delivery, cancer diagnostics 19 and 

therapy 20.  

Combining the understandings gained in this thesis, we propose in this section 

alternative approaches to convert Fe naturally present in groundwaters into Fe3O4.  

In Chapter 4 we showed that Fe3O4 can be synthesized in a range of initial Fe 

concentrations between 50-30 mg/L by using the partial oxidation method. These 

results indicate that Fe3O4 can be obtained from solution with a Fe concentration in 

the groundwater range. However, these experiments were performed in ultrapure 

distilled water, while groundwater contains many different ions that might interfere 

with the synthesis of magnetite. Therefore, the next step would be to test the reaction 

in tap water or synthetic groundwater to imitate better the groundwater ionic 
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environment. The preliminary results performed in our laboratory on the partial 

oxidation synthesis of magnetite in tap water showed that, indeed, the presence of 

different ions can significantly affect the reaction outcome as no black precipitate 

was obtained using the standard procedure (final pH 9 and Fe:NO3– stoichiometric 

ratio of 3:5; see Appendix A4.1 for the experimental details). It should be noted that 

tap water is slightly basic with a pH value of ~ 8.0, thus the direct addition of Fe2+ 

results in quick and uncontrolled precipitation of an orange solid. For this reason in 

the tap water experiments the water was always acidified by simply addition of few 

drops of HCl to a pH value of ~ 3.0 before the addition of FeCl2. 

This effect is not very surprising as we observed in chapter 3 that the presence of 

phosphate ions influence the reaction pathway by delaying magnetite precipitation 

to higher pH values (from pH 8 to pH 12). As shown in Chapter 4, when the pH of 

the acidified solution was gradually increased to 9, the typical colour changes of this 

method were observed, namely from light transparent yellow, to turbid green 

corresponding to the formation of the ferrous precursor phase. Although the pH 

curve is similar to the one obtained by using distillate water (Figure A4.1), no 

magnetite formed. Instead, a dark green precipitate was formed that subsequently 

turned orange. This dark green product appeared very similar to the precursor phase 

obtained in the standard partial oxidation synthesis. The partial oxidation method 

was then performed by modifying either the final pH to 12, the Fe:NO3– 

stoichiometric ratio to 3:6 and 3:7 or both. 

 
Figure 7.1 | Synthesis of magnetite using tap water, [Fe]i = 4 mM. a) Conventional dry-TEM image of 
the final product. Scale bar 500 nm. b) Raman spectra of the background (black) and the crystalline 
product obtained at pH 9 (red). 
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However, the inhibiting effect of the different ions present in tap water seems to 

be connected to the initial Fe concentration. Interestingly, when the standard 

synthesis was performed from an initial Fe concentration of 220 mg/L ([Fe]i = 4 mM) 

a black and magnetic precipitate is obtained (Figure 7.1a). The Raman spectrum of 

the sample (Figure 7.1b) shows two peaks: a weak peak at 532 cm-1, and a strong peak 

at 668 cm–1. The measured peaks are in good agreement with the diagnostic peaks for 

magnetite as reported in the literature (532-550 and 661-676 cm–1) 21. A complete 

screening using various ions separately and combined ions at different concentrations 

is essential to fully understand the effect of each ion present in groundwater on 

magnetite formation and to design experiments successfully.  

An alternative approach would be to convert the sludge produced at the end of 

the groundwater treatment by drinking water companies into magnetite. Since the 

sludge is a ferric (oxy)hydroxide containing material, we could simply reduce part of 

the Fe3+ with a suitable reducing agent using a similar approach as the one discussed 

in Chapter 6. Employing sludge provided by a drinking water company, we tested 

this idea by reducing the sludge with hydrazine (N2H4). This compound is highly 

toxic but its oxidation produces nitrogen and protons, according to equation 7.1, 

leaving the solution free from external reagents that have to be later removed. This 

N2H4 is a strong four-electron reducing agent and its oxidation can be followed by 

measuring the pH of the solution.  

𝑁𝑁2𝐻𝐻4  𝑁𝑁2  +  4 𝐻𝐻+  +  4 𝑒𝑒–                                       (7.1) 

A series of washing cycles was used to purify the sludge to obtain the starting 

material for the synthesis. The ferric sludge was first washed with distilled water to 

remove water soluble interfering molecules. The washed sludge was then dissolved in 

HCl ~1 M and precipitated at pH ~4.5. The precipitate was then centrifuged and 

washed with distilled water several times, and, finally, redissolved in HCl 0.5 M. The 

pH of such solution was gradually increased and an orange precipitate was formed. 

Hydrazine (N2H4) hydrate was then added to the mixture for the reduction reaction. 

The reduction was performed at room temperature at pH 9 and 12, and at 70 °C at 

pH 12. At room temperature no significant changes in colour or pH were detected. 

At 70 °C the precipitate turned red and after the addition of ~ 0.7 M of N2H4 turned 

dark brown-black with a weak magnetic behaviour. The dry-TEM analysis shows 



 
Epilogue and Perspective 

 

143 
 

that the final product consists of two distinct morphologies: thin platelets, similar to 

the one observed for the Fe(OH)2 precursor in chapter 4, and ~2 nm particles (Figure 

7.2). The selected area electron diffraction (SAED) pattern indicates the crystalline 

nature of the product, however the reflections did not match with any of the common 

(oxy)hydroxides. Interestingly, the energy dispersive X-ray (EDX) analysis of the 

product shows that the elemental composition consists of Fe, O and Si (Figure 7.2c). 

 
Figure 7.2 | Results of the sludge reduction reaction. a) Dry-TEM of the product obtained from the 
dissolution-reduction reaction of the sludge; scale bar 200 nm. The inset shows the enlargement of the 
area within the square; scale bar in the inset 50 nm. b) SAED pattern of the area shown in a); scale bar 
5 1/nm. c) EDX spectrum of the final product; inset STEM image showing the area scanned for the 
analysis. The gold and the carbon signal comes from the TEM grid support used.  
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Moreover, comparison of the X-ray powder diffraction pattern with a database did 

not give additional information about the mineral phase obtained. Further analysis 

and experiments need to be performed to fully understand and optimize the reduction 

process. An important aspect is the improvement of the sludge purification step in 

order to obtain a more pure starting material limiting the perturbing effect on the 

kinetics of magnetite formation of foreign molecules.  

The sludge reduction approach is promising as it will convert waste material into 

valuable material, and, as it does not require structural changes in the purification 

plant, limits extra costs. However, this approach offers a short term  solution as the 

real goal is to include the removal and consequent formation of magnetite, or any 

other valuable iron oxide, into the steps of the purification process.  
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AA| Introduction to the 

Sicilian proverbs 
 

“Cu nasci tunnu nun po moriri qutrato” 

“Who was born round, cannot die square” 

Meaning. No one can change his nature, just as a circle cannot become a square. This 
proverb indicates how those who have a certain mental form and a certain character 
will hardly change. 

“Falla comu voi sempri cucuzza è” 

“No matter how you cook it, it will always taste like squash butter”  

Meaning. The proverb refers directly to the low importance given to squash, 
considered food of little taste. The metaphoric meaning of the saying refers to those 
people that refuse to change themselves or their attitude even though it is wrong or 
inappropriate. At the same time it can also refer to a situations that, no matter what 
you do, will not change.  

“Aceddu `nta la aggia canta pi stizza o pi raggia” 

“The bird in the cage sings out of envy or out of anger”  

Meaning. The proverb is generally used to indicate that, who gossips or criticizes too 
much he/she does so either out of envy or anger. It is believed that the bird in a cage 
sings either for anger as deprived of its freedom to fly, or for envy when seeing the 
other birds fly as it cannot be free. In a similar way, the person who harshly criticizes 



 
Appendix A| Introduction to the Sicilian proverbs 

148 

others does so because he/she has been hurt, is therefore angry, or because he/she is 
envious of others, as not being satisfied of the life being lived.  

“Dui sú i putenti, cu avi assai e cu non avi nenti.” 

“Two are powerful, he who has everything and he who has nothing.” 

Meaning. The one who possesses everything has the power to decide to help you by 
giving you whatever you need, while the one who has nothing has the power to leave 
you with your problems as he has nothing to give you. In a different interpretation, 
the one who has everything does not miss or need anything, thus appear powerful. 
The one who has nothing does not know what is missing, so he has the same power 
being free from desire. 

“Megghiu u tintu canusciutu ca u bonu a canusciri” 

“Better the devil you know than the angel you don’t”  

Meaning. The proverb refers directly to the idea that when you know all character 
flaws of somebody, you know what to expect, how to behave and, more importantly, 
how to defend yourself. Instead, when you do not know somebody you do not know 
what to expect and if you can trust this person.  

“L’acqua lu vagna e u ventu l’asciuca” 

“The water wets him and the wind dries him” 

Meaning. The proverb refers directly to a person who is indifferent to whatever 
happens to him and does not let other people influence him. Thus, for this person it 
does not matter if the water wets him as the wind will dry him and everything will 
go back to normal as if nothing never really happened.  

“Agneddu e sucu e finiu u vattiu!” 

“Lamb and sauce and the baptism is over” 

Meaning. The proverb is used to describe in general the end of something. The reasons 
why it refers specifically to the lamb, the sauce and a hypothetical baptism are 
connected to the how celebrations are made. First of all, it is important to note that 
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lamb is considered a delicious dish and is typically used for important celebrations. 
All feasts, including the religious ones, end with a big banquet, in which the quantity 
and the quality of the food represents the most important thing for the success of the 
party. The banquet is identified as the core of the feast. Therefore, once the food has 
been consumed the party has come to the end. Therefore, is often used in a sarcastic 
way to indicate that something that takes a lot of time to organize, such as a feast, 
ends very quickly. 
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