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& Biomimetic Synthesis

Partial Oxidation as a Rational Approach to Kinetic Control in
Bioinspired Magnetite Synthesis

Cem L. Altan,[a, b] Jos J. M. Lenders,[a, c] Paul H. H. Bomans,[a, c] Gijsbertus de With,[a]

Heiner Friedrich,[a] Seyda Bucak,[b] and Nico A. J. M. Sommerdijk*[a, c]

Abstract: Biological systems show impressive control over
the shape, size and organization of mineral structures, which
often leads to advanced physical properties that are tuned
to the function of these materials. Such control is also found
in magnetotactic bacteria, which produce—in aqueous
medium and at room temperature—magnetite nanoparticles
with precisely controlled morphologies and sizes that are
generally only accessible in synthetic systems with the use
of organic solvents and/or the use of high-temperature
methods. The synthesis of magnetite under biomimetic con-
ditions, that is, in water and at room temperature and using
polymeric additives as control agents, is of interest as
a green production method for magnetic nanoparticles. In-

spired by the process of magnetite biomineralization, a ra-
tional approach is taken by the use of a solid precursor for
the synthesis of magnetite nanoparticles. The conversion of
a ferrous hydroxide precursor, which we demonstrate with
cryo-TEM and low-dose electron diffraction, is used to ach-
ieve control over the solution supersaturation such that crys-
tal growth can be regulated through the interaction with
poly-(a,b)-dl-aspartic acid, a soluble, negatively charged
polymer. In this way, stable suspensions of nanocrystals are
achieved that show remanence and coercivity at the size
limit of superparamagnetism, and which are able to align
their magnetic moments forming strings in solution as is
demonstrated by cryo-electron tomography.

Introduction

Magnetite (Fe3O4) is a biologically and technologically impor-
tant ferrimagnetic iron oxide of which the magnetic properties
depend on the size and shape of its crystals.[1] Despite this de-
pendence, most synthetic magnetite is produced through fast
aqueous co-precipitation of FeII and FeIII,[2] by which control
over nucleation and growth—and hence over particle dimen-
sions and morphology—is difficult to achieve.[1b, 3] The con-
trolled synthesis of magnetite in aqueous media is complicated
by the very low solubility of iron ions and the associated high
supersaturations of the solutions at the highly basic conditions
required. In addition the variety of stoichiometries available for

iron oxides and hydroxides make the mineralization pathways
highly dependent on kinetic factors such as supersaturation,
pH and redox potential such that many reaction conditions do
not lead to magnetite formation. Magnetite with controlled
size and shape is generally obtained by high-temperature
routes in organic solvents or hydrothermal synthesis.[1b, 3, 4] As
the use of aqueous media and ambient temperatures provides
an attractive sustainable approach to the formation of magnet-
ic nanoparticles, controlling the properties of magnetite nano-
crystals under such green conditions has become an exciting
research goal for a growing group of researchers.[5]

Fast co-precipitation in aqueous media and at ambient tem-
peratures generally yields only small (<20 nm) superparamag-
netic particles with broad size distributions.[1b] However, recent
bioinspired studies have demonstrated that co-precipitation
can yield larger single domain magnetite crystals[6] and that
proteins or (poly)peptides can be used to influence crystal size
and morphologies.[7] Interestingly in all cases magnetite was
formed under controlled reaction kinetics, for example, by
using a viscous reaction medium,[7a] through the controlled
slow addition of the reagents[6] or the use of a ferrihydrite-like
precursor phase.[6a, 7c]

Single domain magnetite particles with permanent magneti-
zation can also be achieved in aqueous media through the
partial oxidation method,[8] although in most cases elevated
temperatures are used.[8b–e] This method involves the partial
oxidation of FeII ions at basic pH to FeIII ions and their subse-
quent combination with the remaining FeII ions to form mag-
netite. In this procedure the reaction kinetics are controlled
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through the rate of oxidation, and generally several hours are
needed to drive the reaction to completion. Partial oxidation
has been successfully used to demonstrate the effect of bio-
molecular additives such as the magnetosome protein Mms6
and its active peptide sequence M6A on the morphology of
magnetite nanocrystals.[5, 9]

Hence, it appears that control over the reaction kinetics of
magnetite formation is key to direct its crystallization with ad-
ditives in aqueous media and under ambient conditions. Clear-
ly, as is described for several biological systems,[10] the conver-
sion of solid precursor phases, such as ferrihydrite and ferrous
hydroxide, is an efficient strategy to regulate crystallization ki-
netics such that additive control is possible.

In the present work, we investigated the green synthesis of
magnetite using the partial oxidation of a ferrous hydroxide
precursor to control the solution supersaturation with respect
to magnetite and therewith the kinetics of crystallization. The
reduced kinetics allowed us to form single domain magnetite
nanoparticles at the size limit of superparamagnetism at room
temperature. Further, by the addition of poly-(a,b)-dl-aspartic
acid, a functional analogue of the active anionic peptide M6A,
we can influence their nucleation, growth and colloidal behav-
ior.[9b] This contrasts the co-precipitation method, which under
comparable conditions only yields superparamagnetic nano-
particles that are not affected by the presence of additives. We
used cryogenic transmission electron microscopy (cryo-TEM) in
combination with low-dose electron diffraction to demonstrate
that partial oxidation proceeds through the slow conversion of
Fe(OH)2 in a dissolution–reprecipitation process which dramati-
cally alters the reaction kinetics compared to the co-precipita-
tion method. Cryo-electron tomography (cryo-ET, 3D cryo-TEM)
is employed to show that the interaction with the polymer
leads to magnetite nanoparticles with a rounded shape and
narrower size distribution which, due to their reduced size and
the repulsive interactions, magnetically align to form strings in
solution.

Results and Discussion

To illustrate the importance of controlling the reaction rate,
magnetite nanoparticles were first synthesized through a stan-
dard co-precipitation method.[2a] This reaction, in which an
NaOH solution was added to a solution mixture of FeII and FeIII

salts in de-aerated water (final pH 12.5), instantaneously led to
the precipitation of magnetite nanoparticles with an average
diameter of (8.0�1.5) nm (Figure 1 a, c and d and Figure S1 in
the Supporting Information), a size range well in the superpar-
amagnetic regime.[1a] When the reaction was performed in the
presence of pAsp (Asp/Fe ratio = 1:5), again immediately mag-
netite crystals with a very similar size distribution ((7.6�
1.5) nm) precipitated (Figure 1 b and d) and no significant
effect of the presence of the polymers was observed. Subse-
quently magnetite was formed using the partial oxidation
method in which FeIII ions are generated through the gradual
oxidation of FeII by nitrate.[8f, 11] To this end FeCl2 was added,
under exclusion of oxygen, to an NaOH solution at pH 12.3
leading to the immediate formation of a whitish precipitate,

consistent with the expected formation of Fe(OH)2 (white rust).
In the next step, solid NaNO3 was added under stirring, which
led to a change in color, first to dark green and then over the
course of 24 h to black, indicating the formation of magnetite
(Figure S2 in the Supporting Information).

Indeed, transmission electron microscopy (TEM; Figure 2 a),
X-ray diffraction (XRD; Figure 2 b) and electron diffraction (ED;
Figure 2 c) demonstrated that the isolated precipitate consisted
of magnetite nanoparticles with a diameter of (34�11) nm
(Figure S3 and Table S1 in the Supporting Information). Vibrat-
ing sample magnetometry (VSM) demonstrated that these par-
ticles displayed some remanence (~11 emu g¢1) and coercivity
(~8 mT) at the size limit of superparamagnetism (Figure 2 d).
Raman spectroscopy confirmed that these crystals were pure
magnetite and that no oxidation to maghemite (Fe2O3) had oc-
curred during or after the synthesis (Figure 2 e).[12]

To understand how the two different methods lead to the
diverse products, it is of interest to consider the differences in
reaction conditions used. For the co-precipitation method we
can estimate the solution supersaturation (s) with respect to
magnetite from the total initial iron concentration ([Fe]0 = 2.9 Õ
10¢2 m) and the solubility of magnetite ([Fe]eq�3 Õ 10¢8 m Fe)[13]

as approximately 14. This high supersaturation value results
from the sharp increase of the pH to a value of approximately
12.5 upon the addition of base, and leads to the immediate
generation of many nuclei. The subsequent formation of many
magnetite nanocrystals quickly consumes the FeII and FeIII ions
in solution, while due to the large excess of base, the pH stays
constant. This causes the solution concentration to drop quick-

Figure 1. Magnetite synthesis by fast co-precipitation. a) TEM image of the
product of fast co-precipitation, showing (8.0�1.5) nm magnetite crystals.
b) TEM image of the product in the presence of pAsp (Asp/Fe ratio = 1:5),
showing (7.6�1.5) nm magnetite crystals. c) Typical SAED pattern of the
product of fast co-precipitation, showing diffraction rings indexed to mag-
netite crystal planes. The inset shows the selected area. d) Crystal size distri-
butions of the products without (control) and with pAsp as an additive.
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ly, rapidly reducing supersaturation and thereby preventing
further growth of the nanocrystals.

In contrast, for the partial oxidation reaction we can calcu-
late that the precipitation of ferrous hydroxide at pH~12.3 will
reduce the soluble FeII concentration from the initial [Fe2+] =

5 mm to [FeII]eq�3 Õ 10¢12 m only (see the Supporting Informa-
tion). Although it is difficult to define the solubility of magne-
tite under changing FeIII concentrations, these numbers make
clear that due to the low solubility of Fe(OH)2 (Ksp�7.1 Õ
10¢16),[1a] high supersaturation levels are avoided during the
conversion of FeII to FeIII. This will reduce the number of recur-
ring nucleation events, thereby allowing continued growth
after nucleation.

To study the different stages of the magnetite formation
process in their native state, that is, without drying the materi-
al or exposing it to air, samples taken at different time points
were vitrified by plunge freezing and studied by cryo-TEM, all
under anaerobic conditions.[14] Cryo-TEM showed that the first
white precipitate consisted of hexagonal crystals (Figure S4 in
the Supporting Information). Low-dose electron diffraction pro-
duced a weak spot pattern against a background of the amor-
phous rings of vitrified ice which agreed with the initial forma-
tion of Fe(OH)2 (white rust; Figure 3 a). Although the gradual
color change from white to green upon addition of the nitrate
implied a phase transition from white rust into a second inter-
mediate, cryo-TEM did not show any morphological changes in
the first hour of reaction (Figure 3 b). However, electron diffrac-
tion patterns showed the appearance of new reflections, con-

sistent with the gradual transformation of white rust into new
iron oxide phases with varying stoichiometries commonly re-
ferred to as green rusts (Figure 3 a and b).[1a] After 2 h also the
appearance of magnetite was detected (Figure 3 c), which
became the dominant phase over the following 24 h (Fig-
ure 3 d). Although during the transformation of white rust into
the intermediate phase the absence of morphological change
suggests a solid-state transformation, the significant morpho-
logical transition from hexagonal platelets of about 70 nm in
size to approximately 30 nm magnetite nanocrystals implies
that this transformation must involve a dissolution–reprecipita-
tion mechanism rather than a solid-state reaction.

Although the equilibrium crystal habit of magnetite is octa-
hedral, the cryo-TEM images revealed that not all of the ob-
served particles had fully developed this morphology. As these
morphological details are difficult to assess from 2D projection
images, we used cryo-electron tomography (cryo-ET, 3D cryo-
TEM) to support the characterization of the crystal habits. The
combined imaging methods showed that although 65 % of the
material consisted of octahedral magnetite expressing distinct
(111) facets, the remaining 35 % of the sample consisted of
(partially) rounded crystals (Figure 4 a, b and d, Movie S1 in the
Supporting Information).

When the partial oxidation synthesis of magnetite was per-
formed in the presence of pAsp (Asp/Fe ratio = 1:5) the nano-
particles again consisted of magnetite (Figure S5 a and b in the
Supporting Information) and stayed dispersed in the solution,
in contrast to the control crystals that were obtained as a pre-
cipitate. TEM showed that these polymer-modified particles
had a reduced particle size of (25�6) nm (Figure 5 a, and Fig-
ure S3 and Table S1 in the Supporting Information). Also, the

Figure 2. Magnetite synthesis by partial oxidation. a) TEM images of the
product of partial oxidation. Inset: TEM image at higher magnification.
b) XRD pattern of the product of partial oxidation without additives indexed
to magnetite crystal planes. c) SAED pattern of the product, showing diffrac-
tion rings indexed to magnetite crystal planes. d) VSM measurements. Inset :
enlargement of the magnetic hysteresis. e) Raman spectrum of bare parti-
cles.

Figure 3. Magnetite synthesis by partial oxidation of Fe(OH)2 in the absence
of pAsp. a) SAED pattern of product after addition of FeII to the base solu-
tion, indicating formation of the Fe(OH)2 precursor. b) SAED pattern of the
product 1 h after the addition of nitrate, showing additional reflections.
c) SAED pattern of the product 2 h after the addition of nitrate, showing
phase change of the precursor and formation of magnetite crystals. d) SAED
pattern of the product 24 h after the addition of nitrate, showing diffraction
rings typical for magnetite. Brightness and contrast are adjusted in all
images for better visibility. Scale bars in TEM images: 200 nm.
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VSM data of this sample still show a small hysteresis (Fig-
ure 5 e) although the magnetic remanence (~7 emu g¢1) and
coercivity (~4 mT) had decreased as compared to the bare par-
ticles due to the reduction of the particle size. Saturation mag-
netization values were found to be 79 and 78 emu g¢1 for bare
and polymer-affected nanoparticles, respectively, which is close
to literature values for nanosized magnetite.[8f]

Cryo-ET revealed that the crystals grown in the presence of
pAsp contained only 15 % of crystals that showed clear facets
and corners and instead comprised mostly rounded crystals for
which no faceting could be observed (85 %; Figure 4 e, f and h,
and Movie S2 in the Supporting Information).

Comparison of the relative amounts of rounded versus facet-
ted shapes for nanoparticles of the same size—from both poly-
mer-directed synthesis and the control sample—showed that
the number of rounded morphologies is consistently higher
for the nanocrystals grown in the presence of the polymer
(Figure 4 c and g). This shows that the fraction of rounded is
not related to the average crystal size, but to the polymer
acting as a growth-control agent. At the same time the reduc-
tion of particle size indicates that pAsp acts as a nucleater,
generating many nucleation sites in the solution, while the re-
duced particle size distribution suggests that it thereby also

confines nucleation to a shorter time period compared to the
control.

The conventional TEM images used to characterize magnet-
ite crystals revealed another striking effect of pAsp: on the
carbon support films the nanoparticles assembled into ribbons
consisting of many thousands of nanoparticles with microme-
ter widths and lengths of tens to hundreds of micrometers
(Figure 5 b and c). This was in contrast to the control crystals
which formed random aggregates (Figure 3 d).

Cryo-TEM showed that these ribbons were not just a conse-
quence of drying the nanoparticle solution while on a TEM
support, but that the pAsp-stabilized crystals already form
long strings in solution (Figure 5 d and f and Movie S2 in the
Supporting Information). Cryo-electron tomography further
showed that the chains interacted in solution to form Y-junc-
tions and loops (Figure 5 f). Comparing conventional TEM and
cryo-TEM data showed that the assembly of the single chains
of nanoparticles into the micron-wide ribbons is driven by the
concentration gradient that is formed during the TEM sample
preparation process.

Figure 4. Size and morphology distributions for particles synthesized in the
absence (a–d) and presence (e–h) of pAsp. a) Size distribution of bare parti-
cles. b) Corresponding morphology distributions of bare particles. c) Mor-
phology distributions of bare particles in the size range of 25–35 nm. d) 3D
visualizations of the main morphology obtained by cryo-electron tomogra-
phy for bare particles (octahedral crystal). e) Size distribution of particles syn-
thesized in the presence of pAsp. f) Corresponding morphology distribu-
tions. g) Morphology distributions of pAsp-modified particles in the size
range of 25–35 nm. h) 3D visualizations of the main morphology obtained
by cryo-electron tomography for particles synthesized in the presence of
pAsp (rounded crystal).

Figure 5. Magnetite synthesis by partial oxidation in the presence of pAsp.
a) TEM image of the particles synthesized in the presence of pAsp. Inset:
TEM image at higher magnification. b, c) Low magnification dry TEM images
of the product, showing that the nanoparticles assemble into long strings.
d) Cryo-TEM images of magnetite grown in the presence of pAsp (Asp/Fe
ratio = 1:5). e) VSM measurements. Inset : enlargement of the magnetic hys-
teresis. f) Computer visualization of an assembly of pAsp-stabilized nanopar-
ticles viewed under different angles showing the attachment of different
strings with different colors.
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The observation of dispersible strings with improved colloi-
dal stabilization (zeta potential ~30 mV) is in line with the
charged polymer being present on the surface of the nano-
crystals. This string formation is attributed to the magnetic at-
traction of pAsp-coated magnetic nanoparticles and alignment
of their magnetic dipoles.[15] We believe it reflects a balance
between the electrostatic repulsion of the pAsp layers on the
particles and their magnetic attraction. Indeed, for the control
synthesized in the absence of the pAsp a disordered precipi-
tate of randomly aggregated crystals was obtained, as shown
in Figure 3 d.

Also, the observed reduction in particle size and the round-
ed shapes of the crystals suggest that during the synthesis, the
polymer becomes adsorbed to the nanoparticle surface where
it partially inhibits the growth of the magnetite nanocrystal.
Together the observed string formation, modified crystal shape
and reduced polydispersity show that under the growth condi-
tions used, a negatively charged polymer can effectively inter-
act with the developing mineral, affecting nucleation and
growth. This contrasts the recent work of Baumgartner et al.
who used a slow co-precipitation system and achieved a similar,
but more perfect, result only for a positively charged additive
(polyarginine), while for the negatively charged additives
(MamJ, polyglutamic acid) inhibition of magnetite formation
was observed.[7b] However, we recently demonstrated that slow
co-precipitation at pH~8 yields particles with diameters of
(47�12) nm, clearly showing the effect of anionic polyelectro-
lyte over the formation of magnetite nanoparticles.[7c]

Conclusions

In this work, we discuss the use of a ferrous hydroxide precur-
sor as a rational approach to the controlled synthesis of mag-
netite crystals with magnetic remanence and coercivity at the
size limit of superparamagnetism. By using this precursor, we
can manipulate the solution supersaturation such that the ex-
tended growth of nanocrystals into the size domain where
a tunable blocking temperature becomes possible.

The reduced crystallization kinetics allows control of the
growth of the nanocrystals through interaction with the poly-
meric additive pAsp, affecting size and morphology while still
retaining the same magnetic behavior. The adsorption of pAsp
at the particle surface leads to improved colloidal stabilization
which together with the reduced magnetic moment of the
particles leads to the formation of strings in which the mag-
netization direction is most likely stabilized due to the interac-
tion between the particles. A similar effect is observed for
magnetotactic bacteria where crystallites in the superparamag-
netic size range attain a permanent magnetization direction
when assembled in a string.[16] These observed strings upon
drying assemble into macroscopic ribbons with submillimeter
lengths and micron-size widths.

The formation of magnetite has been notoriously difficult to
direct due to the very low solubility of the constituting iron
ions at the high pH values required. The use of a solid precur-
sor phase, allows to overcome this problem and control the
growth of magnetite nanocrystals in water and ambient condi-

tions using polymeric additives. The use of precursors is a wide-
spread strategy in the polymer-controlled crystallization of cal-
cium carbonate,[17] calcium phosphate-based minerals[18] and
has recently also been applied to calcium sulfate.[19] Our pres-
ent results show that by the rational use of crystalline precur-
sors, a similar control over mineralization kinetics can be ob-
tained, not restricted to iron oxides but in principle also for
other mineral systems that do not form amorphous phases.
Therefore, we expect that the presented approach to biomim-
etic magnetite formation will have implications for the devel-
opment of green production methods for different nanomate-
rials with tunable interactions as well as other highly insoluble
mineral systems.

Experimental Section

Magnetite synthesis by fast co-precipitation

Ferrous (Fe2 +) and ferric (Fe3 +) salts (1:2 molar ratio, total Fe con-
centration 32.6 mm) were dissolved in 80 mL water, which was de-
aerated for 30 min using an N2 flow to remove dissolved oxygen,
by mixing for 15 min using a mechanical stirrer at a constant stir-
ring rate of 50 rpm (Figure S1 a in the Supporting Information). Ad-
dition of 10 mL NaOH (1.285 m) solution to the aqueous iron mix-
ture caused immediate precipitation of magnetite as indicated by
a rapid color change from yellow to black (Figure S1 b). The result-
ing mixture was aged for 30 min while stirring. For the synthesis in
the presence of pAsp, the polymers were dissolved in water to
which the iron salts were added (Asp/Fe ratio = 1:5). All reactions
were performed at 20 8C in a jacketed vessel and the temperature
was controlled by an external thermostat bath. Nanoparticles were
collected and final precipitates were dried in a vacuum oven for
24 h at 60 8C.

Magnetite synthesis by partial oxidation

First, 10 mL ferrous chloride (0.1 m) solution was added to 190 mL
NaOH (21 mm) solution and both solutions were de-aerated for
60 min. Second, 0.3 g NaNO3 was added to the mixture for the par-
tial oxidation of ferrous hydroxide. The resulting mixture was aged
for 24 h while stirring at 50 rpm. A gradual color change from whit-
ish-green to green and finally to black was observed, indicating
the formation of intermediates and magnetite, respectively (Fig-
ure S2 in the Supporting Information). For the synthesis in the
presence of pAsp, the polymers were dissolved in the NaOH solu-
tion before the ferrous chloride solution was added (Asp/Fe ratio =
1:5). All reactions were performed at 20 8C. Nanoparticles were col-
lected from the suspension and final precipitates were dried in
a vacuum oven for 24 h at 60 8C.

Transmission electron microscopy (TEM)

For standard dry TEM, 200 mesh Cu grids with continuous carbon
films (Agar Scientific) were used. Sample preparation involved
dropping 3 mL aqueous dispersion onto a TEM grid, blotting using
filter paper and allowing the grid to dry in air. For cryo-TEM, 200
mesh Cu grids with Quantifoil R 2/2 holey carbon films (Quantifoil
Micro Tools, GmbH) were used. Sample preparation was performed
using an automated vitrification robot (FEI Vitrobot Mark III) for
plunging in liquid ethane. All TEM grids were surface plasma treat-
ed for 40 s using a Cressington 208 carbon coater prior to use.
TEM samples were studied on a FEI Tecnai 20 (type Sphera) operat-
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ed at 200 kV, equipped with a LaB6 filament and a 1k Õ 1k Gatan
CCD camera, or on a TU/e cryoTITAN (FEI, www.cryotem.nl) operat-
ed at 300 kV, equipped with a field emission gun (FEG), a post-
column Gatan energy filter (GIF) and a post-GIF 2k Õ 2k Gatan CCD
camera. Gatan DigitalMicrograph (including DiffTools) and ImageJ
were used for TEM image and SAED pattern analysis.

Crystal size and shape analysis

Crystal size distributions were determined by manually measuring
both the long and short axis of 100–200 individual crystals per
sample in calibrated TEM images in MATLAB. The average of the
long and short axis per crystal was taken as the crystal size. Crystal
sizes are reported as mean � sample standard deviation in the
mean. For sample size distributions, crystal sizes are reported as
mean � sample standard deviation. The same 100–200 crystals
were categorized according to their morphology and classified as
“octahedral” when the crystal facets could be clearly discriminated,
or “rounded” when not.

Cryo-electron tomography (cryo-ET)

The 3D reconstructions shown in Figure 2 g and Movies S1 and S2
in the Supporting Information were obtained from tilt series re-
corded on the TU/e CryoTitan using the following settings.

Product of partial oxidation without additives (Movie S1 in the Sup-
porting Information): Tilt range: ¢638 to + 638, using constant 28
increments from 08 to + 638 and to ¢638 ; magnification: 19 000 Õ ;
pixel size: 0.4665 nm (0.92 nm after reconstruction); defocus:
¢500 nm; total dose: 100 e¢æ¢2.

Product of partial oxidation in the presence of pAsp (Movie S2 in the
Supporting Information): Tilt range: ¢638 to + 638, using constant
28 increments from 08 to + 638 and to ¢638 ; magnification:
19 000 Õ ; pixel size: 0.4665 nm (0.92 nm after reconstruction) ; defo-
cus: ¢500 nm; total dose: 100 e¢æ¢2.

The alignment and 3D reconstruction of the raw data sets was per-
formed with the software IMOD.[20] The segmentation and visualiza-
tion of the 3D volumes was performed with the software Amira 4.1
(Mercury Computer Systems) and Avizo (Visualization Science
Group).

X-ray diffraction (XRD)

XRD measurements were performed on a Rigaku Geigerflex
powder diffractometer with Bragg–Brentano geometry using
copper radiation at 40 kV and 30 mA and a graphite monochroma-
tor to eliminate CuKb radiation. Samples were prepared on cover
glasses from dried ground powder. The XRD patterns were ac-
quired by step scans with step sizes of 0.018–0.028 and an appro-
priate dwell time.

Vibrating sample magnetometry (VSM)

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 ap-
proximately 3 mg dried sample in an aliquot of a freshly prepared
mixture of 40 % SDS-PAGE solution (1 mL), 10 mL TEMED (N,N,N’,N’-
tetramethylethylenediamine, cross-linker) and 10 % APS buffer
(10 mL; activator), which gellifies in a few minutes to fixate the
sample. The magnetic hysteresis loops were acquired at room tem-
perature 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 con-
tainer/holder and normalized to the sample mass.

Raman spectroscopy

Raman spectroscopy was performed on a Jobin–Yvon LabRAM
spectrometer equipped with HeNe laser (excitation wavelength
632.81 nm), a holographic grating (600 grooves mm¢1), an ultralong
working distance objective (Olympus, magnification 100 Õ , numeri-
cal aperture 0.8) and a CCD camera.

Zeta potential measurements

Surface charge analysis was performed on a Malvern Zetasizer
Nano SZ instrument. Magnetite particles were dispersed in water
by ultrasonication. Disposable DTS1060 zeta cells were used for
zeta potential measurements consisting of 12 zeta runs at 20 8C.
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