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Semisynthetic Ferritin-based Nanoparticles with High Magnetic 
Anisotropy for Spatial Magnetic Manipulation and Inductive 
Heating
Andreas Neuscha, Ulf Wiedwaldb, Iuliia P. Novoselovaa,c, Daniel A. Kucklaa, Nikolaos Tetosb, Sarah 
Sadika,d, Philipp Hagemanna, Michael Farleb and Cornelia Monzela,*

The human iron storage protein ferritin represents an appealing template to realise a semisynthetic magnetic nanoparticle 
(MNP) for spatial manipulation or inductive heating applications on a nanoscale. Ferritin consists of a protein cage of well-
defined size (12 nm), which is genetically modifiable, biocompatible, and into which a magnetic core is synthesised. Here, 
we probe the magnetic response and hence the MNP’s suitability for (bio-)nanotechnological or nanomedical applications, 
when the core is doped with 7 % cobalt or 7 % zinc, in comparison to the undoped iron oxide MNP. The samples exhibit 
almost identical core and hydrodynamic sizes, along with their tunable magnetic core characteristics as verified by structural 
and magnetic characterisation. Cobalt doping significantly increased the MNP’s anisotropy and hence the heating power in 
comparison to the other magnetic cores with potential application as a mild heat mediator. Spatial magnetic manipulation 
was tested with MNPs inside droplets, the cell cytoplasm, or the cell nucleus, where the MNP surface conjugation with 
mEGFP and poly(ethylene glycol) gave rise to excellent intracellular stability and traceability within the complex biological 
environment. A magnetic stimulus (smaller than fN forces) results in the quick and reversible redistribution of the MNPs. 
The obtained data suggest that semisynthetic ferritin MNPs are highly versatile nanoagents and promising candidates for 
theranostic or (bio-)nanotechnological applications.   

Introduction
Over the last decades, magnetic nanoparticles (MNPs) have 
become indispensable tools in nanomedicine for delivery1,2, 
imaging3–6, therapy5,7,8, or combined approaches. More 
recently, (bio)nanotechnology-based approaches use the 
specific coupling of MNPs to biomolecules to (1) inductively 
heat them to create nanoscale hot spots9–11, to (2) spatially 
redistribute molecules12,13, since the spatiotemporal 
distribution of molecules plays a key role in biological signalling 
processes14,15, or (3) to apply forces to molecules for their 
controlled conformational change. The particular advantage of 
combining such nanoparticle-based approaches with a remote 
magnetic stimulus is to actively change biomolecular states in a 
contact-free and controlled manner. This is in contrast to what 
is hitherto possible by only observing the system’s passive 
response. 
The active stimulation provided by cases (1)-(3) is highly 

relevant for biomaterial development, for subcellular signalling 
or biomechanical studies16–19, as well as for applying a stimulus 
in a whole organism. The aforementioned nanomedical 
approaches always aim at an in vivo application. To use MNPs in 
such biological context, however, requires their 
biocompatibility, to endow them with specific targeting 
properties, a magnetic core which is sufficiently magnetisable 
and tuneable in regards to its magnetic anisotropy. In addition, 
the overall particle size should be below 100 nm.20 As a result, 
partly contradictory demands need to be reconciled, which 
generally is a difficult task.

Here, we synthesise ferritin-based MNPs, commonly referred to 
as Magnetoferritin (MFt), which have attracted considerable 
attention due to their semi-synthetic and multifunctional 
nature.21–26 We show how MFts meet most of the above 
mentioned demands and scrutinise their suitability for spatial 
magnetic manipulation and inductive heating approaches, the 
latter also as response to a recent discussion in the field.27,28       
MFts are based on the natural iron storage protein ferritin, 
which forms a small, well-defined hollow sphere with an 
internal and external diameter of 8 nm and 12 nm 
respectively.29,30 As such, the protein serves as a template, into 
which magnetic nanocrystals of high homogeneity, in terms of 
their shape and size, are synthesised. This semi-synthetic design 
using a protein shell as a template has several advantages for 
theranostic or (bio-)nanotechnological applications: among 
them are the excellent solubility and stability in physiological 
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solutions as well as a low toxicity. Moreover, due to the well-
defined, small size, it remains mobile in various biological 
environments.9,17,31 Further, MFts can be easily modified by 
genetic engineering or chemical reactions involving one of the 
primary amines, carboxylates or thiols exposed to their exterior. 
Thus, fluorescent labels or tags for site-specific targeting can be 
attached.32–34 Previously, MFts were shown to couple to other 
biomolecules without apparent alteration of their natural 
function.12,35,36 Finally, ferritin exhibits an exceptional stability 
over a wide range of temperatures (up to ~80 °C) and pH (3-10).

Ferritin is the most abundant iron-storage protein and its 
globular, hollow structure is conserved in most organisms. It is 
responsible for mediating the iron homeostasis and to prevent 
oxidative stress.22 Human ferritin has a size of 12 nm in 
diameter and is a 24-mer37 composed of two subunits: heavy 
chain (HCF) and light chain ferritin (LCF).22,38 Due to structural 
similarities, cages can be formed by any numerical combination 
of the two subunits. Although LCF and HCF are almost identical 
in structure, only HCF is equipped with a ferroxidase domain 
capable of oxidising toxic, soluble Fe(II) to the insoluble and less 
harmful Fe(III) upon intake. The oxidised iron atoms sediment 
inside the cage and can fill it up to approximately 4,500 iron 
atoms.39 Naturally occurring ferritin cores are ferrihydrites and 
were reported to exhibit paramagnetic or superparamagnetic 
properties above 12 K.40 
With regard to the core, a wide choice of inorganic materials 
have so far been mineralised inside the ferritin cage, such as 
Fe3O4 41–44, Co3O4 45,46, Mn3O4 47, CoPt 48, Pd 49, Ag 50, CdS 51, CdSe 
52, and ZnSe.53 Here, the inner cage diameter of 8 nm naturally 
confines the core and gives rise to a narrow size distribution. 
The synthesised MNPs are generally superparamagnetic at 
ambient or higher temperature, as they exhibit a 
magnetocrystalline anisotropy with an energy density that 
cannot block the particle’s magnetic dipole moment at an upper 
size limit of 8 nm given by the Ferritin cage. 
Superparamagnetism is particularly advantageous in many 
applications, since the nanoparticles do not show significant 
particle-particle (magnetic dipole-dipole) interaction. As a 
result, they do not form chains or aggregates in suspension and 
are more stable over time. On the other hand, the constraint to 
the growth of the inorganic core imposed by the ferritin size 
represents an important limitation to its magnetic properties. In 
particular, the applicability of ferritin for the hyperthermic 
heating of malignant cells or for the switching of thermally 
sensitive molecules was recently questioned.27 Theoretical and 
experimental studies have indeed demonstrated that the 
maximum efficiency of hyperthermic heating is reached for 
magnetite MNPs of 15-18 nm diameter and that it drops off 
sharply upon MNP size reduction.19,54–57

It is hence important to show that the MFts’ properties can be 
tuned to maximise their efficiency for hyperthermic heating as 
well as their suitability for spatial magnetic remote 
manipulation. A viable route is to increase the magnetic 
anisotropy of the inorganic core, which can be simply realised 
through the replacement of ferrous ions in the Fe oxides with 

dopants.11 A prominent example are cobalt doped ferrite 
nanoparticles, whose magnetocrystalline anisotropy can be up 
to 20 times larger compared to the undoped ferrite, retaining a 
good heat dissipation property down to the size of about 
8 nm.58 Interestingly, the highest values of magnetic anisotropy 
in ferritin were previously obtained using cobalt (Co) doping of 
a few percent.9,59,60 When ferrite nanoparticles were doped 
with a few percent of zinc (Zn), the saturation magnetisation 
was shown to increase slightly.61 Additional changes in the 
magnetic behaviour of the particles may arise, due to the 
inverse spinel structure of Co doped ferrites (with Co2+ ions in 
octahedral sites and Fe3+ ions equally distributed between 
tetrahedral and octahedral sites) and the normal spinel 
structure of Zn doped ferrites (with Zn2+ ions in tetrahedral and 
Fe3+ in octahedral sites).62 On the basis of these findings, MFt 
poses a highly interesting nanoagent for spatial redistribution 
studies in external magnetic fields and has been controversially 
discussed as candidate to mediate inductive heating 
processes.9,27,63

In this work, we probe MFt’s characteristics and dope the 
magnetic core to tailor its magnetic properties (i.e., to increase 
the magnetic anisotropy energy density or saturation 
magnetisation) for these applications. Former studies showed a 
strong improvement concerning heat dissipation in 
hyperthermia assays of MFt between no doping and 5 % of Co 
doping, while 10 % led to less heat dissipation.9 Accordingly, the 
effective anisotropy of γ-Fe2O3 MNPs reaches a plateau at 
doping levels > 5 % of Co2+.64 Hence, we choose to investigate 
the effect of doping MFt cores with 7 % Co or 7 % Zn with 
respect to Fe. The manuscript is structured as follows: first, the 
structural and magnetic properties of pure and doped MFts are 
determined. Thereafter, an example to increase the MFts’ 
inductive heating response is presented. The spatial 
manipulation of MFts applying magnetic field gradients is then 
shown for simple droplets and inside living cells. In the cell 
cytoplasm as well as in the cell nucleus, a repetitive and 
reversible tuning of MFts spatial distributions is achieved. In 
cellular environments, the protein shell of MFt allows the MNP 
to remain biocompatible despite the presence of Co2+, as 
demonstrated previously in the absence and presence of 
external magnetic fields.9,31 Overall, the comparison of different 
MFts and their applications, provides important guidelines for 
their use as biomedical or nanotechnological agents as a 
possible strategy for improved spatial manipulation and 
magnetic hyperthermia, to fully exploit the multiple advantages 
that ferritin MNPs offer. 

Materials & Methods
Ferritin Purification.

The semi-synthetic ferritin nanoprobe was prepared as 
previously described.31 In short, the ferritin cage was genetically 
engineered so that each subunit of the 24-homomer consisted 
of the heavy chain ferritin subunit N-terminally fused to mEGFP. 
The cDNA of this fused subunit was inserted into the pET21a 
vector (reporter gene: ampR, see Figure S1). The construct was 
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a generous gift from the Coppey/Hajj laboratory at the 
Laboratoire Physico-Chimie, Institut Curie, Paris, France and the 
Piehler laboratory at the University of Osnabrück, Germany.
The engineered protein was expressed in BL21-CodonPlus 
(DE3)-RIPL Competent Cells (Agilent, Santa Clara, CA, USA). 
Bacteria were transformed via heat shock and plated on LB-Agar 
containing ampicillin (0.1 µg/mL). A single colony was picked 
and used to grow a preculture and later the main culture in 2xYT 
medium (containing 0.1 µg/mL ampicillin). Bacteria were grown 
at 37 °C and 230 rpm in an orbital shaking incubator up to an 
OD600 of 0.6 to 0.8. At this point, expression was induced by the 
addition of the lac operon activator IPTG (isopropyl β-d-1-
thiogalactopyranoside) at a final concentration of 1 mM. 
Cultures were incubated for 16 h at 16 °C and 160 rpm in a 
shaking incubator. Bacteria were then harvested at 8,000 g for 
10 min, washed in PBS, collected at 19,000 g for 5 min and 
finally resuspended in HEPES-2 buffer (50 mM HEPES, 150 mM 
NaCl, pH 8.0, filtered 0.2 µm). To prevent unwanted protein 
degradation, protease inhibitors were added to the bacteria 
(cOmplete EDTA-free Protease Inhibitor Cocktail, Roche, Basel, 
Switzerland). Bacteria were homogenised in a microfluidiser 
(M110P Microfluidizer, Microfluidics, Westwood, MA, USA). 
After cell disruption, PMSF (phenylmethylsulfonyl fluoride) was 
added to the solution at a final concentration of 5 mM. The 
lysate was then centrifuged for 40 min at 19,000 g and 4 °C. The 
released proteins were further purified by heat denaturation in 
a water bath at 70 °C for 15 min and ammonium sulphate 
precipitation at 30 % and 70 % at 4 °C. After desalting via 
dialysis (20 kDa cut-off) against buffer HEPES-1 (20 mM HEPES, 
100 mM NaCl, pH 8.0, filtered 0.2 µm), the protein solution was 
separated using a size exclusion column (HiPrep Sephacryl S-400 
HR, Cytiva, Marlborough, MA, USA) in a FPLC system (NGC, Bio-
Rad, Hercules, CA, USA). The purified ferritin cages were then 
PEGylated using O-[(N-Succinimidyl)succinyl-aminoethyl]-O′-
methylpolyethylene glycol 2′000 (Sigma Aldrich, St. Louis, MO, 
USA) in DMSO at a molar excess of 3,500 PEG units per ferritin 
cage. The mixture was left to react at room temperature for 2 h 
on a rotary shaker and was cleaned afterwards using a PD-10 
desalting columns (Cytiva).
 
Magnetic Core Synthesis.
Ferritin was loaded with a magnetic core, consisting of 
ferrihydrite including cobalt or zinc as dopants. For the 
synthesis, 25 mL of PEGylated ferritin was heated to 65 °C in 
100 mM NaCl at a ferritin concentration of 50 nM. The pH was 
kept constant at 8.5 by addition of 100 mM NaOH via an 
autotitrator (Titration Excellence T5, Mettler-Toledo, 
Columbus, OH, USA). The whole reaction was performed under 
a constant stream of N2, to suppress unwanted oxidation. 
To produce magnetic cores, both the ferrous precursor (iron(II) 
sulphate hexahydrate, Honeywell, Charlotte, NC, USA, see also 
Table 1)  and H2O2 (5.5 mM, Merck, Darmstadt, Germany) were 
dissolved in 2 mL of 100 mM NaCl and filtered through a 0.2 µm 
syringe filter. These two reagents were then added to the 
reaction vessel at a rate of 200 µL/min over the course of 

10 min. In this setup, the soluble Fe2+ diffuses into the core and 
can be oxidised to the insoluble form in a controlled manner via 
the HCF’s ferroxidase centre. The oxidised Fe3+ ions sediment 
inside the protein cage to form the MFt core, leading to brown 
colouration of the solution. In order to dope MFt cores, parts of 
the ferrous precursor were replaced with precursors of either 
Co2+ (CoCl2, Honeywell) or Zn2+ (ZnCl2, Acros Organics, Waltham, 
MA, USA, for detailed compositions see Table 1). This method 
enabled the implementation of doping ions into the core 
structure during its formation. 9,65

After complete addition of the precursors and upon completion 
of the reaction, the reaction was quenched with sodium citrate 
at a final concentration of 2 mM. The fresh product was 
centrifuged at 19,000 g at 4 °C for 30 min, then filtered through 
a 0.2 µm syringe filter and concentrated using Amicon 
Ultracentrifugal filters (100 kDa cut-off, Merck). 
For further characterisation of the MNPs (X-ray Diffraction and 
Vibrating Sample Magnetometry), samples were dialysed 
against low concentrated HEPES buffer (0.2 mM HEPES, 1 mM 
NaCl, pH 8.0) to reduce the amount of salt and buffering agent 
in the sample. Samples were then plunge frozen in liquid 
nitrogen and lyophilised. For all other characterisations, the 
samples were kept in HEPES-1.

Table 1 – Doping of Magnetoferritin prepared from ammonium iron(II) sulphate 
hexahydrate ((NH4)2Fe(SO4)2 · 6H2O) precursor for Fe, cobalt(II)-chloride (CoCl2) for Co, 
and zinc chloride (ZnCl2) for Zn. All precursors are dissolved in degassed 100 mM NaCl.

Molarity of precursor
Sample Dopant

Fe (µM) Dopant (µM)
Final %

Pure - 1034 - -
Zn7 Zn 983 52 6.7 ± 1.3
Co7 Co 983 116 6.4 ± 2.2

Transmission Electron Microscopy.
Protein cages and magnetic cores were imaged with 
transmission electron microscopy (TEM). Cages and cores were 
recorded separately, since organic material such as proteins are 
hardly visible by TEM. Protein cages were hence stained with 
uranyl acetate, while magnetic cores were recorded without 
additional staining.
For TEM measurements, freshly prepared samples of both 
ferritin and differently doped Magnetoferritin (MFt) were 
diluted to 0.05 µM. A droplet was placed on a TEM grid (Ni grid, 
Formvar Carbon Film, Plano GmbH, Wetzlar, Germany) and left 
to sediment for 1 min. Excess solution was removed using filter 
paper. Unstained samples were left to dry in ambient 
conditions. For uranyl acetate staining, the grid was dipped into 
a drop of 2 % uranyl acetate for 3 s after sample sedimentation 
and remaining liquid was removed using filter paper. 
Afterwards, the grid was placed onto a second drop of 2 % 
uranyl acetate and left for 30 s. Excess solution was removed 
using filter paper and the grid left to dry in air. 
Stained images were taken with a JEOL JEM-2100Plus 
(Akishima, Tokyo, Japan) with an acceleration voltage of 80 kV. 
Unstained bright-field (BF) high resolution TEM (HRTEM) and 
scanning TEM (STEM) images were acquired with a JEOL 2200FS 
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transmission electron microscope at an acceleration voltage of 
200 kV using a 2k×2k GATAN UltraScan1000XP CCD camera. The 
local chemical composition was determined using EDX in STEM 
mode with an Oxford windowless 80 mm2 SDD X-MaxN 80 TLE 
detector with 0.21 sr solid angle. HRTEM and EDX data were 
analysed using Gatan Micrograph Suite and Oxford’s Aztec 
software.

X-ray diffraction (XRD).
XRD patterns were measured in a PANalytical X’Pert PRO 
diffractometer equipped with a spinner for powders using Cu-
K radiation and the X’Celerator detector. The background of 
the XRD patterns was subtracted and further data processing 
was performed using OriginPro. A 50-point moving average 
smoothing was applied to the diffractograms. Due to the small 
step width, the MFt peak width remained unchanged while the 
sharp NaCl peaks exhibit slightly smaller intensities.

Vibrating Sample Magnetometry (VSM).
The magnetic properties of all samples were studied via 
Vibrating Sample Magnetometry, VSM, in a PPMS DynaCool 
system (Quantum Design, San Diego, CA, USA). The 
measurements were taken on powder samples within the field 
range of ±9 T at various temperatures, ranging from 5 K to 330 K 
and were normalised to the total sample mass. 

Dynamic Light Scattering and Electrophoretic Light Scattering.
For characterisation of nanoparticles in solution and, hence, 
under biological conditions, Magnetoferritin was analysed using 
Dynamic Light Scattering (DLS) and Electrophoretic Light 
Scattering (ELS). Prior to measuring, samples were diluted to 
1 µM in HEPES-1 buffer (pH 8.0, see section Ferritin Purification) 
and filtered through a 0.2 µm filter to remove agglomerates. All 
measurements were performed on a Zetasizer Nano ZS 
(Malvern Panalytic Ltd., Malvern, UK). Each sample was 
characterised by averaging over 75 sub-runs (5 subsequent 
runs, each containing 15 sub-runs) with 10 s measurements per 
sub-run. A log-normal fit was applied to the measured number 
distribution to calculate the hydrodynamic diameter DH, 
representing the diameter of a sphere with the same diffusion 
properties as the analysed particle. 
ELS measurements were performed at 40 V to account for the 
high conductivity of the saline buffers and to prevent damage 
of the measuring cell’s electrodes. For each sample, 300 sub-
runs (10 subsequent runs, each containing 30 sub-runs) were 
recorded.

Alternating magnetic field-induced heating.
Magnetic hyperthermia measurements were performed in a 
custom-made alternating magnetic field (AMF) setup described 
before.66 In short, 200 µL of Magnetoferritin solution was 
placed in a single-use cuvette and subjected to an AC magnetic 
field (45 mT induction amplitude at 93.75 kHz or 104.5 kHz). 
Thermal changes were monitored recording the solution 
surface with a thermal imager (VarioCam HD, Infratec GmbH, 
Dresden, Germany) with an IR 1.0/30 JENOPTIK objective 

(Infratec GmbH). Measurements were performed every 10 s 
over a duration of 30 min. The magnetic field was switched on 
directly after the first image and switched off after 15 min (91 
images). To obtain the sample’s temperature, the average 
temperature of the sample surface in the cuvette 
(approximately 5 x 10 mm² or 300 pixels) was determined. The 
measurement was repeated three times for all samples. Images 
were evaluated with the software IRBIS 3 plus (Infratec GmbH).

Droplet Assay for Quantification of Magnetic Forces.
In order to characterise the forces that can be applied to MFt, a 
droplet assay on coverslips was performed. In a first step, 
coverslips were coated with a PDMS layer (SYLGARD 184 
Silicone Elastomer Kit, Dow Europe GmbH, Wiesbaden, 
Germany) to reduce unspecific binding of MFt to the glass 
surface. For this, a 1:10 mixture (curing agent to elastomer by 
weight) of PDMS was diluted in twice the amount (by weight) of 
hexane.67 A coverslip (22 x 22 mm², thickness: 170 ± 5 µm) was 
sonicated in an ultrasonic bath for 10 min in isopropanol, 
followed by another sonication in ultrapure water.  In between 
treatments, the coverslip was thoroughly flushed with ultrapure 
water. Afterwards, the coverslip was blown dry using 
pressurised N2. The coverslip was then mounted onto a spin 
coater and 100 µL of the PDMS mixture was placed on top. The 
spin coater was run for 150 s at 6,000 rpm with an acceleration 
of 100 rpm/s. After spin coating, the coverslip was cured at 
110 °C for 20 min.
For the droplet assay, MFt was diluted to 0.1 µM in HEPES-1 
with 25 V-% of glycerol. A droplet of 1 µL was placed onto a 
PDMS-coated coverslip and a magnetic tip was approached. The 
magnetic tip consist of two magnets (cube: NdFeB, side length 
5 mm, gold-plated, product number W-05-G; cuboid: NdFeB, 
10 × 4 × 1.2 mm³, gold-plated, product number: Q-10-4-1.2-G; 
both from supermagnete.de by Webcraft GmbH, 
Gottmadingen, Germany) and a steel wire (diameter: 0.4 mm, 
product number 1416, Röslau Stahldraht, Röslau, Germany) 
attached to the magnets.31 The attraction of the fluorescent 
MFt was observed using an inverted epifluorescence 
microscope (IX83 by Olympus, Shinjuku, Tokyo, Japan) equipped 
with a 60x oil-objective with a numerical aperture N.A. = 1.25. Data 
analysis was performed using Matlab (R2023a, The Mathworks 
Inc., Natick, MA, USA). A horizontal line scan (thickness 1 µm) 
over the intensity in the fluorescence channel was done starting 
from the position of the magnetic tip. Position 0 was placed at 
the edge of the drop with the inside of the drop in the positive 
direction. A linear background (𝒚 =  𝒎𝒙 + 𝒄) was fitted to 
intensities at higher positions and subtracted from the line scan 
to obtain the final intensity curve.

Spatial magnetic manipulation.
For imaging and manipulation, Cos7 cells were plated on 
sterilised glass coverslips in 35 mm cell-culture dishes at about 
50 % confluency. Prior to experiments, cells were washed with 
PBS buffer and re-incubated in preheated Leibovitz medium 
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(L15, Thermo Fisher Scientific, Waltham, MA, USA), 
supplemented with 10 % foetal calf serum (FCS) and 1 % 
PenStrep (Thermo Fisher Scientific). Imaging was performed in 
a heating chamber (TempController 2000-2, PeCon GmbH, 
Erbach, Germany) set to 37 °C and mounted on an inverted 
microscope (IX83 from Olympus, Shinjuku, Tokyo, Japan) 
equipped with a 60x oil-objective with N.A. = 1.25 and phase 
contrast PH3 (Olympus UPLFLN60XOIPH/1,25, Olympus K.K., 
Shinjuku, Japan). MFts were centrifuged (10,000 g for 10 min) 
and the supernatant was used. MNPs were injected into cells 
using a micromanipulation system (InjectMan 4 and FemtoJet 
4i, Eppendorf, Hamburg, Germany) with microinjection 
capillaries (Femtotip II, inner diameter of 500 nm, Eppendorf, 
Hamburg, Germany). For injection, a concentration of 1 µM of 
MFt was used. After microinjection, the sample was washed 
with the previously mentioned Leibovitz medium to remove 
remaining MFt in the medium. Thereafter, a home-built 
magnetic tip (described in section Droplet Assay for 
Quantification of Magnetic Force and in Novoselova et al.31) was 
approached to the cell using the InjectMan 4 of the 
micromanipulation system. Videos of MFt redistribution in the 
fluorescence channel were acquired typically every 10 s over 
30-45 min at 200 ms camera exposure time (Prime BSI, 
Photometrics, Tucson, AZ, USA, see also Video S1-S3). Phase 
contrast and fluorescence image recordings were analysed 
using inhouse developed analysis routines written in Matlab 
(R2023a, The Mathworks Inc., Natick, MA, USA) and ImageJ 
(version 1.49v, U. S. National Institutes of Health, Bethesda, 
MD, USA).68 A background subtraction was applied to the 
fluorescence videos.

Cell Viability Assay
For evaluation of toxicity of MFt on cells, standardised CellTiter-
Blue (CTB) Assay from Promega (Fitchburg, WI, USA) was 
performed as described previously.31 Cells were incubated with 
varying concentrations of MFt for 1 h in a mixture of 100 µL of 
both Dulbecco’s Modified Eagle Medium (DMEM) 
supplemented with 10% fetal calf serum and 1 % PenStrep (all 
from Thermo Fisher Scientific) and HEPES-1. As negative 
control, cells were treated with 0.1 % of Triton X-100 (PanReac 
AppliChem, Darmstadt, Germany) for 30 min, the positive 
control was treated only with DMEM. All conditions were 
prepared as triplicates.

Results & Discussion

Synthesis and Structural Characterisation.
A set of three MFts was prepared using a ferritin cage based on 
only HCF subunits fused N-terminally to mEGFP. For the 
magnetic core synthesis, either pure Fe2+, or Fe2+ doped with a 
final doping ratio of 7 % (mol/mol) Co2+ or doped with 7 % 

Figure 1 – (A-D) Schematic overview of MFt production. Apoferritin (yellow, PDB code: 
1FHA), genetically fused to mEGFP (green, PDB code: 2Y0G, created with Avogadro v. 
1.2.090 and blender v.2.93.2, Blender Foundation, Amsterdam, Netherlands), is 
expressed in transformed E. coli and then purified via size exclusion chromatography. 
Empty cages are filled with their respective metal oxide core (brown) during magnetic 
core synthesis. (C and D) Scheme of semi-synthetic MFt cage. The three different cores 
used in this study are indicated. (E) Transmission electron microscopy image of pure 
MFt’s protein shell, stained with 2 % uranyl acetate. (F) Magnified section of E displaying 
one single ferritin cage. (G) Hydrodynamic radii obtained via dynamic light scattering for 
MFt with three differently doped cores over three independent synthesis runs.
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(mol/mol) Zn2+ with respect to the total metal amount was used 
(see Figure 1, Figure 2 and Table 1). The dopant molarity used 
during the synthesis was a few percent higher (see Materials 
and Methods), but effectively gave rise to the 7 % doping 
reported here (see also Figure 3). The biomineralisation 
reaction was carried-out inside the purified and PEGylated 
ferritin. The obtained MFts were first characterised by 
transmission electron microscopy (see Figure 1 and Figure 2) 
and dynamic light scattering to probe the protein and core size, 
respectively.
The mean diameter of all MFt cages measured with TEM was 
13.9 ± 2.2 nm (see Figure S2), whereas the mean hydrodynamic 
diameter of MFts measured with DLS was 36.7 ± 1.9 nm for 
pure, 44.7 ± 3.3 nm for Co2+ doped, and 43.4 ± 7.1 nm for 
Zn2+ doped MFt (Figure 1 and Table 2). The polydispersity index 
was ≤ 0.17 for all MFts, confirming the expected small size 
distribution within the sample (Table 2). The diameter values 
are in accordance with previous reports,31 where the TEM size 
of the protein structure matches the theoretical calculation of 
the mEGFP decorated protein diameter (12+2×2.3 = 16.6 nm).69 
The larger hydrodynamic size in comparison to the physical size 
was typically observed after surface PEGylation and core 
synthesis, giving rise to an increased hydrophilicity. This 
effective hydrodynamic diameter is particularly suitable for 
subcellular applications, since cytoplasmic non-specific 
interactions between a nanoprobe and the proteins/fibres in 
the cytoplasm dramatically increase above 50 nm, as previously 
reported.13,70 In addition, the measured negative ζ-potential of 
around -5 mV (Table 2) prevents non-specific interactions 
within the primarily negatively charged biological environment.
The mean diameter of all cores was 6.3 ± 1.8 nm (Figure 2), 
which is in accordance with previously reported values of 
synthetically loaded ferritin cages.17,31 There were no 
systematic differences in size after loading the cages with Fe, or 
together with Co or Zn as dopants. Reproducibility of the 
magnetic core synthesis was evaluated by three separate 
syntheses (called runs in the following) and analysed separately, 
unless stated otherwise.

Table 2 – Properties of doped MFts. DH: Hydrodynamic Diameter, PdI: Polydispersity 
Index, both obtained from DLS measurements. For more details see Table S1. 

Sample DH (nm) PdI ζ-Potential (mV)
Pure 36.7 ± 1.9 0.16 ± 0.01 -5.1 ± 0.7
Co7 44.7 ± 3.3 0.17 ± 0.02 -4.7 ± 1.1
Zn7 43.4 ± 7.1 0.17 ± 0.01 -4.8 ± 0.8
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The doping level of Co and Zn was determined by energy 
dispersive X-ray spectroscopy in scanning transmission electron 
microscopy (EDX-STEM). Figure 3 shows high-resolution STEM 
images in the upper row, along with Fe, Co, and Zn elemental 
maps in the middle and lower row. High-resolution STEM 
images appear blurry, due to the organics surrounding the 
magnetic cores. Under the focused electron beam, significant 
amounts of amorphous carbon were growing, thus limiting the 
resolution and acquisition time for elemental maps of Fe, Co, 
and Zn. Nonetheless, individual cores are visible in the pure MFt 
samples, while core accumulations yielded larger EDX signals. 

The elemental maps in Figure 3 clearly show the colocalisation 
of Co or Zn with Fe. For the quantification of Co and Zn doping 
levels with respect to Fe, more than ten EDX spectra, each over 
small areas, were measured including about 20-30 magnetic 
cores. The results of each run are summarised in the graph in 
Figure 3. The desired low doping levels of 6.8 ± 1.3 at.-% for Co 
and 6.4 ± 1.9 at.-% for Zn relative to the Fe intensity in the EDX 
spectra were obtained, with error bars indicating their standard 
deviation. We are the first to measure this in case of MFts and 
find that the effective dopant molarity of 6.8 (Co) and 6.4 (Zn) 
is slightly different from the amount applied during synthesis 
(5 % and 11 % for Co). This deviation shows that it is necessary 
to determine the exact doping state in the core after the 
synthesis. All three individual runs of Co doped (from now on 
called Co7) or Zn doped (Zn7) samples contained only cores 
with doping elements, excluding the presence of pure iron or 
cobalt and zinc oxide. At this point we can state, that Co and Zn 
doping of MFt cores is possible and reproducible, with a quite 
homogeneous distribution of dopants from core-to-core. 

To further investigate the crystal structure of the MFts, we used 
X-ray diffraction. The three individual samples for each dopant 
(Runs I-III) were pooled, to increase the signal intensity. Since 
the small size of the MFts and the large amount of organic 
material gave rise to a background signal, Figure 4 presents the 

Figure 2 – (A-C) Transmission Electron Microscopy images of Magnetoferritin. Images of 
all doping conditions were taken without staining to visualise metallic cores. (D) Box plots 
show diameter of cores from three independent synthesis runs (I, II and III) of all three 
doping conditions (each N ≥ 93; Mean ± SD = 6.3 ± 1.8 nm). Mean values are shown as 
boxes, median values as horizontal lines.

Figure 3 – (A) Representative EDX-STEM images of MFt (Pure) and doped (Co7, Zn7) 
samples. (B) Elemental maps for indicated elements Fe, Co, and Zn (scale bar: 50 nm). 
(C) The graph shows the dopant concentration relative to Fe of individual runs I-III.
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X-ray diffractogram using Cu-Kα radiation after background 
removal and smoothing.
Overall, the diffractograms of pure and doped MFt samples are 
similar and consist of a set of sharp and broader peaks. The 
sharp peaks (indicated by asterisks) originate from NaCl 
crystallising during the drying process. However, more 
interesting are the broader peaks reflecting the diffractogram 
of few-nm crystallites, i.e., the pure MFt and Co7 and Zn7 doped 
samples. The crystallite sizes of 3-4 nm given in Figure 3 were 
evaluated from the two largest peaks of each diffractogram 
using Scherrer’s approach.71 Considering the average core 
diameter of 6.3 nm and 3-4 nm crystallite sizes, each MFt is 
estimated to consist of 4-9 crystallites regardless of doping. 
These numbers are realistic in light of the number of the HCF 
crystallisation points in a cage.72 The diffractograms have close 
relation to the one of 6-line ferrihydrite73,74 while ferrites 
including the often-observed ferrimagnetic magnetite (Fe3O4) 
or maghemite (Fe2O3) can be excluded from the peak positions 
and relative intensities. For this comparison, powder-like 
samples75,76 were assumed and the patterns of standard bulk 
cobalt ferrite (PDF-00-0221086), magnetite (PDF-00-019-0629) 
and maghemite (PDF-00-039-1346) were used. While different 
structures of ferrihydrite have been suggested over the 
decades, it is clear from previous studies that defects and 
relative site occupancies slightly modify the XRD response. 

Magnetic Characterisation.

The structural characterisation of the MFts in terms of 
component sizes and core composition showed a high 
homogeneity and similar properties between the three 
different samples. Any change in terms of their suitability for 
spatial manipulation and inductive heating approaches should 
thus depend on their magnetic properties. In Figure 5A, the zero 
field-cooling (ZFC) and field-cooling (FC) magnetisation curves 
at 𝐵 = 5 mT are displayed. For direct comparison of the blocking 

temperature, all curves are normalised to the FC value at 
𝑇 = 5 K. For clarity, we show only one curve for the pure MFt 
and the Co7 and Zn7 doped samples as indicated by run number 
while the values given below are accompanied with the 
statistics of the three independent runs. All individual runs 
confirm the trends. It is obvious from Figure 5A that both the 
ZFC/FC maximum and the irreversibility point shift with doping 
towards higher temperatures reflecting an increased magnetic 
anisotropy energy density (MAE) at constant volume given by 
the MFt nanocompartments (cf. Figure 2D). Taking the ZFC 
maxima as a measure of the blocking temperature 𝑇B we obtain 
35 ± 5 K for pure MFt, 130 ± 37 K for Co7 and 74 ± 14 K for Zn7. 
The statistics hereby also reflect the individual doping levels 
achieved (cf. graph in Figure 3). For pure MFt in our 
semisynthetic approach, 𝑇B = 35 K is about 3 times higher than 
usually observed for horse spleen ferritin (𝑇B = 10 K)6 likely 
signalling different crystallisation mechanisms. While Zn doping 
doubles 𝑇B as compared to pure MFt, it is striking that a low Co 
doping of 7 % significantly increases the blocking temperatures 
to 130 K and thus the effective MAE 𝐾eff correspondingly, 𝑇B 
can be translated in 𝐾eff for single domain nanoparticles via 

ln 𝜏
𝜏0

 𝑘B𝑇B = 𝐴 ∙ 𝑘B𝑇B =  𝐾eff𝑉.

Here, 𝑘B is Boltzmann’s constant and 𝑉 the particle volume. The 
prefactor 𝐴 =  ln(𝜏/𝜏0) accounts for the measurement time 
(for VSM 1 s) with respect to the inverse of the intrinsic attempt 
frequency (typically 10-9 s). Using a prefactor 𝐴 of 21 for VSM, 
𝐾eff is 0.8·105 J·m-3 for pure MFt, 2.9·105 J·m-3 for Co7 and 
1.6·105 J·m-3 for Zn7 assuming a constant volume of 
𝑉 = 131 nm3. Such 3.5 times larger 𝑇B is very attractive for 
inductive heating since the increased anisotropy may lead to 
blocking effects at frequencies of 100 kHz at constant particle 
volume and thus to higher heat losses via Néel relaxation 
processes. A rough estimate can be drawn when comparing the 
prefactors 𝐴VSM = 21 for VSM and 𝐴ind = 9 for inductive heating 
at 100 kHz. Then, we expect a 𝑇100 kHz

B   = 21/9 · 𝑇B ≈ 303 K for 
inductive heating experiments. Thus, hysteresis losses can be 
expected at 100 kHz leading to better heating in magnetic 
hyperthermia. Note, that this estimate assumes a frequency-
independent magnetic susceptibility which is generally not the 
case.
Further, we discuss the important features (1) magnetisation 
and (2) coercive field dependence on doping. Figure 5 presents 
hysteresis loops at (B) 𝑇 = 5 K and (C) 𝑇 = 300 K. All curves are 
normalised to the total mass of the dried sample powder 
including the organic shell and residual salts. For the whole 
particle, we obtain magnetisations of 7-13 Am2·kg-1 in 𝐵 = 9 T 
and, as expected, the values decrease with increasing 
temperature. However, we cannot define the saturation 
magnetisation with regard to the magnetic cores only since the 
magnetic content is not exactly known. Instead, we use 
Langevin fitting as discussed below. None of the hysteresis 
loops reaches saturation, which points to additional 
paramagnetic Fe salts or antiferromagnetic contributions in the 
MFt MNPs. Taking the saturation magnetisation of 6 nm Fe3O4 
MNPs of 45 (30) Am2·kg-1 at 𝑇 = 5 K (300 K)57 as an upper limit, 
we obtain at a ferrimagnetic fraction of at least 20-50 mass-% 
in the samples. This is also in line with XRD measurements 

Figure 4 – X-ray diffraction of Magnetoferritin (Pure) and doped (Co7, Zn7) samples 
using Cu-Kα radiation. Runs I-III were pooled. Sharp peaks indicated by asterisks 
originate from residual NaCl after drying. Crystallite sizes from Scherrer analysis are 
given on the left. Sticks in black and red indicate the angles and intensities for Fe3O4 
and MFt powder samples, respectively. Diffractograms are shifted vertically for better 
visibility.
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showing sharp peaks (large crystallites) of NaCl after drying (cf. 
Figure 4) giving a significant contribution to the total mass. 
The coercive fields µ0HC at 𝑇 = 5 K are 99 ± 29 mT for pure MFt, 
977 ± 64 mT for Co7 and 35 ± 4 mT for Zn7. These results follow 
earlier studies showing a magnetic softening and higher 
magnetisation for Zn doped ferrites and strong hardening at 
slightly reduced magnetisation for Co doped ferrites.77,78 At 
300 K, all MNPs show superparamagnetic response as expected. 
MFts can thus be treated as single domain and weakly 
interacting particles following the Néel-Brown model.79

Finally, the magnetisation of the MNPs can be extracted from 
Langevin fitting of the superparamagnetic magnetisation at 
𝑇 = 300 K. Figure S3 presents the results for pure MFt and Co7 
samples. Here, we use the Langevin function and an additional 
linear slope accounting for add-on contributions of salts, 
organics and possible antiferromagnetic contributions in the 
samples. For simplicity, we fit the data with a single parameter 
in the Langevin function omitting the distribution of the product 
of magnetisation and volume. The resulting volume 
magnetisation are 2824 ± 704 µB per particle (200 ± 50 kA·m-1) 
for pure MFt, 2973 ± 931 µB per particle (211 ± 66 kA·m-1) for 
Co7 and 5620 ± 3611 µB per particle (398 ± 255 kA·m-1) for Zn7. 
Pure MFt and Co7 yield similar values which are about 40 % of 
the bulk Fe3O4 magnetisation at ambient temperature. For Zn7, 
the larger value and larger variation of the fitting results of the 
three independent runs are ascribed to the larger number of 
agglomerates in Zn7 (cf. Figure 2).
For further use of doped MFt in biomedical applications, 
magnetometry suggests that all the generated MNPs exhibit 
magnetisation values suitable for spatial manipulation in 
external fields. For applications in magnetic hyperthermia, 
however, especially the Co doped MFts appear suitable due to 
their enhanced MAE leading to magnetic blocking close to 
ambient temperature. This behaviour is consistent with the 
substitution of Co ions for Fe ions, since cobalt is well-known to 
increase the magneto-crystalline anisotropy and 
correspondingly, the blocking temperature.9,59,65

Magnetic Hyperthermia.

The heating capabilities of the MNPs were evaluated by 
recording the temperature kinetic curves and the hyperthermic 
efficiency. To this end, MNPs in PBS buffer solution were 
exposed to alternating magnetic fields (AMFs) of 93.75 kHz or 
104.5 kHz and 𝐵 = 45 mT amplitude using a custom-made 
hyperthermia setup. Due to extensive cooling and mitigation of 
inductive losses in the electromagnet, this setup allows for 
accurate measurements of the MNPs’ dissipated power. The 
total particle concentration in the sample was 35 µM, 
corresponding to 55 mg/mL and 16 % (w/w) of total metal ions. 
Figure 6 and Figure S4 show the average heating curves of three 
repeats for pure, Co7, or Zn7 MFts. From each measurement, 
the temperature kinetics of buffer measured under identical 
conditions were subtracted, yielding 𝛥𝑇. Care was taken to 
measure each sample up to the steady-state condition during 
heating and cooling stages (10-15 min after switching the AMF 
on or off). At 93.75 kHz, the pure MFt sample exhibits a 
temperature increase above the buffer reference up to 𝛥
𝑇 = 3.6 K during exposure to the AMF. The Zn7 sample exhibits 
a lower temperature increase of 𝛥𝑇 = 2.5 K during inductive 

Figure 5 – Magnetometry results of pure, Co7 and Zn7 doped samples. The run number 
behind the doping condition reflects the individual sample. Statistics are given in the 
text. (A) ZFC/FC curves in 𝐵 = 5 mT. (B) Hysteresis loops at 𝑇 = 5 K and (C) 
superparamagnetic response at 𝑇 = 300 K. Insets show magnification at the origin in 
identical units. Voids in the curves are a technical feature of the VSM resetting the 
sample position by a touchdown to the end position switch giving no data while the field 
is constantly swept.
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heating. This lower response, however, is not significantly 
different in comparison to the pure MFt sample given the ± 2 K 
absolute temperature accuracy of the IR-camera. Single heating 
curves were highly robust, since repetitions were near identical 
and hence did not contribute to the uncertainty (see Figure 6A, 
where the coloured envelope indicates the error arising from 
repeat measurements). Intriguingly, Co7 samples led to an 
inductive heating of 𝛥𝑇 = 8 K after 300 s in AMF. Such significant 
temperature increase provides evidence, that doped MFts can 
act as heat mediators. At 104.5 kHz AMF frequency, all three 
MFt samples exhibited slightly lower heating rates compared to 
the measurement at 93.75 kHz (see Figure S4). While the pure 
MFt sample again heated up to 𝛥𝑇max = 3 K, the Zn7 sample 
showed 𝛥𝑇max = 1.2 K and the Co7 sample 𝛥𝑇max = 6.1 K. 
Previous tests using horse spleen ferritin as a reference, led to 
no measurable heating,28 corroborating our finding, that the 
synthesis of a particular magnetic core is critical to maximise the 
heating response.
The trend observed in the calorimetric experiments can be 
explained with their magnetic properties. In the linear response 
regime, the power losses are described by the specific 
absorption rate (SAR). It is proportional to the frequency, 𝑓, to 
the square of the external magnetic field amplitude, 𝐻0, and to 
the out-of-phase component of the magnetic susceptibility, 𝜒′′

(𝑓):80

𝑆𝐴𝑅 ∝ 𝑓𝜇0𝐻2
0𝜒′′(𝑓).

𝜒′′ depends non-linearly on 𝑓, increases with the MFt’s 
magnetic moment, and reaches a maximum when the Néel 
relaxation time 𝜏𝑁 (i.e., the magnetic moment reversal time 
above the energy barrier) matches the period of the alternating 
magnetic field. This latter condition is, in our experiments, best 
satisfied for the Co7 sample, with increased magnetic 
anisotropy as compared to pure and Zn7 samples. 
Since all measurements were performed using identical 
settings, the slightly lower inductive heating in case of Co7 and 
Zn7 at 104.5 kHz could arise from a lower AC susceptibility 𝜒′′, 
which is directly proportional to the dissipated power.
Our data reveals an overall low inductive heating of the MFts, 
which manifests itself in the SAR values per mass of total metal 
ions (see Figure 6B). The SAR was evaluated from the initial 
slope of the fit to the heating curves amounting to 6.7 ± 0.1 W·g-

1 for pure MFt, 4.8 ± 0.2 W·g-1 for pure Zn7, and 25.7 ± 0.5 W·g-

1 for Co7. The low inductive heating response and small SAR 
values are indeed expected for MNPs of this diameter54,81. SAR 
values are also low in comparison to data reported for larger 
MNPs in the literature82–85 and our measurements using the 
same setup66, typically amounting to ~100 W/g. However, the 
heat rate of the Co7 sample is the maximal value typically 
achieved for these types of magnetic cores measured under 
similar conditions60 and is promising to promote or even initiate 
heat sensitive cellular processes in AMF. Moreover, the changes 
observed for different core doping and different frequency 
settings highlight, that the inductive heating response is 
dependent on the experimental design for which here 
optimised AMF excitation settings and core compositions are 

found. Co7 MFts could hence only act as mild heat mediators, 
when the nanoparticles are accumulated to high local 
concentrations (e.g., 35 µM) resulting in the surrounding buffer 
solution to heat by 2-3 degrees per minute. 
Finally, it should be noted, that all measurements were 
performed using external field parameters which fall below the 
physiological tolerance threshold.86 Such settings are 
important, when biological measurements are envisaged, 
where physiologically serviceable power losses are required.

MFt Spatial Manipulation.
Since cell signalling processes were shown to rely on (i) the 
spatiotemporal regulation of molecular distribution14,15 or (ii) 
on the application of mechanical forces,16,18 we here provide 
examples, how synthesised MFts are useful in this biological 
context. In particular, we show how MFTs can be redistributed 
and accumulated in different intracellular compartments. On 
the one hand, this may be exploited for the (i) coupling of the 

Figure 6 – (A) Hyperthermia measurement. Temperature kinetics of pure, Co7, and Zn7 
MFt sample (each 35 µM) during exposure to the alternating magnetic field (45 mT, 
93.75 kHz). Each curve is an average of three runs. The absolute temperature change Δ𝑇 
refers to the temperature increase above the temperature of pure buffer solution. All 
MFt and buffer solution samples measured in an identical manner. (B) Specific 
Absorption Rate (W/g) of each run (coloured dot) and average value (coloured line). (C) 
Custom-made hyperthermia setup. (D) Selected thermal image of that was taken during 
hyperthermia measurement, with the sample (blue box) in the centre of the magnet gap.
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MFts to signalling proteins and their active spatial redistribution 
to understand cell signalling processes. On the other hand, (ii) 
localised MFt accumulations may exert gentle forces to trigger 
mechanosensitive processes. 

To explore the suitability of the MFts to respond to an applied 
magnetic field gradient, we first redistributed the MFts under 
idealised conditions, i.e., using droplets of MFts in a 
glyercol/water (25:75 V/V) mixture on PDMS-coated glass 
coverslips. A home-made magnetic tip consisting of spring steel 
wire connected to Neodymium magnets was approached to the 
droplet (see Figure 7 and Video S1). The magnetic tip generated 
magnetic gradients on the order of 103 – 104 T/m.  To determine 
such magnetic flux density gradients over small scales (~µm), 
several assays have been developed. Among them are (i) the 
MNP attraction in solution using Stokes equation17,31 or (ii) the 
optical magnetometry based on nitrogen vacancy colour 
centres in diamond to map the 3D magnetic field of 
micromagnets.87 Together with the magnetic moment reported 
in the previous section, MFts should hence encounter forces in 
the femto-Newton regime. This is too weak to produce clear 
ballistic MNP trajectories toward the magnetic tip, instead the 
MNPs show a biased diffusion resulting from the superposition 
of a Brownian motion with a magnetic drift. When the magnetic 
tip was positioned at a particular distance 𝑑 from the surface of 
the droplet, MFts were attracted towards the tip and formed a 
sharp gradient from the edge towards the centre of the droplet 
up to the distance, where the attractive magnetic potential was 
exceeded by the thermal Brownian motion (see Figure 7B). At 
steady state, the MNP distribution followed a Boltzmann 
distribution and was fitted with an approximate relation to 
determine the applied force 𝑭:

𝐼(𝒓) = 𝐴 ∙ exp
𝑭 ∙ 𝒓
𝑘B𝑇 .

𝐼 is the intensity distribution along the purple line in Figure 7A, 
𝐴 is the amplitude, 𝑘B the Boltzmann constant, 𝑇 the 
temperature, and 𝒓 the radial distance from the tip. Here, it was 
assumed that the droplet size is sufficiently small to have a 
constant magnetic force 𝑭 across the droplet diameter, albeit 
the magnetic force 𝑭 decreases as 1 𝑟2 for a parabolic tip.88,89 
Figure 7B shows the steady state MNP distributions of the pure 
sample along with the intensity profile fit as an example. Similar 
distributions were obtained for the MFt with dopant and were 
fitted accordingly. The forces are 𝐹pure= 0.49 fN, 𝐹Co7 = 0.61 fN, 
and 𝐹Zn7 = 0.54 fN. This data confirms the mentioned 
theoretical estimate of fN forces generated by the current 
setup. In contrast to the hyperthermia results, no significant 
difference in the magnetic response between the different MFts 
was observed. This is reasonable, given the magnetic moments 
derived from the Langevin fit to the magnetisation curves vary 
only by 5 % for MFt and Co7. In addition, differences in the 
magnetic field gradient sensitively depend on the lateral MFt – 
tip distance, which may vary by a few 100 nm between the 
samples. In order to probe the force variation with the droplet-
tip distance, the steady-state MFt distribution was further 
analysed, placing the magnetic tip 20 to 100 µm away from the 
tip. Interestingly, MFt attraction was visible over the whole 
range up to the 100 µm droplet-tip distance. This is an 
important prerequisite when magnetic manipulation 
approaches at a distance, e.g., through a glass cover slip, are 
envisaged. At 100 µm distances, a magnetic force of 𝐹Co7
= 0.27 fN was derived. In summary, the MFt droplet assay 
confirmed the ability to generate tuneable and reversible MFt 

Figure 7 – Droplet assay with differently doped Magnetoferritin. (A) Exemplary assay 
with pure MFt. Magnetic tip was introduced at 0 min at a distance of 20 µm and left at 
the designated position for 50 min. (B) In the steady state, a line scan over 1 µm (purple 
line in A) was used to determine the force F affecting MFt using the displayed fit function. 
(C) Forces determined via droplet assay for all doping conditions. (D) Force – distance 
dependence for different distances d between droplet and magnetic tip using the Co7 
MFt sample.
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profiles. To further demonstrate the suitability of the MFts to 
be spatially redistributed within a subcellular compartment, we 
microinjected Co7 MFts into the cell cytoplasm or in the cell 
nucleus (see Figure 8 and Video S2 and S3). Although 
microinjection is comparably invasive, with the intracellular 
pressure or milieu changes regularly leading to cell death after 
injection, it has several advantages over other transfer 
methods. Among them are the direct intake of nanoparticles 
into cells, wherefore it was used in this study to monitor the 
unrestricted motion of nanoparticles in the cytoplasm. We 
microinjected MFts into Cos7 cells and consecutively 
approached the same type of magnetic tip as used for the 
droplet assay to the cell from different sites. MFts were quickly 
attracted in the direction of the magnetic tip and formed µm 
size areas of strong MFt accumulation. A steady state 
distribution was typically reached after 5 min and the magnetic 
tip was removed to show the reversible MFt diffusion. When 

MFts were manipulated in the cell cytoplasm (see Figure 8A-C), 
particles were already attracted when the tip was placed about 
70 µm away from the cell edge. At short distances from the cell 
edge (~10 µm), strong MFt accumulations developed. When the 
magnetic tip was moved to different sites of the cell, the MFts 
were immediately redistributed. MFts remained mobile and did 
not form any agglomerations during field-assisted 
manipulation. They fully dispersed in the cell cytoplasm after 
removal of the magnetic tip. MFt manipulation in general did 
not lead to any microscopic deformations of the cell shape. Yet, 
in case of strong MFt accumulation and attraction over several 
minutes, after tip removal and MFt dispersion, a slight increase 
in the projected fluorescence intensity at the manipulation site 
compared to the initial state was observed. This suggested that 
an increase in the cytoplasmic volume can occur along with a 
displacement of intracellular structures, when high local MFt 
concentrations are present. 

Figure 8 – Spatial Manipulation of Magnetoferritin in Cells. (A) Phase Contrast Image of Cos7 cell and micromagnetic tip. Fluorescence image of Co7-MFt spatial redistribution in the 
cell cytoplasm placing the magnetic tip at different positions. (B) Fluorescence intensity profile along the pink line in (A) during attraction (2-6 min) and relaxation (8-12 min). (C) 
Average fluorescence intensity within the blue spot in (A) over time. The intensity increases and decreases according to the spatial manipulation mode. (D) Phase Contrast Image of 
Cos7 cell and micromagnetic tip. Fluorescence image of Co7-MFt spatial redistribution in the cell nucleus placing the magnetic tip at different positions. (E) Fluorescence intensity 
profile along the pink line in (D) during attraction (3-10 min) and relaxation (11-13 min). (F) Average fluorescence intensity within the blue spot in (D) over time. The intensity profile 
exhibits the characteristic exponential increase and decrease during attraction and relaxation, respectively. In (B) and (E) the background intensity profile was subtracted from the 
data and spatial averaging performed over a line with a width of 5 pixel.
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When MFts were manipulated in the cell nucleus (see Figure 
8D-F), particles were reversibly attracted inside the nucleus, 
without observing any intensity change after the manipulation. 
Interestingly, the attraction was fully reversible and MFts 
remained inside the nucleus, without any detectable escape to 
the cell cytoplasm. 
We further tested the biocompatibility of MFts and found that 
cells which were incubated with MFt Co7 for 1 h did not show 
any increased mortality in comparison to buffer controls (see 
Figure S5A). Additionally, the cell death, which occurred only in 
microinjected cells, was similar between only microinjected 
cells and cells after magnetic accumulation of MFts over the 
course of 6 h (see Figure S5B). Additional cell death, which was 
observed on longer time scales (> 6 h), could arise from 
microinjection late effects, excessive magnetic MFt 
accumulation, a change in sterile or imaging conditions (since 
the sample was not covered during imaging for microinjection 
and magnetic manipulation purposes), among others. While 
these long-time effects require further investigation, the Co2+ 

doped MFt, when brought into contact with cells alone, 
suggested a high biocompatibility, in line with previous 
studies.9,31 
Thus, provided the MFt transfer to the cellular environment is 
further improved, the spatial manipulation of MFts can serve as 
a tool to actively redistribute MFt coupled molecules for cell 
signalling studies. It may also be used to apply gentle 
mechanical stimuli to intracellular structures depending on the 
magnetic field gradient and the magnetic flux density applied. 

Conclusion & Outlook

We have demonstrated that ferritin-based magnetic 
nanoparticles (MFts) offer a versatile platform for spatial 
magnetic manipulation approaches, whereas an inductive 
heating of the nanoparticles is possible only for optimal 
alternating magnetic field settings and mineralised cores of high 
magnetic anisotropy (e.g., Co doped cores). In particular, we 
synthesised a bioengineered ferritin based magnetic 
nanoparticle (MNP) exhibiting mEGFP and PEG coupled to its 
surface. This enabled to track the particle as well as to prevent 
any unspecific interaction of the particle within a synthetic or 
cellular environment. Three types of MFts were synthesised 
with an undoped, 7 % Zn- or 7 % Co doped superparamagnetic 
core with high size homogeneity of the shell and core. Thus, 
MFts are addressable one particle at a time and allow to 
transmit the same magnetic stimulus, an important prerequisite 
for many bio- and nanotechnological applications. 
7 % cobalt doping yielded the highest effective magnetic 
anisotropy and significantly improved the hyperthermic heat 
performance. Here, inductive heating experiments at 93.75 kHz 
resulted in temperatures of 8 K above a buffer reference within 
a few minutes. This provided evidence that Co doped MFts can 
act as a mild heat mediator when optimised magnetic field 
settings and nanoparticle core properties are used. 7 % zinc 
doping and the pure mineral core resulted in 
superparamagnetism down to ≤ 60 K, and measurements at 
different frequencies only brought about a little heating effect. 

Our rigorous measurements provide new insights to the recent 
discussion, whether (or under which conditions) MFts can act as 
heat mediators. 
Next to probing the MFt applicability for magnetic 
hyperthermia, their suitability for spatial manipulation 
approaches in a biological context was tested. The performed 
experiments nicely show the applicability of our doped MFts, in 
solution and in a cellular context. 
Here, all MFts performed very well and comparable in terms of 
their spatial redistribution potential. The MFts were reversibly 
attracted in droplets or inside cells approaching a magnetic tip 
(i.e., a magnetic field gradient) and attraction forces were easily 
modulated by changing the MFt – magnetic tip distance. In 
agreement with theoretical calculations, the analysis of 
experimentally obtained MNP distributions revealed, that 
nanoparticles exert mild forces in the fN regime. The MFts could 
hence be used to couple molecules to the MFt surface, to (i) 
spatially redistribute the molecules to create local signalling 
hubs, (ii) to switch their (conformational) activity state, or (iii) 
to exploit the biological mechano-sensitivity in a mild force 
transduction approach. In conclusion, the Co doped MFt is an 
extremely versatile and small functionalised targeting 
nanosystem, which offers the best magnetic properties for a 
spatial or force mediated manipulation of individual molecules 
along with some potential for nanotechnological hyperthermia 
applications.
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Supplementary Figures

DNA sequence:

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAA
CGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCAT
CTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCA
GCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCG
CACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGT
GAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAA
CTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGC
CACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCC
GTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATC
ACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGGGATCCG
GTGCAGAATTCATGACGACCGCGTCCACCTCGCAGGTGCGCCAGAACTACCACCAGGACTCAGAGGCCGCCAT
CAACCGCCAGATCAACCTGGAGCTCTACGCCTCCTACGTTTACCTGTCCATGTCTTACTACTTTGACCGCGATGA
TGTGGCTTTGAAGAACTTTGCCAAATACTTTCTTCACCAATCTCATGAGGAGAGGGAACATGCTGAGAAACTG
ATGAAGCTGCAGAACCAACGAGGTGGCCGAATCTTCCTTCAGGATATCAAGAAACCAGACTGTGATGACTGG
GAGAGCGGGCTGAATGCAATGGAGTGTGCATTACATTTGGAAAAAAATGTGAATCAGTCACTACTGGAACTG
CACAAACTGGCCACTGACAAAAATGACCCCCATTTGTGTGACTTCATTGAGACACATTACCTGAATGAGCAGGT
GAAAGCCATCAAAGAATTGGGTGACCACGTGACCAACTTGCGCAAGATGGGAGCGCCCGAATCTGGCTTGGC
GGAATATCTCTTTGACAAGCACACCCTGGGAGACAGTGATAATGAAAGCTAG

Amino acid sequence:

MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPD
HMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYI
MADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAA
GITLGMDELYKGSGAEFMTTASTSQVRQNYHQDSEAAINRQINLELYASYVYLSMSYYFDRDDVALKNFAKYFLHQ
SHEEREHAEKLMKLQNQRGGRIFLQDIKKPDCDDWESGLNAMECALHLEKNVNQSLLELHKLATDKNDPHLCDFIE
THYLNEQVKAIKELGDHVTNLRKMGAPESGLAEYLFDKHTLGDSDNES*

Figure S1 – Sequence of mEGFP-Linker-HCF.
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Figure S2 – Sizes of Ferritin cages. 
Box plots show diameter of cages of empty Apo-Ferritin and doped Magnetoferritin of different 
synthesis runs (I, II, III). Mean values are shown as blank boxes, median values as horizontal lines (each 
N ≥ 41; for all cages: mean ± SD = 14.2 ± 2.3 nm; for all MFt cages: mean ± SD = 13.9 ± 2.2 nm).
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Figure S3 - Langevin Fits. 
Measured magnetisation and Langevin fits of pure MFt and Co7 samples. Here, we use the Langevin 
function and an additional linear slope accounts for add-on contributions of salts, organics and possible 
antiferromagnetic contributions in the samples. 
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Figure S4 – Hyperthermia measurement. 
(A) Temperature kinetics of Pure, Co7, and Zn7 MFt sample (each 35 µM) during exposure to the 
alternating magnetic field (45 mT, 104.5 kHz). Each curve is an average of three runs. The absolute 
temperature change 𝛥𝑇  refers to the temperature increase above the temperature of pure buffer 
solution. All MFt and buffer solution samples measured in an identical manner. (B) Specific Absorption 
Rate (W/g) of each run (coloured dot) and average value (coloured line).
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Figure S5 – Cell Viability Assays.
Biocompatibility of MFt Co7 tested in Cos7 cells. (A) CellTiter Blue assay. Cells were incubated with cell 
medium (DMEM) as positive control, 0.1 % Triton as negative control and several concentrations of 
MFt Co7 in HEPES-1 buffer (0.01 to 1 mg/ml) and with the same volume of HEPES-1 (0 mg/ml). (B) Cos7 
cells were only observed ('control'), microinjected with MFt-Co7 at t = 0 h ('injected') or microinjected 
and magnetically manipulated for 15 min ('manipulated'). For the three conditions, 93 %, 78 %, and 
75 % respectively of cells survived more than 6 h after the beginning of the experiment/after injection 
(indicated by the black circle). (C) and (D) are exemplary images of Cos7 cells being (C) microinjected 
with MFt Co7 and observed for 420 min and (D) microinjected with MFt Co7, exposed to a magnetic 
stimulus after 60 min for 15 min and observed for up to 420 min. Images are taken in phase contrast 
(top row) and fluorescence for mEGFP (bottom row), scale bars are 20 µm.
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Supplementary Tables

Table S1 – Properties of doped Magnetoferritins.
(DH: hydrodynamic diameter, PdI: polydispersity index, both obtained from DLS measurements, ζ-
Potential obtained from ELS measurements.)

Sample Run DH (nm) PdI ζ-Potential (mV)
1 36.6 ± 1.9 0.16 ± 0.01 -5.6 ± 0.2
2 36.8 ± 1.9 0.17 ± 0.01 -5.4 ± 0.5Pure
3 36.6 ± 2.2 0.16 ± 0.01 -4.4 ± 0.5
1 46.5 ± 2.5 0.16 ± 0.01 -4.7 ± 0.9
2 45.1 ± 3.0 0.17 ± 0.01 -5.1 ± 1.6Co7
3 42.4 ± 3.4 0.19 ± 0.01 -4.3 ± 0.5
1 49.9 ± 5.3 0.18 ± 0.01 -4.5 ± 0.7
2 44.9 ± 3.1 0.17 ± 0.01 -5.1 ± 0.9Zn7
3 35.5 ± 2.6 0.17 ± 0.01 -4.8 ± 0.8
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Supplementary Videos

Video S1 – Droplet Assay with Pure MFt.
A droplet of undoped MFt was placed on a coverslip coated with PDMS. A magnetic tip was placed at 
a distance of 20 µm to the edge of the tip and left there for up to 1 h. The attraction of MFt towards 
the tip was recorded via the movement of mEGFP. 

Video S2 – Spatial Manipulation of MFt Co7 inside a Cell. 
A magnetic tip consisting of a neodymium magnet with spring steel tip as described in Novoselova et 
al.1 is approached to the cell. The MFt is reversibly attracted by the magnetic field gradient emerging 
from the tip. The tip is placed at various positions around the cell and the particles are attracted by the 
tip to different sites. Particles diffuse away after tip removal within a few minutes.  

Video S3 - Spatial Manipulation of MFt Co7 inside a Nucleus. 
The magnetic tip used in Video S1 is approached to a cell exhibiting MFt Co7 in the cell nucleus. The 
MFt is reversibly attracted by the magnetic field gradient emerging from the tip. The tip is successively 
placed at three different positions around the cell and particles are attracted by the tip and diffuse 
away after tip removal within a few minutes.  

1 I. P. Novoselova, A. Neusch, J. S. Brand, M. Otten, M. R. Safari, N. Bartels, M. Karg, M. Farle, U. 
Wiedwald and C. Monzel, Nanomaterials, 2021, 11, 1–20.
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