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Introduction 

The astounding versatility and complexity of biological processes are fundamentally based on 

the cell´s ability to spatially and temporally regulate protein functions in a highly coordinated 

manner. Therefore, tools enabling acute control of protein localization and activity in living 

cells or organisms have huge potential, not only for unravelling the cellular determinants of 

biological processes, but also for medical applications and for synthetic biology. In the past 

decade, tremendous progress has been made to exploit genetically encoded photoswitchable 

proteins for activation by light.1 2 These optogenetic tools have recently been complemented 

by several approaches allowing magnetic actuation of protein functions.3 Magnetic 

manipulation offers the advantage that it does not require optically transparent specimens, 

which is especially important for the application in tissues and organisms. Moreover, 

magnetic fields provide multiple modes to control protein activity, via mechanical actuation, 

http://pmc.polytechnique.fr/spip.php?article25
mailto:maxime.dahan@curie.fr
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heating or by modulating protein concentrations within cells,3b, 4 making magnetic 

manipulation particularly promising for therapeutic applications.5 Yet, a major obstacle for 

the breakthrough of magnetogenetics lies in equipping target proteins with magnetically 

controllable properties. This involves their conjugation with magnetic nanoparticles (MNPs). 

The design of suitable MNPs must satisfy several physical, colloidal and biochemical 

requirements. First, proper manipulation demands high magnetization of MNPs, which can be 

achieved by crystalline iron oxide such as magnetite or maghemite.6 Next, proper surface 

biofunctionalization is needed to ensure highly efficient targeting to specific proteins while 

minimizing non-specific interactions and, thus avoiding recognition by cellular degradation 

machineries.  Finally, the total hydrodynamic diameter of fully assembled MNPs should 

remain below ~50 nm to warrant efficient cellular delivery of the nanoparticles and maintain 

unhindered mobility in the cytoplasm .7 

Here, we have tailored semi-synthetic MNPs based on the natural protein cage ferritin as an 

intrinsically biocompatible nanoreactor for the synthesis of magnetite via its luminal 

ferroxidase activity (Figure 1a-b). In brief, we fused monomeric EGFP (mEGFP) to the N-

terminus of human heavy chain ferritin (HCF) to generate mEGFP::HCF protein cages 

densely coated with the highly stable and biologically indifferent GFP -barrels, which served 

both as fluorescence marker and as specific targeting motif for proteins fused to an anti-GFP 

nanobody.8 Cytosolic stealth properties of mEGFP::HCF protein cages were further optimized 

by chemical PEGylation via surface exposed amines.9 These MNPs combine an inherent 

monodispersity, biocompatibility with high saturation magnetization and bio-orthogonal 

protein capturing. We demonstrate their efficient delivery, excellent intracellular inertness and 

rapid subcellular targeting. Moreover, spatial re-localization of intracellular proteins was 

achieved. Finally, exploiting efficient nanoparticle targeting to organellar membranes, we 

demonstrated magnetically-induced arrest of mitochondrial dynamics. Altogether, our 

magnetic nanoparticle probes enable subcellular control of protein and organelle functions 
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with unprecedented spatial and temporal resolution, thus opening new avenues for 

magnetogenetic applications in fundamental cell biology and nanomedicine. 

 

Results 

Recombinant mEGFP::HCF was produced in E. coli with high yields and purified to 

homogeneity by thermal treatment followed by ammonium sulphate precipitation, size 

exclusion chromatography and anion exchange chromatography (Figure S1). After reacting 

surface amines of mEGFP::HCF with PEG2000 N-hydroxysuccinimidyl ester 

(mEGFP::HCFPEG2k), a magnetic core was synthesized at 65°C as previously established for 

HCF10 to yield the final product Magnetic Intracellular Stealth ferritin (MagIcS HCF), further 

used for intracellular applications. The physicochemical properties of HCF nanocages at 

different steps of the synthesis were characterized by analytical size exclusion 

chromatography (aSEC), dynamic light scattering (DLS), superconducting quantum 

interference device (SQUID) measurements, and transmission electron microscopy (TEM). 

The aSEC elution volume observed for purified mEGFP::HCF confirmed robust cage 

assembly (Figure 1c), which was corroborated by DLS yielding a hydrodynamic diameter dH 

of 25.6 ± 0.3nm. After PEGylation, the elution volume in aSEC was decreased as expected for 

dense PEG coating of the cage surface (Figure 1c). Accordingly, DLS yielded an increased dH 

of 27.7 ± 1.1nm for mEGFP::HCFPEG2k. Importantly, the hydrodynamic properties of the 

unloaded mEGFP::HCFPEG2k closely matched those of MagIcS HCF, confirming that the 

structural integrity of the protein cage was not affected by the harsh reaction condition during 

magnetic core synthesis. SQUID measurements of MagIcS HCF (Figure 1d) yielded a 

saturation magnetisation of 87 emu/g, comparable to the saturation magnetisation of 

magnetite synthesized in HCF reported before.11 In contrast, much lower saturation 

magnetisation was observed for iron-loaded ferritin purified from horse spleen, highlighting 
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the importance of our ex-vivo synthesis strategy. TEM imaging of MagIcS HCF particles 

confirmed robust assembly of magnetite inside the ferritin cage (Figure 1e) with a highly 

monodisperse core size of 7.1 nm ± 0.5 nm (Figure 1f). 

A key challenge for biological applications of nanoparticles is their rapid uptake by 

cellular degradation machineries. This effect is very pronounced in the cytosol, where NPs 

can be rapidly taken up into autophagosomes.9 This severely obstructs intracellular 

nanoparticle targeting and magnetic manipulation. We therefore investigated the intracellular 

stability of mEGFP::HCFPEG2k in the cytoplasm of HeLa cells. Delivery of mEGFP::HCFPEG2k 

into cells was conveniently accomplished by microinjection, yielding intracellular 

concentration in the range of 10-35 nM, as quantified by confocal fluorescence microscopy 

(Figure S2). Of note, we also established simultaneous loading of multiple cells with high 

efficiency by means of shear forces exerted via glass beads (Figure S3)12 or using pinocytotic 

influx. After microinjection, highly homogeneous distribution of mEGFP::HCFPEG2k in the 

cytoplasm was observed by time-lapse fluorescence imaging (Figure 2a (right), Figure S4 

and Movie S1). The monodispersity of MagIcS HCF in the cytoplasm was confirmed via 

single particle tracking (Figure S5), TEM images (Figure S5), and organelle targeting 

experiments as described below. MTT viability assays were also performed to rule out 

toxicity associated to MagIcS HCF within cells (Figure S6).  

Over a time period of 20 min, we could not observe nanoparticle clustering, 

demonstrating that the surface coating strategy yielded intracellular stealth properties. By 

contrast, mEGFP::HCF without PEGylation was recognized by intracellular degradation 

machineries, as indicated by the appearance of bright dots on a time scale of minutes (Figure 

2a (left), Figure S4 and Movie S2). Furthermore, those dots were co-localized with 

autophagosomes upon microinjection into HeLa cells overexpressing the autophagy marker 

mCherry::LC3B (Figure S7). These results are in line with our previous studies on the 
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autophagosomal uptake of human light chain ferritin (LCF)9 that has been recently linked to a 

specific recognition mechanism.13 However, we noted a significantly slower aggregation of 

mEGFP::HCF compared to LCF, which may be caused by the dense mEGFP coating. Overall, 

our results highlight the key importance of surface PEGylation to effectively elude 

intracellular xenorecognition and degradation.  

Rapid and homogeneous distribution of mEGFP::HCFPEG2k after microinjection into 

the cell indicated free diffusion of mEGFP::HCFPEG2k in the cytosol, a key prerequisite for 

effective subcellular targeting of those nanoparticles. For site-specific biorthogonal 

recognition, we fused target proteins to a nanobody against mEGFP (αGFP).8 Recognition of 

mEGFP on the surface of mEGFP::HCFPEG2k by αGFP was quantified in vitro by solid phase 

detection. To this end, binding of αGFP labelled with DY647 (αGFPDY647) to immobilized 

mEGFP::HCFPEG2k was monitored by total internal reflection fluorescence spectroscopy 

(TIRFS) in a flow-through system (Figure 2b).14 From the binding curve, an association rate 

constant of ~1·106 M−1·s−1 was obtained while no significant dissociation was observed. 

Consistent with the high affinity of the αGFP/GFP interaction measured in solution,15 this 

result confirmed very fast, quasi-irreversible binding of αGFP to mEGFP on the surface of 

HCF cages. 

As proof-of-concept experiment, we explored targeting of MagIcS HCF to Tom20 

fused to αGFP and mCherry (αGFP::mCherry::Tom20). Tom20 is a subunit of the protein 

translocase in the outer membrane (TOM) complex of mitochondria, which are organelles 

with key functions in cellular energy metabolism. After microinjection of MagIcS HCF into 

HeLa cells transiently overexpressing αGFP::mCherry::TOM20, very rapid targeting to 

mitochondria was observed (Figure 2c). Highly homogenous co-localization of MagIcS HCF 

and αGFP::mCherry::TOM20 confirmed unhindered mobility of MagIcS HCF inside the 

cytosol. Indeed, binding of MagIcS HCF to αGFP::mCherry::TOM20 on mitochondria was 
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extremely fast and already completed during microinjection. We therefore tested 

microinjection of sub-stoichiometric quantities of MagIcS HCF, which limited binding to 

αGFP::mCherry::TOM20 of mitochondria surrounding the injection point (Figure S8), 

corroborating very fast nanoparticle targeting properties. TEM imaging confirmed the 

localization at the mitochondrial outer membrane of targeted MagIcS HCF, visible as 

characteristic dark circular spots (Figure 2d). These spots, which were not observed in 

control cells (Figure S9), correspond to the magnetite cores of MagIcS HCF and had an 

average density along the membrane of 8 ± 3µm-1 (N = 5). Considering the 50 nm thickness 

of TEM slices, the labelling density is comparable to the surface density (~ 100 µm-2) 

previously reported for Tom20 complexes.16 To further substantiate specificity and versatility 

of subcellular targeting, we used a model protein that could be shuttled from the endoplasmic 

reticulum (ER) to the Golgi apparatus (GA) utilizing the retention using selective hooks 

system (RUSH).17 We employed tumor necrosis factor alpha (TNFα) fused to αGFP and 

mCherry as well as a streptavidin binding peptide (SBP) (SBP::αGFP::mCherry::TNFα) as a 

target protein. This protein is retained within the ER due to its interaction with streptavidin 

(SR) fused to Ii (SR::li), an isoform of the human invariant chain of the major 

histocompatibility complex, which comprises an ER retention motif. Release from the ER is 

triggered by addition of 40 µM biotin, which out-competes SBP and dissociates 

SBP::αGFP::mCherry::TNFα from SR::li. Thus, trafficking of SBP::αGFP::mCherry::TNFα 

along the natural secretory pathway is initiated to reach the GA after about 40 minutes 

(Figure S10). Using this system, we explored live cell targeting of MagIcS HCF to 

SBP::αGFP::mCherry::TNFα before and after its release from the ER. For both ER and GA 

localization of SBP::αGFP::mCherry::TNFα, characteristic distribution and very high 

colocalization of MagIcS HCF was observed (Figure 2e-f). As for mitochondria, targeting 

was extremely fast and highly specific, highlighting the possibility to target MagIcS HCF to 

different subcellular structures with high efficiency. 
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Next, we explored the potential of MagIcS HCF to control localization of proteins in 

the cytoplasm. For magnetic manipulation, we employed localized magnetic field gradients 

generated by a fine magnetic tip.3b The magnetic force exerted for a MNP at ~10 µm distance 

of the tip extremity is in the femto-Newton range, as determined using the Boltzmann law 

from the profile of MagIcS HCF distribution close to the tip (Figure S11). The force can also 

be calculated using an estimate ~104 T/m of the magnetic gradient (as previously described4a) 

together with the MagIcS HCF magnetic moment inferred from SQUID measurements. At 

first, we tested the response of freely diffusing MagIcS HCF after microinjection into HeLa 

cells. Strikingly, when approaching the magnetic tip within a few microns from the cell 

membrane (Figure 3a and Movie S4), MagIcS HCF accumulated at the cytoplasmic side 

close to the tip within several seconds. Upon removing the magnetic tip, nanoparticles 

diffused back towards the cell interior and could be repeatedly attracted and released. 

Evaluation of attraction and relaxation time constants yielded typical values of τA = 8.9 s and 

τR = 2.5s, respectively (Figure 3a), demonstrating that fast spatial control of MagIcS HCF was 

possible.  

We therefore explored the capability to control the subcellular localization of a 

cytosolic protein captured to the nanoparticle surface. As a model protein for probing spatial 

manipulation of large size fusion proteins, we employed the catalytically active domain of 

TIAM fused to mCherry and αGFP. MagIcS HCF were microinjected into HeLa cells 

expressing the ~ 91kDa TIAM::mCherry::αGFP construct, which was rapidly captured to the 

nanoparticle surface via the GFP- αGFP interaction. Application of a magnetic tip resulted in 

the attraction of the magnetic particles, yielding effective relocalization of 

TIAM::mCherry::αGFP within several seconds (Movie S5 and Figure 3b). Protein-particle 

complexes were efficiently moved to different positions in the cell (Movie S5), demonstrating 

that fast and reversible protein manipulation was possible. Typical MagIcS TIAMHCF 

attraction time constants were τA = 19.5 s (Figure 3b). The slow-down by a factor ~2 
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compared to MagIcS HCF alone can be ascribed to the substantially increased hydrodynamic 

diameter caused by binding of up to 24 TIAM::mCherry::αGFP molecules/particle. Overall, 

these results demonstrate that a biocompatible magnetic nanocarrier based on ferritin can be 

exploited for fast, reversible and flexible re-localization of proteins inside cells. 

Finally, we explored the capabilities of MagIcS HCF for magnetic manipulation of 

biological functions with subcellular resolution. We chose the fusion and fission dynamics of 

mitochondria as an important organellar function implicated in quality control and energy 

metabolism18 with emerging relevance in neurodegenerative and metabolic disorders as well 

as aging.19 Following the injection of MagIcS HCF and their targeting to 

αGFP::mCherry::TOM20 (as described above), time-lapse imaging revealed that the typical 

fusion and fission dynamics of mitochondria was maintained (Movie S6/S7 and Figure 3c). 

However, upon approaching the magnetic tip close to the cell, fusion and fission processes 

were progressively arrested throughout the cell (Movie S6 and Figure 3c). The arrest was 

maintained when removing the magnetic field, suggesting that the magnetically-induced 

perturbation had been converted into a biochemically sustained response. In contrast, 

mitochondrial dynamics was not altered in control cells targeted by mEGFP::HCFPEG2k 

without a magnetic core (Movie S7), by MagIcS HCF without application of a magnetic field 

(Movie S8), or in untargeted cells (Movie S9). We quantified the change in mitochondrial 

dynamics of MagIcS HCF targeted cells before and after magnetic field application via 

temporal autocorrelation analysis and found a reduction in autocorrelation amplitudes by 

more than 85 % and an increase in the characteristic relaxation times from 48 s to 76 s after 

magnetic perturbation (Figure 3d). Loss of mitochondrial dynamics upon application of a 

magnetic field was accompanied by slight structural agglomeration as well as a decrease in 

the potential of the inner mitochondrial membrane, monitored by following the intensity of 

tetramethylrhodamine methyl ester (TMRM) probes (Figure 3e).20 While this indicates a 

decline in mitochondrial respiration, a complete loss of TMRM intensity and inhibition of 
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respiration was not observed. By contrast, the membrane potential of mitochondria decorated 

with nonmagnetic mEGFP::HCFPEG2k remained constant upon magnetic field application 

(Figure S14). In all cases, cellular morphology remained nearly unchanged during the 

experiment, corroborating the localized and selective perturbation of mitochondrial 

performance. We examined possible causes for the magnetically-induced mitochondrial 

arrest. Importantly, suppression of mitochondrial dynamics was observed either when 

applying a magnetic field gradient via a magnetic tip (Movie S6) or when using the uniform 

field (~ 400 mT) of a magnet placed above the cell chamber (Movie S10). Thus, we rule out 

that the arrest results from mechanical pulling on the magnetically-labeled proteins in the 

mitochondrial membrane. We then considered the potential role of magnetically-induced 

interactions between nanoparticles, similarly to what had been reported in other biological 

contexts.21 21b. The free energy required to separate two ferritins bound by dipole-dipole 

interactions was calculated as previously described21, yielding a value of ~0.001 kBT. Thus, 

dipole-dipole interactions alone seem too low to explain our observations, and more complex, 

multi-nanoparticle effects may be involved. While the mechanism of changes in mitochondria 

dynamics remains to be deciphered, a potential enhancer for mitochondrial interlacing and 

motion reduction is the multivalency of MagIcS HCF.  

In conclusion, we have successfully engineered semi-synthetic magnetic nanoparticles 

with tailored properties for remote-controlled intracellular manipulation of molecules and 

organelles. The versatile applicability of our MNPs was achieved by carefully combining a 

small hydrodynamic size with high magnetic response, biocompatible stealth coating and 

highly specific and ultra-fast targeting moieties. Altogether, these properties yielded the 

capability of magnetically controlling the subcellular localization of target proteins captured 

to the nanoparticle surface in live cells, or the spatiotemporal dynamics of intracellular 

organelles. We thus envision broad applicability of our new semi-synthetic magnetic 
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biomaterials, for instance as magnetic switch of intracellular signalling networks or of 

structural remodelling processes, with exciting perspectives both in fundamental research and 

in nanomedicine.  
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Figures

 

Figure 1 Strategies and physicochemical characterization of magneto ferritin. (a) 

Synthesis of magneto ferritin: purified mEGFP::HCF cages were chemically grafted with 

PEG2000 and subsequently loaded with a magnetite core exploiting the intrinsic ferroxidase 

activity. (b) Targeting and manipulation inside living cells: after microinjection of magneto 

ferritin into the cytoplasm, soluble (I) or organelle-anchored (II) proteins fused to αGFP are 

rapidly targeted. A local magnetic field gradient controlled via a small magnetic tip allows for 

either re-localization of proteins inside the cell (I) or functional manipulation via magnetic 

forces (II). (c) Analytical size exclusion chromatography of mEGFP::HCF (black), 

mEGFP::HCF grafted with PEG2000 (blue) and MagIcS HCF (red). (d) SQUID measurement 

of magnetization as a function of the external magnetic field of MagIcS HCF (red) and of 
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purified horse spleen ferritin loaded with ferrihydrate. (e) TEM image of mEGFP::HCF 

stained with uranyl acetate. Scale bar: 100 nm. (f) TEM image of MagIcS HCF (left) and size 

distribution of the magnetite cores within the protein cages (right). Number of analyzed cores 

N = 100. Scale bar: 50 nm.  

 

 

Figure 2 Stabilization and site-specific targeting of mEGFP::HCF. (a) Aggregation of 

mEGFP::HCF after 20min of microinjection (left, N = 7) and after 20min of microinjection of 

PEG2000 grafted mEGFP::HCF (right, N = 6) in HeLa cells. Scale bar of 10µm applies to both 

images. (b) Binding kinetics of αGFPDY647 to immobilized mEGFP::HCFPEG2k (black) and to a 

surface solely functionalized with PEG2k (blue) as monitored by TIRFS. The association rate 

constant was derived from a monoexponential fit to the mEGFP::HCFPEG2k binding kinetics 

(red). (c) Site-specific targeting of MagIcS HCF to mitochondria (red: 

αGFP::mCherry::TOM20, green: MagIcS HCF, N = 24). The white line depicts the cellular 
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boundaries as obtained from DIC images (not shown). Scale bar: 15 µm. (d) Transmission 

electron microscopy image of MagIcS HCF bound to αGFP::mCherry::TOM20. Single 

particles are indicated by white arrows. Scale bar: 100 nm (N = 5). (e) Site-specific targeting 

of MagIcS HCF to the Golgi apparatus (red: SBP::αGFP::mCherry::TNFα, green: MagIcS 

HCF, N = 5). Scale bar: 15 µm. (f) Site-specific targeting of MagIcS HCF to the endoplasmic 

reticulum (red: SBP::αGFP::mCherry::TNFα, green: MagIcS HCF, N = 10). Scale bar: 15 µm. 

 

Figure 3: Magnetic manipulation of MagIcS HCF inside living cells. (a) Left: magnetic 

manipulation of MagIcS HCF after microinjection into HeLa cells (left). False-color intensity 

scale of mEGFP fluorescence. Scale bar: 5 µm. Right: particle attraction and relaxation 

kinetics (black) and fit (red) with monoexponential function (right). (b) Left: magnetic 

manipulation of MagIcS TIAMHCF after microinjection into HeLa cells transiently 

overexpressing TIAM::mCherry::αGFP. False-color intensity scale of mCherry fluorescence. 

Scale bar: 5 µm. (N = 16) Right: comparison of attraction kinetics observed for free MagIcS 

HCF (black) and MagIcS TIAMHCF captured to MagIcS HCF (grey) and respective by a 
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monoexponential function (red) (N = 6). (c) Top: magnetic manipulation of MagIcS 

HCFtargeted to mitochondria (green: MagIcS HCF, red: αGFP::mCherry::TOM20). Scale bar: 

15 µm (N = 5). Bottom: detailed images illustrate changes in mitochondrial dynamics before 

and after magnetic field application. (d) Autocorrelation function (ACF) of mitochondria 

dynamics displayed for 100 randomly selected pixels before and after magnetic perturbation. 

(e) Monitoring of changes in mitochondria membrane potential via TMRM intensity changes. 

Average TMRM intensity of mitochondria in MagIcS HCF targeted cell (grey) and adjacent 

non-targeted cell (black) and their ratio (red) before, during, and after magnetic field 

application. 
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Figure S14: mitochondrial potential measurement with TMRM – control experiment p.24 

 

Supplementary Movies 

Movie S1: HeLa cell with injected mEGFP::HCFPEG2k in the cytoplasm.  

Movie S2: HeLa cell with injected mEGFP::HCF without PEG.  

Movie S3: Single Particle Tracking of MagIcS HCF in the cytoplasm (50fps; 10ms exposure 

time). 

Movie S4: Magnetic manipulation of MagIcS HCF in the cell cytoplasm approaching a 

magnetic tip. 

Movie S5: Magnetic manipulation of TIAM::mCherry::αGFP coupled to MagIcS HCF in the 

cell cytoplasm with a magnetic tip. 

Movie S6: Targeting of MagIcS HCF to αGFP::mCherry::TOM20 on mitochondria, followed 

by arrest of mitochondrial dynamics applying a magnetic tip 

Movie S7: Control measurement, targeting nonmagnetic mEGFP::HCFPEG2k to 

αGFP::mCherry::TOM20 on mitochondria, where no changes in mitochondrial dynamics are 

observed applying a magnetic field 

Movie S8: Control measurement showing targeted mitochondrial dynamics without 

application of a magnetic field. 

Movie S9: Control measurement showing untargeted mitochondrial dynamics. 

Movie S10: Targeting of MagIcS HCF to αGFP::mCherry::TOM20 on mitochondria, 

followed by arrest of mitochondrial dynamics applying a uniform magnetic field. 

 

Experimental Section 

Materials 
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Methoxy-(polyethylene glycol)-N-hydroxysuccimid MW 2000 was purchased from Sigma 

(Saint Louis, MO, USA). All other chemicals were purchased from Sigma Aldrich 

(Germany). 

 

Plasmids 

Cys tagged GFP enhancer (αGFP::Cys): cDNA of GFP enhancer was ordered as DNA-

String from Thermofisher (Waltham, MA, USA). For bacterial expression of αGFP, the 

cDNA of the protein containing an engineered C-terminal cysteine for site-specific chemical 

modification was cloned in pET21a (Novagen, Merck Millipore, Darmstadt, Germany). For 

preparative overexpression, E. coli Rosetta (Novagen) were transformed with pET21a-

αGFP::Cys. Cells were grown at 30 °C and expression was induced with 0.5 mM IPTG at 

OD600: 0.6-0.8. Expressing cells were grown overnight at 16 °C. Harvested cells were 

suspended in 50 mM HEPES, 150 mM NaCl, pH 8.0 supplemented with DNAse, lysozyme 

and a protease inhibitor cocktail. From the cell lysate, αGFP::Cys was purified to 

homogeneity by IMAC and size exclusion chromatography. Purity was confirmed by SDS-

PAGE. MW(αGFP::Cys): ~13.1 kDa.  

Horse spleen ferritin (HSF) was purified from spleen of a freshly sacrificed horse as 

described elsewhere [1].  

αGFP::mCherry::TOM20, TIAM::mCherry::αGFP, SBP::αGFP::mCherry::TNFα were 

produced by cassette cloning as described earlier [2].   

 

Cloning, expression and purification of ferritin 

mEGFP tagged ferritin (mEGFP::HCF): cDNA of heavy chain ferritin (HCF) was 

amplified from HeLa cell lysate using SuperScript® III cDNA synthesis kit (Thermofisher). 

https://www.google.de/search?q=Waltham+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&ved=0ahUKEwiCjubzlejQAhVLXBQKHc8dCxYQmxMImQEoATAS
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For site-specific targeting of proteins, monomeric enhanced GFP (mEGFP) was fused to the 

N-terminus of HCF containing 6 amino acids as linker by cassette cloning as described earlier 

[2]. For bacterial expression of mEGFP::HCF in E.coli BL21 RIL, the cDNA of the fusion 

protein was cloned in pET21a (Novagen). 

For preparative overexpression in E. coli, BL21 Codon Plus (DE3)-RIPL cells (Agilent 

Technologies, Santa Clara, CA, USA) were transformed with pET21a-mEGFP::HCF. Cells 

were grown at 37 °C and expression was induced with 1 mM IPTG at OD600 0.8. Expressing 

cells were grown overnight at 16 °C. Harvested cells were suspended in PBS. From the cell 

lysate, mEGFP::HCF was purified by heat treatment (70°C, 15 min). Subsequently, mEGFP 

tagged ferritin particles were precipitated with ammonium sulfate first at 200 g/L, then at 300 

g/L., the pellet was washed with ammonium sulfate (300 g/L) in 50 mM HEPES, 150 mM 

NaCL, pH 8.0 (HBS) twice and solved in HBS. The resulting sample was loaded onto a size 

exclusion column (Sephacryl S400 16/60; equilibrated in 20mM HEPES pH 8,0, 100mM 

NaCl, pH 8.0.) Purity was confirmed by 12% SDS-PAGE MW (mEGFP::HCF): ~48.7 kDa. 

All chromatography steps were performed in a FPLC system (Äkta Explorer, GE Healthcare).   

 

Chemical engineering of ferritin 

Coupling of DY647-Mal: 1.5 µL DY647-Cys (1 mM) in dry DMSO were added to 100 µL 

αGFP::Cys (10 µM) in 20 mM HEPES, 150 mM NaCl 0.1 mM EDTA, pH 8.0. The reaction 

mixture was incubated for 60 min on ice. The excess of uncoupled dye was removed by SEC 

on NAP5 (GE Healthcare) equilibrated with 20 mM HEPES, 150 mM NaCl, pH 8.0.   

Coupling of methoxy-PEG2000-NHS (PEG2k): 30 µL methoxy-PEG2k-NHS (100 mM) in 

dry DMSO were added to 100 µL mEGFP::HCF (10 µM) in 20 mM HEPES, 100 mM NaCl, 

pH 8.0. The reaction mixture was incubated for 2h on ice. PEGylated mEGFP tagged ferritin 
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was purified size exclusion chromatography (HiPrep 16/60 Sephacryl S-200 HR column 

equilibrated with 20mM HEPES pH 8,0, 100mM NaCl, pH 8.0). The integrity and 

physicochemical properties of PEGylated mEGFP::HCF were investigated by analytical SDS-

Page, electrophoresis on 4-16% Native-PAGE gels (see Figure S1), DLS and TEM 

measurements. 

Synthesis of magnetite into the HCF cage: purified mEGF::HCFPEG2k was used to 

synthesize a magnetite core inside the cage at 65 °C using 1 mg/mL protein concentration 

diluted in 25ml 100mM NaCl (Sigma-Aldrich) at pH 8.5. Solutions of 30 mM ammonium 

iron (II) sulfate hexahydrate (Sigma-Aldrich) were used as an iron source. During the 

synthesis, the reaction vessel was kept at 65 °C under a positive N2 pressure and the pH was 

maintained dynamically at 8.5 with 100 mM NaOH by means of an automatic titrator 

(Titration Excellence T5, Mettler-Toledo). Solutions of H2O2 (5 mM) were added 

simultaneously at a constant rate of 0.2 mL/min using a syringe pump. 5 min after addition of 

iron and oxidant solution, 200 µL of 300 mM sodium citrate was added to chelate any free 

iron. Horse spleen ferritin was loaded with iron using the same protocol. Any aggregate of 

protein or metal oxides produced outside the protein cavity during NPs formation was 

removed by centrifugation at 16 000 rpm for 30 min at 4 °C followed by filtration through 0.2 

μm filters. The nanoparticle solutions were ultrafiltrated and magmEGF::HCFPEG2k was 

purified via size exclusion chromatography (HiPrep 16/60 Sephacryl S-400 HR column 

equilibrated with 20mM HEPES 100mM NaCl, pH 8.0) and stored at 4 °C (or -80°C for long 

time storage).  

 

Analytical size exclusion chromatography (aSEC) 

aSEC was performed using a Superose 6 10/300 column equilibrated with 20 mM HEPES,   

150 mM NaCl, pH 8.0. 
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Surface modification for in vitro interaction assays  

Surface chemistry was carried out on transducer slides for reflectance interference detection 

(a thin silica layer on a glass substrate). Surface coating with a thin, amine-terminated PEG 

polymer brush was carried out as described in detail, previously [4]. After surface cleaning in 

fresh Piranha solution (one part H2O2 30 % and two parts concentrated H2SO4) the surface 

was activated by reaction with pure (3-Glycidyloxypropyl)trimethoxysilane for 1 h at 75 °C. 

Subsequently, the surface was reacted with molten diamino-PEG (2000 g/mol) for 4 h at 75 

°C. For immobilization of PEGylated mEGFP::HCF nanoparticles, the surfaces were 

activated with maleinmidohexanoic-N-hydroxysuccimid. 

 

Interaction assays by real-time solid phase detection  

Real-time surface binding assays were carried out by total internal reflection fluorescence 

spectroscopy (TIRFS) using a home-built set-up, which has been described in detail before 

[5]. The 647 nm line of an Argon Krypton laser (~150 μW excitation energy) was employed 

and fluorescence was detected through a band pass filter (697/110). All surface binding assays 

were carried out in HBS supplemented with 50 µM EDTA (HBSE). For probing the reaction 

of mEGFP tagged ferritin with DY647 labeled αGFP, mEGFP::HCF was immobilized on a 

PEG polymer brush.  Subsequently, DY647-αGFP (50 nM in HBSE) were injected and 

binding was monitored by TIRFS. 

 

MNP magnetic Characterization.  



 25 

Magnetic properties were investigated using a Cryogenic SX600 SQUID magnetometer 

(Cryogenic Limited, London, UK) operating at 37 °C and applying a field from -5 to 5 T. 

mag.mEGF::HCFPEG2k and horse spleen ferritin in HBS were buffer exchanged against water 

and dried prior to the measurement. The samples were weighed and wrapped in cling film. All 

data were corrected for the diamagnetic contribution of the film and remaining salt.  

 

Magnetic tweezers fabrication.  

Magnetic tweezers were home-built by placing a paramagnetic tip (of length 3–5 mm) on top 

of a small permanent magnet of neodymium iron boron N-42 with a parallelepipedic shape 

(dimensions 4 mm×1 mm× 0.5 mm, Supermagnete, Gottmadingen, Germany), letting the tip 

extend 0.5 mm beyond the end of the magnet in case of cytosolic manipulation. In case of 

mitochondria manipulation, an additional cubic magnet of (0.5x0.5x0.5 cm³, Supermagnete) 

was mounted on top of the parallelepipedic magnet. To create a sharp paramagnetic tip, a steel 

piano string (0.1 mm diameter) was pulled in the flame of a Bunsen burner. The string was 

pulled slowly, resulting in two sharp extremities of 20 µm diameter, which were used as 

paramagnetic tips on top of the permanent magnet. 

 

Cell culture, transfection, TMRM incubation  

HeLa and COS7 cells were cultivated at 37°C, 5% CO2 in DMEM (Thermofisher) 

supplemented with 10% fetal calf serum (FCS) and 1% PenStrep (Thermofisher). Cells were 

plated on sterilized glass-coverslips in 35mm cell-culture dishes at about 50% confluency. 

One day after seeding, cells were transfected using 1µg DNA and 7µl Viafect reagent 

(Promega, Madison, WI, USA) in 100µl Optimem (Thermofisher). 3h after transfection, cells 

were washed twice with PBS-buffer and media was exchanged for DMEM supplemented with 

10% FCS and 1% PenStrep. Cells were used for targeting and manipulation experiments 24h 
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after transfection. To monitor cell mitochondrial respiration activity, cells were incubated 

with tetramethylrhodamine methyl ester (TMRM, Thermofisher) prior to the experiment 

according to the manufacturer’s instruction. Cells were washed thoroughly with PBS and 

reincubated in preheated DMEM.  

 

Microinjection and Bead Loading 

mag.mEGF::HCFPEG2k were injected into cells based on published protocols [6] using a micro 

manipulation system (InjectMan NI2 and 10 FemtoJet Express, Eppendorf, Hamburg, 

Germany). Cells were injected using a capillary pressure between 10-20 psi. Depending on 

the desired staining density, a solution of 100-1000 nM mag.mEGF::HCFPEG2k in HBS were 

injected. Injection needles (Sutter Instruments; Borosilicate glass with filaments; O.D.: 1.0 

mm, I.D. 0.78 mm) were pulled by a P97 micropipette puller (Sutter Instruments, Novato, 

CA, USA) using the following parameters: heat: 444; pull: 150; velocity; 38-40; pressure: 

500; Time: 100. During the experiment, the pipette was brought on top of a cell and the 

compensation pressure was set to the minimal value required to visualize a flow of particles 

exiting the pipette. The tip of the needle was slowly approached until it touched the cell 

membrane and a smooth flow of liquid entering the cell was observed. After injection, we 

waited 5-10 minutes for the cell to recover before continuing the experiment. 

Simultaneous loading of multiple cells with mEGFP::HCFPEG2k at high concentration was 

realized via bead loading following a modified protocol published before [7]. Briefly, cells 

were seeded on a glass bottom dish (MatTek; P35G-1.5-10-C) at ~70-90% confluency the day 

before. Cells were rinsed with PBS, which was subsequently removed from the dish. 50µl of 

500nM mEGFP::HCFPEG2k + 20% F-68 Pluronic acid in H2O mixed (1:1) was added to the 

centre of the dish and distributed. A single homogeneous layer of glass beads (106 µm; 

Sigma-Aldrich; G-4649 – stored in a dry place) was sprinkled through a nylon mesh filter 
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(~100 µm mesh size). The glass-bottom dish was firmly stroke against the hood tabletop ~6-8 

times. After waiting for 2 min, the sample was tilted and rinsed thoroughly with warm 

medium. The sample was put in the incubator for ~15 min after which the cells were imaged.   

 

Imaging and image analysis 

For imaging and manipulation, cells were grown on 25 mm glass coverslips. Experiments 

were performed at 37 °C in a heating chamber placed on an inverted microscope Olympus 

IX70 equipped with a ×60 phase-contrast oil-objective with N.A. 1.25. For analysis of images 

and movies, self-written routines in Matlab (R2014b, The Mathworks Inc, Natick, MA) and 

ImageJ (version 1.49v, NIH, USA) were developed, where mag.mEGF::HCFPEG2k particles or 

fluorescent protein locations were tracked and intensities evaluated. Images were background 

subtracted, and in case of cytosolic particle manipulation, normalized with the temporal 

average image.  

 

Transmission Electron Microscopy (TEM) images 

Average diameter, size distribution of mag.mEGF::HCFPEG2k, as well as mitochondria targeted 

with mag.mEGF::HCFPEG2k were determined from TEM images recorded with a CM120 

PHILIPS transmission electron microscope operating at 120 kV and equipped with a SSC 

GATAN Camera. Samples were prepared by drop drying a dilute solution of 

mag.mEGF::HCFPEG2k in HBS buffer onto 400 mesh carbon-coated grids and negative staining 

with 1% uranyl acetate. Images were recorded in low dose mode. In case of mitochondria 

targeting, cells were seeded on substrates exhibiting pattern to localize the targeted cells. 

From this cell ultramicrotomic cuts were imaged. Recorded micrographs were analyzed with 

ImageJ. The mean diameter and size distribution of the sample were obtained from a 

statistical analysis of > 100 particles.  
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Supplementary Figures 

 

Figure S1: SDS-PAGE and Native-PAGE of mEGFP::HCF purification steps. Left: 

Ammonium sulfate ((NH4)2SO4) precipitation was performed at 30% and 70% of a saturated 

solution. 12% SDS-PAGE Gels with samples increasing in purity from left to right: (1) 

(48.7kDa) 
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Markers, (2) Lysate, (3) Heat denaturation – 70°C; (4) 30% (NH4)2SO4 –Pellet, (5) 30% 

(NH4)2SO4 –Supernatant, (6) 70% (NH4)2SO4 –Pellet, (7) 70% (NH4)2SO4 – Supernatant, (8) 

SEC elution from HiPrep 16/60 Sephacryl S-400 HR column equilibrated with 20mM HEPES 

100mM NaCl, pH 8.0. Right: (1) Markers, SEC elution from HiPrep 16/60 Sephacryl S-400 

HR column equilibrated with 20mM HEPES 100mM NaCl, pH 8.0, before (2) and after (3) 

PEGylation of mEGFP::HCF.   

 

 

Figure S2: determination of MagIcS HCF concentration inside cells. We measured 

MagIcS HCF concentrations inside cells with a confocal setup. Comparison of the obtained 

average signal in cells with a calibration curve of MagIcS HCF in solution (black data points) 

reveals that MagIcS HCF concentrations after microinjection are typically < 35 nM (red data 

points).  

 

 

 

 

 

y = 0.6x – 

4.3 
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Figure S3: Intracellular delivery of mEGFP::HCFPEG2k via bead loading. As an 

alternative approach to microinjection and whenever a simultaneous loading of multiple cells 

with mEGFP::HCFPEG2k  at high concentration was desired, this bead loading approach was 

used: here, highly efficient mEGFP::HCFPEG2k transfer was achieved by means of shear forces 

exerted via glass beads and influx of mEGFP::HCFPEG2k through plasma membrane pores. 

Scale bar: 200µm (left), 60µm (right).  
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Figure S4: Intracellular stability of mEGFP::HCF inside HeLa cells. (a) Aggregation of 

mEGFP::HCF after 0min and 20min of microinjection (N = 7) and (b) after 0min and 20min 

of microinjection of PEG2000 grafted mEGFP::HCF (right, N = 6) into HeLa cells. Scale bar 

corresponds to 15µm.  
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Figure S5: Monodispersity of MagIcS HCF as observed with TEM and SPT. (a) TEM 

images of MagIcS HCF injected into cells. The nanoparticles appear as single, isolated black 

dots in the cytoplasm. (b) Single particle tracking analysis of MagIcS HCF motion in the 

cytoplasm (see Movie S3) yields a large, homogeneous population of nanoparticles with a 

mean diffusion coefficient of 2.3 +/-  0.1 µm2/s and only few slowly moving nanoparticles 

(<7%) with a diffusion coefficient D < 10-1 µm2/s. From left to right we show: typical 

a 

 

Log 

D 
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trajectories, the mean square displacement (MSD), the histogram of the logarithm of diffusion 

coefficients D, and the boxplot corresponding to the histogram.   

 

 

Figure S6: MTT cell viability assay. To rule out cell toxicity we evaluated the cell metabolic 

activity via tetrazolium dye reduction – in a MTT assay following the manufacturer’s instructions. 

Four different conditions were compared: control measurements with untreated cells (white), 

incubation of cells with ferritin in the culture medium without influx (dark green), pinocytotic influx 

without ferritin (grey), pinocytotic loading of ferritin nanoparticles (green), and 5% H2O2 treatment as 

a negative control. Cell viability was measured after 18 hours of treatment for all conditions.  
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Figure S7: Autophagy of mEGFP::HCF inside HeLa cells. Co-localization of 

mEGFP::HCF (green channel) with mCherry::LC3B (red channel) and merge (yellow 

channel) after 5 min and 30 min of microinjection into HeLa cells overexpressing 

mCherry::LC3B. Scale bar: 10 µm.  
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Figure S8: rapid targeting of mitochondria. Three successive injections of 

mEGFP::HCFmag into HeLa cells and the localized labeling of mitochondria demonstrate 

rapid and specific targeting of αGFP::mCherry::Tom20. Scale bar: 10 µm. 
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 Figure S9: Mitochondria targeting and Control. Transmission electron microscopy 

images of mitochondria targeted by MagIcS HCF. The upper 4 panels show 3 examples of 

targeted mitochondria with MagIcS HCF magnetite cores indicated by red circles. The lower 

two panels show control measurements of untargeted mitochondria, were no signatures of 

MagIcS HCF magnetite cores were observed. 
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Figure S10: the RUSH (Retention Using Selective Hooks) system [8]. This system is used 

to release SBP::αGFP::mCherry::TNFα, from the endoplasmic reticulum (at 0 min) in HeLa 

cells, where it was retained via a streptavidin hook. The release is triggered by biotin addition 

and translocation of SBP::αGFP::mCherry::TNFα to the Golgi apparatus is observed (at 40 

min). N = 12. Scale bar: 10µm.  
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Figure S11: MagIcS HCF gradient profiles inside cells. We derive the applied force on 

MagIcS HCF in the cell cytoplasm from the gradient profile of MagIcS HCF during the 

steady-state of attraction. The gradient profile decays exponentially over a few µm. Given the 

theoretical profile follows a Boltzmann law (C ~exp(-Fx/kBT)) we infer a force F on the order 

of 1 fN. 
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Figure S12: MagIcS TIAMHCF attraction/relaxation kinetics. MagIcS TIAMHCF were 

attracted with the magnetic-tip 2 µm away from the plasma membrane as shown in the 

brightfield image (top left). MagIcS TIAMHCF attraction/relaxation kinetics were measured at 

the point indicated by the green arrow in the TIAM fluorescence image (bottom left). Scale 

bar 10 µm. The intensity growth and decay during attraction and relaxation, respectively, 

yield a time constant τA = 12.3s for attraction (derived from red fit line) and a time constant τR 

= 11s for relaxation (derived from purple fit line).  
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Figure S13: autocorrelation analysis of mitochondria dynamics. a) Fluorescence image of 

αGFP::mCherry::TOM
20

 and  masked pixels of the central cell area used in the analysis. Scale 

bar 2 µm. The autocorrelation function (ACF) for 100 randomly selected pixels before and 

after magnetic perturbation is shown in b) and c), respectively. The average ACF over all 

masked pixels is shown in d) before and e), after magnetic perturbation. From a single 

exponential fit indicated in red, the characteristic relaxation time, tchar, is derived.  
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Figure S14: mitochondrial potential measurement with TMRM – control experiment. 

Mitochondria targeted by injected apo-Ferritin are magnetically manipulated a) Fluorescence 

images of the expressed Tom20 complex and cell injected with apo-ferritin. Bright field 

image with colour overlay of mitochondria position of the manipulated cell (white) and 

neighbouring cells (black), where the TMRM signal is recorded. b) TMRM signal of apo-

ferritin injected cell is shown in grey, the signal of neighbouring cells is shown in black. c) 

Ratio of TMRM signal of manipulated mitochondria relative to the non-manipulated cells. 

The shaded area indicates the time interval of magnetic field application.  
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