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Many cell functions rely on the coordinated activity of signal-
ling pathways at a subcellular scale1,2. However, there are few
tools capable of probing and perturbing signalling networks
with a spatial resolution matching the intracellular dimensions
of their activity patterns. Here we present a generic magneto-
genetic approach based on the self-assembly of signalling com-
plexes on the surface of functionalized magnetic nanoparticles
inside living cells. The nanoparticles act as nanoscopic hot
spots that can be displaced by magnetic forces and trigger
signal transduction pathways that bring about a cell response.
We applied this strategy to Rho-GTPases, a set of molecular
switches known to regulate cell morphology via complex
spatiotemporal patterns of activity3,4. We demonstrate that
the nanoparticle-mediated activation of signalling pathways
leads to local remodelling of the actin cytoskeleton and to
morphological changes.

Spatial heterogeneity in protein distribution and activity at a sub-
cellular scale plays a key role in many cell functions5. There is there-
fore a great need for methods enabling local perturbations inside the
cell, a task that cannot be achieved by conventional genetic or
pharmacological approaches. Photoactivatable reagents6,7 and opto-
genetics8,9 constitute powerful tools for the local control of protein
activity inside live cells. However, maintaining a spatial signalling
pattern over time often remains challenging due to the diffusion
of photoactivated proteins.

Here, we followed a different approach based on the use of func-
tionalized magnetic nanoparticles (fMNPs) as signalling platforms.
Besides their use in imaging and biomedical research10, fMNPs have
often served as force generators to investigate the cell response to
mechanical stimuli11,12. Only recently have they been used as effi-
cient actuators to remotely trigger cellular signalling, by inducing
membrane receptor clustering in vitro13 and in vivo14, manipulating
signalling endosomes15 or activating temperature-sensitive ion
channels16. We further extend the magnetic manipulation of intra-
cellular signalling by demonstrating how fMNPs decorated with
specific active proteins can be precisely positioned inside living
cells and act as cytosolic signalling hotspots.

We first developed a robust approach to manipulate fMNPs in
the cytoplasm, a task that has remained challenging and is largely
limited to rheological measurements17,18. To this end, we injected
super-paramagnetic nanoparticles (Ademtech) with a diameter of
480+110 nm (N¼ 221, Supplementary Fig. S1) into cultured
cells and used a magnetic tip to apply forces up to 30 pN
(Supplementary Figs S2 and S3), comparable to the forces exerted
by molecular motors to drag vesicles of similar size19. Figure 1a presents
a characteristic sequence in which fMNPs were transported to the
border of a 3T3 cell within a few minutes (Supplementary Movie S1).
On removing the tip, the particles diffused back towards the cell

interior and could be displaced subsequently to another region of
the cell periphery. However, in �60% of cases, the fMNPs remained
almost immobile (diffusion coefficient of ,1 × 1023 mm2 s21), and
were presumably trapped by the dense intracellular cytoskeleton
meshwork. To optimize fMNP manipulation, we therefore charac-
terized the viscoelastic properties of the fMNP microenvironment
using passive single-particle microrheology techniques20. Under
some conditions, the elastic modulus of the cells was reduced by a
factor of at least 10 (Supplementary Fig. S4). For example, in
serum-starved 3T3 cells or in COS7 cells, the modulus was suffi-
ciently low (�10 dyn cm22) that fMNPs could be reproducibly dis-
placed across the entire cell in more than 80% of cases.

A second key element of our assay was to confer a specific bio-
logical functionality to the fMNPs. We used two methods to
tether active proteins at the surface of the streptavidin-coated nano-
particles. In an in vitro approach, purified and site-specifically bio-
tinylated proteins are coupled to the fMNPs before injection
(Fig. 1b). In contrast to optogenetic techniques, this permits the
induction of signalling perturbations in genetically unmodified
cells. However, this approach is not suitable for large molecular
complexes that cannot be purified easily. Also, protein functionali-
zation often impairs the colloidal properties of fMNPs, making the
microinjection process delicate. We therefore developed a versatile
magnetogenetic assay that avoids any biochemical isolation. In
this in situ approach (Fig. 1c), the fMNPs are functionalized with
tagged proteins directly inside the cells by means of the bio-orthog-
onal HaloTag system21, recently optimized for the targeting of
cytoplasmic proteins to nanoparticles22. Our fMNPs were first
functionalized in solution with a biotinylated-HaloTag ligand
(BT-clickHTL, Supplementary Fig. S5), a chlorohexane derivative
that does not affect the fMNP colloidal properties. Upon injection
into cells expressing the protein of interest fused to the HaloTag,
target proteins were selectively captured to the fMNP surface by
covalent coupling to the HTL22. The number of recruited proteins
per fMNP was on the order of 600 (Supplementary Fig. S6). In
cells expressing a HaloTag–mCherry fusion protein, the mean
characteristic time of in situ functionalization was 202+42 s
(Fig. 1c, Supplementary Movie S2).

Inside living cells, we expected the fMNPs to behave as self-
assembled signalling platforms, on which surface-tethered proteins
recruit the signalling machinery and activate transduction pathways.
To validate this concept, we focused on Cdc42 and Rac1, two cano-
nical small Rho-GTPases critical for the regulation of cell migration
and polarization23. Into 3T3 cells, we injected fMNPs labelled with
ATTO-647N dyes and functionalized in vitro with the constitutively
active mutant Cdc42Q61L (Supplementary Fig. S7). Cdc42 is known
to initiate actin nucleation via the recruitment of N-WASP
and subsequent activation of the Arp2/3 complex24 (Fig. 2a).
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Figure 1 | Intracellular manipulation of fMNPs and protein functionalization schemes. a, Manipulation of 500 nm fMNPs inside an NIH 3T3 fibroblast.

fMNPs appear as bright spots in phase-contrast images (shown at the centres of the red circles or at the tips of the red arrows; Supplementary Movie S1).

The white arrows indicate the displacement of the magnetic tip. Scale bar, 10 mm. b, In vitro functionalization: the protein of interest is expressed and

biotinylated in Escherichia coli, then purified and coupled to streptavidin-coated fMNPs. c, Left: in situ functionalization scheme: fMNPs functionalized with HTL

are microinjected into cells expressing the protein of interest fused to the HaloTag. The HaloTag binds irreversibly to its ligand, recruiting the protein of

interest to the fMNP. Right: kinetics of HaloTag–mCherry binding to HTL-MNPs (Supplementary Movie S2).
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Figure 2 | Cdc42–MNPs behave as cytosolic signalling patches. a, The signalling pathway linking Cdc42-GTP to actin polymerization can be cut short using

cdc42Q61L-MNPs. b, Left: three 100 nm Cdc42Q61L-MNPs co-labelled with ATTO-647N microinjected in a NIH 3T3 expressing N-WASP-GFP. Top right: the

ATTO-647N signal shows the fMNP locations and co-localizes with N-WASP-GFP (bottom right). Scale bars, 10 mm. c, Experimental data (black dots) and

monoexponential fit (red line) of the FRAP recovery curve of N-WASP-GFP exchange kinetics on 500 nm Cdc42Q61L-MNPs (from Supplementary Movie S3).

Inset: snapshots of FRAP experiments. Scale bar, 2 mm. d, Box plots of the recovery time of N-WASP interacting with Cdc42Q61L-MNPs obtained in cells by

FRAP and in vitro using the immobilized N-WASP binding domain (GBD). e, Phalloidin staining of a NiH 3T3 cell containing four 300 nm Cdc42Q61L-MNPs,

showing the actin shells around the fMNPs. Scale bars, 10mm in main image, 5mm in inset.
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Cdc42Q61L-MNPs efficiently and rapidly recruited N-WASP-GFP
(Fig. 2b), confirming the functional integrity of immobilized
Cdc42. In contrast, no recruitment of N-WASP-GFP was observed
when using fMNPs functionalized with the inactive mutant
Cdc42T17N (Supplementary Fig. S8).

The recruitment of effectors at the Cdc42Q61L-MNP surface
was dynamic, with the majority of N-WASP continuously binding
and unbinding (�70% of the bound pool). The kinetics of the
protein–protein interaction was probed by fluorescence
recovery after photobleaching (FRAP) of N-WASP–GFP molecules
bound to the fMNPs (Supplementary Fig. S9, Supplementary
Movie S3). In our experimental conditions, the turnover rate,
determined with a mono-exponential fit of the FRAP curves
(Fig. 2c), was limited by the unbinding of the two partners
(Supplementary Fig. S9) and could therefore be interpreted as
the cytosolic dissociation rate constant koff¼ 0.04+0.01 s21 of the
Cdc42/N-WASP interaction. This value was smaller than the one
measured in vitro by solid-phase detection using the G-protein
binding domain (GBP) of N-WASP25 (koff¼ 0.08+0.03 s21,
Fig. 2d, Supplementary Fig. S10), a possible consequence of the

involvement of the two interacting proteins in larger macromolecular
complexes inside cells.

Given the successful recruitment of direct effectors by Cdc42-
MNPs, we tested the activation of the downstream signalling
cascade that, beyond N-WASP recruitment, leads to actin polymer-
ization. Using fluorescent phalloidin, we observed thick (�300 nm)
actin shells at the fMNP surface (Fig. 2e) similar to the actin gels
observed around beads in cell extracts26. These actin shells were
not present in control experiments using Cdc42T17N-MNPs
(Supplementary Fig. S6) or non-functionalized fMNPs. Therefore,
local accumulation of active Cdc42 is sufficient, in vivo, to trigger
actin nucleation, as is supposed to be the case in lamellipodia
or filopodia.

To propagate the functional signal carried by the fMNPs to cel-
lular functions, we reasoned that fMNPs could be used to locally
activate a large pool of endogenous Rho-GTPases at the membrane.
To this end, we used fMNPs in situ functionalized with the catalytic
domain of TIAM1 (TIAMDHPH, AS 1033–1406), a specific guanine
nucleotide exchange factor (GEF) activating Rac1, a Rho-GTPase
known to induce morphological changes upon activation8
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Figure 3 | Remote control of Rho-GTPase signalling at the plasma membrane. a, Top: GEF-MNP is in the cytoplasm. Bottom: magnetic forces attract the

GEF-MNP to the membrane, where it can catalyse GTPase activation. b, COS7 cell co-expressing Rac1-GFP (green) and HaloTag–mCherry–TIAM1 (red).

TIAM-MNPs appear as bright red spots and are highlighted by arrows. c, Top: kymograph showing Rac1-GFP recruitment on top of a TIAM-MNP over time.

Red bars indicate the presence of the magnetic tip. Bottom: quantification of the Rac1-GFP recruitment at the TIAM-MNP surface. d, COS7 cell co-expressing

HaloTag–mCherry–TIAM1 and the Raichu-Rac biosensor. From left to right: phase-contrast image, fluorescence of HaloTag–mCherry–TIAM1 constructs

(TIAM-MNPs are indicated by the arrow) and ratiometric image of Rac1 activity as measured with the Raichu sensor. Far right: zoom-in of the Raichu image

inside the white square. Scale bars, 10mm.
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(Fig. 3a). This truncated domain lacks the ability of the full protein
to localize to the plasma membrane. Thus, when overexpressed, the
catalytic domain is dispersed in the cytoplasm and does not lead to
any signalling activity27. As expected, fMNP functionalized with
TIAM1DHPH fused to the HaloTag (TIAM-MNPs) localized in the
cytosol did not recruit membrane-bound Rac1-GFP. The recruit-
ment was only observed after bringing the TIAM-MNPs into
contact with the membrane using magnetic forces (Fig. 3b).
Furthermore, this recruitment was reversible, and signalling activity
stopped when the TIAM-MNPs diffused away from the membrane
after removing the magnetic gradient (Fig. 3c). We also performed
measurements using the Raichu biosensor28, a reporter of Rac1
activity in the cell based on Förster resonance energy transfer.
Strong activation signals co-localized with TIAM-MNPs in the pres-
ence of the magnetic tip, confirming that the TIAM-MNPs at the
plasma membrane were not only recruiting Rac1 but also actively
catalysing its activation (Fig. 3d). Together, these experiments
demonstrate that TIAMDHPH catalytic activity is rescued by the
magnetic localization to the membrane.

We next tested how the response to the signalling perturbation
was modulated as a function of the subcellular context. To this
end, we magnetically displaced TIAM-MNPs and simultaneously
visualized filamentous actin using Lifeact-GFP29 (Fig. 4a).
Whenever TIAM-MNPs were brought to the membrane, Rac1
activation was observed by the Raichu biosensor, regardless of the
subcellular localization (Supplementary Fig. S11). However, actin
polymerization was triggered only in protrusive areas, within
1–2 mm of the lamellipodium edge. More precisely, we observed a
dense nucleation of actin around the fMNPs, over an extent signifi-
cantly larger than the nanoparticles. While the fMNPs were kept in
position by the magnetic force, the actin cloud was subjected to the
retrograde flow within the lamellipodium (Fig. 4b, Supplementary
Movie S4) and remained stable for more than 40 min (Fig. 4c).
When using control fMNPs without TIAMDHPH, the response
was similar to the basal activity measured in the protrusion of
unperturbed cells (Fig. 4d, Supplementary Movie S5) and character-
ized by bursts of actin polymerization lasting no more than a few
minutes (Supplementary Fig. S12). Thus, the formation of an
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Figure 4 | Rac1-mediated actin polymerization is context-dependent. a, Left: TIAM-MNPs inside the red circle move towards the lamellipodium.

Right: ABP-GFP labels the filamentous actin. Scale bars, 10 mm. b, Left: TIAM-MNPs (red) are in the cell body. Right: TIAM-MNPs create an actin cloud at

the lamellipodium edge (Supplementary Movie S4). Scale bars, 5 mm. c, Actin density along the cell contour over time. Black circles represent TIAM-MNP

location. d, As in c, but using control MNPs (Supplementary Movie S5). The fluorescence decrease at the particle location is due to physical exclusion of the

fluorescent molecules. e, Schematic showing that GEF-MNPs activate GTPases at the membrane, independently of MNP localization, but signal propagation

to actin polymerization occurs only at the edge of the lamellipodia. f, TIAM-MNPs magnetically localized into an inactive area create a protrusion and

subsequently an actin comet (Supplementary Movie S6). Scale bar, 1 mm.
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actin cloud resulted from the perturbation of Rac1 signalling
through the GEF at the surface of the fMNP and not from the mech-
anical stimuli on the membrane due to the magnetic force.

Our experiments provide direct evidence that the Rac1 signalling
pathway leading to actin polymerization is context-dependent:
although TIAM-MNPs can activate Rac1 everywhere in the cell,
actin polymerization is induced only within the lamellipodium
(Fig. 4e). This result demonstrates that cells can spatially insulate
signalling pathways. In the case of the Rho-GTPases, such a strategy
could be used to efficiently multiplex the many different signals that
converge toward GTPase activation. Becasue TIAMDHPH was trun-
cated from any additional regulatory unit, the spatial specificity is
not encoded at the GEF level, but most probably arises from the
molecular machinery, which is able to polymerize actin in protru-
sion (for example, downstream effectors of Rac1 such as the
WAVE complex) and is localized at the extremity of lamellipodia30.
Interestingly, this molecular machinery can be assembled by TIAM-
MNPs to turn a quiescent border of the cell into a protrusive region.
Indeed, we observed that the TIAM-MNPs were able to induce the
morphological changes associated with local Rac1 activation. When
placing the TIAM-MNPs into cellular areas with no membrane
activity, we observed, within a few minutes, the formation of a pro-
trusion (Fig. 4f, Supplementary Movie S6). Consistent with our pre-
vious observation in lamellipodia, this was followed by the
formation of a large actin comet.

In conclusion, we have shown that fMNPs can be used as a
nanoscale template to probe the formation and activity of molecular
complexes inside living cells. To this end, we have introduced mag-
netogenetic manipulation as a generic approach for exploring spatial
heterogeneity of protein function. This new concept comprises the
self-assembly of signalling platforms at the surface of fMNPs by
means of genetic manipulation of target proteins via fusion to
self-immobilizing enzymes. However, pre-functionalization of
fMNPs with active proteins also allows magnetobiochemical
manipulation, thus avoiding background signals from overexpressed
target proteins. Compared with previous applications of fMNPs to
control cell signalling13–16, our approach enables the local pertur-
bation and manipulation of signalling cascades within the cytosol
and thus allows us to unravel the role of the subcellular context.
As signalling complexes are tethered to the fMNP surface, pertur-
bations can be maintained over periods from minutes to hours, so
our method complements optogenetic techniques, which suffer
from rapid equilibration by protein diffusion. Beyond the study of
protein activity, our approach can be extended, in cultured cells or
in other models, to a large variety of biomolecules (DNA, mRNA,
peptides and so on) whose precise localization is critical in many
biological functions. Combined with advanced microfabrication
techniques31, our assay could be applied to multiple cells in parallel.
Overall, it should thus enhance our understanding of how local bio-
chemical information is spatially modulated, processed and inte-
grated at the cell scale.

Methods
Cell culture and imaging. NIH 3T3 fibroblasts and cos7 cells were cultured at 37 8C
in 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum. Transfections were performed using Fugene 6 (Roche)
according to the manufacturer’s instructions. For serum starvation, after washing the
cells twice with serum-free DMEM, cells were incubated for 16 h with DMEM
supplemented with the indicated amounts of serum. For imaging and manipulation,
cells were grown on 25 mm glass coverslips. Experiments were performed at 37 8C in
a heating chamber placed on an inverted microscope Olympus IX70 equipped with a
×60 phase-contrast objective NA¼ 1.25. For the FRAP experiment, we used a 405
laser line at full power (�10 mW), controlled by a FRAP head (Roper Scientific) to
photobleach an area of 5 mm around the 500 nm particle. To analyse the movies,
after photobleaching corrections and background subtractions, particles were
tracked by a Matlab (Mathworks)-based software32. Because N-WASP-GFP intensity
at the particle location was the superimposition of a cytoplasmic pool and the
population bound to the fMNPs, we calculated the mean fluorescence intensity in a
square of 5 × 5 pixels close to the particle location, then subtracted it from the

cytoplasmic intensity measured in the vicinity of the particle (Supplementary
Fig. S8). Recovery curves were fitted with a single exponential and the characteristic
times interpreted as residence times of N-WASP proteins at the surface of the cdc42
particle. For FRET experiments, we illuminated the Raichu probe at 440 nm and
used a dual-view beamsplitter (Photometrics) to separately measure the emitted
light in the CFP and YFP channels. Ratio images were obtained after image
processing using the Biosensor Processing Software 2.1 developed in the Danuser lab
at Harvard. For immunofluorescence, cells were fixed for 10 min in PBS containing
4% paraformaldehyde, and then free amino groups were blocked with 50 mM
ammonium chloride for 10 min. Cells were permeabilized using 0.1% Triton-X 100
in PBS, then incubated with FITC-phalloidin (Invitrogen). After washing with PBS,
coverslips were observed with an appropriate set of filters.

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), letting the tip extend 0.5 mm beyond
the end of the magnet. To create a sharp tip, a steel piano string (0.1 mm diameter)
was pulled in the flame of a Bunsen burner. The string was slowly broken, resulting
in two sharp extremities of �20 mm that were used as paramagnetic tips on top of
the permanent magnet.

Particle functionalization. For in vitro functionalization of fMNPs, proteins of
interest fused to GST, and a biotin acceptor peptide at the C terminus, were
expressed in Escherichia coli. Activity tests were performed by size exclusion
chromatography and gel electrophoresis (Supplementary Fig. S4). For particle
functionalization, we first cleared the protein sample of any aggregates by spinning
in a Vivaspin column with a molecular weight cutoff of 500 kDa. We next incubated
the particles for 1 h at 4 8C with an excess of protein compared to the binding
capacities of the particles. Biotinylated ATTO-647N (SIGMA) was then added at
0.1 mM, and the fMNPs were incubated for an extra 10 min. After three cycles of
washes and resuspension with the help of a permanent magnet, particles were
resuspended in 40 ml PBS, briefly sonicated and centrifuged on a table-top
centrifuge; only the top part of the sample was used for microinjection. For
in situ functionalization, biotin–HaloTag ligand was synthesized and purified
(Supplementary Fig. S5; ref. 15). An excess of this compound was linked to the
magnetic particles for 1 h at room temperature. Particles were then washed and
prepared for microinjection as described above.

Image analysis. To generate activity maps of actin intensity along the cell periphery,
cell borders were first segmented based on an intensity threshold. Second, a small
protrusive region of interest was chosen for analysis, and a straight line was drawn
along the cell periphery to define the local cell border direction. Finally, we measured
the averaged actin intensity on a line of 10 pixels from the cell edge to the cell
interior, in a direction perpendicular to the cell border.
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