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Additional supporting information
Original avi-file: “Movie#1A of a 3µm wire in MCF10A at 0.02 rad s-1_cell scale.avi”
Movie of a 3 µm magnetic wire undergoing a synchronous motion at the angular frequency of 
0.02 rad s-1 and under a magnetic field of 12 mT. Total movie time is 564 s.
Original avi-file: “Movie#1B of a 3µm wire in MCF10A at 0.02 rad s-1_NW scale.avi”
Same as Movie#1A with close-up view around the magnetic wire. 

Original avi-file: “Movie#2A of a 3µm wire in MCF10A at 0.44 rad s-1_cell scale.avi”
Movie of a 3 µm magnetic wire undergoing intermittent phases of rotation and oscillation at 
the angular frequency of 0.44 rad s-1 and under a magnetic field of 12 mT. Total movie time is 
60 s.
Original avi-file: “Movie#2B of a 3µm wire in MCF10A at 0.44 rad s-1_NW scale.avi”
Same as Movie#2A with close-up view around the magnetic wire. 

Original avi-file: “Movie#3A of a 3µm wire in MCF10A at 9.4 rad s-1_cell scale.avi”
Movie of a 3 µm magnetic wire undergoing asynchronous oscillations at the angular frequency 
of 9.4 rad s-1 and under a magnetic field of 12 mT. Total movie time is 9.0 s.
Original avi-file: “Movie#3B of a 3µm wire in MCF10A at 9.4 rad s-1_NW scale.avi”
Same as Movie#3A with close-up view around the magnetic wire. 

Original avi-files:
“Movie4 - NW Internalization in NIH/3T3 cell.avi”,
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“Movie5 - NW Internalization in NIH/3T3 cell.avi” and
Movies showing different internalization process of magnetic wires into NIH/3T3 murine 
fibroblasts. 

Excel- file – “Microrheology data on MCF-10A, MCF-7 and MDA-MB-231”
This file contains all data relating to measurements made on the three cell lines MCF-10A, MCF-
7, and MDA-MB-231 cells. In addition to the geometrical characteristics of the nanowires 
studied (length, diameter), values for , -values at  = 1000 and  are provided. Static 𝜔𝐶 𝜃𝐵 𝜔/𝜔𝐶 𝐿 ∗

viscosity  and elastic modulus  values are also given.𝜂 𝐺

Keywords: Cell mechanics - Microrheology - Breast cancer cells – Viscoelasticity - Metastatic 
Potential – Magnetic Rotational Spectroscopy
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Supporting Information S1
Calibration of the sonicated wire magnetic properties and determination of the cytoplasm 
viscosity

The calibration of the wire magnetic properties was performed on an aqueous glycerol solution 
of weight (resp. volume) fraction of  = 93.6 wt. % (resp.  = 92.0 vol. %) at 32.5 °C. At this 𝑐 𝜑

temperature, the viscosity is  = 0.159 Pa s [1]. For the calibration, we have strictly complied 𝜂𝑊𝐺

with the same experimental conditions as for the cell measurements: same -Fe2O3@PAA2k-𝛾

PDADMAC wires, same magnetic field (B = 12 mT) and same positions of the wires in the 
measurement chamber, especially regarding their distance to the magnetic coils. In this way we 
minimize the errors attributable to the environment of the measuring chamber. The other 
advantage is, as we will see, that it allows us to obtain the cytoplasm viscosity values in a 
simpler way.

Figure S1 : Critical frequency  as a function of the reduced wire length  obtained from a  = 0.936 𝑐

wt. % aqueous glycerol solution. The straight line indicates the best fit using a non-linear least 
squares analysis with Eq. S1-1

Fig. S1 displays the critical frequency  as a function of the reduced length L* for wires 𝜔𝐶

dispersed in a  = 93.6 wt. % aqueous glycerol solution. The data is then adjusted with the 𝑐

expression:

𝜔𝐶 =
3

8𝜇0

Δ𝜒
𝜂𝑊𝐺

𝐵2

𝐿 ∗ 2
                                                            (𝑆1 ‒ 1),

leading to the prefactor in front of the -dependence:1/𝐿 ∗ 2

3
8𝜇0

Δ𝜒
𝜂𝑊𝐺

𝐵2 = 460 ±  23 𝑟𝑎𝑑 𝑠 ‒ 1                                   (𝑆1 ‒ 2)
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From Eq. S1-2, we obtain for the anisotropy of susceptibility between parallel and 
perpendicular directions  = 1.71 ± 0.09. Δ𝜒 = 𝜒2/(2 + 𝜒)

We can also express the viscosity of any fluid measured under the experimental conditions 
used, including that of MCF-10A, MCF-7 and MDA-MB-231 cells, as:

𝜂𝐶𝑒𝑙𝑙 =
73.28

𝜔𝐶(𝐿 ∗ )𝐿 ∗ 2
                                                          (𝑆1 ‒ 3)

where the coefficient 73.28 is the product of the viscosity of the calibration fluid (0.159 Pa s) 
and the factor 460 rad s-1. It is thus understood that the viscosity for living cells is accessible 
from the knowledge of the critical frequency  and the reduced length . The data 𝜔𝐶(𝐿 ∗ ) 𝐿 ∗

corresponding to the three cell lines shown in Figs. 2 and 3 in the main text. 
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Supporting Information S2
Evidence of the 1/  regime in a viscous fluid and in a viscoelastic fluid𝜔𝐶 ~ 𝐿 ∗ 2

In this section, we employ the MRS technique to investigate the behavior of magnetic wires 
integrated within living cells, focusing on two widely studied model fluids: an aqueous glycerol 
solution and a surfactant solution representing a Maxwell fluid.

A – MRS in a purely viscous fluid
Magnetic rotational spectroscopy experiments were performed on a  = 95.96 wt. % aqueous 𝑐

glycerol solution using -Fe2O3@PAA2k-PDADMAC magnetic wires between 4 to 68 µm. At the 𝛾

temperature of the experiment (T = 32 °C), the fluid viscosity was 0.247 Pa s [1]. The 
experiments were performed at 5 different values of the magnetic fields, 2.27, 4.54, 9.07, 13.6 
mT and 17.01 mT, resulting in a total of 177 wires studied. 

The data in Fig. S2-A shows the reduced critical frequency  as a function of . The 8𝜇0𝜔𝐶𝜂/3Δ𝜒𝐵2
𝐿 ∗

straight line between the data corresponds to the law , in good agreement 8𝜇0𝜔𝐶𝜂/3Δ𝜒𝐵2 = 1/𝐿 ∗ 2

with the model (Eq. 1, main text).

Figure S2-A: Critical frequency  as a function of the parameter  8𝜇0𝜔𝐶𝜂/3Δ𝜒𝐵2 𝐿 ∗ = 𝐿 [𝐷 𝑔(𝐿 𝐷)]
obtained for wires dispersed in an aqueous glycerol solution of static viscosity  = 0.247 Pa s. 𝜂

The straight line is calculated using the model developed in Ref.[2,3].

B – MRS in a model Maxwell viscoelastic fluid
The solution studied is a mixture of cetylpyridinium chloride (CPCl) and sodium salicylate 
(NaSal) in 0.5 M NaCl brine at  = 12%. CPCl/NaSal are known to self-assemble spontaneously 𝑐

into micrometer-length wormlike micelles and to build an entangled network in the semi-dilute 
regime. This network imparts a Maxwell-type viscoelastic behavior to the solution [4-7]. 
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Fig. S2-B shows the normalized elastic and loss moduli, respectively  and  as a 𝐺'(𝜔)/𝐺0 𝐺"(𝜔)/𝐺0

function of normalized frequency,  at different temperatures,  = 20 °C, 30 °C and 40 °C. The 𝜔𝜏 𝑇

data are superimposed and well accounted for by the Maxwell model predictions (continuous 
curve in gray) [4].

Subsequently, the CPCl/NaSal surfactant solution was diluted to a concentration of 7.72 wt.% 
and subjected to magnetic rotational spectroscopy under the same conditions as the living cells 
studied. At body temperature (T = 37 °C), the surfactant solution retains its Maxwell-type 
viscoelastic character, with an estimated viscosity of  = 5.5 Pa s, an instantaneous elastic 𝜂

modulus  = 110 Pa and a relaxation time of  = 0.05 s [4]. Note that here, viscosity and 𝐺 𝜏

modulus of elasticity are close to those of living cells, and their overall behavior can be 
paralleled to that of cells, with both systems exhibiting viscoelastic properties. In Fig. S2-C, the 
behavior of  for surfactant micelles is depicted. Specifically, the anticipated relationship 𝜔𝐶(𝐿 ∗ )

 is observed and effectively modeled for the wormlike micelles. The viscosity 𝜔𝐶(𝐿 ∗ ) ~ 1/𝐿 ∗ 2

value obtained from the  dependence also agrees with the estimated wormlike micelle 1/𝐿 ∗ 2

viscosity. Moreover, within the  range of 2-12, the critical frequency varies by a factor of 𝐿 ∗

around 30, whereas for the living cells, this factor is 1000 (Fig. 2, main text), indicating for the 
later a much stronger -dependence. 𝐿 ∗

Figure S2-B: Normalized elastic and loss moduli of CPCl/NaSal wormlike micelles at  = 12 wt. %, 𝑐

together with the fitting of the Maxwell model (gray continuous lines)
Figure S2-C: Variation of the critical frequency  as a function of the reduced wire length 𝜔𝐶

 for CPCl/NaSal wormlike micellar solution at  = 7.72 wt. %. The straight line is 𝐿 ∗ = 𝐿 [𝐷 𝑔(𝐿 𝐷)] 𝑐

the power law with exponent -2. 
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Supporting Information S3
Complementary Scanning electron microscopy and EDX data

Figure S3 : Scanning electron microscopy of sonicated magnetic wires and associated EDX 
elemental proportions of iron, oxygen, carbon and silicon (spectra 7 to 12). The rectangles 
shown in the central figure denote the area to which the EDX technique has been applied.
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Supporting Information S4
Sampling wires according to their length and effect on the viscosity

Figure S4-A: Length distribution of wires used in MRS experiments on MCF-10A, MCF-7, and 
MDA-MB-231 cells. Wires with sizes between 2 and 4 µm (shaded area) represent 50-60% of the 
total number. The viscosity values of MCF-10A, MCF-7, and MDA-MB-231 cells provided in Table 
I (main text) are those obtained in the interval 2-4 µm. 

Figure S4-B : Static viscosity for a) MCF-10A, b) MCF-7, and c) MDA-MB-231 for all wires (circles) 
and for wires with lengths between 2 µm and 4 µm (squares). The median value with 95% 
confidence interval, and standard errors are shown. The corresponding values are shown in 
Table S4.

Cells Wire length Data points Median viscosity (Pa s) Std. error (Pa s)
All L 68 36.3 11.2MCF-10

L = 2-4 µm 41 41.6 8.7
All L 60 65.9 11.4MCF-7 L = 2-4 µm 31 56.4 16.6
All L 68 12.0 5.7

MDA-MB-231 L = 2-4 µm 43 10.7 5.4

Table S1 : Comparison between median viscosities obtained for all wires tested and for wires 
with lengths between 2 and 4 µm. 
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Supporting Information S5
 versus  data for NIH/3T3 mouse fibroblasts and HeLa cervical cancer cells, with new 𝜔𝐶(𝐿 ∗ ) 𝐿

adjustments

We recall here the results obtained with the MRS technique on NIH/3T3 mouse fibroblasts and 
HeLa cervical cancer cells [8,9]. Figs. S5a and S5b display the dependences of the critical 
frequency  as a function of the reduced wire length . Least square calculations using a 𝜔𝐶 𝐿 ∗

power law dependence of the form  provide exponents  = 3.5 ± 0.5 and  = 6.5 ± 𝜔𝐶(𝐿 ∗ ) ~ 1/𝐿 ∗ 𝛼
𝛼 𝛼

0.5 for NIH/3T3 and HeLa, respectively. The intracellular viscosity was computed from  and 𝜔𝐶

-values for each of the 29 internalized wires. Fig. S5c shows a scatter dotplot of the viscosity 𝐿 ∗

of NIH/3T3 and HeLa cells for the  = 19 and n = 10. Median viscosities were found at  = 𝑛 𝜂𝑁𝐼𝐻/3𝑇3

47.4 ± 7.2 Pa s,  = 21.4 ± 16.0 Pa s (Fig. S5d). Statistical significance using Student's t-test 𝜂𝐻𝑒𝐿𝑎

for unpaired samples was found to be non-significant between the two cell lines. These results 
point to the need to conduct experiments on a large scale to enhance the reliability and validity 
of conclusions drawn about intracellular viscosity. They also show that the deviation from the 
model prediction had already been achieved in the first microrheology assays. The 
interpretation of the data in Ref. [8] proposed here is new and different from what had 
previously been made.

Figure S5 : Variation of the critical frequency  as a function of the reduced wire length 𝜔𝐶

 for a) NIH/3T3 mouse fibroblasts, and b) HeLa cervical cancer cells. The 𝐿 ∗ = 𝐿 [𝐷 𝑔(𝐿 𝐷)]
straight lines with the same color as the data are power laws of exponent -3.5 and -6.5, 
respectively. Straight lines in gray are from Eq. 1 (main text). c) Static viscosity boxplots for 
NIH/3T3 fibroblasts and HeLa cervical cancer cells. d) Table summarizing the viscosity data for 
these cell lines.
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Supporting Information S6
Analytical derivation of the critical frequency exponent in cells

We here derive the scaling law exponent of viscosity as a function of wire length analytically. To 
do that, we first recall the expression of the critical frequency :𝜔𝐶

𝜔𝐶 =
3

8𝜇0

Δ𝜒
𝜂(𝐿)

𝑔(𝐿
𝐷)𝐷2

𝐿2
𝐵2 =

3
8𝜇0

Δ𝜒
𝜂(𝐿)

𝐵2

𝐿 ∗ 2
                                       (𝑆6 ‒ 1)

where . In the previous equation, we assume that the viscosity of the 𝐿 ∗ = 𝐿 [𝐷 𝑔(𝐿 𝐷)]
cytoplasm depends on the wire length, and we hypothesize a variation of the form . In 𝜂(𝐿) ~ 𝐿𝛼

the following, we show that the power law agrees with the experimental data and determine 
the exponent .𝛼

Fig. S6-A displays the -dependence of the diameter , of the function  and of the 𝐿 𝐷(𝐿) 𝑔(𝐿 𝐷)

reduced length . 𝐿 ∗ (𝐿)

The observed slight variation in diameter with the length of the wire, characterized by a scaling 
exponent between 0.20 and 0.25, is a consequence attributed to the specific wire synthesis 
method employed (Fig. S6-Aa, S6-Ad and S6-Ag). Such a result has already been discussed in a 
recent work [10]. 

The function  was derived by Tirrado et al. [11] and is valid for aspect ratios between L/D 𝑔(𝐿 𝐷)

= 2 and 20, which is the case in our study. In the region of interest, i.e. for L = 2-4 µm (which 
represents the interval where we have 50-60% of the wires),  is an increasing function 𝑔(𝐿 𝐷)

that varies as  (Fig. S6-Ab, S6-Ae and S6-Ah). 𝐿0.6

Combining the two previous variations, this gives for :𝐿 ∗

𝐿 ∗ (𝐿) ~ 𝐿𝛽                                                              (𝑆6 ‒ 2)

with 𝛽 ~ 1/2                                                                                

For the three cell lines, Fig. S6-Ac, Af and Ai give exponents  of 0.441, 0.446 and 0.494 𝛽

respectively. 

By replacing this expression in Eq. S6-1 and taking into account the power law for viscosity 
, the critical frequency reads : 𝜂(𝐿) ~ 𝐿𝛼

𝜔𝐶 =
3

8𝜇0

Δ𝜒
𝜂0

𝐵2

𝐿 ∗
(2 +

𝛼
𝛽

)
                                                          (𝑆6 ‒ 3)
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The results in Fig. 2 (main text) show that  = 7, leading to . With the values found for 
2 +

𝛼
𝛽 𝛼 = 5𝛽

, we obtain  = 2.2,  = 2.3, and  = 2.5. 𝛽 𝛼𝑀𝐶𝐹 ‒ 10𝐴 𝛼𝑀𝐶𝐹 ‒ 7 𝛼𝑀𝐷𝐴 ‒ 𝑀𝐵 ‒ 231

The previous rationale shows that a moderate dependence of the cytoplasm viscosity with wire 
length produces a significant variation in the critical frequency . Of note, this result does not 𝜔𝐶

seem to be related to the invasive and metastatic potential of the cells studied. 

Figure S6-A : -dependences of the diameter , of the function  and of the reduced length L D g(L D)

 found from the experimental data collected in this study. L *

Fig. S6-B displays the -dependence of the viscosity by organizing the data into 6 subgroups of 𝐿

equal size and taking the median value. This representation allows us to obtain directly the 
exponents of the  law. The exponents are in fair agreement with those determined 𝜂(𝐿) ~ 𝐿𝛼

previously, showing a near-to-quadratic length dependency. 

Figure S6-B : Variation of the viscosity as a function of the wire length  obtained from MRS 𝐿

experiments for a) MCF-10A, b) MCF-7 and c) MDA-MB-231 respectively. The straight lines in 
the figures result from best fit calculations using a scaling with exponents 2.15, 1.62 and 1.86. 
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Supporting Information S7
Evolution of the intracellular viscosity and elastic modulus as a function of the number of wires 
investigated 

We recall here that the intracellular viscosity and elastic modulus data are available in the Excel 
file named "Microrheology Data on MCF-10A, MCF-7, and MDA-MB-231.xlsx". The data are 
arranged in chronological order of measurement. This dataset allows the determination of the 
median viscosity  and elastic modulus  values of as a function of the number of wires treated. 𝜂 𝐺

This methodology enables us to estimate the minimum amount of wires required to obtain 
reliable median values. Fig. S7 illustrates that, with about 20 MRS measurements, the median  𝜂

and  values reach a stationary plateau consistent with results derived from the complete 𝐺

dataset. Beyond 20 processed wires, the median values remain constant, while only the 
standard error diminishes.

Figure S7 : Median intracellular viscosity  and elastic modulus  for MCF-10A (a), MCF-7 (b) 𝜂 𝐺

and MDA-MB-231 (c) as a function of the number of magnetic wires treated. 
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Supporting Information S8
Apparent elastic and Young moduli measured according to literature 

References Techniques Apparent elastic/Young
Modulus (Pa) Elasticity ratio

MCF-10A MCF-7 MDA-
MB-231

Li et al. 2008 [12] AFM 730 410 EMCF-10A/EMCF-7 = 1.4-1.8

Nikkhah et al. 
2010 [13] AFM 1130 ± 

840 510 ± 350 EMCF-10A/EMDA-MB-231 = 2.2

Agus et al. 2013 
[14] AFM 1500 1000 EMCF-10A/EMDA-MB-231 = 1.5

Rother et al. 2014 
[15]

AFM-based 
microrheology 1370 ± 70 690 ± 60 EMCF-10A/EMDA-MB-231 = 2.0

Calzado-Martín et 
al. 2016 [16] AFM 700 ± 300 500 ± 100 300 ± 100 EMCF-10A/EMCF-7 = 1.4

EMCF-10A/EMDA-MB-231 = 2.33

Mandal et al. 
2016 [17]

Optical tweezers-based 
active microrheology 42.2 ± 3.8 21.4 ± 1.5 GMCF-10A/GMDA-MB-231 = 

1.97

Nematbakhsh et 
al. 2017 [18]

AFM on adhered or in
microwells-confined 

cells
550 450 200 EMCF-10A/EMCF-7 = 1.22

EMCF-10A/EMDA-MB-231 = 2.75

Hu et et al. 2018 
[19]

Shear assay and digital
imaging correlation

3600 ± 
1500 260 ± 150 EMCF-10A/EMDA-MB-231 = 14

Dannhauser et al. 
2020 [20]

Microfluidic chip for 
cell deformation 
measurements

EMCF-10A/EMDA-MB-231 = 6

This work Magnetic wires
elasticity cytoplasm 79.3 ± 7.3 32.9 ± 6.0 38.6 ± 5.8

GMCF-10A/GMCF-7 = 2.44
GMCF-10A/GMDA-MB-231 = 

2.05

Table S2: Literature data on elastic moduli measured on the three cell lines MCF-10A, MCF-7 
and MDA-MB-231. E refers to the apparent Young's modulus and G to the instantaneous shear 
modulus. The last column gives the elasticity ratios for all the results collected, and we can see 
that, except for the work by Dannhauser et al. [20] and Hu et al. [19], they are of the order of 2 
for all the measurements, leading to the conclusion that metastatic cells are softer than normal-
like cells [21].
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