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Rotational magnetic endosome microrheology: Viscoelastic architecture inside living cells
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The previously developed technique of magnetic rotational microrhe¢Rigys. Rev. B57, 011504(2003 ]
is proposed to investigate the rheological properties of the cell interior. An endogeneous magnetic probe is
obtained inside living cells by labeling intracellular compartments with magnetic nanoparticles, following the
endocytosis mechanism, the most general pathway used by eucaryotic cells to internalize substances from an
extracellular medium. Primarily adsorbed on the plasma membrane, the magnetic nanopatrticles are first inter-
nalized within submicronic membrane vesicld90 nm diameterto finally concentrate inside endocytotic
intracellular compartments (0,6m diametey. These magnetic endosomes attract each other and form chains
within the living cell when submitted to an external magnetic field. Here we demonstrate that these chains of
magnetic endosomes are valuable tools to probe the intracellular dynamics at very local scales. The viscoelas-
ticity of the chain microenvironment is quantified in terms of a viscogignd a relaxation time by analyzing
the rotational dynamics of each tested chain in response to a rotation of the external magnetic field. The
viscosity  governs the long time flow of the medium surrounding the chains and the relaxation taflects
the proportion of solidlike versus liquidlike behaviar=€ /G, whereG is the high-frequency shear modujus
Measurements in HeLa cells show that the cell interior is a highly heterogeneous structure, with regions where
chains are embedded inside a dense viscoelastic matrix and other domains where chains are surrounded by a
less rigid viscoelastic material. When one compound of the cell cytoskeleton is disfoptedfilaments or
microtubule$, the intracellular viscoelasticity becomes less heterogeneous and more fluidlike, in the sense of
both a lower viscosity and a lower relaxation time.
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[. INTRODUCTION organelles such as granulgk6] or engulfed microspheres
[17] are used to investigate the cell interior. On the other

Cell viscoelasticity and its ability to withstand applied hand, intracellular granules trapped with optical tweezers
stress are crucial to explain cellular functiofell division,  [18] or phagocytosed magnetic microspheres rotat&2q
muscle contraction, cell adhesion, cell spreagimgotivat-  and translatedi21] by external fields enable one to transmit
ing, for almost three decades, the large number of studiestress directly to the cytoplasm, allowing investigations of
that have focused on determining the rheological behavior ofhe cytoskeletal mechanics. The magnetic intracellular probe
living cells. Whole-cell deformation has been achieved usinghen depends on the process of phagocytosis, during which a
different techniques(i) fluid shear or centrifugal forcdd]  specialized cell is able to internalize micrometer-sized par-
have been used to apply a global load to the ddll; mi- ticles. Nevertheless, the common way to ingest extracellular
cropipet aspiratio2] has been the main assay to measurematerial for all eucaryotic cells consists in the process of
both the elastic modulus of the cell membrane and the visendocytosis in which portions of the plasma membrane in-
coelastic properties of the cell interit8—5]; (iii) microplate ~ vaginate and pinch off to form an intracellular vesicle con-
manipulation[6] has been used to impose uniaxial deforma-taining the ingested substance. The primary endocytotic
tion on an individual cell, allowing time scale measurementsvesicles formed exhibit diameters from 50 to 100 nm, mak-
of its structural properties; an@v) the concept of optical ing it impossible for a micrometric bead to follow this spe-
deformability was more recently used to deform the cell withcific way. By contrast, nanometer-sized magnetic particles
an optical stretchef7]. At a smaller scale, the cell was follow this endocytosis pathway: nanoparticles are delivered
probed through its surface by manipulation with micron-from the first endocytotic vesicles into larger organelles,
eedles[8], cell poking[9], and atomic force microscopy, namely, endosomes, which are micrometer-sized intracellular
with recent improvements for cell elasticity measurementwesicles (0.6um diameter. We are then able to obtain a
by attaching a microsphere to the end of the scanning tipnagnetic probe inside nonphagocyting cells by labeling
[10,11). Microspheres attached on the cell surface have conthese preexisiting intracellular compartments with magnetic
monly been used to measure the specific viscoelastic coeffitanoparticles. Magnetic endosomes loaded with nanopar-
cients of the plasma membrane using optical tweegAetior  ticles attract each other and align to form chains inside the
magnetic bead rheometfiL3], and more recently to deduce cell, when they are submitted to an external magnetic field.
the whole frequency dependent mechanical behavior of th&he chains of magnetic endosomes appear as suitable tools
cortical cytoskeletof14,15. However, until now, only a few to probe the viscoelasticity of the cytoplasm using the new
attempts to measure the local viscoelasticity inside the celiotational microrheological technique described[22]. It
have been developed, following two distinct approaches. Owronsists in analyzing the response of the chains to a con-
one hand, spontaneous motion and diffusion of intracellulatrolled applied magnetic torque. Relevant results concerning
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the local microenvironment of endocytotic organelles are
found by performing the viscoelastic measurements on g
general mammalian cell mod@fieLa cellg, inside cells with commutator
an intact cytoskeleton or inside cells where one of the cy- IZI:L &
toskeleton compounds, microtubules or actin filaments, is se
lectively disrupted.

electronic g

Il. MATERIALS AND METHODS current
generator

A. Cell culture and magnetic labeling

Helmoltz
\ coils

I
HelLa human ovarian tumor cells were grown at 37 °C in 2|:
5% CO, in Dulbecco’s modified Eagle medium supple-
mented with 10% heat inactivated fetal calf serum, 50
units/ml penicillin, 40 mg/ml streptomycin and 0.3 mg/ml

1
L-glutamine in specially designed 1 mm cylindrical cham-
bers stuck on glass circular lamellae to which cells adhere urEDt
Magnetic cell labeling was achieved using cobalt ferrite generator
magnetic nanoparticles (Cof&®,). The nanoparticles have a 11|:
mean diameter of 8 nm and bear negative charges due t

carboxylate groups complexed on their surface, ensuring
their stability in aqueous solution. Each nanoparticle is a
ferrimagnetic single domain with a mean magnetic moment
of 1.2x107 ' Am?2. They are dispersed in serum-free cul-
ture medium with a corresponding iron concentratjée]

=10 mM and are incubated with HelLa cells for 1 h, fol-

lowed by a 1 hchase, both steps at 37 °C. Nanoparticle cell ic field al het direction. The | i of th i of
take was quantified through the magnetophoresis ass magnetic field along the direction. The intensity of the pair o

uzps h h loci f i . bmitted Wil parallel to the X, —y) diagonal can be switched to zero in a

[23], w ere t_ eve OC'_ty o a cell In suspension SL,J mltte' to, haracteristic time smaller than /As by using an electronic com-

a magnetic field gradient leads to the amount of internalizegl, jiator. Thus. the magnetic field can be rotated quasi-

nanoparticles by simply balancing magnetic and ViscOUsnstantaneously at=0 from the x direction (9=0) toward the
forces. For the above incubation conditions, each cell intergjyection g= 6,=45°. The probe—chain of magnetic endosomes—

nalizes a mean number of (+2.7)X 10° nanoparticles per then experiences an initial magnetic torque proportional to the mag-

FIG. 1. Magnetic device to perform microrheological measure-
ments inside the cell. Two pairs of coils in the Helmholtz configu-
ration are supplied with the same current intensity, providing a

cell (corresponding to 21:45.2 pg of iron per cell netic field B created by the pair of coils parallel to the,y) diag-
onal, and its subsequent rotation is parametrized by the ahgle
B. Electron microscopy varying from =0 to 6= 6,.

After the magnetic labeling and chase, adhering cells
were washed twice with OM cacodylate buffer and then actin filaments and the microtubules. The cells were incu-
fixed in 2% glutaraldehyde in cacodylate buffer fo h at  bated for 10 min with latrunculine A at LM or 30 min with
4 °C. Cells were then postfixed in 1% Osf@r 2 hat 4 °C, nocodazole at 1&M. The effect of the drugs was observed
washed again with cacodylate buffer, dehydrated in an alcofor each type of filament by immunofluorescence on the cells
hol series, and embedded in Epon. Ultrathin sections of 7@ixed under a magnetic field.
nm were examined with a JEOL120CX transmission electron
microscope. In some cases, a 100 mT homogeneous mag- D. Magnetic device under microscope
netic field was applied in the plane of the cell monolayer for

15 min before and 15 min after glutaraldehyde addition. To magnetically monitor the magnetic endosomes inside

the cells, the magnetic field setup shown in Fig. 1 was
adapted to an inverted Leica microscope with a planx100
oil immersion thermostated lens. Two pairs of Helmholtz
Fluorescent labeling of the cytoskeletal networks of fila-coils are positioned on the two diagonals of the microscope
mentous actin and of microtubules was achieved using, replane. A permanent current supplies one pair of coils, creat-
spectively, phalloidin and antitubulin antibody. Cells wereing a homogeneous magnetic fidhdin the (X,y) diagonal.
fixed under a 100 mT magnetic field with 3% paraformalde-Measurements were performed using four different values of
hyde in phosphate buffer salif®BS, permeabilized with the magnetic field: 23, 32.5, 39, and 55 micorresponding
PBS containing 0.1% saponin and labeled with rhodaminéo currents from 2 to 5.5 A The other pair of coils, along the
phalloidin or with an antitubulin antibody revealed with a (x,—y) diagonal, is supplied by the same current that goes
conjugated secondary antibody. The cells were then observeabrough an electronic commutator allowing one to switch off
with a confocal laser-scanning microscope. Latrunculine Ahe current in it with a characteristic time lower tharnus.
and nocodazole were used to depolymerize, respectively, thEhe magnetic field resulting from both pairs of Helmholtz

C. Immunofluorescence microscopy and cytoskeletal drugs
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d¢ T N 1 dr .
a_KVn «kVG dt’ @

where V is the volume of the probe and the rotational
factor depending on the probe geometryand G are, re-
spectively, the viscosity and the elasticity of the surrounding
medium. One can define the relaxation time

T== (2)

which is a measure of the time required for stress relaxation.
This relaxation time is a convenient independent parameter
to quantify the extent of fluidlike versus solidlike behaviors
of the material: a purely elastic medium is characterized by
r=0o0, whereas a purely fluid medium is characterizedby
=0.

The probes used in this study are magnetic endosomes
chained in the direction of an applied magnetic field.tAt
=0, the permanent magnetic field is instantaneously rotated
through an anglé, with respect to its initiak direction(see
) ) o ) ~ Fig. 1 for angle notations The kinetics of the resulting ro-
FIG. 2. Mechanical equivalent circuits to describe the behavior§ation of each chain depends on the local viscoelasticity sur-
of (a) a typical linear Maxwell fluid(elastic springG associated in rounding it. For such a probe geometry, it was demonstrated
series with a dashpog) and (b) the cell interior viscoelasticity [22] that the geometrical factor follows a phenomenologi-

Bi:ﬁ“gtvo)'%; e;ls:ir;in\fvp:;rzllzla:;ra:t?ement of a sprirg and a cal law for any size of chain: iN is the number of magnetic
PObIL POyl microspheres per chain,

coils is first oriented along thg direction (defining 6= 0) N)— 2N? 3

and rotates quasi-instantaneously toward the directign x(N)= IN(N/2)+2.4N" &)
=45°, when the current in the second pair of coils is _ o _ _
switched off. Both pairs of coils are thermostated to avoidFor magnetic endosomes exhibiting a paramagnetic behavior,
overheating. The 10 mm diameter cylindrical chambers conthe magnetic torque exerted on a chainNfendosomes,
taining cells are placed inside the coils. The entire device iginder the effect of an external magnetic fi#@dnaking an
regulated at 37°C. All the images were captured using a@mgle o 0_) W|t_h the chain orientation, has been calculated
ultrafast camera and digitized on a computer. The video sydD! [24] and is written

tem samples up to 500 images per second. The probe rotation .

. . . . b . sSif2(6p— 6)]

is analyzed using a self-written tracking algorithm imple- FZKme, (4)
mented with NIH image-processing software.

where k,, is defined as
Ill. PRINCIPLES

- - 1

Rotational microrheology Kkm(N)= 5 NXZBZ- (5)
Soft materials often display characteristics of both fluids Ko
and solids. Their viscoelastic properties reflect their ability to,uo is the vacuum permeability constant agds the mag-

dissipate(viscosity and to store(elasticity mechanical en-  netic susceptibility of the endosomes, defined as the fraction
ergy at the same time. To describe the combined viscous argt their volume magnetizatioM 4(B) over the fieldB:
elastic properties of such systems, one simple model consists

in adopting a mechanical equivalent circuit of a viscous M¢(B)

dashpot and an elastic spring in series, as represented in Fig. X(B)=po B (6)
2(a) (Maxwell mode). The local viscoelasticity can be de-

duced from the rotational dynamics of a small probe insertedVith the applied magnetic torque given in Ed), the chain
inside the considered medium. Probe rotafiangle of rota- dynamics in a fluid having a linear Maxwellian rheological
tion ) is induced by the applied torque, which is coun- behavior[Eg. (1)] becomes

teracted by the viscous torquproportional tod#/dt) and

the elastic torquéproportional tod) exerted by the medium df _ km 1 3 d . 3
on the probe. The angular velocity is therefore the sum ofa dt 2« 7 Sin2(6p= 0)]+ Tdt{SIr{z(ﬁ?0 Ot ).
viscous contribution and an elastic one: (7)
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To describe the rheological properties of the cell interior, 0/6, A
we consider an extension of the Maxwell mechanical circuit
(Voigt-Maxwell body as represented in Fig.(l9. A Voigt 1
element(parallel arrangement of a sprir@ and a dashpot -
77) accounts for the solidlike behavior whereas the dashpot 0.8
7 accounts for the liquidlike behavior. In this case, the rota- G=10Pa;n, =0.05Pas
tion of the probe is governed by E(B): 0.6 — n=0.1Pas
m d20 de T 1 ” dr 04 — N= 0.2 Pas
G dt2+dt_KV77+KVG( * n)dt’ ® 0.2 - — M=05Pas
n= 1 Pas t(s)
whereI" is the magnetic torque defined in E@l). For a 0 - ‘ ‘
chain rotating toward a magnetic field & from the initial 0 0.2 0.4
chain orientation, the motion equation is written as ) )
d?6 dé «ky 1l 0/0, B
Tldt2+dt_2K (S|r{2(60 0)] 14
d 0.8
H(rt ) gAsin2(6o— 01| (9
0.6 1 » G=10Pa;n=1Pas
k and k,, are given by Eqs(3) and(5), 7 is the viscosity, 044/ — M= OPas
m,=1,/G is the lag time due to the Voigt elemeftime [ — 1M;=0.1Pas
required for the extension of the spring to its equilibrjum 0.2 —05Pas
and 7= /G is the relaxation time. Figure 3 shows typical hl ' t(s)
response curves obtained by resolving E®). numerically 0 ‘ ‘
for different sets of viscoelastic parameters. The viscosity 0 0.2 0.4
governs the long time viscous flow behavjéig. 3(@)] and ' '
the shear modulu§ the initial fast elastic jumgFig. 3(c)]. 0/0, C
The lower the viscosityp,, the faster is the initial elastic
jump (the limit ;=0 corresponding to the Maxwell behav- 1+
ior, instantaneous jumpFig. 3(b)]. 0.8
IV. RESULTS 06 |
. . N —lPam 0.05 Pas
A. Formation of magnetic endosomes in living cells:
Chaining effect under magnetic field 0.4 =5Pa
Magnetic nanoparticles, owing to their tiny volume and 0.2 - G =10 Pa
negative surface charges, present a high nonspecific affinity —— G=20Pa t(s)
for the plasma membrane of various cells, probably of elec- 0 ‘ ‘
trostatic origin. Nanopatrticle adsorption on the plasma mem- 0 0.2 0.4

brane triggers their internalization within endocytotic

vesicles, following the endocytosis pathway. The different FIG. 3. Theoretical curves calculated numerically from .

steps of nanoparticle endocytosis and the cytoplasmic locafer a presumed chain of three magnetic endosomes rotating toward

ization of magnetic compartments have been fully charactera B=39 mT magnetic field oriented along tide- 6, direction. One

ized in[25]. Electron micrographs of labeled cells show thatcan observe the separate effects of the viscosiiesd 7, and of

after the whole incubatiofiL h) and chasél h) process, the the shear modulué.

nanoparticles, which are dark to electrons, are densely con-

fined within membrane bound organelles, likely late endoto 6 um long are observed throughout the cytoplasm. Note

somes or lysosomes, of mean diameter0.6 um [Fig.  that, along the chain, each magnetic endosome stays a dis-

4(a)]. tinct entity. By transmission light microscopy, chains of mag-
Submitted to an external homogeneous magnetic feld netic endosomes appear as black bars inside the [Eetls

endosomes loaded with iron oxide nanoparticles attract eack(c)]. The combined observations of chains inside the cells

other via dipole-dipole magnetic interactions and formand cytoskeleton networks show that the chaining effect does

chains inside the cytoplasm along the direction of the fieldnot perturb either actin filaments or microtubule architecture:

Such endosome chaining can be seen on electron micr@o anisotropic structure of the filaments that correlates to the

graphs of cells that are fixed under a 100 mT magnetic fiel¢hain orientation is revealefFig. 5a)]. In addition, once

[Fig. 4(b)]. Chains containing from two to ten endosontés they are formed in the entire cell, endosome chains are stable
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FIG. 4. (a) Electron micrographs representing
parts of the cytoplasm of Hela cells after 1 h
incubation at 37 °C with magnetic nanoparticles
([Fe]=10 mM) followed by 1 h chase. The
nanoparticlegblack point$ are confined within
endosomes, dispersed throughout the cell cyto-
plasm. (b) Electron micrographs of HelLa cells
after 1 h incubation at 37 °C with magnetic nano-
particles (Fe]=10 mM) followed by 1 h chase
(including 30 min under a homogeneous mag-
netic fieldBy=100 mT). Chains of magnetic en-
dosomes are observed along the magnetic field
direction.(c) Living HeLa cell light transmission
images. Chains of magnetic endosonfgsinted
out with solid arrows are oriented along the
direction of the magnetic field created by the two
pairs of Helmholtz coil{see the setup in Fig.)1

FIG. 5. (Color onling Effect of drugs that se-
lectively disorganize filaments of the cytoskel-
eton. The same cells are labeled with antitubulin
antibody(left) and fluorescent phalloidifcentey
and are observed with a confocal microscgie
rect image(right)]. Cells are fixed when submit-
ted to a magnetic fiel@,=100 mT. (a) Control
cells. (b) Cells treated for 30 min with 1M
nocodazole.(c) HelLa cells treated for 10 min
with 1 uM latrunculine A.
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under magnetic field with respect to the further disruption of A
actin filaments or microtubules using cytoplasmic drugs

[Figs. 5b) and 5c¢)].

B. Chains of magnetic endosomes as probes for the
viscoelasticity: Validation and calibration

The rotational microrheology technique described in Sec.
[l has been validated in a typical Maxwell fluid [22] using
0.65um paramagnetic microspheres made of iron oxide
nanoparticles dispersed in low density polystyrene. To dem-
onstrate that chains of magnetic endosomes, as well, are suit-
able probes for viscoelasticity, the magnetic properties of the
magnetic endosomes must be determined, and the rotation of
chains of magnetic endosomes must be monitored inside the

previously investigated Maxwell fluid. Intracellular magnetic L B
endosomes must therefore be extracted from the cell inside: 80 -

Cells were mechanically lysed in a 250Mnsucrose me-

dium, the postnuclear supernatdRiNS obtained after cen- 60 -

trifugation and the magnetic endosomes isolated from the

rest of the PNS through a magnetic coluifimigh magnetic

field gradient. First, the magnetization curve of a known

number of the purified magnetic endosomes, obtained using

a superconducting quantum interference deWis®UID), 20 7

shows that the magnetic endosomes exhibit a superparamag-

netic behavior, acquiring a global magnetization per unit vol- 0 . ' . N

umeM(B) under a magnetic fiel8, with no magnetic hys- 0 2 4 6 8
teresis (the nanoparticles are consequently free to rotate
within the surrounding endosome lumeRach endosome of
mean diameterd carries a magnetic momenig(B)

FIG. 6. Calibration of the rotational microrheology assay with
chains of magnetic endosomes as prolf@sRotation of chains of

. . ! N endosomes inside a linear viscoelastic fluid under the effect of a
— 3

t_ (W/r?])d rllvle(tB)r. ;26 ?:tur:t't?n Qar?]nittlzi%)&ﬂ?;rﬁflds step magnetic field applied &&=0, making an angle of 45° with

0 a mean saturaling magnetic moment o respect to the initial chain orientation. Initial and final chain orien-

for an endosome, equivalent to a content of abouk8@ (1o are illustrated in the insets for a chain of four endosomes.

nanoparticles per endosome, occupying a volume fraction ofpe solid curves represent the optimal adjustment of the experimen-
24%- Second, the pur_lfled magnetic endo.somes are dlspe_rsgﬂi points with Eq{(6) and correspond to the rheological behavior of
inside the Maxwell fluid, at a volume fraction of 0.07%. This 3 Maxwell viscoelastic fluid(b) Validation of the geometrical fac-

fluid consists o_f a soluti(_)n of surfa_lctant molecu!es cet_hyltri-tor governing the torque applied on the chains by the fluid. Experi-
methyl ammonium chloridéCTAC) in water, forming cylin-  mental points(circles are well described by the phenomenological
drical micelles which entangle and confer viscoelastic proptaw (solid line) defined in Eq.(3).

erties on the system. The micellous solution has bee
y Bne in Fig. 6b)]. This assay with a known viscoelastic fluid

efinitely validates the use of chains of magnetic endosomes,
with different lengths, to probe the viscoelasticity of their
surrounding medium.

previously characterized with a Couette rheometer at a fixe
temperature of 30°C, demonstrating a Maxwell behavio
with the viscosity =3.5 Pas and the shear modulGs
=59 Pa(relaxation timer=0.06 s). Chains of magnetic en-
dosomes are formed within this viscoelastic fluid, and the
rotation of chains containiny endosomesN varying from

2 to 8 is measured as a function of tiMiEig. 6(a)]. Experi- Figures 7a) and 1b) shows typical rotational response
mental points are well adjusted using K@), which is char-  curves for chains of magnetic endosomes within HeLa cells.
acteristic of Maxwell behavior. The magnetic factor is calcu-The rotation time varies from several secofidig). 7(a)] to a

lated from Eq.(5), where the magnetic susceptibilify for  few tenths of secondd=ig. 7(b)]. When one member of the
the applied fieldB is measured on the magnetization curve ofcytoskeleton network is deleted, actin filamefiy. 7(c)] or

the endosomes. The best adjustmdistdid curves in Fig. microtubulesFig. 7(d)], all the chains rotate with approxi-
6(a)] are obtained for a viscosity=3.5+0.2 Pas, a relax- mately the same characteristic time of the order of a few
ation time 7=0.06-0.005 s, and a geometrical facter  tenths of seconds. For all cases, the response curves exhibit
varying with the numbeiN of endosomes in the chain as two regimes, reflecting a Maxwell-like behavigeffective
represented in Fig.(B). These viscoelastic parameters are inviscosity and elasticity associated in seyies fast elastic
good agreement with the parameters deduced from conveuleflection followed by a long time viscous behavior. The
tional rheological measurements. Moreover, the geometricahitial elastic response occurs with a nonzero characteristic
factor k varies withN as predicted by Eq3) [see the solid time 7;, eliminating therefore a description with a simple

C. Measurement of local viscoelasticity in the cell cytoplasm
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t(s) £ : . v t(s)

e1:n =3 Pas,t=024s,7,=0.02s

04 - 02:1=22Pas,t=0.245s,7,=0.025
*3:M=2.6Pas,1=0.26s,7,=0.02s
0.2 - 04:n1=24Pas,t=0.28s,7,=0.0265s

1 t(s)
0.1 0.3 0.5

05:MNM=29Pas, t=0.265s,7,=0.014 s

FIG. 7. Examples of angular response curves for two different ‘

1
chains inside cells with intact cytoskeleton: chain can rotate either(a) 0.1 1 t (S) 10
in a few tenths of seconds) or in a few second&), depending on
its intracellular localization. Typical angular response curves for a 9/90
chain inside a cell where actin filaments have been disrujzjeadr
where microtubules have been disruptelll The best fits are rep- 1 -
resented by solid lines and correspond to the viscoelastic param
eters =1.8 Pas, 7=0.36 s, 7;=0.026 s (a); =0.35 Pas, 7 Tt
=0.044 s,7,=0.009 s(b); »=0.6 Pas,7=0.1 s, 7;=0.008 s(c); 0.8
7=0.32 Pas7r=0.043 s,7,=0.009 s(d). Representative observa- =0
tions of the chains just before the instantaneous rotation of the fielc
(chains are along the vertical directjoand after the rotation of the A Bo=55mT :
chains(chains are oriented at= 6,=45° from the vertical direc- (0.6 - n=0.8Pas,t=027s,1,=0.037s
tion) are superimposed on the plots (bdr xm).

¢ Bo=39mT :
Maxwell model. Then the chains attain the direction of the _ _ _
permanent field with the relaxation time The arrangement 0.4 - 1 = 1Ras,v=03ly, 5 =005
of rheological mechanical elements represented in Fig). 2 0 Bo=32.5mT :
(also called a Voigt-Maxwell bodyis the simplest configu- Nn=09Pas, t1=0.32s,7,=0.036s
ration that explains the experimental curves. It consists of &0.2 -
\Voigt element(parallel arrangement of a spring and a 0 Bo=23mT:
dashpot#;) accounting for the solidlike behavior at short n=11Pas,t=0.33s,7,=0.036 s
times, in series with a dashpat responsible for the liquid- 0 : ;
like behavior at longer timesy represents the effective vis-
cosity of the network surrounding the chainss %/G is the () 0.1 1 t(s) 10

effective relaxation timegequivalent to the Maxwell vis-
qoelastic time defined i,n qu),] which controls_ the estab- angular response curve, the best fit is superimpdbéatk line.
lishment of the long time viscous flow regime, and  the iscoelastic parameters deduced do not significantly vary from
=7./G is the characteristic time measuring the establishthe first imposed rotation to the following ones. We find-2.6
ment of the initial elastic stressy{ reflects the finite initial  +0.4 pas, 7=0.26+0.02 s, 7,=0.02+0.004 s. (b) Angular re-
flow). With this configuration, the chain dynamics is de- sponse curves, with the corresponding fitck lines for the same
scribed by Eq(9), which fits the experimental curves with chain submitted to increasing applied magnetic figldm 23 to 55
very good agreemerisee the solid lines in Fig.)7For each  mT). The deduced viscoelastic parameters do not depend on the
chain tested, Eq9) is numerically resolved with the param- initial applied torque, with mean valueg=0.95+0.15 Pas,
etersk and «,,, respectively, calculated from Eg&) and  =0.31+0.04 s,7;=0.037+0.003 s.
(5), with the correct numbeX of endosomes in the chain, the
applied magnetic field, and the corresponding magnetic ferences and leading to very close viscoelastic parameters
susceptibility. deduced from the best fits using E®). Then, to study a

To investigate the occurrence of shear-thinning or shearmpossible deviation from linear mechanical behavior, four dif-
thickening effects inside the cell, response curves to succeferent initial torques were applied to the same chains: the
sive step-field pulses were measured for the same chaingiagnetic field is varied from 23 to 55 mT and the mechani-
Five successive rotational response curves for one identicakl torque per chain volum@pecific torqugranges from 30
chain are illustrated in Fig.(8), showing no significant dif- to 200 Pa. The average shear stress is then found between 50

FIG. 8. (a) Five successive rotations of a unique chain. For each
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HeLa cells with intact cytoskeleton

(%) (%) (%)
04 04 T 04 T
03 + 0.3 -+ 03 +
0.2 + 02+
0.1 + 0.1 +
0 e 04—+ ABaRERNRD ,
coooonwkawng geggooepap= -§§§§g§§§§8 FIG. 9. Distribution of the vis-
b SEGIT 6 25338 7, (s) coelastic parameters, 7, and r;
n (Pas) ! measured in cells with an intact
actin filaments disrupted with latrunculine A cytoskeleton and in cells treated
with either latrunculine A or no-
(%) (%) (%) codazole. In intact cells, the distri-
04 — 04 — bution is obtained from measure-
ment of 80  viscoelastic
0.3 + 03 + 03 4 parameters, each set of parameters
corresponding to the microenvi-
02 + 02 + 02 + ronment of a different chain. In

cells treated with cytoplasmic
drugs, 40 different chains were

0.1 0.1 + 0.1 + -
analyzed for each condition. Note
0- 0 | the difference of scale. The main
OQOOON#O\OOS CoCcoooLooOo- cooooCcoo0o0 effeCtSOfthedISI’uptlonOfelther
e coogghroax K § § § § SEI&"™ actin filaments or microtubules are
n (Pas) T(S) - T (8) the narrowing of the distribution
of the viscoelastic parameters and
microtubules disrupted with nocodazole the suppression of dense vis-
coelastic regions.
(%) (%) (%)
04 1 04 04
0.3 03 + 03 —+
0.2 + 02 + 0.2 +
0.1 + 0.1 +
0 0 =
COoOOOON RO X oo o
Skl = SEREESTERE"
n (Pas) Ty (8)

Pa(chains of four endosomes submitted to a 23 mT magnetin Fig. 9. First, we note that the viscoelasticity exhibits large
field) and 400 Pdchains of two endosomes submitted to adispersion as a function of the chain localization inside the
55 mT magnetic field An example of the four rotational cells with an intact cytoskeleton. Moreover, we observed that
response curves obtained for one chain is illustrated in Figdense viscoelastic microenvironmenrorresponding to a
8(b), with the corresponding fits obtained from EE). The  viscosity up to 10 Pas and a relaxation viscoelastic time
viscoelastic parameters deduced from the fits are found to b&hich reaches 1)xorrespond mostly to chains located in the
constant over a wide range of specific torque amplitudescenter of the cell, near the nucleus, whereas most of the
Therefore, under our experimental conditions, the cell intechains located farther from the nucleus suffer lower viscosity
rior behaves as a Newtonian body. and relaxation timgwith values that can fall down to 0.2
The rotation of 80 distinct chains inside different HeLa Pa's for the viscosity and 0.04 s for the relaxation jinviée
cells with intact cytoskeleton and 40 different chains whencan deduce an average set of viscoelastic parameters describ-
actin filaments or microtubules are disrupted has been andag the global mechanical properties of the cell interigr:
lyzed in terms of the three viscoelastic parametgrs, and =2.1+2 Pas, 7=0.25+0.23 s, and 7,=0.02+0.01 s.
71. The distributions of these three parameters are illustrate@hen either actin filaments or microtubules are disrupted,
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the local viscoelasticity becomes more homogene@e® generally explained by the association of a permanent ten-
Fig. 9 as a function of intracellular localization, with mean sion or an elastic spring, accounting for the contributions of
values 7=0.43+0.17 Pas, r=0.043+-0.017 s, and r; both the plasma membrane and the cortical cytoskeleton, in
=0.01+0.004 s for cells treated with latrunculine A, and parallel with a Maxwell circuit modeling the cell interior

=0.4+0.14 Pas, r=0.048-0.016 s, and ,=0.011 [26,27,4,28,28 The prevalent model for cytoplasm rheo-
+0.004 s for cells treated with nocodazole. logical behavior is therefore a viscoelastic liquid, represented

by the Maxwell model. At short timegigh frequency, the
dynamics is dominated by elasticity, whereas at long times
(low frequency, the medium behaves as a pure viscous lig-
A. Rotational microrheology in living cells uid. The opposite behaviaiviscoelastic solid or liquid at
hort times and solid at long timess represented by the

The spontaneous endocytosis of anionic magnetic nan Joigt model (spring and dashpot in paralleWhen the cy-

particles leads to the formation of endogeneous magneti | . lasticity | bed f inside th b
endosomes within the cell cytoplasm that can be monitore plasm viscoelasticity Is probed from inside the cell by ana-
zing the response of an intracellular bead to an applied

with an external magnetic field as a control parameter. FirstStress [21,20,30, an extension of the Maxwell model
the intracellular magnetic probe results from the endocytosi(i% ol

; "tKelvin-Maxwell or Voigt-Maxwell modelsis needed to ac-
process rather than phagocytosis and broadens t0 a WiQynt for the local dissipation during the initial elastic de-

range of cell lines the possibility of monitoring magnetic fiection of the bead. In the present study, the Voigt-Maxwell
organelles. Second, endosomal magnetic labeling allows ongogel is actually the simplest configuration of viscoelastic
to obtain relevant information about the organization of theirparameters that fits the experimental curves with remarkable
surrounding medium: in this study, we use the technique deaccuracy. The Voigt element3( 7,) is responsible for the
veloped in[22] to mechanically characterize the endosomeg|astic response at short times: during the corresponding
microenvironment. The directed local rotation of chains ofcnaracteristic timer;= 5, /G, the matrix surrounding the
endosomes, observed on a short temporal scale with Ukhain behaves as a viscoelastic solid. The elastic stress then
tra_rapld wdeommroscopy, reveals the Ioca_l wscoelasgc ProPrelaxes in a timer= 7/G. After this relaxation, the microen-
erties of the medium surrounding the chains. By optical Mi~ironment of the endosomes behaves just like a liquid with
croscopy, it is difficult to detect magnetic endosomes.;scosity ;. To compare this phenomenological model with

Compared to microbeads contained within phagosomes, usgfeg|ogical measurements that provide the frequency depen-
for example in[21], endosomes are smaller and easily con-yance of the complex viscoelastic modulBs(w), one can

fused with other organelles of the cell cytoplasm. The use ofite the equation of motiofEg. (8)] in the complex Fourier

fluorescent magnetic nanoparticles for endosomal labelingymain and directly deduce the complex shear modulus
could overcome this obstacle and allow on to probe the Ce'équivalent to the Voigt-Maxwell model:

cytoplasm by translating fluorescent magnetic endosomes.

Nevertheless, fluorescence microscopy does not allow one to L l+iwr

study short time dynamics, which is crucial for the determi- G* (w)=Gyexpid=i T (4 ) (10
nation of elasticity. These limitations motivated the choice of !
working on s.ma'll chains of e.”dosome.s formed in a Permay, magnitudés 4 is a measure of the cytoplasm’s resistance
nent magnetic field and easily recognizable. In response t% deformation and the phase lagis an index of the cyto-
rapid rotation(in less than 1us), the chains rotate inside the o < liglike =0 or liquidlike (5= /2) behavior as
cell cyt_oplasm anq th¢|r dyngmlcs is governed by the VIS function of frequency. The global magnitude and phase of
coelasticity of their microenvironment. Moreover, the rota-

. o : . : the viscoelastic modulus describing the whole-cell interior
tion of the chain is observed with a time resolution up to 2 . . !

. o . can then be directly calculated from all the local viscoelastic
ms, allowing one to catch the initial fast elastic response

This approach to measuring intracellular mechanical properparameters measured in HeLa cdlisg. 9. They are both

ties offers critical advantages: the use of an endogeneous arr]%presented in Fig. 10 for intact cells and for cells treated

biologically functional probe, the temporal resolution, andW'th cytoplasmic drugs. Note that the relevance of the shear

the micrometric spatial range of the measurement modulus s reduced to the frequency rarige-500 H3 im-
P 9 ' posed by the time scale and resolution of the direct rotation

measurement. Its high frequency behay@most liquidlike
(6=ml2) and dominated by the “microviscosity%4] is
characteristic of semiflexible polymer dynamics and reflects
The rotational microrheology method is grounded in thethe local bending modes of the cytoskeleton networks. At
analysis of the rotational response in terms of a simple melow frequency, however, the cytoplasm exhibits a fully lig-
chanical equivalent circuit composed of suitable arrays ofiidlike behavior (effective viscosity ), which contrasts
two elementary elements, dashpot and spring. To understandth the behavior of pur&-actin, which is solidlikg16] and
the significance and generality of the linear equivalent cir-dependent on filament length. In betwe@éhshows a mini-
cuits that have been used to describe the cell viscoelasticitygnum, revealing a viscoelastic behavior. The effect of cytosk-
one must distinguish the techniques achieving cell deformaeletal drugs in the perinuclear region appears as a decrease in
tion through manipulations at the cell surface from the purelymagnitudeGy and a more liquidlike behavior at low fre-
intracellular rheological methods. Whole-cell deformation isquency.

V. DISCUSSION

B. Generality of the Maxwell liquid model for the viscoelasticity
of the cell interior
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G, (Pa) intact cytoskeleton n=2.1 Pas and relaxation time=0.25 s inside cells with
an intact cytoskeleton. When one type of cytoskeletal fila-

100 ment (filamentous actin or microtubuless disrupted, the
e whole cytoplasm is found to exhibit roughly the same rheo-
. logical properties, whatever the intracellular localization of
10+ ___..—-f""" the probed chains within the cell. The corresponding mean

______ actin filaments viscoelastic parameters fall t@)=0.43 Pas, 7=0.043 s

14 . when actin filaments are disrupted and 46=-0.4 Pas, 7
disrupted =0.048 s when microtubules are disrupted, close to the val-
P . ues obtained in regions far from the nucleus inside intact
0.1 ,»° mlf:mtubmes cells. One must note that the conditions of the selective de-

o disrupted polymerization rupture of either microtubules or actin fila-

ments may lead to a reorganization of the remaining cytosk-
0.01 - - - @ (Hz)  eleton filaments. The similar decrease of the measured
0.1 1 10 100 1000 viscoelasticities whether actin filaments or microtubules are
disrupted suggests that the microenvironment of the chains is
8 (rad) no longer dependent on the presence of microtubules or actin

filaments and reflects the cytoplasm contéytosol, mito-
chondria, endoplasmic reticulum, and Golgi membranes
Hence the measured viscoelasticities provide relevant insight
into the cytoarchitecture: chains located near the nucleus are
embedded in a relatively rigid viscoelastic material whereas
the others are surrounded by a softer viscoelastic material.
The same measurement when one compound of the cytosk-
eleton is disruptedactin filaments or microtubulg¢glemon-
strates that the dense viscoelastic perinuclear subregion is
due to a cooperation of both filamentous actin and microtu-
bules.
At this stage of our understanding, it is tempting to pos-
0 _ : : . (Hz) tulate that the difference in local viscoelasticity as a function
0.1 1 10 100 1000 of the cytoplasmic region is correlated with the functional
status of the endosomes considered. It is well established that
FIG. 10. Global frequency dependent modulbig (above and  the motility of endosomes along microtubules is a key reg-
phases (below) of the equivalent complex shear modulus describ-jisite for endocytotic vesicle sortingpy allowing vesicle
ing the interior of HeLg cells, treated or not with cy_toplasmi(_: druQS’fissior), for the connection between early and late endo-
deduced from the entire sets of measured local viscoelastic pararg—omes, and for the long range active transport of late endo-
eters. somes that meet in the pericentriolar region to fuse with ly-
C. Implications for the cytoarchitecture SOSOI’TIG$31]. According to our findings, these hlgh'y mobile
endosomes experience a soft viscoelastic medium. By con-
ast, in the perinuclear region, the endosome motility is re-
uced by a dense viscoelastic network, in which both actin
ilaments and microtubules cooperate. Thus both types of
ilaments may be implicated in the maintenance of the steady
state distribution of late endosomes and lysosomes in order

fu?ns,_or In [1‘:’] whereihferrlmfagneu;: m|cr(|)bea(|1:s bound to to favor fusion events between these two compartments and
INtegrin receplors on the surfaceé of muscié Cells were magy, regulate local delivery of internalized molecules to lysos-

netically twisted. In the last study, the cortical cytoskeletgnomes_ This hypothesis is in keeping with the result§3a,

and the cyt_oplasm were deformed together with Sp(.aC'f'?Nhich demonstrate the role of actin filaments and one asso-
torque amplitudes 1.8-130 Pa, close to the ones applied Bated myosin in immobilizing lysosomes during their travel
the present work. along microtubules. It is also in agreement with the observa-

In intact cells, the ylscqelasnc parqmet_ers .eXh.'b't a hlgr}ion of the inhibition of lysosomal degradation process when
degree of heterogeneity with a relaxation timdiffering by one impedes the confluence of endosomes near the cen-
one order of magnitude between different subregions of th'f‘rosome[33]

cell interior. On the whole, chains with perinuclear localiza-
tion appear firmly entrapped in a rigid mesh characterized by
n=3.2 Pas andr=0.4 s, although most of the chains lo-
cated farther from the center of the cell rotate more easily, Magnetometry experiments have initiated global measure-
yielding »=0.4 Pas and=0.05 s. By averaging all the lo- ments of intracellular viscosity on pulmonary macrophages
cally measured viscoelasticities, one finds the mean viscositjaving phagocytized micrometric ferromagnetic particles

/2 ¢

/4

Under our experimental conditiorisme scale 0.002-1 s, ;
perturbation on the micrometer scale, specific appliet%
torques ranging from 30 to 200 Rahe cell interior behaves
as a Newtonian body. This behavior was previously founc{
for macrophages i21] with similar experimental condi-

D. Comparison with other intracellular investigations
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[34,19,39. Magnetic tweezer experiments have extended thene. These endogenous granules show subdiffusive behavior
use of a phagocytized magnetic microprobe to apply a localith submicronic displacement at all lag timégranules
perturbation inside the cell. The response to step-force pulseshowing large Brownian excursions cannot be tracked by
of one individual magnetic phagosome inside a macrophageser tracking microrheology As for endosomes in Hela
or amoeba is then analyzed in terms of an equivalengelis(see Fig. 1) the phase lag for the intracellular gran-
Maxwell-like mechanical circuif21,30. If the measured ef- |jles shows a nonmonotonic behavior with a minimum.
fective viscosities are about two orders of magnitude greateyyantitatively, the authors finG 4(1 Hz)~8 Pa, 5(1 Hz)
than the ones obtained in the present work, the relaxation g 3., in good agreement with the values deduced from the
times deduced, reflecting the proportion of fluidlike Versusphenomenological mechanical model describing the HeLa
solidlike behavior of the medium surrounding the probes, argg|| interior: Gy(1 Hz)~4.4 Pa and&(1 Hz)~0.27r. In
nevertheless comparable. conclusion, rotational microrheology reveals a viscoelastic
Intracellular granules(diameter ~0.6 um) have been penavior that is very similar to the one deduced from laser
successfully trapped by optical tweezers in the cytoplasm Ofracking of passive granules.
locomoting neutrophil{18]. They were oscillated at fre-  The comparison between the different studies probing the
quencies from 0.3 to 3 Hz with a maximum force applied of wechanical properties of the cytoplasm provides insights into
15 pN (maximum applied stress 13 Pand with an ampli-  the crucial parameters for the biological significance of the
tude of 0.5um. This technique of microrheology involving measurements. First, the techniques used can either measure
optical forces closely matches the magnetic rotational mithe spontaneous motion of intracellular probes or use an ex-
crorheology conditions. The viscosity is found to be 0.4-0.2era| force to constrain the probe movement. Second, the
Pas in the body and trailing regions of the migrating neutro¢noice of the intracellular probe is critical. Obviously, its size
phil, with relaxation times around 0.4 s, in very good agreeetermines the spatial range of the microenvironment
ment with the quantitative values measured in the presemrobed, but more important is the functional status of the
work. In addition, the authors have distinguished two popuprobe within the cell. The distribution and dynamical behav-
lations of granules, a free easily oscillating population thafor of various subcellular organelléstorage granules versus
experiences a soft viscoelastic environment, and a complesecretory vesicles, for examplare governed by their role in
mentary fixed populationtoo stiff to measure that is  ce|| functioning or by the destination of their content. The
strongly embedded in the cytoskeleton networks. When cymjcroenvironment can be modulated by the recruitment of
toskeletal drugs are addedytochalasine D or nocodazole  cytoskeletal filament and/or binding proteins with the view
the fraction of fixed versus free granules dramatically de-yf achieving a specific procegfission, fusion, etg. Interac-
creases, and all the granules exhibit the same rheologicgbns of the organelles with molecular motors are dictated by
properties as the free granules in the control case. The agne need for long range transport or transient pause. Thus the
thors propose to identify the free granules as exocytotic Omjcrorheological intracellular measurements must be under-
secretory vesicles, whereas the fixed granules could corregood in relation to the complex machinery of intracellular
spond to vesicles performing lysosomal functions. This betraffic. The rotational magnetic endosome microrheology
havior is quite similar to the present measurements whergschnique therefore has relevance for a better understanding
endosomes embedded in a dense viscoelastic region are distintracellular dynamics, as, for instance, to probe very local
tinguished from endosomes entrapped in a relatively soft visyariations in the cytoskeletal architecture and to identify the
coelastic medium, presumably because of their differenfoles of cytoskeletal proteins in relation to endocytotic com-

functioning status in the endocytotic pathway. partments.
The Brownian motion of intracellular probes inside epi-
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