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A magnetic switch for the control of cell death
signalling in in vitro and in vivo systems

Mi Hyeon Cho'", Eun Jung Lee"?", Mina Son?, Jae-Hyun Lee'!, Dongwon Yoo', Ji-wook Kim',
Seung Woo Park3, Jeon-Soo Shin>** and Jinwoo Cheon?*

The regulation of cellular activities in a controlled manner is
one of the most challenging issues in fields ranging from cell
biology to biomedicine?. Nanoparticles have the potential of
becoming useful tools for controlling cell signalling pathways
in a space and time selective fashion®*. Here, we have
developed magnetic nanoparticles that turn on apoptosis cell
signalling by using a magnetic field in a remote and non-
invasive manner. The magnetic switch consists of zinc-doped
iron oxide magnetic nanoparticles® (Zno 4Fe; c0,), conjugated
with a targeting antibody for death receptor 4 (DR4) of DLD-1
colon cancer cells. The magnetic switch, in its On mode when a
magnetic field is applied to aggregate magnetic nanoparticle-
bound DR4s, promotes apoptosis signalling pathways. We
have also demonstrated that the magnetic switch is operable
at the micrometre scale and that it can be applied in an in vivo
system where apoptotic morphological changes of zebrafish
are successfully induced.

Cell signalling is an important process in biological systems
for exchanging information through networks of various signal
molecules to control cellular activities, such as differentiation,
growth, metabolism and death®. Owing to their newly developed
high precision and accuracy, physical stimuli using optical,
electrical and magnetic methods have been devised to regulate
cell signalling'™. Among these, magnetic techniques are uniquely
advantageous because magnetic fields can penetrate deeply with
negligible attenuation into biological tissues®. Consequently,
it has distinctive benefits for in vivo applications. Moreover,
when coupled with magnetic nanoparticles, magnetic fields can
be transformed into other forms of energy, such as heat and
mechanical force?'®. The magnetic heat induction has been used
for gating of the thermosensitive ion channel’ as well as for
hyperthermia therapy'. Although relatively large mechanical force
(in the piconewton range) has been used in in vitro and in
vivo systems for direct stretching of ion channels and cytoskeletal
stimulation''!?, two recent in vitro studies have revealed that
the induction of calcium influx'> and tubulogenesis'® using
receptor clustering is also possible by using nanoparticles. Magnetic
nanoparticles can exert a gentle force (in the femtonewton range) on
membrane receptors to induce their clustering without disturbing
the rheological and cytoskeletal properties. Furthermore, the
nanoscale dimensions of nanoparticles conjugated with targeting
molecules make them beneficial for probing cellular sensory
structures and functions at the molecular level and for inducing
specific cellular activation processes’®. Nonetheless, the nanoscale
magnetic switching technique for receptor clustering is still at too

early a stage of development to guarantee that it will be generally
applicable to the control of cell signalling in other biologically
important systems. In addition, it is not known whether it will be
effective in in vivo systems.

Apoptosis, programmed cell death, is known to be a major factor
in maintaining homeostasis and removing undesired cells'’™*.
Recently, an extrinsic apoptosis signalling pathway that is initiated
by death receptors has emerged as one of the main targets for cancer
therapy**22. Extrinsic apoptosis signalling is usually activated by
clustering of death receptors through docking of biochemical
ligands, such as the TNF-related apoptosis inducing ligand (TRAIL)
that is a potent inducer of apoptosis®»**. However, direct use of such
ligands in clinical applications is limited by the short plasma half-life
and the ease of degradation®?*.

In the study described below, we have developed a magnetic
switch for apoptosis signalling, and demonstrate its in vivo feasi-
bility through the receptor clustering process (Fig. 1). The mag-
netic switch for cell signalling consists of DR4 monoclonal anti-
body conjugated to magnetic nanoparticles (Ab—MNPs). DR4s are
highly expressed on tumour cells”*” and magnetic nanoparticles
are designed to bind DR4s through a specific monoclonal anti-
body interaction. Zinc-doped iron oxide magnetic nanoparticles
(Zng 4Fe; §O4 MNPs, 15 nm) are chosen (Fig. 2a) owing to their high
saturation magnetization value (161 e.m.u. g~!), which is essential
for effective utilization of magnetic force® (Supplementary Section
S1). For preparation of the Ab—MNPs, protein A is conjugated to
thiolated MNPs through a sulpho-SMCC (sulphosuccinimidyl-4-
[N -maleimidomethyl]cyclohexane-1-carboxylate) crosslinker. The
DR4 antibody is then conjugated to protein A on MNPs in a DR4
antibody/MNP stoichiometric ratio of 1:1 (Fig.2b and Supple-
mentary Section S1).

For in wvitro magnetic switching On of apoptosis, Ab-
MNPs (1pM) are applied to DLD-1 colon cancer cells
(1.5 x 10* cells per well), expressing DR4s (Supplementary Section
S2), and the cells are placed in between two NdFeB mag-
nets (Fig. 2¢). In the absence of magnetic field, Ab—-MNPs are
observed as an evenly dispersed weak green fluorescence signal
(Fig. 2d(i)) and remain dispersed over time (Supplementary Section
S3). However, large aggregated spots exhibiting a strong green
fluorescence signal are observed after the application of a magnetic
field for 2h (Fig. 2d(ii) red circles and Supplementary Section
S4). Scanning electron microscope (SEM) images consistently show
that the initial evenly distributed Ab—MNPs change to densely
populated aggregates (Fig. 2e and Supplementary Section S4). Here,
the simulated magnetic field is 0.20 T at the centre®® and the average
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Figure 1| A schematic representation of the magnetic switch for apoptosis signalling in in vitro cells and in a zebrafish. MNPs first bind to the death
receptors, and subsequent aggregation on the application of a focused magnetic field triggers extrinsic apoptosis signalling. Magnetic switching On of
death receptor clustering results in the death of in vitro cells and also causes morphological changes in in vivo zebrafish.
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Figure 2 | Antibody-conjugated MNPs and the magnetic switch set-up for apoptosis signalling. a, Transmission electron micrograph of 15 nm zinc-doped
iron oxide MNPs (Zng.4Fe2.604). b, Scheme showing the conjugation of a MNP to the DR4 antibody (DR4 Ab). A thiolated MNP is linked to protein A
using sulpho-SMCC (protein A-MNP), and then further conjugated to DR4 Ab (Ab-MNPs). ¢, The magnetic switch set-up for apoptosis signalling. The cell
culture plate is placed between two NdFeB magnets and the direction and strength of the magnetic field are indicated as a solid line and colour map,
respectively. d,e, Confocal microscope (d) and SEM (e) images of Ab-MNP (1pM)-treated DLD-1 cells (1.5 x 10 cells per well) before (i) and after (ii)
magnetic field application (2 h). Blue: DAPI (4/, 6-diamidino-2-phenylindole)-stained nucleus; green: fluorescein-conjugated Ab-MNPs. The dashed lines
are drawn to show the morphology of the cells. The SEM images are false-coloured for clear visibility where Ab-MNPs are shown in yellow. Clustered
Ab-MNPs are observed only when a magnetic field is applied, both in the confocal and SEM images. f, The magnetic switch for the induction of apoptosis
signalling through receptor aggregation, which mimics the biochemical signalling through TRAIL.

distance between the nanoparticles in the sample is 60nm (as Ab-MNPs on the cell membrane!>**° (Supplementary Section S5)
measured by SEM images). The interparticle attraction force is  without inducing damage to the cell membranes (Supplementary
calculated to be about 30 fN, adequate to promote clustering of the ~ Section S6), whereas that of the gradient force (about 122zN) is
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Figure 3 | In vitro apoptosis induction in the DLD-1 colon cancer cell line. a, Cascade of extrinsic apoptosis signalling pathways. Assembly of DR4s leads to
recruitment of DISC, composed of FADD and procaspase-8. Procaspase-8 is cleaved to form active caspase-8 and leads to subsequent caspase-3
activation. b,c, Confocal microscope images of fluorescently stained active caspase-8 (b) and active caspase-3 (¢) in DLD-1 cells for non-activated (i) and
magnetically activated (ii) groups. Active caspase-8 and caspase-3 are immunostained with Alexa-594-labelled secondary antibodies (red) and nuclei are
stained with DAPI (blue). d,e, Confocal micrographs of membrane inversion (d) and blebbing at the late apoptosis stage (e), stained with FITC-annexin V
(green) and propidium iodide (red), respectively. f, Differential interference contrast micrographs of DLD-1 cell morphology before (i), 12 h (ii) and 24 h (iii)
after magnetic field application. Scale bars, 10 um. g, Cell death measured by CCK-8 assay. Cells treated with Ab-MNPs (1pM) and magnetic field are
compared with the cells alone, Ab-MNPs without magnetic field and TRAIL treatment. Error bars represent standard deviation. (**P < 0.01, **P < 0.001.)

orders of magnitude weaker and negligible in this set-up where
the mid-point of the sample area is 1 cm away from the magnet'®
(Supplementary Section S5). The Ab—-MNPs induce clustering of
the DR4s in a similar manner to the biochemical ligand, TRAIL, and
they have the unique advantage of being magnetically switched On
to activate cell signalling remotely and non-invasively in a spatially
and temporally controlled fashion (Fig. 2f).

To examine the extrinsic apoptosis signalling process with
concurrent assembly of DR4s promoted by using the magnetic
switch, biologically important intermediate species of the signalling
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cascades are monitored. It is known that clustering of DR4s forms
the death-inducing signalling complex (DISC) containing the
Fas-associated death domain (FADD) and procaspase-8 (refs 20—
22). In the DISC, procaspase-8 is cleaved to active caspase-8
(initiator caspase), which leads to further activation of caspase-3
(Fig. 3a). Treatment of Ab—MNPs (1 pM) on DLD-1 cells for 2h
with a 0.20 T magnetic field results in a strong red fluorescence
signal arising from the active caspase-8 in the cytoplasm, but no
fluorescence is observed in the control group not exposed to a
magnetic field (Fig. 3b). Subsequent generation of active caspase-3,
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Figure 4 | Spatial control of apoptosis signalling. Ab-MNPs (1pM) are applied to a cell culture slide containing DLD-1 cells with DR4s. a,¢, A single spot
(a) or three spots (c) of magnetic field focused on the cell culture slide. b,d, Fluorescence micrographs of the active caspase-3 (red) signal merged with
DAPI-stained nuclei (blue). Each image is created by stitching 50-120 fluorescence images pictured by x 200 magnification confocal microscope.

indicated by a red fluorescence signal, is observed only for
magnetically activated DLD-1 cells (Fig. 3c). Apoptosis signalling
through caspase activation does not occur when each component
of the magnetic switch, such as magnetic field, antibody or MNP,
is applied alone (Supplementary Section S7). It is known that
clustering of surface receptor DR4s by a biochemical ligand, such
as TRAIL, initiates apoptosis signalling and then facilitates their
endocytosis into the cytoplasm?*?. Similarly, for MNPs bound to
DR4s, we observe that about 30% of the MNPs are endocytosed
and about 70% are still on the membrane after 2 h of magnetic field
application (Supplementary Section S8).

Caspase-3, known to be an effector caspase and death signal,
is strongly amplified in cooperation with other members of the
caspase family®!. Entry of the cell into the demolition phase is
associated with membrane inversion and blebbing at the late
apoptosis stage as major phenomena!’~"°. The occurrence of these
changes is confirmed by using FITC (fluorescein isothiocyanate)—
annexin V and propidium iodide staining, respectively. The
observation of a bright fluorescence signal, which is not observed
in magnetically non-activated cells, is a clear indicator of this
apoptotic outcome (Fig. 3d,e). Moreover, temporal morphological
changes of the cells are also monitored during the magnetically
activated apoptotic process. In comparison with that of normal
cells, 1.5 x 10* cells treated with Ab-MNPs (1pM; Fig. 3f(i))
gradually shrink and fragment after 12 and 24h application of the
using a cell countlng kit-8 (CCK 8) assay, shows that about 52% of
the cells treated with Ab—MNPs are dead after magnetic activation,
whereas the cells in the non-activated group remain viable (Fig. 3g).
This level of efficacy is slightly higher than that of TRAIL, the
biochemical ligand previously employed as an extrinsic apoptosis
signalling agent and potential cancer drug?2, which induces cell
death in about 45% of the cells treated under the same conditions.
We also observe that the cell death rate is dependent on the
concentration of Ab—-MNPs (Supplementary Section S9). Apoptosis
signalling, induced in this manner by the magnetic switch, requires
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a minimum magnetic field of about 0.03 T (Supplementary Section
S10). The degree of apoptosis signalling responds proportionally to
the applied magnetic field strength (Supplementary Section S10)
and the magnetic field application time (Supplementary Section
S11), but is not affected by the direction of the magnetic field
(Supplementary Section S12).

In contrast to biochemical ligands that typically induce systemic
stimulation of cell signalling in the whole body**~, the magnetic
switch system has the merit of spatial controllability using the
application of an attenuated magnetic field to a selected area.
To demonstrate local activation of apoptosis signalling, a 0.64 T
magnetic field is focused to a micrometre-size area of a cell
culture slide containing DLD-1 cells by using the magnetic set-up
shown in Fig. 4a. On application of the magnetic field for 4h,
activation of caspase-3, seen in the form of an immunostained red
fluorescence signal, is observed to occur exclusively in the area of
about 200 um x 100 pm between the magnets (Fig. 4b). Similarly,
active caspase-3 is consistently observed in an array comprising
magnetic focusing on three local spots (Fig. 4c,d), which testifies to
the spatial controllability of the magnetic switching technique.

Although this magnetic switching strategy for apoptosis
signalling is effective at the in vitro level, its further extension to
in vivo activation is both significant and challenging because of
the complexity of live biological systems. We choose zebrafish
as an in vivo model not only because of the benefits associated
with optical imaging and convenient screening®®>*, but also
because of the genetic closeness of the zebrafish ovarian TNF
receptor (OTR) to the human DR4 for apoptosis signalling®>.
Zebrafish OTRs are targeted and magnetically manipulated by
using zebrafish OTR antibody conjugated to MNPs (zAb—MNPs).
First, fluorescein-labelled zAb—MNPs (2.5ng per embryo) are
micro-injected into the yolk of the zebrafish embryo at the one-cell
stage of growth. After 24 h, pronase is used to hatch the zebrafish
embryos, which are then divided into two groups including
those that will and will not be magnetically activated. For the
magnetically activated group, a magnetic field with a strength of

1041

© 2012 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/nmat3430
http://www.nature.com/naturematerials

LETTERS

NATURE MATERIALS po1:10.1038/NMAT3430

a Zebrafish embryo
1-cell stage . Y )
X . € 0F ogeicioa %
Zebrafish ¥ agne lctie lﬁ{
OTR
Fluorescein- Noi—‘ﬁYes
conjugated Magnetic field L4
zAb-MNP - = g
48 h.p.f.
b 2Ab-MNP (=) 2Ab-MNP (+)
Magnetically
Control Non-activated activated
i : r— > iii c
I s
00
©
E -’.a:— »
% L s 25 Yolk
|| ® | :
& . ° 15
® 10
C
F 1mm "’p 1mm < 5 é é
d 0 Control Non- Magnetically
activated activated
o
z
=
e
g _ 140/
0B
= o0 120 1
25
g% 100 1
fo < & 801
8 - i g3 80
g 53 60
8 52 .0
ER
Z 5 20| ﬁ
0 " " "
Control Non-  Magnetically
activated  activated

Figure 5 | In vivo magnetic apoptosis signalling for zebrafish. a, The apoptosis experimental scheme of zebrafish. Fluorescein-labelled zAb-MNPs

(2.5 ng embryo~") are micro-injected into yolk of embryo at one-cell stage to label extrinsic apoptosis receptor (OTR). At 24 h post-fertilization (h.p.f.), the
magnetic field is applied to zebrafish. b, Bright-field microscope images of three different groups of zebrafish, control (i), non-activated (ii) and
magnetically activated (iii). The magnetically activated group of zebrafish shows morphological alterations in the tail region compared with other groups.
¢, Quantitative analysis on tail bending by measuring the angle between the line on the pronephros (PR) and the line of tail tip (TT) for each group.

d-f, Fluorescence images of zebrafish in which zZAb-MNPs are green and active caspase-3 is immunostained as red. Green and red fluorescence are only
observed in the tail region of the magnetically activated group (d(iii),e(iii)). Insets in d and e are magnified images of tail region. f, Magnified fluorescence
micrographs of active caspase-3 in zebrafish tail region. g, A graph of caspase-3 activity measured by using fluorescence intensity of zebrafish. Error bars

are standard deviation. (***P < 0.001).

0.50T is applied to a zebrafish chamber for 24 h (Fig. 5a). After
application of the magnetic field, characteristic features associated
with apoptosis, such as morphological deformation of embryos and
caspase-3 activation®>, are examined at the 48 h post-fertilization
(h.p.f.) stage. Inspection of bright-field microscope images shows
that both the control and non-activated groups exhibit normal
ontogenic zebrafish embryo development (Fig. 5b(i,ii)). In contrast,
morphological alterations in the tail region are clearly observed
in images of the magnetically activated group (Fig. 5b(iii)). This
morphological change is visualized by determining the angle of
tail tip bending. For this purpose, a straight line is drawn along
the pronephros and the angles between this line and tail tip line
are measured in three different groups, as shown in Fig. 5c. The
magnetically activated group shows an approximately 3.5-fold
larger angle (about 22°) than that of the control and non-activated
groups (about 6°). This morphological change is proposed to be a
consequence of apoptosis signalling®. Besides, zebrafish embryos
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without zZAb—-MNPs injection are not affected by magnetic field
application alone (Supplementary Section S7).

To gain further evidence for the occurrence of apoptosis, the
location of zZAb—MNPs and the apoptosis signalling products are
examined using an optical method. zZAb—MNPs are fluorescently
labelled and the strong green fluorescence signal is observed in the
yolk for both the magnetically activated and non-activated groups
owing to residual zZAb—MNPs after the injection. Interestingly,
clumps of strong green fluorescence signal are seen in zebrafish
tail regions that are magnetically activated, whereas this region
of non-activated zebraﬁsh shows only a dispersed and weak
caused by the combination of hlgher OTR expression in the tail
region of zebrafish in a manner that is consistent with previous
observations®¢, and subsequent magnetic clustering of the OTRs.

The activation of caspase-3 at the tail region is confirmed
by using immunostaining. Both the control and non-activated
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groups of zebrafish embryos show no apparent signals associated
with active caspase-3 (Fig. 5e(i,ii)). In contrast, strong red spots
associated with active caspase-3 are clearly observed in the tail
region for the magnetically activated group (Fig. 5e(iii),f(iii)),
which match closely with the region of green fluorescence signal
of clustered zAb—MNPs. Note, the faint red signals seen for the
control and non-activated groups in this immunostaining process
are due to the naturally occurring mild apoptosis process of
zebrafish (Fig. 5f(i,ii)). The results of quantitative measurements
of active caspase-3 show that the magnetically activated group
has an approximately 6-fold higher fluorescence intensity level
than those of the control and non-activated groups (Fig. 5g). It
has been documented that a bent tail is regarded as one of the
most representative traits of apoptosis®?*®. Consistent with this, the
highly localized presence of OTR receptors, clustered MNPs and
activated caspase-3 in the lower part of the tail stem is likely to cause
the tail to bend up through localized apoptotic cell death in the tail.
The combined results demonstrate that the magnetic switch can be
effectively applied to in vivo live vertebrates.

In the study described above, we have demonstrated that
apoptosis signalling can be turned On in vitro and in a zebrafish
in vivo model by using a magnetic switch. Our magnetic switch may
be broadly applicable to any type of surface membrane receptors
that exhibit cellular functions on clustering. With apoptosis being
one of the main cancer research targets, the development of an
extrinsic apoptosis agonist that can avoid p53 mutation-induced
drug resistance is important and here our magnetic switch can serve
asa selective inducer'?. Likewise, the applications can be extended
to other clinically useful membrane receptors, such as the vascular
endothelial growth factor receptor for regenerative medicine®” and
the Toll-like receptor for immune potentiation®®. Although at an
early stage of development, the spatially and temporally controlled
magnetic switch system has the potential to be a useful tool for the
activation of various cell signals at the target region.
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