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NANOROBOTS

Intracellular manipulation and measurement with
multipole magnetic tweezers

X. Wang'?, C. Ho', Y. Tsatskis?, J. Law', Z. Zhang', M. Zhu'?, C. Dai’, F. Wang®, M. Tan®,
S. Hopyan*7, H. McNeill>®, Y. Sun'-%*

The capability to directly interrogate intracellular structures inside a single cell for measurement and manipulation is
important for understanding subcellular and suborganelle activities, diagnosing diseases, and developing new ther-
apeutic approaches. Compared with measurements of single cells, physical measurement and manipulation of sub-
cellular structures and organelles remain underexplored. To improve intracellular physical measurement and
manipulation, we have developed a multipole magnetic tweezers system for micromanipulation involving submicrom-
eter position control and piconewton force control of a submicrometer magnetic bead inside a single cell for measure-
ment in different locations (spatial) and different time points (temporal). The bead was three-dimensionally positioned
in the cell using a generalized predictive controller that addresses the control challenge caused by the low bandwidth
of visual feedback from high-resolution confocal imaging. The average positioning error was quantified to be 0.4 pm,
slightly larger than the Brownian motion-imposed constraint (0.31 pm). The system is also capable of applying a force
up to 60 pN with a resolution of 4 pN for a period of time longer than 30 min. The measurement results revealed that
significantly higher stiffness exists in the nucleus’ major axis than in the minor axis. This stiffness polarity is likely
attributed to the aligned actin filament. We also showed that the nucleus stiffens upon the application of an intra-
cellularly applied force, which can be attributed to the response of structural protein lamin A/C and the intracellular
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stress fiber actin filaments.

INTRODUCTION

Intracellular manipulation and measurement reveal the properties and
functions of structures and organelles inside a cell (I). For instance,
mechanical properties of the cell nucleus are directly linked to cardiac
disease (2) and cancer (3), the properties and organization of the cy-
toskeleton regulate cell migration and mitosis (4), and the properties of
endoplasmic reticulum (ER) control intracellular calcium storage and
regulation (5). Understanding subcellular and suborganelle activities,
diagnosing diseases, and developing potential therapeutic approaches
demand the ability to directly interrogate intracellular structures inside
a cell. Compared with measurements of single cells, physical mea-
surement and manipulation of subcellular structures and organelles re-
main underexplored.

Techniques for intracellular manipulation and measurement can
be classified into tethered and untethered approaches. Tethered tech-
niques, such as the use of a sharp micropipette (6) and atomic force
microscope (AFM) tip (3), are not suitable for long-term measure-
ment inside a cell or for performing measurements at multiple loca-
tions on an intracellular structure, because tethered tools must maintain
a hardware connection between the inside and the outside of the cell.
Among untethered techniques, optical tweezers (7) have a low force
output (less than 10 pN), and increasing laser power for larger force
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output (e.g., as required for deforming the cell nucleus) can cause
damage to the intracellular structures. Intracellular navigation was
demonstrated using acoustic tweezers to actuate gold nanorods (8).
Open-loop control resulted in poor positioning accuracy, and the
demonstration of intracellular positioning of a nanorod was limited
to two dimensionals. Only low forces below 1 pN were generated on a
nanorod of 3 pm in length and 300 nm in diameter. This level of
force is insufficient for performing mechanical measurements on in-
tracellular organelles. Further, increasing ultrasound power could
agitate the medium environment both inside and outside the cell
and may induce oxidative stress in the cells to manipulate (9).
Magnetic micromanipulation has recently undergone significant
advances and has been applied to drug delivery (10), assembly of tissue
constructs (11), and mechanical measurements (12) on the scale of
millimeters to micrometers for applications at the organ (13), tissue
(14), and cell (15) levels. As illustrated in Fig. 1A, a millimeter-scale
device was controlled to move inside the stomach (tens of centimeters)
for less-invasive imaging and biopsy (14); the OctoMag system navi-
gated a submillimeter device inside the eye (several centimeters) for
surgery (13); microswimmers were positioned inside the blood vessel
(several millimeters) to mechanically clear blood clogs (16, 17); and a
5-um magnetic bead was navigated within a mouse embryo (~100 pm
in diameter) for mechanical measurements on the inner cell mass (18).
Magnetic helical swimmers (termed nanomotors) were demonstrated
to navigate inside a cell (9). The helical swimmers’ motion was shown
to be sensitive to the local viscosity of the cytoplasm. These helical
swimmers were not capable of performing mechanical measurement
inside a cell because of low force generation. According to (19), to
generate a large enough force (e.g., 50 pN) for mechanical measure-
ment of intracellular organelles, a helical tail as long as 50 pm is
needed. To advance magnetic micromanipulation further for realiz-
ing the “fantastic voyage” inside a single cell and perform mechanical
measurements on intracellular organelles, a submicrometer magnetic
bead must be introduced into the cell, three-dimensionally positioned
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Fig. 1. Multipole magnetic tweezers system. (A) Applications of magnetic micromanipulation ranging from organ level (13, 14), tissue level (76, 17), to embryo level
(18) and single-cell level. (B) The multipole magnetic tweezers was integrated with a confocal microscope. Figures were adapted from (13, 74, 17, 18) with permissions.
(C) Picture of the intracellular multipole magnetic tweezers integrated with the microscope stage. (D) Imaging light path and illumination light path. (E) Mechanical
design of the multipole magnetic tweezers device. (F) Top stage includes yoke, three magnetic poles with three coils, and position control screws. (G) Bottom stage
includes yoke, three magnetic poles with three coils, and structures for integration with confocal microscope.

to desired locations inside the cell without being limited by the hetero-
geneous cytoplasm, and accurately controlled to apply subnanonewton
forces for intracellular measurements.

For intracellular manipulation and measurement, a magnetic bead
can be introduced into the cell via microinjection or endocytosis. When
magnetized, the bead can be navigated three-dimensionally inside
the cell and controlled to apply forces onto intracellular structures.
However, traditional single-pole magnetic tweezers are only capable
of generating one-directional attractive force. In addition, traditional
magnetic tweezers require magnetic beads to be attached on the sur-
face of a sample. For example, a magnetic microbead was attached to
the surface of an isolated cell nucleus and was vibrated for studying
nucleus stiffening (12). For improved maneuvering of force direc-
tionality and bead positioning, a two-dimensional (2D) magnetic
tweezers instrument was developed, where force could be exerted on
amagnetic bead toward each of the three magnetic poles (20). To extend
magnetic tweezers from 2D to 3D, a 3D multipole magnetic tweezers
device was developed (21). For this device, when force directionality was
controllable, the force output would be below 0.5 pN for a submicrometer
magnetic bead. In addition, open-loop control of the device, as re-
ported in (21), cannot achieve 3D position control and force control,
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preventing it from performing mechanical measurement on a specific
intracellular structure.

To realize 3D intracellular manipulation and mechanical measure-
ment, challenges in high-resolution imaging, submicrometer position
control, and subnanonewton force control must be addressed. For in-
stance, image feedback needs to be obtained from 3D imaging tools,
such as a confocal microscope. The subcellular imaging resolution has
a low feedback rate, posing difficulties in the dynamic control of a sub-
micrometer bead. This limitation is exacerbated by the complex intra-
cellular environment, such as the many filaments in the cytoplasm,
making visual detection and tracking as well as control of the submi-
crometer bead difficult.

This paper presents a multipole magnetic tweezers system with
unique capabilities. The multipole magnetic tweezers system was
integrated onto a confocal microscope, enabling the control of a sub-
micrometer magnetic bead inside a cell with high-resolution visual
feedback. A generalized predictive control (GPC) algorithm was devel-
oped to account for bead dynamics and the low-bandwidth, high-
resolution visual feedback. Visual tracking of the bead and intracellular
structures with force control enabled bead navigation and intracellular
measurement. The calibrated system was experimentally demonstrated
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to be capable of 3D-positioning a 0.7-um magnetic bead and applying
forces up to 60 pN with a resolution of 4 pN. The magnetic bead was
controlled to apply forces to different locations of the cell nuclear envel-
ope. The measured force-deformation data revealed that the cell nucleus
in the major axis is significantly stiffer than in the minor axis in human
bladder cancer cells (T24). The quantified heterogeneity of nuclear me-
chanics showed the polarity of nuclear mechanics in intact cells.
Enabled by the system’s capability of temporal measurement, our
experiments also deciphered that the cell nucleus stiffens under intra-
cellular applied force in intact cells.

RESULTS

Design of a multipole magnetic system for intracellular
navigation and measurement

Our multipole magnetic tweezers device consists of six magnetic
poles with six coils (Fig. 1, B and E). Three coils and three poles were
fabricated into the top stage; three coils and three poles were em-
bedded into the bottom stage (Fig. 1, C and G). The multipole mag-
netic tweezers generated a large magnetic gradient by sharp pole tips
(tip radius, <1.5 pm) made from high-permeability foil (Silicon Iron,
MusShield). When current was applied to the coils, the magnetic
beads (FCM-0856-2, Spherotech; bead size measured as 0.698 +
0.007 um for 20 beads imaged using a scanning electron microscope;
permeability, 0.35 henries/m) in the workspace were magnetized and
actuated. The design aimed to achieve 3D navigation of a submi-
crometer magnetic bead inside a cell and apply a force larger than
50 pN to deform the cell nucleus. The bead size was chosen to be
0.7 pm in diameter, considering the cell viability and success rate
of introducing bead into the cell through endocytosis (shown in
fig. S1). The target force was chosen as 50 pN, a force that is sufficient
for deforming the cell nucleus.

According to the scaling law of magnetism, the magnetic gradient
pulling force scales with volume and hence decreases by a power of
three as the dimension of the target (i.e., bead) decreases in the mag-
netic gradient field. Meanwhile, magnetic gradient decays by a power
of four with the distance between the magnetic pole and the bead to
manipulate. The size of the magnetic bead was set to be in the sub-
micrometer scale (0.7 um in diameter) for easier introduction of the
bead into a cell through endocytosis and for achieving a high cell vi-
ability (shown in fig. S1). To compensate for the scaling down of the
magnetic force with the small bead size, we designed the distance
between the magnetic pole tip and the manipulated magnetic bead
to be small (150 um) to use the scaling law for larger magnetic force
while ensuring a large enough workspace for seeding and imaging
cells. Compared with the multipole magnetic tweezers we previously
developed for manipulation inside a mouse embryo (18) (bead size,
5 um; maximum force, 120 pN), the distance between the pole and the
bead was decreased from 400 to 150 um in this new design. In addition
to the distance between the pole tip and the bead to manipulate, driving
current was designed to be 5 A, and coil turns set as 80 turns. The
design parameters of the pole distance, currents, and coil turns (table S1)
were simulated in ANSYS Maxwell before device construction, with field
distribution and force map shown in Fig. 2 (A and D). The results showed
that the maximum magnetic force exerted on a 0.7-um magnetic
bead is 66.2 pN within a workspace of 40 pm by 40 um by 20 um.

The close distance between poles required precise alignment and
adjustment. For top and bottom stages, the poles were assembled
onto an acrylic plate separately with alignment marks engraved by
laser cutting. Following the alignment marks, poles on the same stage
were positioned on the acrylic plate to ensure in-plane alignment accu-
racy. Then, the acrylic plates were mounted with yokes by jigs to form
the integrated top and bottom magnetic circuits to strengthen the field.
The jigs push magnetic poles against the yoke for close surface contact

A B 100
3.6mT . g 80 4
[
S 60
kel
(8]
B = 40
S
. 20
£
0
1.5mT -30 -20 -10 0 10 20 30
X (pm)
C calibrated force simulated force E force error
60 pN N unit: um N unit: ym 5% N, unit: um
g A
20 I 204
Fmag | 10
- - 10
20 pN 00 10 L5 % 0 10 20 0

Fig. 2. Magnetic force simulation and calibration. (A) Multiple 0.7-um beads were introduced into the workspace for force quantification in different positions. All
beads moved toward the +X direction when a magnetic force was applied toward +X. (B) Calculated magnetic force in +X fitted into the magnetic force model (Eq. 1).
The dots show the experimentally measured force, and the line shows the force model calculated force. (C) 3D magnetic field constructed by experimental results on
different focal planes. (D) Finite element simulated magnetic force exerted on the bead. (E) Force error map in the workspace of 40 um by 40 um by 20 um.
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to reduce magnetic reluctance. Besides the alignment of the three poles
on the top or bottom stage, the alignment of poles between top and
bottom stages and the distance between the two stages must also be
controlled and adjusted. The top stage contains two horizontal ultrafine
adjustment screws for adjusting the top yoke and poles translationally in
the X-Y plane to align the top layer poles with the bottom layer poles. By
using the vertical ultrafine adjustment screw, the top stage can be moved
up and down precisely, whereas three linear guides keep the top and
bottom stages parallel to each other. The distance between the poles
and stages was calibrated using a micromanipulator (MX7600, Siskiyou
Inc.) with a positioning accuracy of 1 um.

The device was integrated onto the stage of a standard confocal
microscope (Fig. 1, B and C; Nikon C2 confocal microscope), which
provides image feedback for bead position and force control. Cells
were grown on a coverslip and put onto the sample holder between
the top and bottom stages of the magnetic tweezers device. The laser-
cut hole in the center of the bottom stage enables close contact be-
tween the coverslip and the objective lens (Fig. 1D). Laser only passes
through the coverslip, ensuring high-quality imaging. The cell had a
0.7-um magnetic bead introduced inside the cell, and the nucleus
was fluorescently labeled (SYTO 9, Thermo Fisher Scientific).

Magnetic force modeling, bead dynamics, and

force calibration

The magnetic field model reported in (22) related the normalized
force, normalized current, and bead positions, enabling 3D position
control. However, the model lacked a description of force quantifica-
tion. We previously presented a model with force quantification and
took into account the bead momentum change over time (18). How-
ever, when the size of the bead scales down below a micrometer, the
momentum change (10™'° kg-m/s) of the bead becomes negligible be-
cause of the small mass compared with piconewton-level magnetic
force and fluidic force. Thus,

500
! X x
F = kil o> VITNOI + kil i | 0 70|y (1)
32| L#
00

0
where F is the generated magnetic force, k; is a linear factor,

AT
Imax is the maximum driving current in the coils, I =
I I 1 I I 1
! 2 & = > | Nyisa six-by-six matrix
Imax Imax

Imax Imax Imax Imax

reflecting the structure and magnetic reluctance of the device as
derived in (22), and s the distance from the hypothesized magnetic
charge representing the poles and workspace center, which is further
calibrated with k;.

When the current is applied in the coils for bead actuation, the
magnetic bead is subjected to a magnetic force, fluidic drag force,
buoyancy, and gravity.

F — 6mnrv + Fyyoyance — G = ma (2)
where 1 is the viscosity of the medium, v is the speed of the microbead,
6mnry is fluidic drag force, Fyuoyance is buoyant force, G is gravity, and
a is acceleration. The magnetic force and fluidic drag force are in
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the scale of 10> N, whereas gravity and buoyancy are in the scale of
107" N. In addition, because the mass of the bead is small (107" kg),
the large acceleration (initially 10 m/s*) increases velocity rapidly,
increasing the fluidic drag force and resulting in the balance of
magnetic force and fluidic drag force. Thus, Eq. 2 is rewritten into

kiVI'NoI + kil o KP — 61rP = 0 (3)
whereP =[x y z]"is the position of the bead in three dimensions
and K is the three-by-three matrix shown in Eq. 1.

Experimentally, the generated magnetic force was calibrated through
moving 0.7-pum beads in 200 mPa-s silicone oil (Brookfield). According
to bead dynamics in Eq. 3, magnetic force was also quantified by
calculating the balancing fluidic drag force. Multiple beads were intro-
duced into the workspace. Input currents (2.6, —1.0, —0.6, —1.0, 0.6, and
-0.6 A) generated a force of 40 pN in the workspace center along +X
(Fig. 2A), according to the force model in Eq. 1. By measuring the ve-
locity of each bead and calculating their fluidic drag force, the magnetic
force on the beads was also quantified experimentally.

The magnetic force model (Eq. 1) shows that magnetic force depends
on bead position and driving current in each coil. As shown in Fig. 2B,
the linear factors k; and /in Eq. 1 were experimentally calibrated by fitting
the calculated magnetic force, driving currents, and bead positions. The
same calibration procedure was repeated for the Y and Z directions. The
calibration process was then repeated for different focal planes, resulting
in a model-fitted experimental 3D magnetic force field (Fig. 2C).

Magnetic field generated in the workspace was also simulated in
ANSYS Maxwell. Using the structure and magnetic properties (per-
meability and reluctance) of the device and inputting the same driving
currents as used in experiments, we calculated in simulation magnetic
force exerted on a 0.7-pum magnetic bead. Figure 2D shows the simu-
lated magnetic force field on the same three planes as in experimental
calibration. Subtraction between simulation-calculated force values
and model-fitted experimental force values (Fig. 2E) is the force quan-
tification error due to the nonlinearity of the magnetic field. Within
the workspace of 40 um by 40 um by 20 um, the error is within 5% of
the simulated force value. The bead size variance and the nonlinearity
of the field account for the 5% error in Fig. 2E. Force calibration con-
firmed that the system was capable of generating a maximum force of
60 pN with a resolution of 4 pN. The force resolution was quantified
by the root mean square deviation between experimentally measured
force (dots in Fig. 2B) and model-fitted force (fitted line in Fig. 2B).

Position control of the submicrometer magnetic bead

The bead position is controlled through controlling the driving cur-
rents in the coils, based on visual feedback from the confocal micro-
scope. Brownian motion poses difficulties to the position control of a
submicrometer bead. It was measured in phosphate-buffered saline
that, for a 0.7-um bead, the average mean square deviation between
two successive images was 0.31 = 0.07 pm (n = 5 beads) without
magnetic force applied, indicating that the theoretically smallest
positioning error to be about 0.31 um for a 0.7-um bead. Considering
the random thermal force that induces Brownian motion, bead dy-
namics in Eq. 3 is rewritten as

Fmag - Fthermal = mP + 675an (4)

where Fy,ermar is the random thermal force depending on bead size
and environmental temperature. On the basis of the fluid drag force
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during Brownian motion tracking for 5 min, its magnitude was ex-
perimentally quantified to be about 3 pN. mP is the inertia of the
bead, which is negligible because of the bead’s small mass. The
scaling down of bead size causes bead mass to scale down by a factor
of three. The small mass leads to small inertia. Thus, small force dis-
turbance induces large deviations in bead position, based on Eq. 4.
To overcome the force disturbance from the thermal force, the bead
position control constraint that must be imposed to overcome the
random thermal force is

|Finag| > mean(|Fipermal|) + 30 (5)

Considering the limit of the device’s force output of 60 pN, force
constraint was set as [6 pN, 60 pN], based on which controller output
constraint (current) was calculated using Eq. 1.

In addition, visual servoing alone [or proportional-integral-derivative
(PID) controller alone] using the low visual feedback rate (1 to 4 frames/s)
of laser scanning confocal microscopes cannot achieve position control
with errors less than the diameter of the submicrometer bead, because
the large sampling time leads to large overshoot and longer settling time
(detailed in the Supplementary Materials). To address the challenges
posed by the large sampling time, we used GPC for bead position con-
trol, which predicted bead positions between two successive frames of
images (fig. S2). GPC used the bead dynamics described in Eq. 4, as well
as bead position and velocity from the previous frame of image, to pre-
dict bead position and velocity for N times within one sampling period
T.. Compared with other model-based predictive control methods,
GPC provides analytical solutions with weighting of control increments
in the cost function (23, 24), making it suitable for controlling our sys-
tem that has low inertia and long sampling time.

With the control constraint for magnetic force (Eq. 5; large enough
to dominate thermal force while smaller than maximum force gener-
ated by the system) during bead navigation, current output was cal-
culated by the GPC controller to control the bead position (eq. S7).
Experimental step responses showed that GPC had a smaller overshoot
(0.75 um versus 1.27 um) and shorter settling time (1.1 s versus 4.3 s)
than PID. The waypoint trajectory tracking of the 0.7-um magnetic
bead revealed an average deviation of 0.43 um from the trajectory in cell
medium (fig. S3 and table S2), which is smaller than the diameter of the
magnetic bead.

Intracellular spatial measurement of nuclear

mechanics polarity

Directional cell migration accompanied by cell polarization is key to
the progression of aggressive cancers, such as melanoma (25). In cell
migration, the nucleus contributes to the establishment of the polar-
ized, directional profile of migrating cells (26). It has been found that
cell polarization and directional migration require the reorientation
of the nucleus, which temporally restricts nuclear rotation that aligns
the nuclear major axis with the direction of cell migration (27). It has
been long hypothesized that the nuclei of polarized cells were also
mechanically polarized (28, 29); however, nuclear mechanics in dif-
ferent regions of the nucleus remains unknown because of the lack of
tools for performing mechanical measurements on different loca-
tions of the cell nuclei in intact cells (30).

In our experiments, we introduced a magnetic bead into the cell
(bladder cancer cell, T24) through endocytosis (text S4) and controlled
its movement from its initial position to a target location on the major
axis (Fig. 3C) or minor axis (Fig. 3D) of the cell nucleus. With the GPC
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controller, we achieved an average position deviation of 0.53 pm from
the designed path inside the cell (fig. S4 and movie S3). The slightly
larger deviation in the intracellular environment than in cell medium
(0.53 um versus 0.43 um) may be caused by the complex intracellular
environment with cytoskeleton structures and by force disturbances
from intracellular force generation motors, such as myosin-II. When
the bead reached the target position on the cell nucleus, the system
applied a 50-pN force in the direction aligned with the major or minor
axis. The applied magnetic forces and nuclear deformations, recorded
with an imaging resolution of 200 nm (1 frame/s) and tracking reso-
lution of 0.2 pixel, were fitted into the Hertz model to calculate the ap-
parent Young’s modulus, as shown in Fig. 3E. The results (n = 10 cells)
summarized in Fig. 3F show that the cell nucleus along its major axis is
significantly stiffer than along its minor axis (1.49 + 0.30 kPa versus
1.07 + 0.18 kPa; P = 0.0017). Each measurement was repeated three
times. We waited (3 min) between each repeated measurement to en-
sure that the deformation on the cell nucleus fully recovered before the
next measurement was made. The sequence of measurements along
either major or minor axis was randomly selected via completely ran-
domized design to avoid potential experimental biases between major
and minor axes.

The higher apparent Young’s modulus along the cell nucleus’ ma-
jor axis demonstrates the polarity of nuclear mechanics under intra-
cellularly applied forces. To understand this polarity, we disrupted
the major component of the cytoskeleton actin filaments and micro-
tubules with use of anticytoskeletal drugs. After the cells were treated
with the anticytoskeletal drugs, cytochalasin D (CD, which disrupts
actin filaments), and nocodazole (NC, which disrupts microtubules),
we validated drug effects by staining (Fig. 3, H to ]). Nuclear mechan-
ics was then measured along the major and minor axes, and the po-
larity ratios (defined as the apparent Young’s modulus along the
major axis over the apparent Young’s modulus along the minor axis)
for different groups were determined. As shown in Fig. 3G, CD treat-
ment significantly decreased the polarity ratio (control versus CD
treated, 1.34 + 0.19 versus 1.11 + 0.13; P = 0.008), indicating signif-
icant changes of the polarity of nuclear mechanics after actin disrup-
tion. As shown in Fig. 3 (H to J) and fig. S6 (A to C), actin filaments
largely aligned along the direction of the cell nucleus’ major axis in
the control group (arrows in the first image of Fig. 3H and fig. S6A),
whereas CD treatment largely disrupted the alignment of actin fila-
ments (see the second and fourth images of Fig. 3H and fig. S6A).
Because actin filaments are tethered on the cell nucleus and provide
tension (20), the polarized mechanical properties of the cell nucleus,
as revealed by our measurements, are likely attributed to the polar-
ized distribution of actin filaments. After CD treatment, the polarity
ratio (1.11 + 0.13) was marginally larger than one (P = 0.0276). The
remaining polarity might be caused by the actin filaments that were
not completely disrupted by CD treatment. Although microtubules
play a significant role in determining nuclear shape during cell mitosis
(31, 32), in the nonmitotic cells measured in our experiments,
knocking down microtubules by NC treatment showed no clear change
in nuclear size or shape, as shown in Fig. 3] and fig. S7. Our data also
showed that the polarity of nuclear mechanics was not altered when
microtubules were knocked down (control versus NC treated, 1.34 +
0.19 versus 1.43 + 0.18; P = 0.25; Fig. 3G).

Enabled by the 3D manipulation capability of the system, we fur-
ther conducted cell nucleus polarity measurements in two different
Z planes to investigate whether nuclear polarity exists along different
heights of the nucleus. As shown in Fig. 4A, we first controlled the
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Fig. 3. Spatial measurement of nuclear mechanics polarity. (A) Polarity of nuclear mechanics. (B to D) Magnetic bead introduced into the cell via endocytosis was
moved from its initial position to target positions on cell nucleus. The bead’s trajectory inside the cell is shown as the red line in (C). (E) Experimentally measured nuclear
deformation over time. (F) Apparent Young’s modulus measured from the minor and major axes of the cell nucleus. n = 10, error bars: std., P = 0.0017. (G) Experi-
mentally measured polarity ratio, defined as the apparent Young’s modulus measured along the major axis over that measured along the minor axis, of 724 cells. The
control group was treated with the drug solvent dimethyl sulfoxide (DMSO). n = 10, error bars: std. SD, *P = 0.008, P = 0.25 (N.S.), **P = 0.03. (H to J) Drug treatment
effects in T24 cells. (H) Actin staining showed that the CD treatment disrupted the alignment of actin filaments (second and fourth images). (I) Staining of tubulin, the
structural protein of microtubules, showed that microtubules were significantly knocked down after NC treatment (third and fourth images). (J) Costaining of nucleus,
actin, and tubulin showed that the major axis of the cell nucleus aligned with actin filaments (first and third images), whereas the CD treatment disrupted the alignment
of actin filaments (second and fourth images).
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magnetic bead to navigate onto the nucleus to perform mechanical
measurement along the major and minor axes in one focal plane. We
then levitated the bead to another focal plane by 0.5 um to conduct
measurements along major and minor axes of the same cell, whose
nucleus was about 2 um in height. The results showed that mechan-
ics polarity exists in both planes, and no significant difference was
found between the two Z planes measured (polarity ratio in plane
1 versus plane 2, 1.38 + 0.25 versus 1.34 + 0.25).

Intracellular temporal measurement of nuclear stiffening
Mechanosensitive stiffening is important for the cell nucleus to with-
stand forces and protect chromatin from large nuclear deformation,
which can induce epigenetic changes (33). Recent studies on isolated
cell nuclei showed that lamin reinforcement and emerin phosphoryl-
ation stiffen the isolated nuclei when subjected to force (12). However,
the effect of the aggressive nucleus isolation process on nuclear me-
chanics is unknown, and the cytoskeleton effect was not accounted
for because the cytoskeleton was completely removed in the nucleus
isolation process.

To understand nuclear stiffening in intact cells, repeated loading
needs to be applied on the nuclear envelope inside an intact cell, a task
that cannot be achieved by existing techniques. For instance, AFM is
only able to apply repeated forces on an isolated nucleus, and single-
pole magnetic tweezers are incapable of maintaining the same me-
chanical load when the bead position changes during measurement.
Using the temporal measurement and force control capabilities of
our intracellular manipulation and measurement system, we next
measured the nuclear mechanics of RT4 cells (early-stage bladder
cancer cells) and T24 cells (late-stage bladder cancer cells) multi-
ple times.

In experiments, the bead introduced into a cell through endo-
cytosis was controlled to move from its initial position to a target
position on the cell nucleus using GPC position control. When the
bead reached the target position, the bead was controlled to apply a
50-pN force on the nucleus in the direction aligned with the major
and minor axes (Fig. 5A) for 30 s. The force was then released, and
deformation was allowed to recover for 30 s. As shown in Fig. 5B, 30s
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for force application and 30 s as the intervals between force applica-
tions were sufficient for nuclear deformation to reach equilibrium.
After 30-s deformation recovery from the previous loading, the same
50-pN force in the same direction was applied at the same location on
the nuclear envelope for 30 s and then released. This process was re-
peated five times during which the bead positions were recorded with
an imaging resolution of 200 nm with a frame rate of 1 frame/s
(Fig. 5B).

The magnetic force was maintained as 50 pN during force appli-
cation through controlling the current in each coil on the basis of the
visual feedback of the bead position. The average force error was
determined to be 3.29 pN, which was close to the thermal distur-
bance of 3 pN. The deformation of the cell nucleus decreased from
the first measurement to the fifth measurement by about 71% under
the same loading of 50 pN, quantitatively describing nucleus stiffen-
ing induced by intracellularly applied force in intact cells. We fitted
the applied 50-pN magnetic force and the measured nuclear defor-
mation into the standard linear solid viscoelastic model to quantify
the effective elastic modulus and viscosity. The results showed that
the effective elastic modulus increased with the number of cycles of
force application (Fig. 5, D and F), whereas the viscosity value of the
cell nuclei remained unchanged (Fig. 5, E and F). Because chroma-
tin inside the cell nucleus largely determines the nucleus’ viscosity
(34, 35), our data indicate that the occurrence of nuclear stiffening
can be independent of chromatin changes.

To understand the role played by major nuclear envelope proteins
and cytoskeletal structures in nucleus stiffening, we first knocked down
the major nuclear structure protein lamin A/C via small interfering
RNA (siRNA) treatment (Fig. 5G) and validated this by Western blot
(Fig. 5]). The stiffening ratio, defined as the apparent Young’s modulus
of the fifth measurement over that of the first measurement, signifi-
cantly decreased after knocking down lamin A/C (control versus si-
lamin A/C, 1.17 + 0.07 versus 1.09 £ 0.05; P = 0.0007), indicating less
nucleus stiffening. This result supports the potential mechanism that
local reinforcement of the lamin A/C filament network underneath the
nuclear envelope stiffens the cell nucleus (12). Similar to many bio-
polymer networks, lamin filaments may have reorganized to align with
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Fig. 4. Nuclear mechanics polarity in different Z planes. (A) Schematic of nuclear polarity measurement along the major and minor axes of the cell nucleus in
two different Z planes. (B) Representative raw images of nuclear polarity measurement, corresponding to the schematic shown in (A). White circles indicate bead loca-
tions. (C) The measured apparent Young’s modulus results reveal that the major axis is significantly stiffer than the minor axis in both plane 1 and plane 2. n = 10 cells, error

bar: SDs, *P < 0.001, **P < 0.001.
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Fig. 5. Temporal measurement of nuclear stiffening. (A) The repeated application of 50-pN force on the nuclear envelope while nucleus deformation was recorded over time.
(B) Magnetic bead displacement during force application and release. The force was applied on the nuclear envelope and released for the nucleus deformation to recover.
Repeated loading and recovery was repeated five times in each measurement. Data were interpreted with the standard linear viscoelastic solid model shown in (C). (D and
E) Effective elastic modulus and viscosity were quantified for each of the five measurements. (F) The fold change of effective elastic modulus and the viscosity after five cycles for
force application and release. n = 10 cells, error bar: SD. The effective elastic modulus fold change is significantly larger than 1; one-sample t test, *P = 0.0003. The viscosity fold
change showed no significant difference compared with 1; one-sample t test, P = 0.38. (G to ) Stiffening ratio is defined as the ratio of effective elastic modulus of the fifth
measurement over that of the first measurement. (G) T24 cells after knocking down the nuclear envelope structural protein, lamin A/C via siRNA treatment. n = 10, error bar:
std., *P=0.0007. (H) T24 cells after anticytoskeleton drug treatments. n = 10, error bar: std., *P = 0.0002, P = 0.60 (N.S.). (I) Comparison of stiffening ratio, T24 versus RT4 cells.
n =10, error bar: std., *P = 0.04. (J) Western blot showing the lamin A/C expression after siRNA treatment, validating the knockdown effect. (K) Western blot showing

lamin A/C and cytoskeleton differences between RT4 and T24 cells. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used as control.

the force application direction for strain stiffening (36-39). In addi-
tion, the cells were treated with anticytoskeleton drugs, CD and NC,
to disrupt the major cytoskeletal structures, actin filaments and micro-
tubules, respectively (figs. S6 and S7), and intracellular mechanics
measurements were repeated. The results showed that CD treatment
induced significant decrease of the stiffening ratio (control versus CD
treated, 1.17 + 0.07 versus 1.08 + 0.06; P = 0.0003; Fig. 5H), whereas no
significant decrease of the stiffening ratio occurred after NC treat-

Wang et al., Sci. Robot. 4, eaav6180 (2019) 13 March 2019

ment. On the basis of the results from lamin A/C knockdown and
anticytoskeleton drug treatments, both lamin A/C and actin fila-
ments play important roles in the stiffening of the cell nucleus.
Furthermore, we also measured both early-stage (RT4) and late-
stage (T24) human bladder cancer cells by the multipole magnetic
tweezers system and compared them with RT4 cells. T24 cells showed
a significantly smaller stiffening ratio than RT4 cells (T24 versus RT4,
1.16 = 0.07 versus 1.22 + 0.05; P = 0.04; Fig. 5F), suggesting less
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stiffening of T24 nuclei than RT4 nuclei. Western blotting revealed
significantly less lamin A/C and less actin filaments in T24 than RT4
cells (Fig. 5K), which is consistent with many types of cancer cells that
express less lamin A/C and actin as they develop into late stages (40, 41).
The lower stiffening effect in T24 nuclei than in RT4 nuclei, which cor-
relates well with the observed lower expression levels of actin filaments
and lamin A/C in T24 cells, further supports that the stiffness of the cell
nucleus may stem from lamin A/C and actin filaments.

DISCUSSION

The intracellular manipulation system enables submicrometer posi-
tion control and piconewton force control of a submicrometer mag-
netic bead inside a single cell. With a generalized predictive controller,
the system achieved an average positioning error of 0.4 pm for posi-
tion control of a 0.7-um magnetic bead, which enabled the navigation
of the submicrometer magnetic bead to different locations inside the
cell. The system is capable of exerting forces to the magnetic bead up to
60 pN with a resolution of 4 pN, which was characterized through
modeling, simulation, and experimental calibration. Position and
force control together enabled spatial and temporal mechanical mea-
surements on the nucleus of an intact cell.

Existing magnetic micromanipulation techniques (42) are in-
capable of efficient 3D control of an object below 1 um, as required
for intracellular measurement, because of poor magnetic force scaling
and/or lacking the capability of applying an accurately controlled
force. Systems using torque-generated forces would require a long heli-
cal tail of over 100 pm to exert a force of tens of piconewtons, making
them unsuitable for measurements inside a cell (~20 um in diameter)
(43-45). Gradient pulling forces can be generated by a number of
magnetic field configurations (46-50). Because the gradient-generated
force scales down with the bead size by a factor of 3, the magnetic force
exerted on a 1-pm magnetic bead is less than 1 pN (table S3). Con-
ventional magnetic tweezers are single poled. Although they are capa-
ble of generating large forces (e.g., tens of piconewtons), the single-axis
actuation nature makes the technique incapable of positioning a
magnetic bead arbitrarily in the 3D workspace. Compared with other
3D magnetic micromanipulation systems, our new system is capable
of generating forces as high as 60 pN on a 0.7-um bead, navigating the
bead to any location inside a cell, and performing intracellular me-
chanical measurements.

Our experimental results showed that a significantly higher stiff-
ness exists in the cell nucleus’ major axis than in the minor axis. In cell
migration, actin filaments align with the migration direction (27); the
aligned actin filaments may provide stronger tethering in the major
axis of the nucleus for restricting the rotation of the cell nucleus
(51). The stronger tethering in the aligned direction of actin filaments
potentially explains the polarity of the nuclear mechanics, which was
significantly disrupted after actin filaments were knocked down. Our
results also revealed that an intracellularly applied force induced the
stiffening of the cell nucleus. The elastic modulus and the viscosity of
the cell nucleus measured using the multipole magnetic tweezers are in
agreement with previously reported values (12, 34, 52). The force ap-
plied on the cell nucleus could trigger epigenetic changes within the
nucleus, including changes in chromatin structures, protein-chromatin
bindings, and transcription factor bindings (53). Compared with the
early-stage human bladder cancer cells RT4, the late-stage T24 cells ex-
hibited significantly less stiffening upon force application on the nucle-
us, indicating that T24 cells would have larger nuclear deformation

Wang et al., Sci. Robot. 4, eaav6180 (2019) 13 March 2019

when subjected to repeated mechanical stimulation, which cancer cells
experience during metastasis when they travel through confined spaces
(54, 55). Larger nuclear deformation could potentially induce gene mu-
tations to facilitate metastasis (56).

The creep response of isolated cell nuclei showed that the isolated
nucleus stiffens under force application (12). Isolated nuclei and
nuclei in intact cells are known to exhibit distinct mechanical prop-
erties; i.e., the isolated nucleus has lower elastic modulus and lower
viscosity than the intact nucleus of the same cell type (57-59). The
tethering from the cytoskeleton onto the nuclear envelope increases
the elastic modulus by providing mechanical support to the cell nu-
cleus and increases the viscosity of the nucleus by providing cushion
effects to the cell nucleus when subjected to an extracellular force
(59). Besides the loss of the cytoskeleton, isolating the cell nucleus
also disturbs the normal lamin architecture and the chemical com-
positions of nucleoplasm and cytoplasm (60, 61). Although the cy-
toskeleton effect was lacking in the stiffening of isolated nuclei
reported in (12), our experiments were performed on nucleus in in-
tact cells and revealed the cytoskeleton effect on nucleus stiffening
(Fig. 5H). Knocking down actin through CD treatment, the stiffen-
ing ratio decreased by about 10% (control versus CD treated, 1.17 +
0.07 versus 1.08 £ 0.06; P = 0.0003), but no significant decrease of the
stiffening ratio occurred after knocking down microtubules through
NC treatment.

Our system enables both spatial and temporal intracellular mea-
surement, providing a powerful platform technology for single-cell
analysis. It permits cell mechanics and mechanotransduction to be
studied at different locations inside an intact cell and at different
time points during a cellular process (e.g., migration and mitosis).
The capability of applying precise intracellular forces circumvents
the cytoskeleton and directly exerts forces on the cell nucleus. Besides
biophysical measurement, the submicrometer magnetic bead can also
be chemically functionalized (e.g., with pH-sensitive or Ca**-sensitive
fluorophores) for intracellular biochemical sensing (62, 63).

In our system, the close distance between magnetic poles was nec-
essary for generating a force as large as 60 pN on a submicrometer
magnetic bead, which also results in a small workspace. The small
workspace limits the number of the cells to be imaged and measured.
To overcome this limitation, we designed the device with a top stage
and a bottom stage, between which a coverslip cultured with cells can
be moved freely to bring more cells into the workspace of the device
and the field of view of the microscope for measurement. The close
distance between poles also poses challenges for accurate alignment
of the poles. Unbalanced pole pairs would drag the magnetic bead
toward the stronger pole, which could further limit the size of the
workspace. In our design, adjustments were made with ultrafine ad-
justment screws and micromanipulators, and the magnetic poles were
assembled/aligned with an accuracy better than 1 pm. This accuracy
can be further improved by directly forming magnetic poles via sput-
tering and microfabrication.

The system’s positioning capability is limited by the imaging reso-
lution and sampling frequency of the laser scanning confocal micros-
copy. The multipole magnetic tweezers device could be integrated
with more advanced imaging techniques, such as super-resolution
structured illumination microscopy (64) for better imaging resolution
(e.g., from 200 to 120 nm) and a higher sampling frequency (e.g., from
1 to 4 to 30 Hz). In addition, for tasks that require the targeting of a
specific protein [typically <20 nm (65), such as Nesprin], visual servo
position control could readily navigate a submicrometer magnetic
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bead to the vicinity of the target, and then protein-protein interactions
between the antibody coated on the magnetic bead (e.g., anti-Nesprin
antibody) and the target protein (Nesprin) could bind the bead accu-
rately to the target protein, beyond the limit imposed by the 120-nm
imaging resolution.

MATERIALS AND METHODS

Study design and statistical analysis

The experiments (Figs. 3 to 5) were designed to prove the polarity of
nuclear mechanics and the stiffening of the cell nucleus. The sample
size was chosen larger than 10 cells to cover the variance among the
cells. Drug treatment, immunofluorescent staining, siRNA treatment,
and Western blot are detailed in the Supplementary Materials (text S4).
The staining and Western blot were replicated three times.

The polarity ratio and the stiffening ratio were reported as means +
SD. Comparisons of each group were conducted by one-way analysis
of variance (ANOVA) and Student-Newman-Keuls test for pairwise
comparisons in JMP. The statistical significance in each comparison
was evaluated as P < 0.05 for significance level.

Device fabrication and assembly

The 3D magnetic tweezers consist of six magnetic poles with sharp tips
(three poles placed in one plane and the other three poles placed in a
different plane), a magnetic yoke, and coils. To achieve a large mag-
netic field gradient, we made the magnetic poles of high-permeability
foils (Silicon Iron, MuShield) and fabricated the tips by electric dis-
charge machining (Sodick AD325L CNC Wire EDM; tolerance, +5
pum). The magnetic yoke were fabricated through CNC machining
with a tolerance of £0.1 mm. Coils (Magnetic Wire, gauge 14,
Digi-Key) were wired onto the cores on the yoke. The magnetic poles
were assembled onto acrylic plate with alignment marks engraved by
laser machining under a microscope to ensure the alignment of each
pole pairs within the same stage (either top stage or bottom stage).
After assembling the top stage and bottom stage separately, we
adjusted the alignment between the top and bottom stages by tuning
the upright ultrafine adjustment screw on the top stage for Z-axis
alignment and by tuning the two other ultrafine adjustment screws
on the side of the top stage for X-Y alignment. Three linear shafts
and three linear ball bearings were integrated to ensure that the top
stage and the bottom stage were parallel to each other. The tempera-
tures on the magnetic coil, magnetic pole, and workspace were
measured in the highest current setting during 5-min experiments
(longest duration for measuring nucleus stiffening). The coil tempera-
ture increased from a room temperature of 22.6° to 26.9°C, the pole tip
temperature slightly changed from 22.7° to 24.7°C, and the workspace
temperature increase was negligible, from 22.6° to 22.8°C.

Viscoelastic model

The standard linear viscoelastic model is commonly used for describing
viscoelastic properties of cellular structures because it describes both
time-variant (the dashpot) and time-invariant (the spring) relationships
between stress and strain (12, 57). For a viscoelastic material like the cell
nucleus, the compliance in the standard linear solid model is

](t):g:EilJrEiz(l—e*%) (6)

where G is stress, € is strain, T = 1/E, is the viscosity of the sample, 1 is
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the viscosity, and the effective elastic modulus equals
placement of the bead is

EE, .
i .The dis

(H)F (7)

1
displacement () = po J

where r is the radius of the magnetic bead (r = 0.35 um) and F is the
force applied in experiments (F = 50 pN).

According to the standard linear solid viscoelastic model, visco-
elastic deformation recovers with strain after an exponential decay
(66). On the basis of the measured viscoelastic properties, the elastic
modulus was 0.76 to 0.93 kPa, and the viscosity was 6.31 to 6.98 kPas,
indicating a time constant of ~8 s, which is in agreement with previous
work on the viscoelastic properties of the cell nucleus (52, 59). Measure-
ment during the recovery of the cell nucleus leads to hysteresis of the
viscoelastic material and results in a higher effective elastic modulus
value. In this work, we waited for sufficiently long (3 min, compared
with 8 s of time constant) between each repeated measurement to avoid
hysteresis caused by viscoelastic deformation.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/4/28/eaav6180/DC1

Text S1. Calculation of the force required for intracellular measurements

Text S2. Magnetic bead position control

Text S3. Nuclear deformation under different image capturing rates

Text S4. Supplementary methods and materials

Fig. S1. Cell viability test and success rate of cell endocytosis.

Fig. S2. Generalized predictive control.

Fig. S3. Trajectory tracking performance using PID and GPC.

Fig. S4. Intracellular navigation performance.

Fig. S5. Viscoelastic parameters of major and minor axes of 724 cells.

Fig. S6. Staining of actin and tubulin for single T24 cells.

Fig. S7. Staining of actin and tubulin for validation of the drug treatment effects in RT4 cells.
Fig. S8. Nuclear deformation under different image capturing frame rates.

Fig. S9. Top down and side view of the device and scanning electron microscope images of
the microbead and pole tip.

Fig. S10. Mean square displacement over lag time for bead position tracking.

Table S1. Key parameters in system design.

Table S2. Key parameters in the generalized predictive controller.

Table S3. Representative 3D magnetic micromanipulation systems.

Movie S1. System design.

Movie S2. Position control of magnetic bead.

Movie S3. Intracellular navigation and nuclear polarity measurement.

Movie S4. Intracellular force application on cell nucleus for stiffening measurement.

Movie S5. Simultaneous bright-field and fluorescence imaging.

Movie S6. Raw video of nuclear deformation and recovery after 50-pN force application.
Movie S7. Raw video of multibead navigating inside the silicone oil in calibration experiments.
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