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ABSTRACT: In cell biology, fluorescent dyes are routinely
used for biochemical measurements. The traditional global dye
treatment method suffers from low signal-to-noise ratios (SNR),
especially when used for detecting a low concentration of ions,
and increasing the concentration of fluorescent dyes causes
more severe cytotoxicity. Here, we report a robotic technique
that controls how a low amount of fluorescent-dye-coated
magnetic nanoparticles accurately forms a swarm and increases
the fluorescent dye concentration in a local region inside a cell
for intracellular measurement. Different from existing magnetic
micromanipulation systems that generate large swarms (several
microns and above) or that cannot move the generated swarm
to an arbitrary position, our system is capable of generating a small swarm (e.g., 1 μm) and accurately positioning the swarm
inside a single cell (position control accuracy: 0.76 μm). In experiments, the generated swarm inside the cell showed an SNR
10 times higher than the traditional global dye treatment method. The high-SNR robotic swarm enabled intracellular
measurements that had not been possible to achieve with traditional global dye treatment. The robotic swarm technique
revealed an apparent pH gradient in a migrating cell and was used to measure the intracellular apparent pH in a single oocyte
of living C. elegans. With the position control capability, the swarm was also applied to measure calcium changes at the
perinuclear region of a cell before and after mechanical stimulation. The results showed a significant calcium increase after
mechanical stimulation, and the calcium increase was regulated by the mechanically sensitive ion channel, PIEZO1.
KEYWORDS: Micro/Nano Robotics, Micromanipulation, Swarm, Fluorescent Imaging, Signal-to-Noise Ratio

Fluorescent dyes are routinely introduced into cells in
cell biology for measuring pH, ion concentrations,
temperature, etc. of the intracellular environment.1−3 In

fact, the majority of measurements in cell biology rely on
fluorescent intensity readout.4−8 However, many fluorescent
dyes, especially when used for detecting a low concentration of
ions, suffer from low signal-to-noise ratios (SNR), and
increasing the imaging laser’s intensity for stronger fluorescent
signals causes photobleaching and sample damage.9,10

Furthermore, many biochemical constructs of fluorescent
dyes are toxic to cells, especially when used in a high dose
for increasing the SNR.11−13 When a fluorescent dye is not cell
membrane permeable, micelles and liposomes can be used to
transport fluorescent dyes to a target cellular structure;14,15

although the SNR can be increased locally, the issue of
increased cytotoxicity persists. Thus, it is desired to introduce a
low amount of fluorescent dyes into a cell for lower toxicity

and on-demand concentrate the fluorescent dyes in the region
of interest in a cell for locally increasing the SNR.
Magnetic nanoparticles can be coated with various types of

fluorescent dyes for measurement, with the advantage of high
surface-area-to-volume ratio and the convenience of magnetic
separation.16,17 Recent works also employed genetic ap-
proaches to synthesize ferttin, a natural protein cage, as an
intracellular magnetite for fluorescent localization and
manipulation.18 Different from global dye treatment to the
cell with a high dose of fluorescent dyes as presently practiced
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in cell biology measurements, our approach involves the
manipulation of fluorescent-dye-coated magnetic nanoparticles
to form a swarm/aggregate of a controllable size and locally
enrich the concentration of fluorescent dyes for a higher SNR
[Figure 1a−c, Supplementary Video S1]. In addition to the
increased SNR, only a small amount of dye needs to be
introduced into a cell, resulting in reduced toxicity to the cell.
Through magnetic field control of the size and position of the
swarm, the swarm of fluorescent-dye-coated magnetic particles
can be moved to different locations inside the cell to perform
measurements [Figure 1a].
Magnetic micromanipulation has been applied to intra-

cellular studies. For example, a single submicron magnetic
particle was controlled to navigate inside a cell and perform
mechanical measurement on the cell nucleus in situ,19

magnetic nanoparticles were mobilized in the cytosol for
quantifying intracellular viscosity,20 magnetic nanoparticles
were attached onto the cell surface to generate mechanical
stimulation through force and clustering,21 and fluorescently
labeled magnetic nanoparticles were used for intracellular
localization and imaging.22 Although intracellular motors,
helical swimmers, nanowires, and functionalized single

magnetic beads have been proven to be effective for
intracellular delivery, navigation and fluorescent detection,
swarm generation and position control of these intracellular
magnetites (motors, nanoparticles, nanowires, helical swim-
mers) have yet to be explored.
To perform intracellular measurement using a magnetic

swarm, the swarm must be small in size (e.g., 1 μm)
considering the size of a cultured cell (∼10 μm); additionally,
the position of the swarm needs to be controlled to perform
measurement in different target locations inside the cell.
Existing magnetic swarm control techniques include gradient-
based and field strength-based methods. The gradient-based
swarm control technique utilizes the attractive force generated
by magnetic coils and poles acting on magnetic particles.23−25

Multiple poles have been used to control the position of a
single magnetic microparticle.26−28 However, for swarm
formation, magnetic particles are aggregated near the coil (or
pole tips), and the swarm cannot be moved to an arbitrary
location in the workspace or inside a cell. Thus, the gradient-
based method is not suitable for controlling a swarm to
perform intracellular measurement.

Figure 1. (a) Schematic of intracellular measurement using a microrobotic swarm. A swarm composed of magnetic nanoparticles is formed
and controlled to navigate to different locations inside a cell. (b) Construction of the magnetic fluorescent nanoparticle. Magnetic
nanoparticles were coated with biotin and then with avidin pHrodo red dyes through avidin−biotin binding. (c) Swarm of fluorescent
nanoparticles increasing the local signal-to-noise ratio. (d) Transmission electron microscope images of the intracellular nanoparticles and
an intracellular swarm. (e) Co-staining of intracellular organelles and nanoparticles (red color) after endocytosis. The results showed that
the nanoparticles were not trapped in the cytoskeletal network or internalized into the intracellular membrane-bounded organelles
(endosome, lysosome, endoplasmic reticulum, Golgi apparatus, and mitochondria).
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The field strength-based technique controls magnetic
particles to form chains; then the chains rotate to form a
disk-shaped swarm by fluidic vortices generated by neighboring
chains. The formed swarm can be navigated to a target position
through tumbling or rolling along the substrate’s surface.29

Existing systems focused on position control of a swarm for
transportation applications. A rotating magnetic field was
generated in a workspace of several millimeters, and swarms
ranging from tens of micrometers30,31 to several hundreds of
micrometers32,33 were formed. In these systems, small swarms
were generated and then merged to form larger swarms
through the interactions with fluidic vortices. Such large-sized
swarms are not suitable for performing intracellular measure-
ments.
Multipole magnetic tweezers generate a focused magnetic

field near the sharp tips. Recent studies used multipole
magnetic tweezers to control the position of a single magnetic
particle at the micro and submicron scale in the fluidic
environment,27 inside a mouse embryo,34 and inside a single
cell for mechanical measurement.26 However, each of the poles
was stationary. Thus, the magnetic particle can only move
toward the dominating pole, and no local maximum field
strength can be generated in between the poles to form a
swarm of nanoparticles. Including an additional movable pole
would enable the generation of local maximum field strength
within the 2D plane through controlling the magnetic field in
3D, which would further enable the formation of a micro-
meter-sized swarm of nanoparticles in an arbitrary location in
the workspace.
This paper presents a field strength-based system and

technique capable of both position and size control of a
magnetic swarm for intracellular measurement. We designed a
five-pole magnetic device, consisting of four stationary coils
and one movable coil, which generates a highly focused
rotating magnetic field in the workspace (400 μm × 400 μm)
where cells are seeded. Our developed magnetic field model
and particle dynamics model relate the position of the movable
coil to the position of the formed swarm, and electric current is
applied to the coils to the size of the swarm. The system was
able to generate a magnetic swarm from 0.52 to 52.7 μm with
an error <7.5% and position the swarm with an accuracy of
0.76 μm. The robotic controlled magnetic swarm performed
intracellular pH measurement along a trajectory from the
leading edge to the trailing edge (spatial) inside a migrating
cell, and performed intracellular calcium measurement at the
perinuclear region before and after mechanical stimulation
(temporal). It significantly increased the local SNR inside a cell
compared with results for the traditional global dye treatment
method. The intracellular measurement results quantitatively
revealed the existence of apparent pH gradient in live
migrating cells; and Ca2+ distributions at the perinuclear
region in response to mechanical stimulation. The technique
was also applied to measuring the intracellular apparent pH
value within the oocytes of living C. elegans, demonstrating its
capability for intracellular measurement in vivo.

RESULTS AND DISCUSSION
Fluorescent Magnetic Nanoparticles and Intracellular

Distribution. When the size of magnetic particles increases,
their surface-area-to-volume ratio decreases, limiting the
surface coating efficiency for the same amount/weight of
magnetic particles.35,36 Larger particles can reduce cell
viability.26,37,38 For smaller magnetic particles, magnetic

gradient force decreases with size by the power of four,
limiting their aggregation and separation capabilities.26 Taking
into account the trade-off between magnetic force scaling,
surface coating efficiency, and cell viability after microinjection
of particles, we chose magnetic particles with a diameter of 130
nm (124 ± 5 nm; permeability, 1.615 × 10−6 H/m; nanomag-
D, Micromod, Germany). The particles were first coated with
adhesion molecule biotin and then paired with the adhesion
molecule avidin [Figure 1b,c]. Used as examples, three types of
dyes, avidin-Alexa 555 for intracellular localization, pHrodo red
for measuring intracellular pH (proton concentration), and
Cal-520 biotin for measuring intracellular calcium were used
for coating. After the nanoparticle surface was functionalized
with fluorescent sensors, the coated magnetic nanoparticles
were examined by microscopy, and no observable aggregate
larger than 500 nm was found. With no magnetic field applied,
the SNR of the solution of dye-coated magnetic particles and
that of the pH-sensitive dye solution were not significantly
different (3.21 ± 0.41 vs 3.01 ± 0.40, P = 0.48, n = 5
independent measurements). A similar functionalization was
performed by using Cal-520 biotin conjugate to measure
intracellular calcium, as shown in Figure S1.
The delivery of the nanoparticles can be through either

endocytosis or microinjection. The endocytosis process is cell-
type and material dependent. For example, fast-proliferating
cells are more inclined to internalize particles whereas
differentiated cells have poorer endocytosis capability.39−41

Furthermore, the nanoparticles endocytosed into the cell can
be captured within membrane-bound organelles such as
endosome and lysosome, and membrane lysis of these
organelles for the nanoparticles to enter the cell’s cytoplasmic
environment can impact cell metabolism.42 Thus, in this work,
we chose to use microinjection to deliver a controlled amount
of nanoparticles into the cytoplasm.
Microinjection was performed at the center of the cell with

an injection depth of 0.5 μm to deliver the nanoparticles into
cytoplasm. Before the swarm was used for intracellular
measurement, the localization of nanoparticles inside cells
was investigated. Figure 1d shows transmission electron
microscopy (TEM) images of magnetic nanoparticle distribu-
tion (without applying magnetic field) and a swarm (after
applying magnetic field) inside a cell. To further investigate
where the nanoparticles locate within the cell after micro-
injection, intracellular organelles were costained. From
confocal microscopy imaging, as shown in Figure 1e, it was
observed that the nanoparticles spread within the cytoplasmic
environment after microinjection. 3D image data showed that
the nanoparticles were outside the nucleus. The 3D confocal
images also revealed that the nanoparticles were not trapped by
the cytoskeletal network, and there were no nanoparticles
found within the endosome, lysosome, and endoplasmic
reticulum. Because of van der Waals interactions, there were
small clusters of nanoparticles within the cytoplasm formed by
nonspecific aggregation. Overall, the results showed that the
nanoparticles mostly localized in the cytoplasm, enabling their
free motion in the cell.

Micro-Swarm Robotic System. To generate an aggre-
gate/swarm of magnetic particles and control its position, we
built a magnetic device with four stationary coils and one
movable coil [Figure S2a], placed on an inverted microscope.
Electron discharge machining (EDM) of a high-permeability
foil sheet (MuShield, USA) was used to produce the four
stationary poles with sharp tips (diameter, 2.88 μm; thickness,
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Figure 2. (a) Magnetic field simulation of the five-pole magnetic system. Five magnetic poles generate a 3D magnetic field, and a local
maximum field strength appears in multiple 2D planes. (b) Position control of the region with a magnetic field strength larger than 130 mT,
where magnetic fluorescent nanoparticles form a swarm on the basis of eq 9. (c) Swarm size control through controlling the size of the
region with a magnetic field strength larger than 130 mT. The finite element simulation model was built in COMSOL using the same device
geometries, with a supplied current of 2 A for each of the stationary coils and −2 A for the mobile coil. The Z position of the planes shown in
(b) and (c) is the plane of the coverslip’s top surface, i.e., where cells are seeded, as indicated in (a). (d) Swarm size control through
controlling the current in each of the coils, based on the model in eq 4 and eq 10. (e) Position control of a small swarm (1 μm) and a large
swarm (25 μm). (f) Comparison of a 25 μm swarm generated by our five-pole magnetic tweezers (left) and by single-pole magnetic tweezers
(right). (g) Swarms formed by magnetic fluorescent nanoparticles. (h) Local signal-to-noise ratio increase with the increase of the swarm
size. (i), (j) Cell viability test. n = 3 independent cell counting experiments. Error bar: standard deviation. Fluorescent magnetic
nanoparticles delivered by microinjection exhibited no significant toxicity to the cells whereas the dye generating the same signal-to-noise
ratio showed more significant toxicity compared to results for the control group. (k), (l) Cell metabolism tests performed to compare the
cell metabolism activities before and after magnetic micromanipulation. The results showed no significant change of the cell metabolism
state before and after the magnetic nanoparticle swarm measurement (quantified by using oxygen consumption rate (OCR), P = 0.8212,
extracellular acidification rate (ECAR), P = 0.3221, and n = 4 independently repeated experiments).
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150 μm). The four coils were wired onto a magnetic yoke to
synchronize the four stationary coils to generate a rotating
magnetic field. The four coils were placed 400 μm between
each pair to leave a sufficient workspace for cell imaging. The
movable pole was made from an iron rod and fabricated by
lathing; it was then further machined by EDM to produce a
cylindrical tip (diameter: 21.23 μm). Magnetic wire (Magnetic
Wire, Gauge 14, Digikey) was wired onto the movable pole.
The movable pole was mounted on a robotic micro-
manipulator with a positioning accuracy of 0.2 μm along the
XYZ axes. For experimental comparison of the multipole
magnetic tweezers and single-pole magnetic tweezers, only the
movable pole was used in the single-pole tweezers case. The
five-pole magnetic device was controlled by a host computer
through DAQ (NI-USB6211) and custom-made current
amplifiers [Figure S2b]. For swarm position control in a cell,
a target position (e.g., leading edge inside the cell) was user
specified in the control software interface. The magnetic
models described in the next section were used to control the
current supplied to each coil, and the robotic micro-
manipulator was controlled with real-time visual feedback
from microscopy imaging [Figure S2c] to position the movable
pole tip. The magnetic pole and yoke were designed to be far
from the workspace to minimize the potential effect from the
heat generated in the coils. Temperature simulation using
COMSOL showed that the workspace temperature increased
by 1.08 °C from the room temperature 22 °C after 5 min of
continuous magnetic actuation. As shown in Figure S2d, the
workspace of 400 μm × 400 μm has a uniform temperature,
ranging from 23.08 °C to 23.09 °C.
Traditional single-pole magnetic tweezers are only able to

provide one-directional attractive force, resulting in poor
control of the shape and size of a swarm, as shown
quantitatively in the next section. In existing multipole
magnetic tweezers such as four-pole magnetic tweezers,43−45

the maximum field strength is located near the tips of the
poles, unsuitable for positioning a magnetic swarm to an
arbitrary location inside a cell.46 In contrast, our five-pole
device, by placing a movable pole tip in a different plane (250
μm) above the four stationary poles, permits highly accurate
control of the position and size of a magnetic swarm. When
sinusoidal currents are supplied to the four stationary coils and
the same sinusoidal current but with a phase difference of π is
supplied to the movable coil, the maximum field strength is
formed in a plane between the movable tip and the four
stationary tips [Figure 2a, Figure S3]. When the micro-
manipulator moves the movable pole, the region with
maximum field strength changes accordingly [Figure 2b]. By
control of the magnitude of the sinusoidal current, the size of
the local maximum B region is regulated, forming a swarm of
different sizes. In Figure 2c, one can see that the shape of large
swarms (e.g., >30 μm) deviates more significantly from a
spherical shape. This is because the movable pole is at a 45°
tilting angle relative to the stationary poles for accommodating
the microscopy’s light path [Figure S2a]. In experiments, the
coverslip where cells were seeded was directly placed on the
top surface of the stationary poles (coverslip thickness: 150
μm), as illustrated in Figure S2a. The Z distance between the
cells and the movable pole tip was 100 μm. Because the cell
thickness was 3−5 μm, the magnetic field strength along the Z
direction inside a cell was largely the same.
Magnetic Swarm Position and Size Control. Existing

magnetic models describe the mechanism of swarm formation;

i.e., chains of magnetic particles through interactions with
fluidic vortices form a 3D aggregate/swarm.31−33 To change
the position of the formed swarm, the swarm needs to tumble
or roll on a surface. However, cytoskeletal filaments in the
cytoplasm prevent effective interactions of magnetic nano-
particles dispersed in the cell with the substrate, making the
existing models unsuitable for position control of a magnetic
swarm inside a cell. In addition, existing models teach the
generation of a uniform rotating magnetic field in the
workspace but do not describe how to generate maximum
magnetic field strength in a pinpointed location.
To control the size and position of a magnetic swarm, we

first developed the magnetic field model for our five-pole
magnetic device and then derived the relationship between
magnetic field strength and swarm size. According to the Gauss
law of magnetism, each magnetic pole with a sharp tip can be
represented by a magnetic charge, q.34,43 On the basis of
superposition of five magnetic charges, the magnetic field
strength generated by our five-pole magnetic device is
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where km = μ0/4π and μ0 is the permeability of vacuum, rj and
uj represent the distance from a position in the workspace to
the magnet charges and the unit vector in that direction,
respectively. The magnetic moment of magnetic nanoparticles
magnetized by the field is
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where μ is the permeability of the magnetic nanoparticles and
V is the nanoparticle’s volume.
According to magnetic circuit analysis,43 the magnetic

charge value depends on the current in the coil, i.e.,

μ μ
Φ[ ] = =q q q q q

n
R

K I, , , , I1 2 3 4 5
T

0 0 mag (3)

where Φ is the matrix of magnetic flux produced by each
magnetic charge, n represents the number of turns in each coil,
and Rmag is the magnetic reluctance, determined by the
magnetic properties of the poles, yoke, and cell medium. KI is a
five-by-five distribution matrix of the magnetic flux. Substitut-
ing eq 3 into eq 1 results in

∑
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j

j
I

m

0 mag 1

5

2
(4)

In our experiments, the field strength generated at a given
position is controlled by controlling the current on the basis of
eq 4. A sinusoidal current with the same magnitude, frequency,
and zero phase angle was input into the four stationary coils,
and the same sinusoidal current but with a phase angle of π
was input into the movable coil. Thus, a rotating magnetic field
was generated, and the magnetic field strength B for each
position in the workspace is determined by eq 4.
When magnetized, magnetic particles form chains because

their magnetic moment is aligned to the same direction.47

When a rotating magnetic field is applied, the chains rotate
with the magnetic field. Through fluid vortex interactions
among the chains of magnetic particles, the chains develop into
a swarm/aggregate.32,33 To maintain the shape of the swarm,
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magnetic torque Tmag and fluid torque Tdrag must be balanced;
otherwise, the shear at the boundary of the swarm disassembles
the swarm.
For a chain of length L that consists of N particles (L = 2Na,

and a is the radius of a particle), the induced magnetic torque
of a rotating chain can be obtained as a sum of all torques
exerted by neighboring particles, i.e.,

πμ
α=T

Nm3
4 16a

sin(2 )b
mag

2

0

2

3
(5)

where α is the phase lag between the applied rotating magnetic
field and the rotation of the magnetic particle chains.
Substituting eq 2 and eq 4 into eq 5 results in
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The fluid torque balancing the rotation of a chain is

κ ηω=T Vdrag (7)

where κ = ( )N2 /ln N2
2

is a shape factor,47 π=V N a4
3

3, η is the

fluid viscosity, and ω is the rotating frequency of the magnetic
field (i.e., angular frequency of the sinusoidal current).
By combination of eq 6 and eq 7, a modified Mason number

RT,
29 i.e., a parameter to estimate the stability of a rotating

particle chain, is proposed, which can be expressed as

=R T T/T drag mag (8)

When RT ≤ 1, the induced magnetic torque is stronger than
(or equal to) the viscous drag torque, maintaining the rotating
chains stable. When RT grows larger than 1, the magnetic
torques are not able to counterbalance with the drag torque,
and thus, the particle chains will be disassembled.
Through solving eq 8, the relationship between applied field

parameters (i.e., applied field strength, and rotating frequency)
and the stable length of particle chains can be obtained, the
phase lag between Tdrag and Tmag equals

α
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After the chains are formed, they rotate within the rotatory
magnetic field with the defined phase lag α, and because of the
induced attractive interaction, the chains will synchronize with
each other to form a large circular swarm with the diameter of
D.
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where NC is the number of particle chains, depending on the
concentration of the nanoparticles of the local area, and L =
2Na, where a is the radius of a particle and N is the particle
number from eq 9.
With the magnetic field model in eq 4 and swarm dynamics

model in eq 9, a pH-dye-coated swarm in PBS buffer on the
coverslip was formed and its size and position were controlled.
The swarm size was defined through controlling the current in
each of the coils from 0.2 to 8 A (peak-to-peak value of the
sinusoidal current). Corresponding to these current magni-
tudes, the model-calculated swarm sizes were 0.5 μm (for 0.2
A) and 50 μm (8 A). The size of the experimentally generated

swarm ranged from 0.52 ± 0.15 to 52.7 ± 2.6 μm (n = 5
independent experiments), with the difference compared with
model calculations less than 7.5% [Figure 2d]. The slight
difference between the model-calculated swarm size and the
experimentally formed swarm size can be attributed to the
assumption in the model that the pole tips are perfectly sharp
to a point and have no thickness whereas in experiments the
pole tips had a finite radius and thickness. The system was not
able to form a swarm smaller than 0.52 μm because of its
inability to generate a region with B value larger than the value
calculated in eq 9 for smaller swarms and because of the
nonspecific aggregation of nanoparticles formed through van
der Waals interactions. However, swarms larger than 52 μm
cannot be formed because the integrity of longer nanoparticle
chains was broken by fluidic shear stress during chain rotation.
When the size of the magnetic particle chain increases (i.e.,
particle number N increases) with the increased magnetic field
flux density B, the magnetic torque also increases [eq 5]. The
fluid torque that balances the rotation of a chain also increases
[eq 7], leading to a higher fluidic shear exerted on the particles.
When the particle−particle interaction cannot withstand the
fluidic shear, the nanoparticle chain is broken. Compared with
magnetic swarms generated by Helmholtz coils,31,32 the highly
focused magnetic field created by our five-pole magnetic device
is capable of generating a swarm that is smaller by at least an
order of magnitude. The swarm’s small size (e.g., 1 μm) is
essential for performing measurements at precise locations in
the intracellular environment.
To quantify the performance of swarm position control,

trajectory tracking using a small swarm (1 μm) and a large
swarm (25 μm) was performed [Figure 2e, Supplementary
Video S2]. The average positioning error was 0.76 μm, which
was mainly because of thermal disturbance/Brownian motion.
The maximum speed of the 1 μm swarm was 18.4 μm/s and
was 5.2 μm/s for the 25 μm swarm. When exceeding the
maximum speed, the swarm cannot maintain its integrity
because of large fluidic shear to swarm boundary.

Comparison with Single-Pole Magnetic Tweezers. To
compare the single-pole magnetic tweezers and the multiple
magnetic tweezers in terms of swarm size control and swarm
signal-to-noise ratio, we performed tests with single-pole
magnetic tweezers by applying current to the movable pole
only. The distance between the pole tip and the target position
was adjusted from 50 to 200 μm, and the current supplied in
the coil was adjusted from 0.1 to 2 A. The one-directional
attractive force produced by the single-pole magnetic tweezers
generated particle chains toward the pole tip, and the chains
had a significantly lower SNR than the swarms formed by the
five-pole magnetic system, for instance, for a 25 μm swarm
[Figure 2f], 13.22 ± 4.19 SNR vs 27.5 ± 1.36 SNR (P value =
0.0002; n = 5 independent swarms for each group) [Figure
S4a]. The packing density of the swarm formed by single-pole
magnetic tweezers was much lower than that by the five-pole
magnetic tweezers. In terms of swarm size, with the 21.23 μm
movable pole tip in our system, the smallest swarm formed by
the single-pole magnetic tweezers was 13.61 ± 1.76 μm
[Figure S4b] whereas the five-pole device was capable of
forming a swarm as small as 0.52 μm. For larger swarms
generated by the single-pole magnetic tweezers, the signal-to-
noise ratio did not increase with the size of the swarm [Figure
S4c] because the nanoparticles were loosely packed with lower
interparticle forces.
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Signal-to-Noise Ratio Calibration of Nanoparticle
Swarm. The pH-dye-coated magnetic nanoparticles were
distributed evenly in the pH calibration buffer (pH = 4.5). The
SNR was first measured before the magnetic field was applied.

This SNR quantified the effects from individual nanoparticles
and nonspecific aggregation of nanoparticles. The system was
then controlled to form swarms of different sizes [Figure 2g]
and quantified the SNR for each swarm size. As summarized in

Figure 3. (a) Schematic of intracellular pH measurement in an intact cell using magnetic swarm. (b) pH measurement of a live cell using the
1 μm swarm and using the global dye treatment. (c) pH calibration of the swarm and dye intensity within the cell using calibration buffers
for different intracellular pH values. (d) Swarm motion trajectory. The motion trajectory was red highlighted. (e) Apparent pH
measurement with the swarm displacement within the cell from the leading edge to the following edge. n = 10 independently measured cells.
(f) Apparent pH measurement in the same cell from the leading edge to the trailing edge using a 1 μm swarm. Error bar: standard error. *P
< 0.05, n = 10 independently measured cells. (g) Apparent pH measurement in the same cell from the leading edge to the trailing edge using
global dye treatment. Error bar: standard error. *P < 0.05, n = 10 independently measured cells. (h) Measurement in the same cell using pH-
insensitive dye Alexa 555-dye-coated nanoparticle swarm showed no significant difference in intensity measured from leading ledge to the
trailing edge. Error bar: standard error. P = 0.83, n = 10 independently measured cells. (i) Schematic of intracellular pH measurement in an
oocyte of a living C. elegans using magnetic swarm. (j) pH measurement within the oocyte using the nanoparticle swarm. (k) Apparent pH
measurement within the oocytes showed the intraoocyte pH does not change with the pH change of the external environment. Error bar:
standard deviation. One-way ANOVA P = 0.9625, n = 5 independently measured worms.
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Figure 2h, the swarms increased SNR approximately 10 times
compared with individual 130 nm particles (i.e., before
magnetic field was applied). The fluorescent signal readout
was almost constant for swarms larger than 1 μm until 10 μm,
and for larger aggregates the packing density became slightly
lower, which led to a slight decrease in SNR.
The SNR of the global dye treatment group can be

enhanced by increasing dye concentration. However, a higher
dye concentration causes more severe toxicity to cells. To
compare the cytotoxicities between the global dye treatment
group and the group of fluorescent-dye-coated magnetic
nanoparticles, we increased pH dye concentration by 10
times from 20 to 200 μg/mL for the global treatment group to
achieve the same SNR by pH magnetic swarms. As shown in
Figure 2i,j and Figure S5, cell viability (percentage of live cells
on cell counting chips after being treated with Trypan Blue) in
the global dye treatment group was significantly lower than
that of the fluorescent-dye-coated magnetic nanoparticles
group. These results established that for achieving the same
SNR, cytotoxicity was lower by the magnetic swarm method
than by the traditional global dye treatment approach.
Impact of Magnetic Swarm on Cellular Metabolism.

To understand how magnetic swarms impact cellular
metabolism, mitochondria functions were assessed by measur-
ing the oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) of the cells. Cells in the treatment
group were microinjected with nanoparticles, after which a 1
μm swarm was formed in the cell and the swarm was navigated
via position control for 20 min. The Seahorse assay was then
performed to measure cell metabolism [Figure 2k] to
determine basal respiratory, ATP-linked respiratory, non-
mitochondrial respiratory, maximum respiratory capacity, and
reverse capacity. We detected no difference in OCR and ECAR
between the control group and the treatment group (Figure 2l:
OCR, P = 0.8212; ECAR, P = 0.3221; n = 4 independently
repeated experiments), indicating that cellular metabolism was
not overtly impacted by the intracellular swarms.
Intracellular pH Measurement in Migrating Cells. Cell

migration involves precise coordination of cell protrusion and
adhesion to the matrix at the leading edge and cell retraction
and detachment from the matrix at the trailing edge.48 The
localization of proteins and regulators of the migratory
machinery to either the cell front or its rear results in a spatial
asymmetry, enabling cells to simultaneously coordinate cell
protrusion and retraction.49 Protons function as such unevenly
distributed regulators by modulating the interaction of focal
adhesion proteins and components of the cytoskeleton.50

Intracellular pH gradient, caused by the proton distribution,
appeared to be a prerequisite for cell migration.51 Quantifying
intracellular pH along the cell’s migration direction [Figure 3a]
can help understand cell directional motility, especially the
migration of cancer cells.52 The current global dye treatment
method suffers from low SNR for quantifying pH distribution
in live cells,50 which is shown in Figure 3b. Hence, migrating
cells are fixed and stained for increased SNR, but only an end-
point measurement can be made and the dynamic changes
during cell migration cannot be deciphered.53

After the pH-insensitive-dye-coated magnetic nanoparticles
were delivered into cells (T24, human bladder cancer cell) via
microinjection, according to eq 9 and eq 10, they were
controlled to form a 1 μm swarm inside the cell by applying a
sinusoidal current with a magnitude of 1.02 A [Supplementary
Video S3]. The size of the intracellular swarm reached

equilibrium in ∼60 s [Figure S6] and was 0.96 ± 0.17 μm
(n = 10 cells) in diameter. The size of the formed swarm was
validated by scanning electron microscopy [Figure S7]. For
calibration, the fluorescent intensity of 1 μm swarms formed
from the same pH-sensitive-dye-coated nanoparticles was
calibrated by using intracellular pH calibration buffers with
pH = 4.5, 5.5, 6.5, 7.5. The intracellular pH calibration buffer
was first diluted into the loading solution with standard pH
values. The cells were washed with Live Cell Imaging Solution
and then incubated with the loading solution for 10 min. Then
the intensity of the nanoparticle swarm was quantified. Because
of the complex intracellular environment with different ionic
strengths, the apparent pH value was used in experiments.
Meanwhile, the intensity of the same amount of pH fluorescent
dye in the same concentration as used for coating magnetic
nanoparticles was measured [Figure 3c], which in essence is
the global dye treatment method. The higher intensity of signal
readout and lower background intensity contributed to the
higher SNR of the magnetic swarms, resulting in a higher pH
measurement sensitivity.
The swarm formed in the cell was then mobilized by the

multipole magnetic tweezers from the leading edge to the
trailing edge [Figure 3d, Supplementary Video S4, Figure S8].
On the basis of the calibration curve [Figure 3c], the
fluorescent intensity of the swarm was used to quantify local
pH along the swarm’s trajectory [Figure 3e]. The positioning
error of the swarm inside the cell was 1.23 ± 0.43 μm.
Compared with the 0.76 μm error in PBS, the larger
positioning error inside the cell was likely because of the
complex cytoplasmic network and the interactions of the
magnetic swarm with cytoskeletal filaments. The electrical
current supplied to each coil was kept at 1.02 A for maintaining
the 1 μm swarm, and the speed of the movable pole was
controlled to be lower than 5 μm/s. As quantified in the in
vitro navigation experiments, this speed was proven not to
cause the disassembly of the swarm under fluidic shear. The
stability of the magnetic swarm in cells during navigation was
quantified through moving a swarm of ion-insensitive nano-
particles (Alexa 555-coated nanoparticle swarm) within the cell
while recording its intensity. The results showed an
insignificant change in swarm intensity during navigation (P
= 0.1782, n = 7 independent intracellular swarms, only one
swarm was formed in each cell), proving stability of the swarms
was well maintained [Figure S8].
The data summarized in Figure 3f reveal that pH

consistently decreased along the magnetic swarm’s trajectory
from the leading edge, to the trajectory midpoint, and finally to
the trailing edge (7.15 ± 0.065 vs 7.02 ± 0.068 vs 6.90 ±
0.070, n = 10 cells). The t test trend analysis showed a
significant trend (P = 0.008 < 0.01) with a gradient of 0.012 ±
0.002 pH change per micrometer in live cells. For comparison,
cells were also globally treated with fluorescent dye in the same
concentration as used for coating the magnetic nanoparticles.
As shown in Figure 3g, no significant trend in fluorescent
intensity from the leading edge to the trailing edge was found
(trend analysis P = 0.32). The results from global dye
treatment showed that apparent pH values at the leading edge
and at the trailing edge were different; however, the low SNR/
sensitivity led to large measurement uncertainties and failed to
reveal the gradient in apparent pH. Compared with the global
dye treatment method, our magnetic swarm method used a
lower amount of dye by 8.5 × 103 times, yet achieved a much
higher SNR. The results quantitatively revealed the gradient in
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apparent pH values and proved the existence of a polarized
distribution of intracellular pH in a live migrating cell.
Negative control experiments using the 1 μm swarm formed

by pH-sensitive-dye-coated nanoparticles showed no signifi-
cant changes in pH values within the leading or trailing edge
[Figure 3h, Figure S9, leading edge: P = 0.8922, trailing edge:
P = 0.8121]. To further validate the results measured by the

swarm, fixation and staining experiments were performed. The
results measured from the intensity of the fluorescent swarm
were compared with those from the fluorescent dye signals
measured from fixed cells. In fixed cells, the results showed a
similar gradient [Figure S10].
To demonstrate the in vivo application of the swarm

technique, we introduced pH-sensitive-dye-coated magnetic

Figure 4. (a) Mechanical stimulation applied to the cell using a micropipet and the schematic of PIEZO1 mechanosenstation and triggered
calcium release. (b), (c) Cells treated with a calcium-insensitive dye (b) and with a calcium-insensitive-dye-coated nanoparticle swarm (c).
(d) Calcium signal measured in the perinuclear region by an intracellular swarm before and after mechanical stimulation. Error bar: standard
deviation. *P < 0.05, n = 13 independently measured cells. (e) Calcium signal fold change measured by a calcium-sensitive-dye-coated
nanoparticle swarm and by a calcium-insensitive-dye-coated nanoparticle swarm in response to mechanical stimulation. Error bar: standard
deviation. *P < 0.05, n = 10 independently measured cells. (f) Real-time quantitative PCR proving the successful knock-down of PIEZO1
protein in both PIEZO1 #1 and PIEZO #2 groups. Two knock-down groups using different RNA sequences were used to avoid off-target
effects, and the control group was treated with scrambled control RNA. Error bar: standard deviation. *P < 0.05, n = 3 independently
experiments. (g) Fold change of the calcium signal at the perinuclear region after mechanical stimulation. Error bar: standard deviation. *P
< 0.05, n = 14 independently measured cells.
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nanoparticles into an oocyte within the free-living transparent
nematode C. elegans [Figure 3i]. Living in the soil environ-
ment, C. elegans is naturally subject to environmental pH
changes.54 Measuring pH in the worm’s reproductive cell can
help understand how environmental changes such as soil
acidification affect the model organism’s development.55

Magnetic nanoparticles were microinjected into the distal
gonad of adult C. elegans [Figure S11] via a standard C. elegans
immobilization technique for nanoparticle injection.56 Because
the gonadal cytoplasm is continually packaged into maturing
oocytes, a fraction of the injected beads were incorporated into
the oocytes.57 During injection, the worms were immobilized
on a 2% agarose pad. The injected worms were transferred
back to the nematode growth medium (NGM) plates and
incubated at 22 °C for 2−6 h before being immersed into pH
buffers of varying pH values. After a 75 min incubation in the
pH buffer,58 the worm was transferred to our five-pole
magnetic tweezers system. A swarm was formed within the
oocyte and its intensity was measured to quantify the
intraoocyte pH value [Figure 3j]. The intraoocyte pH values
were measured to be 7.11 ± 0.23, 7.17 ± 0.21, 7.16 ± 0.20,
and 7.16 ± 0.13 when the environmental pH changed from 4.5
to 5.5, 6.5, and 7.5 [Figure 3k, n = 5 worms for each
condition]. To quantify worm viability after the procedure, 20
additional worms were immobilized independently. Then we
performed nanoparticle injection, formed a magnetic swarm,
and performed pH measurement. The worms were then placed
back on the nematode growth medium plates. Among the 20
worms, 19 of them restored their crawling behavior.
The tested range is the typical pH range of soil conditions

that C. elegans experience, within which the oocyte was able to
maintain a stable pH value, possibly because of the buffering
effect from the voltage-gated ion channels. It was shown that
the CLH-1 channel regulates intracellular pH via HCO3

−

flux.59 Transcriptome analysis in an acidic environment
showed upregulation of the col, nas, and dpy genes, which
are required for cuticle synthesis and structure integrity.60

Although our data showed that the C. elegans was able to
maintain pH in the oocyte within the environmental pH range
4.5−7.5, the growth and reproduction processes of C. elegans
might be affected in a more severe acidic environment, which
requires further investigation.
Increase of Calcium at the Perinuclear Region in

Response to Mechanical Stimulation. Calcium signaling is
essential for cell proliferation,61−65 gene transcription,66−70 and
cell death,71−73 and was also recently shown to regulate
mechanosensation in cancer cells.74,75 Substantial research has
established the connection of nuclear calcium to a wide range
of physiological and pathological responses of cells.76 Although
nuclear calcium is essential for processes such as nuclear
transport, chromatin condensation, and the activation of
several transcription factors, the origin of nuclear calcium
signaling in response to mechanical stimulation remains
elusive.77,78

The perinuclear region, defined as the surrounding
cytoplasmic region of the nucleus, is at the traffic center for
material exchange between the cytoplasm and nucleoplasm.
Understanding the calcium change at the perinuclear region
would help better understand the source of the nuclear
calcium. Calcium staining in fixed cells showed a ring with
higher intensity surrounding the cell nucleus, indicating a
higher free calcium concentration in the perinuclear regions
than in the nuclear centers in the initial state of the cell.77

Upon mechanical stimulation, the nuclear calcium increases
follow a cytosolic calcium increase with a short delay, and this
delay was hypothesized to be likely because of the calcium
diffusion from the perinuclear region through the nuclear
pores.79 To understand the calcium signal at the perinuclear
region when it is subject to mechanical stimulation on the cell
membrane, we used the swarm technique to quantify calcium
signal changes in a site-specific manner at the perinuclear
region before and after mechanical stimulation. With recent
studies showing growing knowledge on the mechanical
response of tumors,80 the glioblastoma stem cell G532 was
used as the model in this study.
When mechanical stimulation is applied on the cell

membrane [Figure 4a], in the traditional global dye treatment
method, cell deformation can artificially alter the local dye
concentration and fluorescent signal readout. This bias poses
challenges to precisely measure mechanical stimulation-
induced intracellular calcium changes. To quantify such a
bias, we used Alexa 555 dye, which is insensitive to intracellular
calcium concentration change, to globally treat cells. We then
applied mechanical stimulation by using a micropipet to indent
the cell (above the center of the cell nucleus) by 2 μm. The cell
deformation from micropipet indentation caused the Alexa 555
signal to change significantly [Figure 4b and Supplementary
Video S5]. We investigated whether such a signal bias occurs
to a swarm of Alexa 555-dye-coated magnetic nanoparticles.
With the models in eq 4 and eq 10, a 1 μm swarm was formed
at the perinuclear region in the cell [Figure 4c]. When the
same 2 μm mechanical indentation was applied, interestingly,
the signal of the calcium insensitive Alexa 555-dye-coated
swarm did not significantly change [Figure 4c], showing that
the swarm’s signal was not sensitive to the cell deformation
caused by mechanical stimulation.
For calibration, the fluorescent intensity of the 1 μm

calcium-dye-coated swarm was measured by using calcium
calibration buffers with a concentration of 0.017, 0.038, 0.065,
0.100, 0.225, and 0.602 μM. The intensity of the same amount
of calcium fluorescent dye in the same concentration as used
for coating magnetic nanoparticles was also measured [Figure
S12]. The results showed that the 1 μm swarm of calcium-dye-
coated nanoparticles increased the SNR significantly (P <
0.0001), compared to results from the global dye treatment.
The fold increase was not as large as for the pH dye because
different types of dye result in different sizes of functionalized
nanoparticles and thus various local concentration effects in a
swarm. SEM imaging revealed that the pH-dye-coated
nanoparticles were significantly smaller than the calcium-dye-
coated nanoparticles (153.5 ± 12.6 nm vs 226.9 ± 14.7 nm, P
< 0.0001, n = 50 nanoparticles).
The swarms were used to measure intracellular calcium

concentration changes at the perinuclear region in response to
mechanical stimulation. A micropipet controlled by a micro-
manipulator was used to generate a local cell deformation of 2
μm (above the cell center) whereas the calcium signal was
measured at the perinuclear region [Figure 4d,e]. The
measurement results revealed a significant calcium signal
change at the perinuclear region in response to mechanical
stimulation (1.00 ± 0.13 vs 1.13 ± 0.14, P = 0. 0218, n = 13
independent cells) [Figure 4e, Supplementary Video S6]. The
PIEZO transmembrane proteins are evolutionarily conserved
ion channels that are intrinsically mechanosensitive.75 As
schematically shown in Figure 4a, mechanical stimulation was
hypothesized to trigger the opening of the PIEZO1 channel,
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which causes an influx of calcium and then the release of
intracellular calcium stored in the endoplasmic reticulum (ER)
and the release by the cell nucleus into the cytoplasm [Figure
4a] after mechanical stimulation was applied on the cell
membrane and transmitted to nuclear envelope through the
cytoskeleton.81−83 Therefore, we used shRNA (Methods) to
knock down the mechano-sensitive ion channel PIEZO1.
Effective knock-down was validated by using real-time
quantitative PCR [Figure 4g]. Two knock-down groups were
included to avoid off-target effects. Compared with the control
group, the knock-down groups showed a significantly lower
calcium signal difference before and after mechanical
stimulation (fold change in the control, 1.143 ± 0.067; fold
change in knock-down group #1, 0.998 ± 0.014; fold change in
knock-down group #2, 0.996 ± 0.014; P < 0.05, n = 14 cells)
[Figure 4f, Figure S13]. These results provided evidence that
such a mechanical stimulation-induced perinuclear calcium
level increase depends on the PIEZO1 function. The PIEZO1-
dependent calcium release can likely be attributed to the
calcium release from the ER, which stores the majority of
intracellular calcium.84 The perinuclear region is at the traffic
center for material exchange between the cytoplasm and
nucleoplasm. Further investigations will be made on whether
the increase of the perinuclear calcium increase causes a higher
transportation of the calcium into the nucleus and affects
epigenetic changes.

CONCLUSION
Intracellular measurement is critical for studying cell signaling
and identifying therapeutic targets for disease treatment.85

Traditional global dye treatment suffers from low SNR, and
improving SNR by increasing dye concentration causes higher
toxicity to cells. Using microrobotic swarms of fluorescent-dye-
coated magnetic nanoparticles, we showed that local dye
concentration was accurately controlled, and SNR was
increased without sacrificing cell viability. In existing magnetic
micromanipulation systems, the generated swarms ranged from
tens of micrometers30,31 to several hundreds of micro-
meters,32,33 which are not suitable for performing intracellular
measurement. In swarm position control, existing techniques
utilized the rotating magnetic field to roll the swarm along the
substrate;29 however, the substrate of the intracellular
environment with cytoskeleton and intracellular organelles
can impede the motion and cause the swarm to lose stability.
Differently, our system with a movable pole and four stationary
poles generates a gradient field, with a local maximum field
strength on the 2D plane to controls the swarm position by
controlling the position of the local maximum field strength.
Stability of the swarm was well maintained inside the cell, and
the results showed no significant intensity change during
swarm navigation [Figure S8]. The size of the generated
swarms was accurately controlled (from 0.52 to 52.7 μm with
an error less than 7.5%), and the position of a 1 μm swarm was
controlled with a positioning accuracy of 0.76 μm, through
controlling the current and movable pole position of the
multipole magnetic tweezers device using our proposed
models.
The experiments of intracellular pH measurement using a 1

μm swarm revealed the polarized apparent pH distribution in
migrating cells. The intracellular apparent pH measurement
was also performed inside the oocyte of living C. elegans. The
intracellular calcium measurement made with 1 μm swarms
quantified calcium changes at the perinuclear region before and

after mechanical stimulation, whereas the traditional calcium
dye approach cannot provide a site-specific measurement.
The avidin−biotin complex is one of the strongest known

noncovalent interactions between a protein and ligand.86 The
bond formation between biotin and avidin is rapid, and once
formed, is not affected by pH, temperature, organic solvents
and other denaturing agents.87 Thus, we chose the avidin−
biotin interaction for functionalizing the fluorescent sensor
onto the nanoparticle surface. As shown in Figure S1, two
strategies (using either an avidin nanoparticle or a biotin
nanoparticle) were adopted for coating the nanoparticle,
rendering the protocol applicable to the intracellular measure-
ment of a broad range of ions such as potassium and sodium. If
the fluorescent sensor is unavailable in biotin form (to be
coated with an avidin nanoparticle), the avidin-formed sensor
(to be coated with a biotin nanoparticle) can also be used in
the proposed technique. In addition to functionalization with a
specific type of fluorescent sensor, our technique bears the
potential for multiple channel measurement through forming a
swarm of nanoparticles with different surface functionaliza-
tions. For instance, temperature-sensitive-dye-coated nano-
particles and pH-dye-coated nanoparticles can be used
together to form swarms for simultaneous measurement of
pH and temperature. Future work can investigate the
intracellular synthesis of magnetic nanoparticles as inspired
by ref 18 and colabel with fluorescent ion sensors.88 Such in
situ capability can further improve the biocompatibility of
nanoparticles and also circumvent the need for nanoparticle
delivery.
The swarm of nanoparticles provides a promising avenue for

simultaneous mechanical stimulation and ion concentration
quantification inside a cell. The generated swarm can be
manipulated by using the multipole magnetic tweezers to apply
mechanical force onto intracellular organelles (e.g., cell nucleus
or endoplasmic reticulum) while monitoring the ion
concentration with the same swarm. This simultaneous
stimulation and measurement approach would enable the
pursuit of such questions as whether physical force directly
applied to the endoplasmic reticulum can generate calcium
release and subsequent biochemical cascades.
A potential limitation of our technique is its present

incapability for temporally spatially stringent measurements.
For instance, in our intracellular pH measurement, the
navigation of the swarm from the leading edge to the trailing
edge (∼20 μm in distance) took approximately 60 s. This long
travel time was acceptable for measuring the pH gradient in the
cell polarization state because the time scale of cell polarization
during cell migration is in hours;89,90 however, for measuring
fast dynamic behaviors in the subsecond time scale and in
different intracellular locations, positioning of our microrobotic
swarm would not be fast enough.

METHODS
Device Fabrication and Assembly. The five-pole magnetic

tweezers consist of four stationary magnetic poles made of high-
permeability foils (Silicon Iron Alloys, MuShield, USA), a movable
pole made from iron rod, a magnetic yoke connecting the four foil
poles, and four magnetic coils. The four stationary poles were
fabricated through electric discharge machining, achieving a small tip
radius around 1.4 μm. The four stationary magnetic poles were
assembled for 400 μm between each pair, to leave sufficient
workspace for cell imaging. The movable pole was fabricated by a
lathe. The magnetic yoke was fabricated through CNC machining
with a tolerance of 0.1 mm. Coils (Magnetic Wire, Gauge 14,
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Digikey) were wired onto the cores on the yoke and on the movable
pole. The four stationary poles were assembled onto an ylic plate with
alignment marks engraved by laser machining under a microscope to
ensure the alignment of each pole pairs. The movable pole was fixed
onto a three-axis manipulator. The relative positions of the tip of the
movable pole and tips of the fours stationary poles were adjusted
under the microscope field of view.
Cell Culture. Human bladder cancer T24 cells were purchased

from the America Type Culture Collection (ATCC, Manassas, VA).
The cells were cultured with ATCC-formulated McCoy’s 5A modified
medium with 10% FBS and 1% penicillin−streptomycin at 37 °C and
5% CO2 and passaged every 4 days. Glioblastoma stem cells G532
were grown adherently in serum-free medium as described in ref 91.
Briefly, cells were grown on PRIMARIATM culture plates (Corning)
coated with poly-L-ornithine (Sigma) and laminin (Sigma) and
maintained in Neurocult NS-A basal medium (human) (StemCell
Technologies) containing 2 mM L-glutamine (Wisent), 75 μg/mL
bovine serum albumin (Life Technologies), in-house hormone mix
equivalent to N2 (homemade), B27 supplement (Life Technologies),
10 ng/mL recombinant human epidermal growth factor (rhEGF;
Sigma), 10 ng/mL basic fibroblast growth factor (bFGF; StemCell
Technologies), and 2 μg/mL heparin (Sigma). Cells were passaged by
using enzymatic dissociation with Accutase (StemCell Technologies).
Cell Viability Test. Magnetic nanoparticles were added into the

cell culture 12 h prior to cell viability counting, and fluorescent dyes
were added into the cell culture 1 h prior to cell viability counting,
following the manufacturer’s protocol. In the cell-counting procedure,
cells were first lifted by treating with 0.25% trypsin (0.25% trypsin,
Sigma-Aldrich). The resulting cell suspension was centrifuged, and the
cell pellet was resuspended in the cell medium to a final concentration
of approximately 1 × 106 cells/mL. A 1:1 mixture of cell suspension
and 0.4% Trypan Blue solution (15250061, ThermoFisher Scientific)
was then made and allowed to stand for 5 min at room temperature.
For cell counting, a 10 μL of cell suspension was applied to the edge
of the V-shaped groove in the chamber of a disposable
hemocytometer (C-Chip disposable hemocytometer, Digital Bio).
Cells were allowed to drop to the chamber bottom for 1−2 min
before counting.
Microinjection. The microinjection system used in this work

consisted of a standard inverted microscope (Nikon TE2000-S, Nikon
Microscopes), a micromanipulator (MX7600, Siskiyou, Inc.), a
picoliter pump (Digital Microinjector, Sutter Instrument USA), and
a glass micropipet, which was laser pulled through heating a
microfilament. A camera was connected to the microscope to provide
microscopy imaging and visual feedback. A host computer runs our
custom-built control software to control all the aforementioned
instruments.92 Microinjection was conducted (injection pressure 5.4
kPa, injection pipet inner diameter 900−1000 nm, injection pulse
duration 0.2 s) to deliver 4 pL of nanoparticle solution with a
concentration of 100 μg/mL. The intracellular amount of the
nanoparticles was estimated to be ∼140 particles per cell. Cell
microinjection was performed with different sizes of magnetic
nanoparticles (130, 250, 500, and 1000 nm), and the cell viability
and the success rate of microinjection were compared. The
microinjection of 130 nm nanoparticles (nanomag-D biotin, Micro-
mod, Germany) showed insignificant cell viability decrease compared
to results with the control group, and the highest microinjection
success rate among all particle sizes tested.
Preparation of Fluorescent-Dye-Coated Nanoparticles. The

pH sensitive fluorescent dye, pHrodo red avidin (P35362,
ThermoFischer Scientific), was used for coating onto the surface of
magnetic particles. The pHrodo red avidin construct in a
concentration of 2 mg/mL and the biotin-coated magnetic particles
in a concentration of 10 mg/mL were mixed in a ratio of 2:1
overnight at 4 °C. The coated magnetic particles were washed by 4 °C
PBS three times with a volume ratio of particles solution:PBS =
1:1000. At the final working concentration of 100 μg/mL, the coated
magnetic particles were examined under the microscope, and no
observable aggregate larger than 200 nm was found. Cal-520 biotin
conjugate (20605, ATT Bioquest, USA) was used to be integrated

onto the surface of avidin magnetic nanoparticles (nanomag-D avidin,
Micromod, Germany). The coating procedures are similar to the pH
dye functionalization, including mixing with particles overnight at 4
°C and washing with PBS at 4 °C before use. The final coating
efficiency was quantified through the BCA assay [Figure S14]. The
fluorescent intensity of the formed pH-sensitive and calcium-sensitive
nanoparticle swarm was calibrated in the pH calibration buffer
(Intracellular pH Calibration Buffer, ThermoFisher) and calcium
calibration buffer (Calcium Calibration Buffer Kits, ThermoFisher),
respectively. The pH-insensitive and calcium-insensitive nanoparticle
swarm was also tested within the calibration buffers as negative
control groups [Figure S15]. The dye treatment was also used in fixed
cells to study the effects of the nanoparticle swarm to the
measurement results [Figure S16].

Lentivirus-Mediated shRNA for PIEZO1 Knock-Down. The
human pLKO.1 lentiviral shRNA target gene set against PIEZO1 and
pLKO.1-TRC-control vector were obtained from Dharmacon. Virus
infections were performed within antibiotics-free culture medium for
24 h. PIEZO1 shRNA mature antisense sequences: #, ATGATT-
GTACTTCTTGGTGAG; #2, TTCCACCTGAATGTGGTCTTC.
Cells were collected for RNA extraction after 4 days starting from
lentiviral infections.

Real-Time Quantitative PCR. The total RNA from cells was
isolated by using GENEzol TriRNA Pure Kit according to the
manufacturer’s protocol (Geneald Biotech Ltd.). cDNAs were
synthesized with the Tetro reverse transcriptase (Bioline). Real-time
PCR was performed by using the following specific human primers:
PIEZO1 (forward, CTCTTCCTGGCGCTGTTC; reverse, GAT-
GAGGTTGGTGGAGTTGG); GAPDH (forward, CTCCTGCAC-
CACCAACTGCT; reverse, GGGCCATCCACAGTCTTCTG).
GAPDH was used as internal controls for gene expression
quantification. Real-time PCR was performed with ABI Viia7 by
using SYBR green PCR master mix. Relative mRNA abundance was
done using the ΔΔCT method (in triplicates). Each experiment was
performed in three biological replicates.

Fluorescent Staining. Cell nucleus staining in live cells was
achieved by using Hoechst (62249, Hoechst solution, ThermoFisher
Scientific). Hoechst was diluted in the stock solution of DMSO to
reach a final concentration of 1 mg/mL. Dye in stock solution was
added into the cell culture medium to reach the final concentration of
1 μg/mL, and the cells were treated at 37 °C for 40 min. Then the dye
was washed by PBS three times. Intracellular organelles were stained
by using Organelle Localization IF Antibody Sampler Kit (#8653, Cell
Signaling Technology, USA) as the primary antibody with a dilation
ratio following manufacturer protocol and antimouse secondary
antibody (715-095-151, 1:500, Donkey anti-Mouse IgG (H+L)
Secondary Antibody, FITC, Jackson Immuno research) as the
secondary antibody. Staining for actin was achieved by using
phalloidin fluorescent conjugate (ab176756, Phalloidin-iFluor 555,
1:2000, Abcam). Cells were fixed, permeabilized, treated with primary
antibody, secondary antibody, and mounted in DAPI (H1200
Vectashield+DAPI, VectorLabs) as manufacturer protocols instructed
to visualize the nucleus.

Fluorescence Imaging. The intracellular navigation and
measurement experiments were conducted while images/videos
were collected through a Nikon epifluorescent microscope (Eclipse
Ti2) with illumination light sources (Lumencor, USA). The images
and videos were acquired by a Hamamatsu ORCA-Flash4 camera
connected to the microscope with 40× objective. The imaging
settings for pH calibration and measurement include the following:
excitation filter, 504 nm; barrier filter, 609 nm; exposure time, 200 ms.
The imaging settings for calcium measurement include the following:
excitation filter, 466 nm; barrier filter, 525 nm; exposure time, 200 ms.

Data Analysis for Fluorescent Intensity. Cell experiments were
completed within 30 min after cells were taken out of incubator, with
each trail of experiments completed within 5 min. The intensity of
fluorescent signal was analyzed by ImageJ and MATLAB 2020a. The
photobleaching effect was experimentally calibrated [Figure S16] and
used to correct the recorded intensity results. The rolling ball filtering
algorithm was applied to the fluorescence images.93 The size of the

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c02938
ACS Nano XXXX, XXX, XXX−XXX

L

https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c02938/suppl_file/nn2c02938_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c02938/suppl_file/nn2c02938_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c02938/suppl_file/nn2c02938_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c02938/suppl_file/nn2c02938_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c02938?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


formed 1 μm swarm was quantified to be 1.037 ± 0.037 μm after
filtering the fluorescence images and 1.036 ± 0.026 μm measured by
transmission electron microscopy. There was no significant difference
in the swarm size between the results determined from TEM images
and the filtered fluorescence images (P = 0.9561). The analysis code
is available at https://github.com/XianShawn/IntracellularSwarm.
Error Propagation. Because of measurement uncertainties in

calibration and the variance in different cells, the apparent pH/
calcium values calculated from experimental data contain uncertain-
ties from both calibration and experiments. The calibration data were
first fitted with the weighted linear least-squares regression model.
The weight for each y data point is

σ
1

2 , where σ is the standard

deviation. With the weighted linear least-squares regression model,
the uncertainty in the est imation was calculated as

σ = ∑ −y y

Nest
( )model mean

2

, where ymodel is the calibration-predicted

value and ymean is the experimentally measured value. The combined

standard deviation is σ σ σ= +total est
2

mean
2 , where σmean is the

standard deviation of the experimentally measured mean value.
Statistical Test. The polarity ratio and the stiffening ratio were

reported as mean ± standard deviation. Comparisons of each group
were conducted by one-way ANOVA and the Student−Newman−
Keuls test for pairwise comparisons in Origin. The statistical
significance in each comparison was evaluated as p < 0.05 for
significance level.
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