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ABSTRACT: Multifunctional magnetic nanoparticles have
shown great promise as next-generation imaging and perturbation
probes for deciphering molecular and cellular processes. As a
consequence of multicomponent integration into a single
nanosystem, pre-existing nanoprobes are typically large and
show limited access to biological targets present in a crowded
microenvironment. Here, we apply organic-phase surface
PEGylation, click chemistry, and charge-based valency discrim-
ination principles to develop compact, modular, and monovalent
magneto� uorescent nanoparticles (MFNs). We show that MFNs
exhibit highly e� cient labeling to target receptors present in cells
with a dense and thick glycocalyx layer. We use these MFNs to
interrogate the E-cadherin-mediated adherens junction formation
and F-actin polymerization ina three-dimensional space,
demonstrating the utility as modular and versatile mechanogenetic probes in the most demanding single-cell perturbation
applications.
KEYWORDS:Magnetic nanoparticles, single-cell perturbation biology, cell labeling, steric crowding, cell surface microenvironment

Single-cell perturbation tools, as epitomized by optoge-
netics, have provided an unprecedented means of

interrogating the mechanisms underlying complex cell signal-
ing processes.1,2 These tools enabled selective and speci� c
control of cellular activities including channel gating and
biomolecular clustering, sca� olding, and dissociation with high
spatiotemporal resolution.3,4 Strategies using nanomaterials
such as nanopatterns,5�8 biopolymers,9 DNA nanostruc-
tures,10�12 and nanoparticles13,14 have been proposed recently
toward developing alternative and complement single-cell
perturbation tools. Comparable characteristic lengths (e.g.,
size and assembly spacing) of these nanomaterials with those
of cell signaling biomolecules ideally are suitable for label-
ing15�17 and regulating spatial dynamics of targeted

receptors.18�23 These materials can also serve as nanoscale
transducers that convert many di� erent forms of physical
inputs (e.g., optical, magnetic, and electronic stimulations) into
biologically translatable cues.24�27 Hence, these features of
nanomaterials have enabled applications of single-cell
perturbation biology into diverse biological targets, which
have been di� cult with traditional tools.

As an example of such nanotechnology-driven single-cell
perturbation tools, we recently developed mechanogenetics
(i.e., genetically encoded mechanical control of cell signaling)
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using monovalent and modular magnetoplasmonic nano-
particles (MPNs).28,29 We further demonstrated its utility to
identify the di� erential roles of spatial and mechanical cues in
two important mechanosensitive receptors: Notch and vascular
endothelial cadherin (VE-cadherin). While both receptor
studies were successful, we observed that MPNs exhibited
signi� cantly reduced labeling to VE-cadherin than to Notch. In
fact, cell surface receptors are present in a“sterically crowded”
microenvironment composed of bulky membrane receptors as
well as glycoproteins and glycans, which form the complex
polymer meshwork called glycocalyx.30,31 Since bulky proteins
and glycocalyx form a dense layer at the proximal cell surface
and contribute to an overall negative charge,32 we hypothe-
sized that VE-cadherin (approximately 15 nm tall)33 is less
accessible than Notch (approximately 100 nm tall in an
extended form)34 to MPNs due to the steric constraints.
Considering that most animal epithelial cells form a thick
glycocalyx layer, a decreased labeling of MPNs to small
receptors limits broad applications of mechanogenetics.

A simple and straightforward solution to this problem is the
development of a smaller nanoparticle probe enhancing the
di� usion through a sterically crowded microenvironment,
while maintaining the capacity of MPNs to image and
manipulate targeted cell surface receptors. Unfortunately,
fabrication of monovalent MPNs smaller than 40 nm is
synthetically challenging due to an incomplete gold shell
formation. Even with the potential synthetic success, size
reduction of MPNs can be a problem that leads to signi� cantly
decreased probe imaging signals, indistinguishable from
background scattering signals from cellular components (e.g.,
endosomes). Use of a smaller magnetic core weakens the force-
generating capability of MPNs.

To address this challenge, as an alternative mechanogenetic
probe with improved usability, applicability, and versatility,
here we present small, clickable, and monovalent magneto-
� uorescent nanoparticles (MFNs). We� rst describe design
and synthesis of MFNs and their monovalent conjugation with
a targeting oligonucleotide. We investigate the performance of

Figure 1.Design and synthesis of small, clickable, and monovalent MFNs. (a) Schematic description of MFN synthesis via organic-phase
PEGylation, click chemistry, and the charge-based valency discrimination principle. (b) Amine quanti� cation of M@SiO2 nanoparticles. The
number of NH2 per nanoparticles (green) and the density of PEG24 coverage on nanoparticles (blue) before PEGylation, after organic-phase
PEGylation, and after aqueous-phase PEGylation (n = 3). (c) DLS spectra of M@SiO2 before and after the organic-phase PEGylation. For
comparison, DLS spectra of MPNs and PEGylated M@SiO2 via the aqueous-phase synthesis are also shown. (d) Elution pro� les of AE-HPLC for
unreacted M@SiO2 (gray), M@SiO2 reacted with NH2-modi� ed DNA (blue), MFNs conjugated with 10-fold (orange), or 30-fold (red) molar
excess of DBCO-modi� ed DNA. The area highlighted with orange represents the monovalent species. (e) Agarose gel electrophoresis of
monovalent M@SiO2 nanoparticles hybridized with 10 nm Au nanoparticles conjugated with DNA bearing complementary sequences. Lane 1:
M@SiO2 only. Lane 2: M@SiO2 + Au with noncomplementary DNA. Lane 3: M@SiO2 + Au with complementary DNA. (f) Representative TEM
image of M@SiO2-Au heterodimers puri� ed from gel electrophoresis. Insert: Approximately 94% of detected species were M@SiO2-Au
heterodimers. (g) Left: A gel electrophoresis image of MFN-AF647 con� rms� uorescent properties. Right: A TIRF image of MFN-AF647. Scale
bar = 1� m. (h) Absorption (Ab) and photoluminescence (PL) spectra of MFN-AF647. An absorption spectrum of the PEGylated M@SiO2
without dye conjugation is shown as a control (black dashed line).
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MFNs with respect to labeling e� ciency, target speci� city, and
mechanogenetic control of receptors through� ow cytometry,
confocal microscopy, and magnetic tweezing in live cells. We
show that the MFN signi� cantly outperforms its predecessor,
MPN, � nally enabling mechanogenetic interrogation of
epithelial cadherin (E-cadherin) surrounded by a highly
crowded microenvironment.

The key components that comprise the mechanogenetic
nanoparticle probes are (1) a force-generating domain that
delivers a controlled mechanical force to the target protein, (2)
an imaging domain that reports spatiotemporal distribution of
the probes, and (3) a targeting domain that speci� cally binds
to the receptor. The previously developed MPNs integrate all
three components, where the Zn0.4Fe2.6O4 magnetic core (13
nm) coated with a thin (2 nm) SiO2 layer (M@SiO2), a
plasmonic Au shell (thickness: > 10 nm), and an
oligonucleotide tether serve as the force-generating, imaging,
and targeting domains, respectively.29 The gold shell addition-
ally facilitates (1) the formation of a robust, dense, and thin
polyethylene glycol (PEG) surface passivation layer providing
excellent colloidal nanoparticle stability,35,36 (2) the modular
conjugation with the targeting domain via well-established
Au�S chemistry,37 and thereby (3) the isolation of
monovalent MPNs under harsh puri� cation conditions. Since
the gold shell comprises a signi� cant portion of MPNs, its
replacement with a smaller component while keeping other
components can signi� cantly reduce the total probe size.
Hence, we sought to develop a method to directly conjugate
surface ligands to M@SiO2 nanoparticles, while providing the
functions of the gold shell. Our strategy toward this design is to
integrate organic-phase PEGylation, click chemistry, and a
charge-based valency discrimination principle (Figure 1a). The
organic-phase PEGylation of nanoparticles minimizes unde-
sired side reactions (e.g., hydrolysis of ester electrophiles),
promotes complete PEGylation of surface amine functional
group, and� nally forms a dense passivation layer on the
nanoparticle surface (Figure 1a). Click chemistry facilitates
modular and controlled functionalization of nanoparticles with
imaging and targeting molecules.38,39 The charge-based
valency discrimination principle enables puri� cation of
monovalent nanoparticles through anion exchange high-
performance liquid chromatography (AE-HPLC).

The surface PEGylation was carried out by reacting amine-
functionalized M@SiO2 with tetra� uorophenyl (TFP)-ester-
functionalized PEG molecules in anhydrous dimethyl sulfoxide
(DMSO) solution. Brie� y, 100 pmol of amine-functionalized
nanoparticles in 250� L of anhydrous DMSO were mixed with
20.8 � mol of TFP-(OCH2CH2)24-X (X = OCH3 or N3;
OCH3:N3 = 25:1) and 30� mol of trimethylamine (Figure S1).
After overnight incubation, 50� mol of succinic anhydride and
50 � mol of triethylamine dissolved in 50� L of anhydrous
DMSO were added to quench residual amine functional
groups. The resulting solution was then passed through a
magnetic column with deionized water eluent, yielding a stable
aqueous dispersion of PEGylated nanoparticles. To form a
dense but thin PEG passivation layer, we chose a short PEG
molecule bearing 24 ethylene glycol (EG) repeats rather than
traditional high molecular weight PEGs (e.g., PEG 5000). To
determine the amine-to-PEG conversion e� ciency, we
quanti� ed the number of amine functional groups per
nanoparticle before and after the PEGylation. We observed
the semiquantitative conversion of amine-functional groups to
PEG24 ligands (>94%), forming a dense PEG passivation layer

with a surface density of 3.7 PEG24 per nm2 (Figure 1b).
Accordingly, the resulting nanoparticles are colloidally stable
with a hydrodynamic size of 29 nm, signi� cantly smaller than
an MPN (56 nm) (Figure 1c andFigure S1). Contrarily, a
conventional aqueous-phase PEGylation resulted in poor
passivation (1.9 PEG24 per nm2) and particle aggregation
(Figure 1b,c).

The azide end-functional group of the PEG ligands allows
for facile and modular click conjugation of this compact
magnetic nanoparticle with any desired functional components
such as� uorescent molecules, nucleic acids, or proteins. We
� rst introduced a targeting module to the nanoparticles by
reacting them with 5�-dibenzocyclooctyne (DBCO)-modi� ed
oligonucleotides. To con� rm the DNA conjugation, we loaded
as-synthesized samples into an AE-HPLC column and
compared the elution pro� les with negative controls (i.e.,
nanoparticles without DNA or with amine-modi� ed DNA). A
broad peak was consistently seen at 8.5 min for all three
samples, corresponding to unconjugated bare particles. In
contrast, three additional peaks around 13�15 min were seen
only from the nanoparticles reacted with DBCO-DNA,
indicating a speci� c DNA-nanoparticle conjugation via click
chemistry (Figure 1d). Since the charge density of DNA-
conjugated nanoparticles increases as a function of DNA
valency (i.e., charge-based valency discrimination), we
interpreted these peaks as mono-, di-, and multi (3 or
more)-valent species.29,40 The reactions with 30× excess
DBCO-DNA produced signi� cantly more monovalent nano-
particles (35.0%) than those with 10× DNA (13.9%),
indicating the nanoparticle valency is controllable by varying
the stoichiometric ratio (Figures S2 and S3). We only collected
monovalent species for the downstream applications, to ensure
one-to-one probe-target engagement and minimize nonspeci� c
probe perturbation. We validated the monovalency of the
particles by reacting them with a 10-fold molar excess amount
of monovalent gold nanoparticles (10 nm) bearing sequences
complementary with the DBCO-DNA.37,41 We observed the
formation of a new single band by gel electrophoresis in
between the magnetic and gold nanoparticle bands (Figure
1e).42,43 This band consisted nearly exclusively of M@SiO2-Au
heterodimers as revealed by transmission electron microscopy
(TEM) (94%,Figure 1f), strongly supporting the monovalent
DNA conjugation of the magnetic nanoparticles.

Next, we introduced the� uorescence-imaging module to the
monovalent magnetic nanoparticles by click conjugation with
DBCO-functionalized� uorescent dyes (AlexaFluor 647 or
AF647). Gel electrophoresis con� rmed the conjugation
(Figure 1g), � nally forming monovalent MFNs (Figure 1h).
The total internal re� ection � uorescence (TIRF) images
showed bright single-particle� uorescence signals with
reasonably high photostability over multiple rounds of
acquisition (Figure 1g andFigure S4a,b). The single MFN
exhibited approximately 30× brighter signals than a single dye
(Figure S4c�e). Coupling of � uorescent components to
magnetic nanoparticles has been previously reported,44�46

but our study is the� rst demonstration of monovalent MFNs
bearing a single targeting moiety.

With the monovalent MFNs synthesized, we then tested our
initial hypothesis: The compact nanoparticles would facilitate
access to the cell surface receptors in a crowded microenviron-
ment, would improve the target labeling, and hence would
allow mechanogenetic interrogation of the cell surface
receptors that have been di� cult with MPNs (Figure 2a).
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To test this hypothesis, we generated a U2OS cell line co-
expressing a recombinant human Notch1 fused with SNAP-
and mCherry-tags at its N and C termini (SNAP-hN1-mC),
respectively, and a recombinant human E-cadherin fused with
Halo- and GFP tags at its N and C termini (Halo-Ecad-GFP),
respectively. Homogenous cell surface expression of these
receptors was con� rmed by treating the cells with cell-
impermeable dyes (e.g., SNAP surface or Halo-ligand dyes)
(Figure S5). We chose the Notch and Cadherin co-expression
system, because (1) overexpression of large and highly
glycosylated Notch receptors form a dense and thick glycocalyx
layer at the cell surface and (2) E-cadherin is a relatively small
protein. Hence, nanoparticle targeting to E-cadherin would be
hindered by Notch overexpression. This co-expression system
further allows a direct comparison of the probe labeling to a
tall and a short protein in the same cells. The Notch or E-

cadherin receptors were targeted by nanoparticles (MFNs or
MPNs) via benzylguanine (BG)-SNAP tag or chloroalkane-
Halo tag chemistries, respectively.

We � rst compared the targeting capabilities of MPNs and
MFNs to Notch. To make MPNs compatible with cytometry
analysis (Figure S6), we introduced DBCO-AF647 dyes to
MPNs. Cells treated with MPNs exhibited a peak shift in the
AF647 channel to a higher� uorescence compared to negative
control cells, indicating an increased nanoparticle labeling.
Cells treated with MFNs in identical conditions exhibited a
slightly more shifted peak (Figure 2b). To compare the
labeling e� ciency of the MPN-treated cells with the MFN-
treated cells, we calculated the geometric means of AF647
intensity and then normalized the values per single particle
(i.e., MPN or MFN)� uorescence signals (Figure S7). Labeling
with MFNs showed more increases in nanoparticle� uo-

Figure 2.Flow cytometry analysis (FCA) to evaluate MFN labeling to target receptors in a crowded live-cell microenvironment. (a) Schematic
illustration of nanoparticle labeling to cell surface receptors. MFNs have a smaller hydrodynamic size, thus enabling a more e� cient labeling of
Notch,� EGF-Notch, and E-cadherin than MPNs. (b) Left: FCA of Notch and E-cadherin co-expressing treated with the indicated conditions for
nanoparticle labeling of Notch. Center: FCA of Notch and E-cadherin co-expressing cells treated with the indicated conditions for nanoparticle
labeling of E-cadherin. Right: FCA of� EGF-Notch expressing cells treated with the indicated conditions for nanoparticle labeling of� EGF-Notch.
(c) Geometric means of AF647 intensity for nanoparticle signals from cells treated with the indicated labeling conditions. Each bar graph is for
targeting of the indicated receptors. (d) FCA of the cells incubated with varying concentrations of MFNs for labeling of E-cadherin. (e) FCA
showing the target speci� city of MFN labeling of E-cadherin. Left: E-cadherin signals (GFP) of the cells. Cells were grouped into two subsets,
Ecadhi and Ecadlo cells. Right: FCA in MFN-AF647 signals from the Ecadhi (red) and Ecadlo subsets (gray).
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rescence signal (2.06-fold) than labeling with MPNs (1.53-
fold) (Figure 2c). This result shows that both MPNs and
MFNs label tall and easily accessible receptors e� ciently and
speci� cally (i.e., Notch), where MFNs showed a slightly better
labeling.

Improved labeling capacity of MFNs over MPNs is more
evident, when targeted to E-cadherin present in a sterically
crowded environment. We observed the cells treated with
MPN labeling exhibited a negligible peak shift in the AF647
channel with a very small increase (1.08-fold) in the average
� uorescence intensity, compared to the negative control. In an
identical labeling condition, cells treated with MFNs showed a
signi� cant 647 nm peak shift in the channel with a 6.0-fold
increase in the mean� uorescence intensity (Figure 2b,c).
Increasing the MFN concentration (5 nM) provided further
improvement, as indicated by the mean� uorescence intensity
(23-fold increase) and the frequency of cells with dense
nanoprobe labeling (44.4%) (Figure 2b�d). To examine the
e� ect of receptor variance (i.e., Notch vs E-cadherin) in the
nanoparticle labeling, we also generated cells expressing SNAP-
tagged Notch receptors with the EGF repeat truncation

(� EGF-Notch) (Figure S8). This Notch variant has a
comparable size (approximately 10 nm) with E-cadherin and
keeps the spatial and signaling dynamics of a full-length
Notch.47�49 Consistent with the E-cadherin case, only MFNs
showed robust labeling to the cells expressing� EGF-Notch,
while the MPNs exhibited negligible receptor labeling (Figure
2b,c andFigure S8). This result supports our notion that the
environmental steric crowding of target receptors and the
nanoparticle size are major determinants of the cell labeling.

We analyzed the speci� city to target receptors of MFN
probes. Based on GFP signals, we determined the gate that
classi� ed the analyzed cells into two groups: one containing
cells with high E-cadherin expression (Ecadhi) and the other
with no or low E-cadherin expression (Ecadlo). Flow cytometry
of each group revealed an over 37-fold increase in the fraction
of cells with dense MFN labeling from Ecadhi cells (5.5%) as
compared to Ecadlo cells (0.15%) (Figure 2g). This analysis
indicates that MFN labeling of Halo-Ecad-GFP has good target
speci� city.

To investigate nanoparticle labeling at the single-cell and
subcellular levels, we performed confocal� uorescence or dark-

Figure 3.Comparison in receptor accessibility of MFNs with MPN via 3D confocal� uorescence imaging. (a) Notch expression (red) and MFN
labeling (magenta) observed via wide-� eld microscopy. A representative image of SNAP-hN1-mC expressing U2OS cells treated with BG-DNA
and MFNs (top) and negative control cells incubated without BG-DNA (bottom). Scale bar = 100� m. (b) E� cient MPN labeling of Notch (red)
observed using dark-� eld (DF) re� ective microscopy. The DF images of cells incubated with BG-DNA and MPNs show dense nanoparticle labeling
(top), while DF images of cells incubated with only MPNs but no BG-DNA show minimal labeling (bottom). Scale bar = 3� m. (c) E-cadherin
expression (green) and MFN labeling (magenta) observed via wide-� eld epi� uorescence microscopy. A representative image of SNAP-hN1-mC
and Halo-Ecad-GFP co-expressing cells incubated with Halo-DNA and MFNs shows dense MFN labeling (top, scale bar = 100� m). The image of
cells treated with MFNs but no Halo-DNA shows minimal labeling (bottom, scale bar = 30� m). (d) Limited labeling of E-cadherin by MPNs. A
representative wide-� eld image of cells incubated with Halo-DNA and MPNs exhibit high E-cadherin expression (green) but negligible MPN
labeling (magenta). Scale bar = 100� m. (e) Confocal microscopy images of two cells labeled with dense MFNs. Left: Average projection of z-stack
images. Scale bar = 20� m. Right: aX�Z cross-section of the 3D reconstruction based on maximum intensity. Scale bar = 20� m.
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� eld scattering imaging of cells targeted by MFNs or MPNs,
respectively. We� rst examined the nanoparticle labeling to
Notch receptors (Figure 3a,b andFigure S9). A wide-� eld
� uorescence image showed a large number of cells with
Notch1 expression (mCherry) and MFN labeling (AF647)
(Figure 3a). Dark-� eld imaging of cells treated with MPNs
identi� ed the cells with bright scattering signals at the apical
membranes (Figure 3b). Whereas, cells incubated with
nontargeting nanoparticles showed negligible signals (Figure
3a,b).28 These are consistent with the� ow cytometry results
where both MFNs and MPNs are capable of e� cient and
speci� c labeling of Notch, a more accessible protein at the cell
surface.

We then investigated E-cadherin labeling with MFNs by
� uorescence imaging. Cells co-expressing Notch and E-
cadherin were treated with MFNs targeting E-cadherin and

imaged by confocal microscopy. Wide-� eld � uorescence
images of cells treated with MFNs showed a substantial
number of cells expressing E-cadherin with bright AF647
signals from nanoparticles (Figure 3c and Figure S10). In
contrast, cells treated with MPNs showed very weak
nanoparticle signals, indicating poor labeling (Figure 3d). We
observed negligible AF647 signals in the cells treated with
nontargeting MFNs, indicating excellent target speci� city and
minimum nonspeci� c binding (Figure 3c). To assess
subcellular spatial distributions of MFNs and target proteins,
we performed z-stack three-dimensional (3D) imaging of the
cells via confocal microscopy. The� uorescence signals from
Halo-Ecad-GFP were distributed throughout the cytoplasm
and membrane (Figure S11). We observed signi� cant
accumulations of MFN signals at both the apical and basal
membranes, indicating nanoparticle localization at the cell

Figure 4.Mechanogenetic interrogation of E-cadherin-mediated adherens junction formation in 3D. (a) A confocal image of a representative cell to
monitor localization of MFNs (magenta) and E-cadherin (green; E-cad) before and after� MT application. The� MT was placed at 5� m above the
targeted location (white dashed rectangle). Scale bar = 5� m. (b) Confocal images depicting the spatial distribution of MFNs (magenta, top), E-cad
(green, middle), and F-actin (red, bottom) before (left) and 10 min after (right) the� MT application. The a� ected regions are highlighted with
yellow solid shapes. Scale bar = 5� m. (c) Line scan pro� les of MFNs, E-cadherin, and F-actin before (dashed lines) and after (solid lines)� MT
application for the white lines shown in (b). The line segments within the targeted locations of mechanogenetic regulation of E-cadherin are
indicated with brown shade. (d) Left: Average projection of cell#2 (Figure 4b) after� MT application. The white arrow indicates a probe tip
coated with MFNs prior to the experiment. Right: AnX�Z cross-section image of the same cell through the solid red line. Scale bar = 5� m. (e)
Normalized� uorescence intensities for MFNs, E-cad, and F-actin before and after mechanogenetic perturbation (n = 5). * p < 0.05,** p < 0.01,
*** p < 0.001. (f) TheX�Z cross-section of the cell#1, panel (b). White dashed lines show the cell boundary before� MT application. White
arrows indicate the F-actin enrichment. Scale bar = 2� m.
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membranes (Figure 3e andFigure S11). MFN labeling to basal
membrane proteins further supports its highly enhanced access
of targets in crowded environments.

We aimed to demonstrate the capacity of the MFNs as
mechanogenetic probes to regulate cell surface receptors in a
crowded microenvironment. We labeled cells stably co-
expressing SNAP-hN1-mC and Halo-Ecad-GFP receptors
with MFNs via chloroalkane-Halo chemistry. Spatial and
mechanical control of targeted receptors can be achieved by
adjusting the� -magnetic tweezers (� MT) modes of
stimulation,29 while monitoring particle and receptor responses
in 3D. Because MFNs and MPNs have an identical magnetic
core (i.e., 13 nm Zn0.4Fe2.6O4) coated with a 2 nm SiO2 shell
(Figure S1c), we estimated force (F) generated by a single
MFN by a power law equation ofF = 0.48d(� m)

�4.86 +
3.07d(� m)

�1.43, whered corresponds the distance between the
� MT and MFNs, as described previously.28,29 We placed the
� MT 5 � m above a cell’s subcellular region to induce receptor
clustering.29 We monitored spatial distributions of MFNs and
receptors. Initially, both MFNs and E-cadherin were uniformly
distributed over the cellular edges (Figure 4a). After the� MT
application, MFNs and hence E-cadherin were spatially
concentrated at the proximity of the� MT (Figure 4a).
Fluorescence increases from MFNs and E-cadherin spatial
redistribution have a positive correlation (R2 = 0 .84,n = 5)
based on multiple single-cell experiments (Figure S12a). The
3D reconstruction images showed that a majority of signals
from MFNs and E-cadherin were co-localized at the apical
membrane (Figure 4d andFigure S13).

We further investigated thedynamics of E-cadherin-
mediated adherens junction formation in 3D space. To
image F-actin, we transfected U2OS cells expressing SNAP-
hN1 and Halo-Ecad-GFP with Lifeact7-mCherry. We induced
E-cadherin clustering by placing the� MT above the target
locations. Both MFN and E-cadherin� uorescence signals
simultaneously increased andco-localized at the target
subcellular locations (Figure 4b). mCherry signals for F-actin
also signi� cantly increased and co-localized at the same
locations, suggesting F-actin recruitment near the site of the
E-cadherin cluster (Figure 4b,c).50�52 Signal increases from E-
cadherin clustering and F-actin recruitment within same cells
have a strong positive correlation (R2 = 0.90,n = 5) (Figure
S12b). Fluorescence signals from co-localized MFNs, E-
cadherin, and F-actin all showed statistically signi� cant 2.0-,
2.6-, and 2.8-fold increases in average intensities compared to
initial values (MFN:p < 0.01; E-cadherin:p < 0.05; Actin:p <
0.001) (Figure 4e andFigure S14). With confocal microscopy,
we visualized the formation of local F-actin remodeling and
assembly in 3D space. AnX�Z cross-section image showed the
formation of thick stripe-like F-actin enrichment. In 3D space,
this corresponds to a pyramidal architecture with cadherin
clusters as its vertex (Figure 4f andFigure S15). We interpret
the structure as a F-actin� ow toward cadherin clusters in 3D.
Recent studies have revealed that cadherin-based cell adhesion
is involved in contact inhibition of locomotion, a critical
process for cell migration by coordinating the spatial dynamics
of actin networks.53 Thus, the MFN-based approach may be
extended to investigate a variety of cellular processes, such as
polarization, motility, and development, where receptor spatial
heterogeneity plays a critical role in regulating downstream
signaling and cellular behaviors.

In conclusion, we developed an improved mechanogenetic
platform based on MFNs. We demonstrated that MFN probes

provided a superior labeling of surface receptors in a crowded
microenvironment compared to previous MPN probes. We
achieved spatiotemporal control of the membrane distribution
of targeted receptors and interrogated cellular responses to
mechanogenetic perturbation using 3D confocal imaging. Note
that the current study did not take into account the e� ect of
nanoscale spatial constraints of receptors (e.g., receptor
oligomerization) into the nanoparticle labeling. Although we
retain this for future study, small MFNs would also be useful
for assessing the receptor oligomers. Finally, this study
demonstrates MFNs as robust and versatile probes with the
potential of mechanogenetic interrogation of a wide range of
mechanosensitive cell signaling systems.
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