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As a new enabling nanotechnology tool for wireless, target-specific, and long-distance stimulation
of mechanoreceptors /n vivo, here we present a hydrogel magnetomechanical actuator (h-MMA)
nanoparticle. To allow both deep-tissue penetration of input signals and efficient force-generation,
h-MMA integrates a two-step transduction mechanism that converts magnetic anisotropic energy
to thermal energy within its magnetic core (7.¢e., Zng 4Fe; 04 nanoparticle cluster) and then
mechanical energy to induce the surrounding polymer (7.e., pNiPMAmMm) shell contraction, finally
delivering forces to activate targeted mechanoreceptors. We show that h-MMAs enable on-demand
modulation of Notch signaling in both fluorescence reporter cell lines and a xenograft mouse
model, demonstrating the utility as a powerful /n7 vivo perturbation approach for mechanobiology
interrogation in a minimally invasive and untethered manner.

Keywords

magnetic nanoparticle cluster; magnetic hyperthermia effect; thermoresponsive hydrogel;
mechanosensitive receptor; perturbation biology

Tools for manipulating signaling, activity, and function of specific cells in living

organisms have enormous potential to promote novel perturbation biology approaches

and unprecedented therapeutic strategiesI=*. The past decades have witnessed a drastic
expansion in physical perturbation methods including nano/micro-electrode arrays®,
microfluidics’-8, optogenetics®-11, upconversion nanoparticles'?-15, thermogenetic16-20,
sonogenetics?122, and mechanogenetics?3-24, enabling neuromodulation, stem cell
differentiation, immune cell activation, and cell migration and adhesion with high
spatiotemporal precision. However, despite the potential, broad /in vivo applications of these
tools have been lagged by technical limitations. Electrode- or light-based techniques require
device implementation into target tissues due to the low tissue penetration depth of input
signals?>:26, Mechanogenetic tools based on force exerted by single magnetic particles
under magnetic field gradient only allow short-distance operation, incompatible with animal
studies?’28, On the other hand, the use of alternating or rotational magnetic field with
uniform strength offers long-range stimulation of targeted receptors by converting magnetic
anisotropy energy to thermal energy or torque, as demonstrated in magneto-thermogenetic
and m-Torquer regulation of specific channel proteins including TRPV and Piezol,
respectively2%-32, The development of a new tool, that exploits the long-distance operation
of the uniform magnetic field while converting the magnetic energy to a different form of
physical cue beyond heat or torque, will greatly enhance its useability and applicability to
diverse cell signaling processes.

We particularly sought to develop a hydrogel magnetomechanical actuator (h-MMA)
nanoparticle that eventually exerts mechanical tensile stress to target proteins in response

to oscillatory magnetic field stimulation, as many mechanosensitive proteins relay the signal
by unfolding the force-sensing domain upon the application of mechanical pulling33-38,
Since the direct conversion of magnetic anisotropy energy to mechanical pulling is

difficult, we employed a two-step mechanism — magnetic-to-thermal and thermal-to-
mechanical transductions, wherein each transduction could be more straightforward by
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using magnetic nanoparticles and thermosensitive hydrogel polymers, respectively (Fig.
1a)39-61, Specifically, we designed an h-MMA comprised of a magnetic nanoparticle

cluster (MNC) core surrounded by a poly N-isopropylmetylacrylamide (pNiPMAm) shell
layer. We chose the MNC core to maximize heat generation per particle, while effectively
localizing the energy to its surrounding shell layer (detailed discussion in Fig. 2). We also
chose pNiPMAmMm as the shell layer of h-MMA, because of its volume-phase-transition
(VPT) behaviors ideally suited for the envisioned application, which include 1) drastic

size reduction (up to 75 %) upon VPT, 2) tunable critical transition temperature (T.) near
the body temperature, and 3) facile bio-functionalization. To fabricate h-MMA, we first
assembled 13 nm Zn-doped iron oxide (Zng 4Fe; 604) nanoparticles into a superlattice

via oil-in-water microemulsion entrapping followed by evaporating the low-boiling point
solvent in the oil phase52-66, MNCs were coated with a thin SiO, (~10 nm) layer and

then pNiPMAmM via the Stéber method and radical polymerization, respectively (Fig. 1b,
See methods for details)®’. Figure 1c shows representative transmission electron microscope
(TEM) images and dynamic light scattering analysis (inset) of MNCs (TEM: 238 + 28.2
nm, hydrodynamic size: 284 £ 45.1 nm), MNC@SiO, (TEM: 260 + 37.8 nm, hydrodynamic
size: 302 £ 83.1 nm), and MNC@SiO,@pNiPMAmM (TEM: 700 + 50.2 nm, hydrodynamic
size: 817 £ 198 nm), confirming the high quality of particles with respect to cluster,

size and shape uniformity, and colloidal stability, where these parameters were important
for the desired downstream application. To estimate the number density of Zng 4Fes 604
nanoparticles per MNC, we performed tilted-angle TEM analyses of MNCs along different
superlattice crystallographic directions. MNCs have a face-centered-cubic (FCC) cluster
with a lattice constant of 20.8 nm suggesting approximately 3,136 particles per MNC (Fig.
1d). The FCC-structured MNCs exhibit maximized nanoparticle packing density (4.44 x 10°
particles per um3) and therefore higher magnetization (1.249 pemu per MNC @500 Oe),
compared to random aggregate counterparts (3.60 x 10° particles per um3, 0.982 pemu per
random aggregate @500 Oe) (Fig. S1). Accordingly, when assessed magnetic-to-thermal
energy conversion capacity via calorimetric bulk solution heating measurement under the
application of alternating magnetic fields (AMF at 500 kHz, 500 Qe), a single MNC particle
generated approximately 6.83 pW of individual particle power loss (IPLP), 2800 and 1.34
times stronger than a single Zng 4Fe; 604 nanoparticle (2.44 fW) and a random aggregate
(5.08 pW), respectively (Fig. 1e, Fig. S2, Supplementary Note 1).

We next tested the capacity of h-MMA (7.e.,, MNC@SiO,@pNiPMAmM) to transduce heat to
mechanical motion by measuring its hydrodynamic size via dynamic light scattering (DLS)
while gradually increasing the bulk solution temperature. h-MMA exhibited a clear VPT
near 43 °C (r.e., T), where the hydrodynamic size gradually decreases from approximately
858 nm to 556 nm with increasing temperature from 30 to 60 °C, respectively, suggesting
the collapse of the pNiPMAM layer to 64.8 % of the original size (Fig. 1f)%58.60.68 h.MMA
showed stable (variance of the size < 30 nm @ 30 °C with no aggregation), reversible,

and sustained VPT behaviors during repeated temperature cycles between 30 °C to 60 °C,
confirming the high performance of h-MMA s as thermal-to-mechanical transduction (Fig.
19, Fig. S3). Previous studies have reported that nanoscale heating of the particle core leads
to volume-phase transition of pNiPMAm and the collapse of hydrogel particles on the time
scale of ~100 nanoseconds, which allows for h-MMA applications of pN force38.60,
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Together, these two transduction experiments (/.e., AMF-to-bulk heating and bulk heating-
to-h-MMA contraction) indicate that h-MMAs are capable of converting an AMF input to
the mechanical output signal v7a bulk solution heating using high particle concentration.
However, prolonged bulk heating can cause many undesired consequences including cell/
tissue damage, nonspecific activation of thermosensitive receptors, and perturbation of
extracellular environments. We previously showed that, at a low particle concentration

(0.1 mg/ml), magnetic nanoparticle (i.e., 15 nm CoFe,O4@MnFe;04) produced local and
transient heating to its vicinity (< 10 nm) (Fig. S4), finally facilitating radical polymerization
of vinyl monomers8%. We hypothesized that the MNC core could induce local heating with
more extended ranges, while minimally influencing bulk solution temperature. To test this
hypothesis, we synthesized a set of MNC@SiO-, particles with varied SiO5 layer thickness
(d) of approximately 10 (9.7 + 2.5), 21 (21.4 + 3.2), 38 (38.3 = 3.8), and 65 (64.8 + 5.5) nm,
and induced radical polymerization of N-(2-aminoethyl)methacrylate (AEM) under AMF
application (500 kHz at 500 Og, 30 min ON / 30 min OFF cycle for 4 times; Fig. 2a,

Fig. S6). We employed a series of thermo-labile azo-molecule radical initiators (initiators
A-C) with varied degradation temperatures of 66, 78, and 102 °C at a given experimental
condition, respectively (Fig. 2a)7%.71. We then assessed poly-AEM (pAEM) formation on
MNC@SiO, particles by TEM (Fig. 2b). When d'equals or below 38 nm and initiators A or
B were used, we observed the formation of an additional contrasted layer on MNC@SiO»,
presumably corresponding to pPAEM. With the initiator C, however, we observed no changes
compared with original MNC@SiO, particles, suggesting that temperature reached 78 °C
but was below 102 °C at @< 38 nm. When d'= 65 nm, we detected the contrasted layer

for initiators A but not for B or C, indicating that the temperature at this distance range is
approximately 66—78 °C. To test whether the contrasted layer in TEM corresponds to p/AEM
or not, we further reacted as-synthesized particles with amine-reactive fluorescence dyes
(Alexa 488-NHS) and counted fluorescence-positive fractions for respective MNC@SiO»
and initiator combinations under fluorescence microscopy (Fig. 2c, d, Fig. S7). Since the
original MNC@SIiO, particle has no amine functional group but pAEM does, positive
fluorescence signals after Alexa 488-NHS treatment indicate the pAEM layer formation.
We observed fluorescence-positive particles only from the samples with the silica thickness
and initiator combinations that show additional contrasted layers under TEM, confirming
the formation of pAEM shells (Fig. 2d, Fig. S7). During AMF stimulation, changes in bulk
solution temperature was minimal (Fig. S5). While exact distance-dependent temperature
decay profiles from the MNC core remained to be determined, these results confirm that
AMEF stimulation of MNC can induce significant local heating (> 60 °C) over 60 nm
distance ranges from the MNC surface. These results also suggest that AMF stimulation

of h-MMA (7.e.,, MNC@SiO,@pNiPMAmM) can induce VPT (T = 43 °C) of a substantial
portion of the thermoresponsive layer (7.e., pNiPMAmM).

We next examined whether h-MMAs can be used for the envisioned application:
target-specific and long-range stimulation of mechanosensitive receptors in cells. As an
initial study, we applied h-MMAs to control Notchl signaling in a cell culture model.

We previously showed that Notchl is a true mechanoreceptor, where mechanogenetic
stimulation of Notch1 resulted in its cell surface activation and downstream signaling?4: 7273,
We hypothesized that, when targeted to Notchl, h-MMAs can provide the same
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function while allowing long-range stimulation. To allow bio-targeting, fluorescence
imaging, and minimal nonspecific binding, we conjugated h-MMAs with single-stranded
oligonucleotides, fluorescence dyes (Alexa 488), and polyethylene glycol (PEG),
respectively, via click chemistry (see Method sections for details). We then treated

a fluorescence reporter U20S cell line expressing SNAP-Notch1-Gal4 and UAS-H2B-
mCherry with benzylguanine-functionalized oligonucleotides bearing complementary
sequences (BG-DNA) and oligo-conjugated h-MMAS, sequentially (Fig. 3a). Robust

green fluorescence signals were seen at the cell membrane under confocal fluorescence
microscopy, suggesting the surface labeling of cells with h-MMA (Fig. S6). Control groups
without BG-DNA, using h-MMAs without azide oligonucleotides, or using U20S cells

not expressing SNAP-Notchl showed negligible fluorescence, confirming target-specific
h-MMA labeling (Fig. S8). We then applied AMF (500 kHz at 500 Oe, 30 s ON / 2 min
OFF cycle for 15 times, Fig. S9-11, S15) and measured reporter mCherry signals of the cells
24 hr post-stimulation (Fig. 3a). Cells treated with h-MMA and AMF stimulation showed
robust nuclear mCherry signals (56.8% mCherry-positive cell fraction; 13.9-fold mean
fluorescence intensity) comparable to the cells with Notch receptor-ligand engagement,
while those treated with h-MMA (1.38 %; 0.63-fold) or AMF (1.29 %; 0.80-fold) alone
showed negligible nuclear fluorescence (Fig. 3b—d, Fig. S12-15) 7274, The pNiPMAmM
particle collapse in response to alternating magnetic field stimulation exerts > 13 pN force
per receptor, which is adequate to mechanically activate Notch19:24.73. To directly assess
surface activation of Notch, we performed a Western immunoblotting assay that detects
cleaved Notch intracellular domain (NICD). Cells treated with both h-MMA and AMF
stimulation produced a significantly increased amount of NICD (6.60-fold) compared to the
control groups (Fig. 3e). /n vitro AMF stimulation resulted in minimal bulk solution heating
(< 1°C), which has no effect on cell signaling or on cell viability (Fig. S16, 17). These results
demonstrate the capacity of h-MMA for specific and targeted stimulation of cells expressing
mechanoreceptors.

To demonstrate /n7 vivo translation of these successful /n vitro experiments, we next
generated a xenograft mouse model implanted with fluorescence reporter Notch1-U20S
cells described above (Fig. 4a). To establish a bilateral tumor model, 4 x 108 SNAP-Notch1-
Gal4 and UAS-H2B-mCherry expressing U20S cells were subcutaneously implanted

into both sides. Mice were provided with the doxycycline (Dox) diet (2 mg/mL) for 8

days to induce robust Notch1 expression in the xenografts (Fig. S18). We injected BG-
conjugated h-MMAs intratumorally to the left xenograft site locally, while 30 cycles of
AMEF stimulation (30 s ON / 2 min OFF for total 75 min) were applied to both sites

(Fig. 4a, Fig. S19). After 24 hrs, we sacrificed mice and extracted both tumor masses

for immunofluorescence analysis. To detect nuclear mCherry expression, tumors were
cryosectioned, immunostained with anti-mCherry antibodies, and imaged under confocal
fluorescence microscopy. Consistent with the /n vitro results, we observed robust mCherry
fluorescence signals from the tumor treated with h-MMA and AMF but negligible signals
from control groups without Dox, BG-h-MMAs, or applied AMF (Fig. 4b—d), supporting the
capacity of h-MMAs for target- and AMF-specific modulation of mechanoreceptors in vivo.
To test whether h-MMA causes side effects, we evaluated tissue inflammation and toxicity
by immunohistochemical analyses against Ibal. No cytotoxicity or tissue inflammation was

Nano Lett. Author manuscript; available in PMC 2024 June 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jeong et al.

Page 6

seen due to h-MMAs and/or AMF stimulation /n vivo (Fig. S20, 21). While promising,
biodistribution and systematic clearance of h-MMA have remained to be investigated for its
potential clinical uses.

In summary, we developed a novel /n vivo perturbation platform based on h-MMA
nanoparticles. We demonstrated that h-MMA nanoparticles effectively convert magnetic
anisotropy energy into mechanical tensile stress to the tethered target molecules via two-step
processes involving magnetic-to-thermal and thermal-to-mechanical energy transductions.
A similar two-step transduction approach using hydrogel optomechanical actuator
nanoparticles for controlling mechanoreceptors Jn vitro has been reported previously®, but
our h-MMA enabled robust deep-tissue stimulation of mechanoreceptors in living organisms
using non-invasive and biologically transparent AMF-input. We showed a proof-of-concept
study to regulate Notch receptors and downstream synthetic transcription signals, but this
generalizable technique can be used to control and understand diverse mechanosensitive
receptors in living organisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
h-MMA magnetomechanical actuator
m-Torquer torque-generating magnetic nanoparticle
MNC magnetic nanoparticle cluster
pNiPMAmM poly N-isopropylmetylacrylamide
VPT volume-phase-transition
TEM transmission electron microscope
FCC face-centered-cubic
AMF alternating magnetic fields
IPLP individual particle power loss
DLS dynamic light scattering
FFT Fast Fourier Transform
AEM N-(2-aminoethyl)methacrylate
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NICD Notch intracellular domain
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Figure 1. Design, synthesis, and characterization of hydrogel magnetomechanical actuator (h-
MM A) nanoparticles.

(a) Schematic illustration showing wireless control of targeted mechanoreceptors using
h-MMAs. h-MMAs exert mechanical tensile stress to target proteins in response to
alternating magnetic fields via a 2-step mechanism including i) magnetic-to-thermal and
ii) thermal-to-mechanical transductions. (b, c) Schematics and TEM images of i) 13

nm Zn-doped iron oxide (Zng 4Fe, §O4) nanoparticles, ii) magnetic nanoparticle clusters
(MNCs) in a face-centered cubic (FCC) superlattice structure, iii) MNC@SiO», and

iv) MNC@SiO,@pNiPMAmM. v) Surface functionalization of h-MMAs with pNiPMAmM
polymer and alkyne functional group cross-linked by N, N’-methylenebisacrylamide. DLS
spectra at each stage of h-MMA synthesis is also shown in the inset. (d) Scanning TEM
images and reduced FFT images (insets) of an FCC cluster at different crystalline faces and
of a random cluster. Scale bars = 100 nm. (€) Individual particle loss power (IPLP) values
of single MNPs, FCC-structured MNCs, and random aggregates. Data are mean + s.e.m.

Nano Lett. Author manuscript; available in PMC 2024 June 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Jeong et al.

Page 13

from n = 4 independent trials (****p<0.0001; one-way ANOVA followed by Tukey’s).

(f) Temperature-dependent VPT of h-MMAs. The critical temperature (7,) is marked with
a black dotted line (43 £ 0.5 °C, n = 3). (g) Measurement of the hydrodynamic size of
h-MMAs through temperature-controlled DLS measurement during 7 cycles of repeated
heating and cooling.
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Figure 2. Thermal polymerization of N-(2-aminoethyl)methacrylate (AEM) on MNC@SiO5 to
investigate AMF-induced local heating effects by MNCs.

(a) (top) Schematic illustrations of radical polymerization of AEM and subsequent
conjugation of amine-reactive fluorescence dyes within it. We varied the SiO,

layer thickness (&= 10, 21, 38, 65 nm) to investigate distance-dependent thermal

decay from MNC surface. (bottom) Three thermo-labile azo-molecule initiators

with varied decomposition temperatures for AEM polymerization: A, 2,2"-azobis(2-
methylpropionamidine) dihydrochloride; B, 2,2"-azobis(2-methylpropionitrile); C, 1,1’-
azobis(cyclohexanecarbonitrile). (b) Representative TEM images (Left: entire particle view,
Right: zoom-in view) after AMF-stimulation in presence of respective MNC@SIiO, particles
and initiators. Scale bar = 100 nm. Interface of MNC/SiO,, SiO,/pAEM, and AEM/vacuum
(white dotted line) are marked by white, blue, magenta dotted lines, respectively. Scale bar
=10 nm. (c) Fluorescence signals of the Alexa488-positive particles prepared with radical
polymerization conditions shown in Figure 2b and subsequent conjugation of A488—-NHS.
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The images were acquired with a 488-nm laser and FITC emission filter. Scale bar = 2

um. (d) Fraction analysis of A488-positive particles. Fluorescence-positive particles were
identified by using a threshold calculated as mean + 3xSD of basal signal intensity. Data are
mean * SD from n = 3 independent experiments.
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Figure 3. AMF-induced activation of Notch signaling in a cell line model using h-MMA
nanoparticles.
(a) A schematic illustration of h-MMAs induced activation of U20S reporter cells

expressing SNAP-Notchl-Gal4 and H2B-mCherry. h-MMAs specifically label Notchl
receptors via SNAP-benzylguanine (BG) chemistry. AMF stimulation (50 kHz at 500 Oe,
30 s ON /2 min OFF cycle for 15 times) induced VPT and exerted mechanical force

to Notchl. Mechanical stimulation of Notch1l triggers enzymatic cleavages of Notchl and
downstream transcription of H2B-mCherry. (b) Representative confocal fluorescence images
of the reporter cells treated with h-MMA nanoparticles and AMF. Cells treated with no
h-MMA or AMF were used as controls. Scale bar = 100 um. (c) Percentage of the mCherry-
positive cells with or without AMF stimulation or h-MMA treatment. Fluorescence-positive
fractions were measured at (0 hr) and 24-hr post stimulation. Data are mean = SD from

n = 4 biological replicates (ns, non-significant; ***p < 0.001; two-tailed Student’s t-test).
(d) Normalized fold-change in mCherry fluorescence signal observed at 24-hr post-AMF
stimulation as compared to the baseline level for respective experimental conditions. Data
are mean + SD from n = 4 biological replicates (ns, non-significant; ****p < 0.0001;
two-tailed Student’s t-test). (€) Immunoblot analysis of cleaved Notch intracellular domain
(NICD). B-actin levels represent the loading control. The number below the gel images
indicates the relative NICD band intensity. The intensity of each NICD band relative to the
respective B-actin band was quantified and normalized to that of the control groups treated
with no h-MMAs or AMF.
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Figure 4. Minimally invasive remote control of cells expressing Notch receptorsusing h-MMA
nanoparticles.
(a) A schematic illustration of AMF-induced h-MMA stimulation using a xenograft mouse

model. Fluorescent reporter Notch1-U20S cells were implanted on both sides of the
mice on day 0. Mice were provided with a doxycycline (Dox, 2 mg/ml) diet for Notch
receptor expression. One week later, h-MMAs were directly injected into the center of
the xenograft, and AMF was applied to the xenograft position. On Day 9, mice were
sacrificed and cryosectioned tissues were prepared for immunohistochemical analyses. (b)
Representative confocal fluorescence images of tumor sections with AMF and h-MMA
treatment. Substantial mCherry (red) expression was observed only in the presence of
h-MMAs (green), Dox treatment, and AMF. DAPI (blue), Scale bar = 40 um. Tumors
with no AMF or h-MMA treatments were used as negative controls. (c) Quantification
of nuclear mCherry signal per single cell in the representative slices where h-MMAs
were localized. Data are mean + s.e.m. from n = 2,300 cells from 5 animals (ns, non-
significant; ***p<0.005; one-way ANOVA followed by Tukey’s). (d) Quantification of
average nuclear mCherry fluorescence intensity. Data are mean + SD from n = 5 animals
(ns, non-significant; **p<0.005; one-way ANOVA followed by Tukey’s).
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