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Abstract

Spatiotemporal interrogation of signal transduction at the single cell level is necessary to answer a
host of important biological questions. This protocol describes a nanotechnology-based single-cell
and single-molecule perturbation tool, termed mechanogenetics, that enables precise spatial and
mechanical control over genetically encoded cell-surface receptors in live cells. The key
components of this tool are a magnetoplasmonic nanoparticle (MPN) actuator that delivers defined
spatial and mechanical cues to receptors through target-specific one-to-one engagement, and a
micromagnetic tweezers (UMT) that remotely controls the magnitude of force exerted on a single
MPN. This protocol consists of three major parts: 1) Preparation of small (40-50 nm),
monovalent, and modular MPN probes, including chemical synthesis of MPN nanoparticles,
conjugation with DNA, and purification of monovalent MPNs, 2) uMT setup and single particle
force calibration as a function of uMT-to-MPN distance, and 3) control of spatial and mechanical
properties of targeted mechanosensitive receptors in live cells by adjusting the uMT-to-MPN
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distance. Using benzylguanine-functionalized MPNs and model cell lines expressing either SNAP-
tagged Notch or vascular endothelial cadherin (VE-cadherin), we provide stepwise instructions for
mechanogenetic control of receptor clustering or mechanical activation. The ability of this method
to differentially control spatial and mechanical inputs to targeted receptors makes it particularly
useful for interrogating the differential contributions of each individual cue on cell signaling. The
entire procedure takes up to 1 week. This tool has versatile applications spanning the basic to
applied biological sciences.
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INTRODUCTION

Tools for analyzing and perturbing selected biochemical processes at the single cell and
single molecule levels allow for interrogation of the mechanisms underlying complex
cellular signaling activities. Recent advances in this area have contributed to a paradigm
shift in cell biology, allowing the properties of biomolecules to be studied in the context of a
larger and more integrated cellular signaling system=>. Using techniques such as
optogenetics, molecules or cells can be perturbed selectively and systematically, at a desired
location and timel=5. By measuring the cellular response to these controlled perturbations,
existing models can be tested and new biological principles can be revealed at both the
molecular and systems-level. This allows the investigator to deconstruct and decode the
working mechanisms of complex receptor signaling processes. However, tools for
manipulating mechanical inputs to cell receptors have, until recently, remained elusive.

Colloidal nanoparticles have recently emerged as probes for the selective perturbation of
biomolecular processes®~16. Their size is comparable to that of cell surface receptors, they
are easily conjugated with targeting domains, and they can uniquely deliver a variety of
physical perturbations to targeted receptors or cells not accessible to small molecules or
most genetically encoded probes. For example, magnetic and metal nanoparticles have
provided an unprecedented means of selectively and quantitatively delivering spatial 10,
mechanical112, or thermall3-17 perturbation to cell surface receptors and ion channels.
Additionally, these perturbation components can be further assembled with other functional
modules for chemical targeting and imaging into a single integrated platform, providing a
complete tool for perturbation biology with single-cell and single-molecule resolution. We
recently developed such a modular nanoprobe based on magnetoplasmonic nanoparticles
(MPNs), comprising a Zn-doped ferrite magnetic-core, a plasmonic-shell, and an
oligonucleotide-based targeting module (Fig. 1)!2. Importantly, each module of the MPN
can be modified to alter the magnetic, light scattering, or targeting properties. We further
demonstrated cell labeling via Watson-Crick hybridization between the monovalent MPN
probes and genetically encoded mechanoreceptors, and mechanogenetic control of the
targeted receptors to promote their subcellular spatial localization or mechanical
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activationl2. By measuring cellular responses to these controlled stimuli using fluorescence
proteins and reporter genes, we also identified the differential roles of receptor clustering
and mechanical force in Notch and VE-cadherin signaling!2.

These mechanogenetic tools can be generalized to tackle many outstanding questions related
to the dynamics of signal transduction. These include elucidating receptor activation
mechanisms, interrogating the spatiotemporal dynamics of cell signaling, and single cell
transcriptional control. Here, we present a detailed and optimized protocol for synthesis,
bioconjugation, and mechanogenetic applications of MPN probes so as to open their
application to researchers from diverse backgrounds.

Development and overview of the protocol

An ideal mechanogenetic probe selectively targets and quantitatively perturbs cell surface
receptors at a desired location and time. To meet these requirements, the following critical
considerations in probe design should be taken into account:

Probe size and quality—Probes that are too large (> 100 nm) limit target accessibility,
perturb receptor diffusion, and alter the mechanical properties of the receptor
microenvironment (e.g. membrane)!2. On the other hand, too small of a probe (< 10 nm)
cannot provide pico Newton (pN)-forces or single particle light scattering signals!®. Probes
should also be of high quality, crystallinity, and monodisperse in size for generating strong
and homogeneous mechanical and optical signals.

Monovalency—Multivalent probes (e.g. probes containing multiple targeting ligands)
result in uncontrolled receptor crosslinking, leading to non-specific change in receptor
diffusion dynamics920, translocation?, and signal transduction!2. Additionally, such
probes are unable to deliver a defined force to single receptors, as the force generated by a
single probe is distributed across multiple receptors. Monovalent probes ensure one-to-one
probe-receptor engagement, eliminating problems associated with probe-multivalencyl2.

Functional Modularity—Targeting of different sites on the same protein or multiple
different proteins can be achieved using modular probes bearing interchangeable targeting
domains. This allows for chemical control of receptor activity (e.g. agonistic, antagonistic,
or non-stimulating) and provides more general applicability of the probes to a wider range of
cell surface receptors.

The concept and methodology elaborated here is built upon our previous efforts to develop
MPN-based mechanogenetic tools!2. The mechanogenetic tool leverages nanofabrication
techniques to synthesize multifunctional MPN probes that integrate the perturbation,
imaging, and targeting modules without altering probe size, monovalent targeting, and force
generating profiles. Key technical challenges have been addressed through sequential
nanocrystal growth strategy, modular oligonucleotide conjugation and DNA base-pairing,
and charge-based valency discrimination. We have characterized MPN growth kinetics,
optical properties and force-generation as a function of MPN size, and the extent to which
MPN perturb cells. In this protocol we present a comprehensive stepwise procedure to
replicate our MPN-based mechanogenetic system for spatial and mechanical control of
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SNAP-tagged cell surface proteins. The experimental workflow is outlined in Figure 2,
which includes MPN synthesis, monovalent DNA conjugation, and modular targeting. By
controlling force application as a function of pMT-to-MPN distance (4, Box 1), MPNs can
provide spatial (with a weak force mode, WFM; force exertion on a single MPN < 1 pN) and
mechanical (with a strong force mode, SFM; force exertion on a single MPN > 5 pN)
perturbation of the targeted receptors.

Advantages, limitations, and potential improvements to the protocol

A key advantage of the MPN-based mechanogenetic tool is the capacity to provide both
spatial and mechanical perturbations to targeted receptors, while effectively decoupling each
cue by using different modes of stimulation. There are several techniques that provide single
modes of perturbation of targeted receptors?7-11.13-17.41.42 ‘bt no technologies exist
allowing both the spatial and mechanical control, particularly on the single molecule and
single cell levels. This unique ability of MPNs enables interrogation of the differential
contributions of, for example, ligand binding, receptor clustering, receptor location, and
force on downstream signaling. Importantly, each of these variables can be modified
independently, while keeping other experimental conditions identical, hence minimizing
experimental artifacts associated with use of different methodologies or batch-to-batch
heterogeneity. For example, this allows direct comparison of receptor responses to two
different stimuli on a single cell or on two neighboring cells in a cell population.

Another critical advantage of MPNs is their negligible nonspecific perturbation of cells
when compared to traditional force-microscopy tools or multivalent nanoparticle probes.
Microprobe-based force microscopy tools — including atomic force microscopy (AFM),
magnetic tweezers, and optical tweezers — can deliver a defined force to a single, specific
biomolecule?2-23, However, due to the large size and multivalent character of microprobes,
these tools frequently influence the dynamic properties of targeted receptors (e.g.
immobilization of receptors due to probe viscous drag) and mechanical environments
surrounding the probe (e.g. cell membrane tension), leading to nonspecific cell signal
activation or changes in cell behavior2. Multivalent magnetic nanoparticles that have been
previously used for receptor spatial control, also significantly alter the dynamic properties of
the targeted receptors12:21, These probes crosslink receptors nonspecifically, slowing
receptor diffusion and enhancing receptor endocytosis?4:25. More significantly, the poorly
defined number of proteins linked to single particles prevents the delivery a defined force to
the targeted proteins. The protocol presented here produces small (40-50 nm) and
monovalent MPNSs, eliminating the nonspecific perturbation associated with probe size and
valency.

Rapid spatial control with the MPN-based tool is another advantage. Upon application of a
focused magnetic field gradient, protein translocation is induced by force-induced
convection rather than by passive diffusion followed by the trapping of proteins, as in
optogenetic methods?8. This property of MPNs is advantageous for directing the
reorganization of confined or slowly diffusing membrane proteins such as Notch and
Cadherin.
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A major drawback of the current MPN-based mechanogenetic tool is the limited
accessibility of particles to intracellular targets. Unlike optogenetic methods that only
require stimulus-sensitive proteins, this tool additionally requires targeted delivery of MPNs
to mechanosensitive proteins. Traditional intracellular delivery methods of nanoparticles
through transfection and electroporation are not ideal because of low delivery efficiency,
poor endosomal escape, and particle aggregation?’:28, Microinjection offers efficient
intracellular delivery of particles, and has been successfully applied for localizing soluble
proteins®10.29, However, removal of excess particles from the cytosol is difficult with
microinjection methods, which is an additional requirement of the MPN-mechanogenetic
tool. Genetic engineering approaches that endogenously expresses magnetic particles inside
a protein complex can be a promising alternative approach%:16:30 hut significant
improvements in magnetic properties of the small or poorly crystalline particles expressed
endogenously will be necessary for mechanogenetic applications!®. Controlling proteins
presenting at the basal cell surface is also difficult with the current version of the uMT in the
MPN-based mechanogenetic tool. Implementing micropatterned superparamagnets on a cell
culture substrate can potentially resolve the problem of tweezer accessibility29:31,

Another drawback of the MPN-based mechanogenetics is its limited force resolution. The
MPN exerts forces of up to tens of pN to target receptors. However, under the UAMT-SFM (d
< 1 um), slight changes of the uMT-to-MPN distance caused by experimental noise can lead
to significant changes in MPN-force exertion, because the force-exertion changes steeply as
a function of d. Hence, precise force control within the pN range is limited. Use of MPNs
with higher magnetic moments can shift the operating distance toward the long-distance
range and thus significantly improve force control. One strategy is to replace the Zn-doped
ferrite core with other magnetic materials with higher susceptibility (e.g. Fe, C0)32-34,
Alternatively, larger Zn-doped ferrite cores can increase the magnetic moment without
significantly increasing the total MPN size if the thickness of the silica and gold shells are
reduced. For example, use of a 30 nm magnetic core may generate a 10-times stronger force
than our current version of the MPN with a 13 nm core3.

The spatial resolution of the pPMT may also be improved further. The current uMT design
allows focused pico-newton force generation with a resolution of a few-micrometers,
providing subcellular activation of multiple receptors in a densely labeled cell or single-
molecule perturbation in a sparsely labeled cell2. Higher resolution spatial control of
mechanical force generation may provide additional utility of the tool, such as single-
molecule and quantitative activation of multiple different receptors in live cells. Cutting-
edge nanofabrication technologies will facilitate the development of more precise magnetic
tweezers and the realization of these new applications36.

To summarize the advantages and limitations of the mechanogenetic tool presented here, we
provide a direct comparison with other tools in Table 1, based on our studies and others.

Applications of the method

One of the primary applications of the MPN-based mechanogenetic tool is to interrogate the
chemical, spatial, and mechanical responses of receptors during signal transduction. We
previously applied this tool for manipulating the spatial and mechanical properties of two
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mechanoreceptors (/.e. Notch and Cadherin) at single molecule and single cell resolution,
where we clarified the activation mechanism of Notch and described the differential roles of
spatial and mechanical cues on Cadherin junction formation, respectivelyl2. Use of the
MPN-based mechanogenetic tool is not limited to these specific applications but has
numerous applications across diverse biological systems. In principle, any cell surface
receptor can be targeted with MPNs to investigate the differential roles of spatial and
mechanical cues on their signaling properties. Receptors and channels exhibiting
mechanosensitivity such as NOMPC37, PIEZ0O38:39, T cell receptors (TCRs)*%-42 integrin®3,
selectin®45 and CAM“6 are potential future applications.

MPNs provide an alternative platform for single molecule force microscopy and for
investigating ligand-receptor complexes in live cells*’. For example, dissociation rate
constants (Kqf) of a respective ligand-receptor pair can be determined by simply measuring
bond lifetime (1/kq¢) of a monovalent MPN-ligand conjugate bound to a target receptor on
the cell surface. Analysis of single molecule detachment Kinetics as a function of force
applied will characterize the nature of ligand-receptor binding, i.e. slip vs. catch bond#°48,
Again, small and monovalent MPNs effectively eliminate probe-induced modification of the
ligand-receptor properties (e.g. receptor crosslinking and nonspecific interaction between a
microbead and the cell surface)!2.

This tool will also be useful for systems biology applications by providing the ability to
perturb transcriptional programs of target cells in a population selectively and quantitatively.
We previously showed that, in a model UAS-Gal4 system, transcriptional profiles of targeted
cells can be systematically tuned with MPNs at any desired location, time, and quantity with
single cell resolution!2. Thus, this MPN-based mechanogenetic tool can provide an
alternative and complementary tool to other the state-of-the-art single cell perturbation tools
(e.g. optogenetics), for probing the logic of cellular cognition in space and time.

Experimental design

Optimization of MPN synthesis—We employ a sequential nanoparticle growth strategy
to fabricate MPNSs that includes i) magnetic core synthesis, ii) dielectric inner shell growth,
and plasmonic outer shell growth. We use a superparamagnetic Zn-doped ferrite
(Zn,Fe3.4O4) core and a plasmonic Au shell geometry to maximize the magnetic and optical
properties of MPNs#9-51, The dielectric silicon dioxide (SiO,) inner shell serves as a buffer
layer to prevent plasmonic damping by the ferrite core.

We first synthesize the Zn JFe3_,O4 magnetic core through thermal decomposition of iron
(111) acetylacetonate and zinc (11) chloride in hot surfactant solution containing oleic acid
and oleylamine®®. The composition of Zn-dopants (x) in the ferrite matrix can be controlled
by simply changing the stoichiometric ratio between iron and zinc precursors. We
recommend x of 0.4 to provide a maximal magnetic moment of the core where zinc dopants
mainly occupy tetrahedral sites of the ferrite matrix eliminating antiparallel magnetic
spins®2:53, At higher x, the dopants fill the octahedral sites as well, reducing net magnetic
moments®*. Varying the precursor concentration can control the size of the magnetic core. In
this protocol, we used 13 nm or 30 nm superparamagnetic ferrite particles. Larger magnetic
cores may lead to residual remanence magnetization, causing irreversible aggregation of
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particles after magnetization. The detailed synthesis of the magnetic core (M) is presented in
the PROCEDURES, Steps 1-11.

To add a SiOs inner shell layer onto the magnetic core, we use a standard water-in-oil
microemulsion sol-gel approach®®. Base-catalyzed hydrolysis and polycondensation of
tetraethoxy silane (TEOS) with surface hydroxyl groups on the ferrite core facilitates the
homogeneous and selective dielectric shell coating. Amine surface functionalization of the
silica shell is subsequently followed by addition of amine-containing silica precursors. We
recommend aminoethylaminopropyltrimethoxysilane (AEAPTMS) as the precursor instead
of a standard aminopropyltrimetoxysilane (APTMS) for higher amine contents. The silica
shell thickness can be tuned from 3.5-40 nm with nanometer resolution by varying TEOS
concentration (Table 2). The detailed silica shell coating (M-SiO5) is presented in the
PROCEDURES, Steps 12-22.

We employ a seed-mediated growth method for gold shell formation®6-7. Charge interaction
between a positively charged M-SiO, core and multiple negatively charged Auynm seeds
forms an assembly with a core-satellite geometry (M-SiO,@ (Ausnm)n)®8. Dense loading of
satellite Auonm seeds on the core is essential for uniform shell formation, whereas sparse
loading results in non-uniform shell growth (Fig.2, stage 1). To maximize the seed loading,
we recommend performing reactions between Ausnm seeds and AEAPTMS-functionalized
M-SiO, at high nanoparticle concentration (Supplementary Fig. 1). Removal of unbound
Auynm, seeds should be performed with a magnetic column, instead of traditional purification
methods using centrifugation. Pellet formation of nanoparticles by centrifugation results in
irreversible micro-aggregations of nanoparticles. Finally, mild reduction of the gold
precursor (HAuCl,) with hydroxylamine hydrochloride (NH,OH-HCI) in the presence of M-
SiO>@(AUznm)n forms MPNs. The shell growth can be monitored by gradual changes in
both color and absorption spectra (Fig. 3). Initial redshifts followed by blue shifts at later
growth stages in plasmon resonance indicate gradual formation of continuous shell followed
by the shell thickening, respectively (Fig. 3b,c). Varying either the M-SiO, concentration or
reaction time can control the gold shell thickness. Detailed procedures for gold shell coating
are presented in the PROCEDURES, Steps 23-39.

Synthetic protocols presented in this section provide the capacity to tune structure,
magnetism, and optical properties of MPNs. The final particle size as well as the thickness
of individual components can be tuned with nanometer resolution, and each of these
structural features contribute to the magnetic and optical properties of MPNs (Fig. 4).

Monovalent and modular functionalization—We introduce targeting functionality to
MPNs by conjugating them with a thiolated biomolecule via Au-thiol chemistry.
Specifically, we use a DNA oligonucleotide for tethering because of two characteristic
features facilitating monovalent and modular MPN functionalization. First, polyanionic
phosphate groups of DNA allow post-synthetic isolation of monovalent MPNs because of
their high charge density12:59.60 As-synthesized MPN-DNA conjugates with Au-thiol
conjugation chemistry have a mixed valency and traditional electrophoretic isolation
methods based on size-exclusion are restricted to very small particles (< 10 nm). On the
other hand, DNA conjugation drastically increases anionic charge density of the MPNs as a
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function of particle valency. This enables purification of monovalent MPNs from non-
conjugated or multivalent species via charge-based valency discrimination (Fig. 2, stage 2).
We provide examples in Figure 5 of anion-exchange high performance liquid
chromatography (HPLC) elution profiles of MPNSs bearing different oligonucleotide lengths.
While all MPN-DNA conjugation reactions show discrete peaks for MPNs with different
valencies, longer oligonucleotides provide more resolved peak separations. We recommend
30-mer or longer DNA oligonucleotides for efficient separation of monovalent products. To
maximize the production of MPNSs, typically a 5-20 times excess of thiolated DNA is used.
Because the reactivity of thiolated DNA is sequence-and length-dependent, a series of small-
scale test experiments with varying DNA/MPN ratios is recommended to determine optimal
condition for each DNA sequences.

Second, the DNA oligonucleotide tether provides a simple, selective, and modular handle for
functionalization. A number of companies sell synthetic oligonucleotides with diverse
options for 3’ and 5’-functionalization useful for direct targeting (e.g. biotin) or which can
be used as substrates for further bioconjugation (e.g. NH», SH, alkyne/azide). These
modified oligonucleotides then react with monovalent MPNs via Watson-Crick
hybridization — a highly specific and rapid non-covalent reaction — providing a highly
modular strategy for functionalizing MPNs. The detailed protocol for MPN functionalization
is presented in the PROCEDURES, Steps 40-47.

Optimization of cell labeling—We use a two-step targeting and hybridization procedure
for efficient and specific labeling of cells with MPNs. First, cells expressing receptors are
targeted with an oligonucleotide bearing the receptor’s ligand conjugated at its 5’-end.
Second, the DNA-conjugated receptors hybridize with monovalent MPNs bearing
complementary sequences. DNA-mediated targeting has the advantage of high specificity,
modularity, and a rapid on-rate. Cells can be labeled with the same batch of MPNs using the
endogenous ligand or the ligand for a recombinant protein tag by simply replacing the
targeting DNA strand (Fig. 2, stage 3). The DNA tether length is critical for improving target
accessibility of MPNs and hence the cell labeling efficiency. The optimal length depends on
the cell type (e.g. thickness of glycocalyx), accessibility of the receptor above the glycocalyx
(e.g. receptor height), and steric environment of the receptors (e.g. glycosylation level and
conformation). We recommend an oligonucleotide with linker lengths of at least 60 bases or
longer for efficient MPN labeling. Cells can be labeled with MPNs either sparsely or densely
depending on desired applications by simply adjusting particle concentrations. Sparse
labeling (<10 particles per 100 um?) is preferred for single-molecule perturbation studies to
avoid activation of multiple receptors. While, dense labeling (> 100 particles per 100 pm2) is
required for activating downstream signals.

Another important consideration in cell labeling is optimization of blocking conditions, a
step necessary to minimize nonspecific cell surface interactions. We recommend screening
various blocking reagents, since optimal blocking reagents may vary between cell types. For
guidance, we provide optimal labeling conditions of U20S cells expressing either SNAP-
tagged VE-cadherin or SNAP-tagged Notch with benzylguanine (BG) functionalized MPNs
in the PROCEDURES, Steps 48-56.
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Optimization of uMT configuration for spatial and mechanical control of
targeted receptors—Quantitative and defined force application to an MPN-labeled
receptor is required for spatial and mechanical control of receptors with desired modes. To
deliver a controlled force, we take advantage of the distance-dependent force generation
capability of MPNs coupled with a custom-built uMT. The pMT configurations are
described in the Equipment Setup section and Figure 6. We calibrate force delivery per MPN
as a function of distance (a) between the MPN and the magnetic tip end. Two force
calibration methods are useful for “weak-force” or “strong-force” regimes where the d'is = 2
um or < 2 um, respectively: viscous drag force calibration experiments®1:62 for weak force
calibration and DNA rupture experiments using reference tension-gauge tethers (TGTs)53-65
for strong force calibration. A calibration curve can be obtained by fitting the data obtained
by these two calibration experiments with a power-law function®6. For example, we obtained
the calibration curve for MPNs with a 13 nm Zng 4Fe; 604 core, Fyy = 0.48 )y ™48
+3.07dm 143 (Box 1, Fig. 7), where a single MPN was able to generate forces from 0.1 to
50 pN by controlling d. Use of a larger magnetic core (e.g. 30 nm) is recommended for
applications that require higher force ranges (Supplementary Fig. 2). The force ranges
exerted by a single MPN are ideally suited for spatial and mechanical studies (Fig. 2, stage
4). Typically, spatial control of receptors can be induced with sub-piconewton force, while
mechanical activation of receptors requires a few to tens of piconewton force per
receptort2:22, Hence, different modes of perturbation to MPN-labeled receptors can be
achieved by simply changing d. We provide an example, spatial and mechanical control of
Notch and VE-cadherin on U20S cell membranes with controlled modes of perturbation, in
the PROCEDURES, Steps 57-64.

MATERIALS

REAGENTS

I CAUTION All organic solvents and chemicals should be handled inside a chemical fume
hood with the personal protective equipment.

. Iron (111) acetylacetonate (Strem Chemicals, cat. no. 26-2300)
. Zinc chloride (Sigma-Aldrich, cat. no. 208086)

. Oleic acid (Sigma-Aldrich, cat. no. 364525)

. Oleylamine (Sigma-Aldrich, cat. no. 07805)

. Trioctylamine (Sigma-Aldrich, cat. no. T81000)

. Igepal® CO-520 (Sigma-Aldrich, cat. no. 238643)

. Ammonium hydroxide solution 28.0-30.0 % (NH4OH; Sigma-Aldrich, cat. no.
221228) I CAUTION This reagent is a hazardous and corrosive to skin and eye.

. Tetraethyl orthosilicate (TEOS; Sigma-Aldrich, cat.no. 333859) A CRITICAL
This reagent is sensitive to moisture.

. (3-Aminopropyl)trimethoxysilane (APTMS; Sigma-Aldrich, cat. no. 281778) A
CRITICAL This reagent is sensitive to moisture.
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. [3-(2-Aminoethylamino)propyl]trimethoxysilane (AEAPTMS; Sigma-Aldrich,
cat. no. 440302) A CRITICAL This reagent is sensitive to moisture.

. Tetramethylammonium hydroxide in methanol solution (25 % (wt/vol), TMAOH
in methanol solution; Sigma-Aldrich, cat. no. 334901) ! CAUTION This reagent
is harmful on ingestion, inhalation and skin contact.

. Au(ll) chloride trihydrate (HAuCl4-3H,0; Sigma-Aldrich, cat. no. 520918) !
CAUTION This reagent is a hazardous and corrosive to skin and eye.

. Sodium hydroxide (NaOH; Sigma-Aldrich, cat.no. 221465) ! CAUTION This
reagent is a hazardous and corrosive.

. Tetrakis(hydroxymethyl)phosphonium chloride solution (THPC; Sigma-Aldrich,
cat. no. 404861) ! CAUTION This reagent is a hazardous and corrosive to skin
and eye.

. Potassium carbonate (KoCOg; Sigma Aldrich, cat. no. 347825) ! CAUTION
This reagent is harmful on ingestion, inhalation and skin contact.

. Bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium salt (BSPP;
Strem Chemicals, cat. no. 15-0463)

. Hydroxylamine hydrochloride (NH,OH-HCI; Sigma-Aldrich, cat. no. 159417) !
CAUTION This reagent is a hazardous and corrosive to skin and eye.

. Hydrogen chloride (HCI; Sigma-Aldrich, cat. no. 258148) ! CAUTION This
reagent is a hazardous and corrosive to skin and eye.

. 30 nm iron oxide nanoparticle (Ocean Nanotech, cat. no. SOR-30-50)
. Tris base (Thermo Fisher Scientific, cat. no. BP152-1)
. Sodium Chloride (NaCl; Thermo Fisher Scientific, cat. no. BP358-1)

. Toluene (=99.9% (vol/vol); Sigma-Aldrich, cat. no. 650579) ! CAUTION This
reagent is flammable and toxic.

. Ethanol (=99.9% (vol/vol); Sigma-Aldrich, cat. no. 362808) ! CAUTION This
reagent is highly volatile and flammable, and it may cause skin irritation, serious
eye damage and respiratory irritation.

. Cyclohexane (=99.7% (vol/vol); Sigma-Aldrich, cat. no. 34855) ! CAUTION
This reagent is flammable and toxic.

. Methanol (=99.8% (vol/vol); Sigma-Aldrich, cat. no. 179337) ! CAUTION This
reagent is a toxic and highly flammable solvent, and it is harmful on inhalation,
ingestion or on skin and eye contact.

. Dimethylsulfoxide (DMSO; Sigma-Aldrich, cat.no. D5879) ! CAUTION This
reagent is hazardous on inhalation, ingestion, skin and eye contact.
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. Thiol-DNA1: 5’-Thiol- CTC TCT CTC TCT CTC TCT CTC TCT CTC TCT
CTC TCT CTC TCA GTC AGT CAG TCA GTC AGT CAG TCA GTC AGT
CAG TCA GT -3’ (Integrated DNA Technologies, Customized)

. Amine-DNA2: 5’-Amine- CTC TCT CTC TCT CTC TCT CTC TCT CTC TCT
CTC TCT CTC TAC TGA CTG ACT GAC TGA CTG ACT GAC TGA CTG
ACT GAC TG -3’ (Integrated DNA Technologies, Customized)

. BG-GLA-NHS (New England BioLabs, cat. no. S9151S) A CRITICAL This
reagent is highly sensitive to moisture. It should be stored at —20 °C.

. Tris(2-carboxyethyl)phosphine hydrochloride (TCEP-HCI; TCI, cat. no. T1656)
A CRITICAL This reagent should be stored at 4 °C and protected from
moisture

. HS-(CH3)11-EG12-OH (Prochimia Surfaces, Customized) A CRITICAL This
reagent is sensitive to moisture. It should be stored at —20 °C.

. HS-(CH3)11-EG12-OCH»-COOH (Prochimia Surfaces, Customized) A
CRITICAL This reagent is sensitive to moisture. It should be stored at —20 °C.

. HEPES (Thermo Fisher Scientific, cat. no. BP310-1)

. U20S cells (ATCC, cat. no. HTB-96) ! CAUTION The cell lines should be
regularly checked to ensure that they are authentic and not infected with
mycoplasma.

. McCoy’s 5A (modified) medium (Thermo Fisher Scientific, cat.no. 16600082)

. HyClone™ McCoy’s 5A medium; without phenol red (GE Healthcare Life
Sciences, cat. no. SH30270.01)

. FBS (heat-inactivated FBS; Gibco, cat. no. 10500)

. Trypsin-EDTA solution (0.25% (wt/vol) trypsin/ 1 mM EDTA-4Na (1x), liquid;
Thermo Fisher Scientific, cat. no. 25200-072)

. Bovine serum albumin (BSA; Thermo Fisher Scientific, cat. no. BP9703100)
. 5% (wt/vol) alkali-soluble casein (Merck Millipore, cat. no. 70955)

. Collagen type I, rat tail (Corning, cat. no. 354236)

. Doxycycline hydrochloride (Sigma-Aldrich, cat. no. D3447)

. Plasmid encoding SNAP-Human Notch 1 (original pcDNA5-hNotchl-Gal4
plasmid was a gift from Stephen Blacklow)(SNAP-hNotch1-mCherry and
SNAP-hNotch1-GALA4, available upon request)

. Plasmid encoding VE-cadherin-mEmerald (mEmerald-VE-Cadherin-N-10,
Michael Davidson Fluorescent Protein Collection, Nikon Imaging Center at
UCSF, https://nic.ucsf.edu/resources/, SNAP-VEcadherin-mEmerald, available
upon request, Full sequence information: https://benchling.com/s/seg-
e4p28LgRtyZLdHQMpnFI)
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Plasmid encoding Lifeact7-mCherry (mCherry-Lifeact-7, Addgene cat. No.

54491)
Polycaprolactone (Sigma-Aldrich, cat. no. 440744)

50-ml three-neck round bottom flask (Pyrex)

Reflux condenser (Pyrex)

Vacuum pump (EDWARDS, RV8)

Schlenk line connected to a vacuum pump and supply of Argon
Top-loading balance (0.0001 g readability, METTLER, AE240)
20, 50-ml vial (VWR)

Glass jars (100 ml, 1 1, Pyrex)

Thermo controller (POONG LIM, MC-NP200))

Hot plate (Corning, cat. no. PC420D) with magnetic stir bar
Bench top centrifuge (Eppendorf, Model 5424)

Centrifuge (Beckman, Model J2-21M)

Shaker (Wisd laboratory instruments, SHO-1D)

MidiMACS™ Separator (Miltenyl Biotec, cat. no. 130-042-302)

MACS separation columns (25 LS columns, Miltenyl Biotec, cat. no.

130-042-401)

Amicon® ultra -15 centrifugal filter (10K, Merck Millipore, cat. no.
UFC801008)

Ilustra™ NAP™-10 column (GE Healthcare, cat. no. 17-0854-02)
Transmission electron microscope (TEM; JEOL, JEM-2100)

TEM grid (Carbon on 400 mesh, Tedpella, 01754-F)

Plasma cleaner (Harrick Plasma, PDC-32G)

UV-Vis absorption spectrophotometer (Shimazu corporation, UV-1650(PC)s)

Zetasizer (Malvern instruments, ZEN3600)

Inverted microscope (Nikon, ECLIPSE Ti-E)

White light source (NKT Photonics, SuperK COMPACT supercontinuum lasers)
(Other collimated white light source such as mercury, xenon and LED lamps

may be used instead)

Dot mirror (Chroma Technology, 4 mm ellipsoid silver coated, customized)

EM CCD camera (Princeton Instruments, ProEM 512)
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Color CCD (Nikon, DS-Ri2)
Oil immersion dark-field condenser (Nikon, Oil type, N.A. 1.43-1.20)
pH meter (Fisher Scientific, AB15)

Zeba™ spin desalting columns, 7K MWCO, 0.5 mL (Thermo Fisher Scientific,
cat. no. 89882)

High Performance Liquid Chromatography System (HPLC; Agilent
Technologies)

DNAPac™ PA100 Oligonucleotide Column 4x250 mm (Thermo Fisher
Scientific, cat. no. 043010)

Disposable smartSpatula® (anti-static; Sigma-Aldrich, cat. no. Z561762)

35 mm dish with 7 mm glass bottom dish (MatTeK Corporation, cat. no.
P35G-1.5-7-C)

Neon® transfection system (Thermo Fisher Scientific, cat. no. MPK5000)

Steel needle (Semprex, customized; length, 15 mm; diameter, 0.8 mm; tapered
angle, 15°)

NdFeB permanent magnet (K&J magnetics, N52; length, 25 mm; diameter, 10
mm)

Magnet adaptor (Customized, cone shape; length, 5 mm; upper diameter, 1 mm;
bottom diameter, 5 mm; hole size, 0.8 mm)

Xyz translation stage (Physik Instrument, cat. no. VT-80 250-DC, VT-80 25-DC,
M-227.50 for X, y, and z translation stage, respectively)

uManager (https://micro-manager.org/)

ImageJ (https://micro-manager.org/)

50 mM TMAOH in methanol solution Dilute 2.1 ml TMAOH in methanol
solution with 97.9 ml methanol. This solution is stable for 2 months at room
temperature (RT, 15-25 °C).

10 M NaOH solution Dissolve 400 g of NaOH into 800 ml deionized water.
Add deionized water to a total volume of 1.0 I. This solution can be stored at RT
for several months.

1.0% (wt/vol) HAuUCI, solution Dissolve 24 mg of HAuCl4-3H,0 in 1.5 ml
deionized water. ! CAUTION HAUCI, can rust stainless steel spatulas. It should
be weighed with disposable plastic spatulas. Make up volume to 2.4 ml with
deionized water. This solution should be freshly prepared before use.
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. 1.0 M Tris:HCI buffer (pH 8.0) Dissolve 121.1 g of Tris base in 800 ml of
deionized water. Adjust the pH to 8.0 with concentrated HCI. Make up volume to
1.0 I with deionized water. This solution can be stored at RT for several months.

. 5.0 M NacCl solution Dissolve 292.2 g of NaCl in 800 ml of deionized water.
Make up volume to 1.0 | with deionized water. This solution can be stored at RT
for several months.

. 1.0 M HEPES buffer (pH 8.5) Dissolve 238.3 g of HEPES into 800 ml of
deionized water. Adjust pH to 8.5 with 10 M NaOH. Make up volume to 1.0 |
with deionized water. This solution can be stored at 4 °C for several months.

. BG-DNAZ2 preparation Dissolve 2 mg of BG-GLA-NHS in 200 pl of anhydrous
DMSO. Add 20 pl of 1 mM amine-DNAZ2 into 100 pl of 1.0 M HEPES buffer
(pH 8.5). Mix both solution and make up volume to 1 ml with deionized water.
Incubate reaction solution at RT for 1 h. Purify BG-DNA2 with illustra™
NAP™-10 columns. Follow manufacturer provided protocol and elute with
deionized water. Concentrate the solution with ethanol precipitation method and
dissolve the product in 10 mM Tris-HCI butter (pH 8.0). This product is stable
for 6 months at —80 °C.

. 10 mM HS-C;1-EG1,-OH solution Dissolve 7.33 mg of HS-(CH3)11-EG1,-OH
in 1 ml deionized water. This solution can be stored at =20 °C for > 1 month.

. 10 mM HS-C1-EG12-COOH solution Dissolve 7.91 mg of HS-(CH3)11-EG1-
OCH,-COOH in 1 ml deionized water. This solution can be stored at =20 °C for
> 1 month.

. Collagen solution Dilute concentrated collagen solution to 50 ug/ml using 0.02
M acetic acid, and filter the solution with 0.22 pm syringe filter. This solution
can be stored at 4 °C for 1 month.

. McCoy’s 5A culture medium (with or without phenol red) To prepare a total
100 ml of McCoy’s 5A culture medium, mix 90 ml of McCoy’s 5A medium with
10 ml of FBS. This medium can be stored at 4 °C up to 1 week.

. McCoy’s 5A medium containing 10 % (wt/vol) BSA Dissolve 1 g BSA in 10
ml McCoy’s 5A medium. Filter the solution with 0.22 um syringe filter. This
solution should be freshly prepared before use.

. 0.5% (wt/vol) casein solution Add 1 ml of 5% (wt/vol) alkali-soluble casein
into 9 ml McCoy’s 5A medium. Filter the solution with 0.22 um syringe filter.
This solution should be freshly prepared before use.

. 200 nM thiol-DNAZ1 solution Dissolve 24.5 g of thiol-DNAL into 100 pl of 500
mM Tris-HCI buffer (pH 8.0). Dilute 50 times and store at —20 °C for up to 6
months.
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Transmission Electron Microscopy (TEM) TEM analyses are conducted on a
JEOL JEM-2100 electron microscope at an acceleration voltage of 200 kV.

UV-Vis spectrophotometer setup UV-Vis absorption spectroscopy was
conducted on an Agilent 8453 UV-Visible spectroscopy system.

HPLC The Agilent high performance liquid chromatography system (1220
Infinity Il LC system) equipped with a DNAPac™ PA100 Oligonucleotide
Column (4 x 250 mm) is used.

Collagen coating on to glass bottom dish Spread 50 pl of 50 pg/ml collagen
solution to 7 mm glass bottom dish. Incubate at 37 °C for 30 min and wash with
10 ml cell culture medium. This collagen coated glass bottom dish can be stored
at 4 °C for several days.

Transfection of U20S cells by electroporation Neon® transfection system
from Thermo Fisher Scientifics is used for electroporation of U20S cells.
Electroporation parameters are 1,230V, 10 ms, 4 pulse number with 10 ul tip type
at recommended cell density and DNA concentration (e.g. 5-10 x 106 cells/ml,
0.5-1 pg total). Right after electroporation, cells are transferred to 35 mm cell
culture dish with appropriate media.

Human Notch 1 Expressing Stable Cell Line Generation. SNAP-human
Notchl-mCherry (SNAP-hN1-mC), and SNAP-human Notch1-Gal4 (SNAP-
hN1-Gal4) constructs are stably incorporated into a parental U20S T-rex cell
line, and U20S T-rex cell line containing a gene encoding a H2B-mCherry
reporter sequence, respectively. The transfected cells were selected in 400 pg/mL
of hygromycin for 2 weeks and the selective media were replaced every 2—4
days.

UMT setup The uMT is comprised of three key components: a microneedle, a
permanent magnet, and xyz-controller. The first two components can be
purchased from multiple providers (e.g. Semprex Inc, K&J Magnetics) and can
be easily assembled through a needle holder (can be fabricated through
commercial 3D printing or machine shop services). We integrated a xyz
controller system by assembling three single-axis motorized translation stages,
but a microinjection controller system that is routinely used for gene-transfection
may be used instead. In order to prepare the uMT setup, (1) install a xyz
translation stage on the inverted microscope. (2) Assemble a steel needle onto a
magnet adaptor and (3) place the steel needle-magnet adaptor assembly on a hot-
plate and heat for 100 °C for 3 min. (4) Apply 50 mg of polycaprolactone on the
top of needle tip using a tweezers to coat and prevent oxidation of the steel
needle. Polycaprolactone will quickly melt and cover the entire needle-magnet
adaptor assembly. Apply heat until polycaprolactone has spread along the entire
surface of steel probe. (6) Cool the polycaprolactone coated needle-magnet
adaptor assembly at RT for 10 min. (7) Magnetically attach the steel needle to
the NdFeB magnet and mount it to the z translation stage (Fig. 6b). The
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horizontal position of the needle can be controlled by linking the xy-stage to a
computer control program, such as pManager.

Synthesis of 13 nm Zn-doped ferrite (Zng 4Fe, gO4) core nanoparticles @ TIMING 6 hours

(h)
1

2|

3]

4

5

6|
7

8|
9

10|

11|

Add 423.6 mg of iron(l11) acetylacetonate and 120 mg of zinc chloride into a 50-
ml three-neck round bottom flask.

Add 1.2 ml of oleic acid, 4.8 ml of oleylamine, and 4.8 ml of trioctylamine into
the flask.

Connect the flask to a Schlenk line and stir the mixture solution for 3 min at 300
rpm under vacuum conditions. Experimental setup is depicted in Figure 8.

Heat the mixture solution using a temperature controller under argon gas flow at
90 ml/min. Stir the mixture solution at 300 rpm during the reaction followings
the three-step heating processes shown below.

Time (hh:mm) | Temperature Process
00:00 - 00:25 RT -200 °C Gradual heating
00:25-01:25 200 °C Constant temperature

01:25-02:25 200 °C-330°C | Gradual heating

02:25 - 330°C-RT Gradual cooling

Add 1.92 ml of toluene and 30 ml of ethanol to the solution. Transfer the
solution to 50-ml centrifuge tube.

Centrifuge the solution at 1,600¢g for 5 min at RT.

Discard the supernatant, redisperse the black precipitate in 8 ml of toluene and
add 30 pl of oleylamine.

Centrifuge the solution at 650¢g for 3 min at RT and collect the supernatant.

Add 4 ml of ethanol to the supernatant and centrifuge again at 1,600¢g for 5 min
at RT.

Discard the supernatant and redisperse the precipitate (final product, 13 nm
Zng 4Fe5 04 nanoparticles) in 4 mi of toluene. Perform TEM analysis under an
acceleration voltage of 200 kV.

Measure absorption of the nanoparticle solution at 400 nm using a UV-Vis
absorption spectrophotometer and determine the nanoparticle concentration
using the extinction coefficient of 13 nm Zng 4Fe, 604 nanoparticles of 5.6 x107
M~1 em™1 at 400 nm.
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BPAUSE POINT The product can be stored at RT; The nanoparticles are stable
for at least 2 months. For long-term storage, determine the nanoparticle
concentration again before use.

Preparation of silica coated Zng 4Fe; 04 nanoparticles (M-SiO,) @ TIMING 24 h

12|
13|
14|
15|

16|

17|

18|

Add 12.6 ml of cyclohexane into a 50-ml vial.
Add 770 mg of 1gepal® CO-520 and shake until it is completely dissolved.
Add 100 pl of the 2.75 uM Zng 4Fe;, 04 nanoparticle solution from Step 10.

Add 105 pl of NH4OH solution and shake for 1 min in a fume hood. Upon
addition of NH4OH, the solution becomes turbid and soon turns to transparent
under to shaking.

? TROUBLESHOOTING

Add 30 pl of TEOS to produce a 7.5 nm thick silica shell. Other thicknesses
within a range between 3.5 and 40 nm can be created based on amounts of
TEOS. Table 2 represents relationship between amounts of TEOS and silica
shell thickness.

Close the cap and shake the vial for 1 min. Incubate the mixture solution for 48
h at RT.

B PAUSE POINT The product can be stored at RT for several weeks.

Add 2 ul of AEAPTMS and shake for 90 min at 100 rpm. For the M-SiO, with
thin silica layer (< 4 nm), add 0.8 ul of AEAPTMS.

? TROUBLESHOOTING

19]

20|

21

22|

Add 4.0 ml of 50 mM TMAOH in methanol solution. Shaking the vial for 5s. In
30 s, phase separation between the methanol solution containing nanoparticles
(dark brown color) and cyclohexane becomes evident. Carefully remove the dark
brown layer (approximately 4.5 ml) using a pipet and transfer to a new vial.

Mount a MACS® LS column to a MidiMACS™ separator and load 3.0 ml of
solution from step 19. Allow the nanoparticle solution to enter the column
completely. Then, apply 8 ml of 50 mM TMAOH in methanol solution to
washout byproducts.

Allow 1 ml of DMSO to enter to the column completely. Apply an additional 1.5
ml of DMSO and elute the M-SiO, by dismounting the column from the
MidiMACS™ separator.

Determine the particle solution concentration using a UV-Vis absorption
spectrophotometer. Dilute the particle solution to 400 nM using DMSO.
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Synthesis of Auynm seeds @ TIMING 20 min

23]

24|
25|

To a 100-ml glass jar containing 60 ml of deionized water, add 664 ul of 1.0 M
NaOH solution and 16 pl of THPC sequentially.

Stir the reaction mixture for 10 s at 500 rpm.

Inject 2.4 ml of 1.0% (wt/wt) HAuCl, solution, this results in a brown color.

Attachment of Auynm seeds to M-SiO;, (M-SiO2 (Auznm)n) @ TIMING 8 h

26|

27|

28|

29|

30|

31

Concentrate the Auopm seed solution from step 25 to approximately 1 ml with
centrifugal filter unit, Amicon® Ultra-15 (10K) at 3,000 for 30 min at RT.

Desalt the mixture solution from step 26 with an illustra™ NAP™-10 column
pre-equilibrated with deionized water. Dilute the solution to a final volume of
2.0 ml. Incubate the solution for 1 h.

Add 100 pl of M-SiO, solution from step 21 in 1.9 ml of Auo,m Seed solution
from step 27 while shaking.

Cover the reaction bottle with aluminum foil and shake the mixture for 5 h at
200 rpm.

Load the mixture solution onto a MACS® LS column. Wash column with 5.0 ml
of 1.0 mM Tris-HCI buffer (pH 8.0). Apply an additional 3.0 ml of 1.0 mM Tris-
HCI buffer and collect the dark-red Auonm seeds bound M-SiO, (M-
SiO(Auzpm)n) solution.

Determine the particle concentration.

A CRITICAL STEP The extinction coefficient of M-SiO2(Auonm)n can be
estimated as a simple summation of extinction coefficients for each component.
This can be stated as:

3 n

=£ £
M—SiOg(Augyy),  M—SiOy + TAugnm

where, n is number of Auynm seeds on the surface of single M-SiO,.

EM-Si0) (Auppm)r EM-Si0y and ea, . are extinction coefficients of M-
SiO2(AUznm)n, M-SiO,, and Auonm, respectively. To determine the seed density
per M-SiO5, particle, perform TEM analysis under an acceleration voltage of 200
kV and take the image at 80,000x magnification. The density of Auyp, seeds on
M-SiO, is approximately 8.16 particles/(10 nm)2. We found that the seed
density is consistent within the range of 8-9 particles/(10 nm)? for all M-SiO,
size. Extinction coefficient of Auynm seed is 4.71 x 10° M~1em™2. In case of 30
nm M-SiO5 the number of Auonm seeds bound single M-SiO is 230 and
estimated extinction coefficient is 1.64 x 108 M~lem™1,

? TROUBLESHOOTING
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Formation of Au shell (M-SiO,@Au) @ TIMING 3 days

32|

33|

34|

35|
36|

37|

38|

39|

To a 1-I glass jar containing 800 ml deionized water, add 100 mg of K,CO3 and
60 mg of HAUCI,.

Stir the mixture at 400 rpm for 24 h.

A CRITICAL STEP During the aging step, the color of the mixture slowly
changes from yellow to colorless. Monitor the progression of the reaction by
measuring absorbance of the gold chloride solution at A = 290 nm using a UV-
Vis spectrophotometer. The absorbance gradually decreases from 0.5 to 0.05
(Supplementary Fig. 3). Move to the next step when the absorbance of the
growth solution reaches 0.05. Avoid direct sunlight.

Add 16 pmol of 30 nm M-SiO,(Auznm)n and 20 ml of 1.0 mg/ml BSPP aqueous
solution in order. Vary the M-SiO,(Auznm)n concentration to obtain MPNs
having different core/shell ratios. For example, 96, 64, and 24 pmol of 20 nm M-
SiO(Auznm)n are used to produce 40 nm, 45 nm, and 50 nm MPNSs, respectively
(Fig. 4, c-e).

Add 22 ml of 130 pg/ml NH,OH-HCI aqueous solution.

Monitor the color change of the solution during the reaction. The color of the
solution changes continuously during the reaction due to the change of Au shell
thickness (Fig. 3a). Initial redshifts (e.g. from Apmax =550 NM t0 Apax = 630 nm
for 30 nm M-SiO,) represent a gold shell formation (Fig. 3b). Subsequent blue
shifts in plasmon resonance (€.g. from Apax = 630 NM t0 Ay = 560 nm for 30
nm M-SiOy) indicate thickening of the gold shell (Fig. 3b). Stop stirring at the
desired Amax. FOr example, to achieve a 10 nm thick gold shell on the 30 nm M-
SiOy, stop the reaction at Amax = 620 nm (Fig. 4a). Before measuring the
absorbance, remove the byproduct using MACS® LS column.

Transfer the product solution into a 50-ml tube and centrifuge for 60 min at
1,500g at RT.

Discard the supernatant carefully, and add 1.0 mg/ml of BSPP solution to each
tube.

Collect the gold coated M-SiO- nanoparticles using a MACS® LS column. Use
the 1.0 mg/ml BSPP solution as an eluent. \erify the presence of the reaction
product using TEM at an acceleration voltage of 200 kV (Fig. 4 c-h). Measure
absorbance of the MPN solution at A,y Using a UV-Vis spectrophotometer and
determine the MPN concentration using the extinction coefficient of the
respective MPN at Amax. The extinction coefficients of 40 nm and 50 nm MPNs
(independent on the core-shell ratio87) are 9.0 x 109 M~ cm~ and 1.9 x 1010
M~1 em™1 at A ax, respectively.

? TROUBLESHOOTING
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Monovalent conjugation of MPNs @ TIMING 12 h

40|

41|

42|

43|

44

45|

46|

47|

Add 10 pl of 250 mg/ml TCEP to 100 pl of 200 nM thiol-DNAL1 to reduce
disulfide bonds. Incubate for 30 min at RT.

Remove excess TCEP and byproducts with a Zeba™ spin desalting column.
Measure absorbance of the eluted fraction at A = 260 nm using a UV-Vis
spectrophotometer and determine the DNA concentration with the extinction
coefficient of thiol-DNA1 of 699,900 M~1cm™1,

Add 100 pl of reduced 100 nM thiol-DNAL solution to 50 ul of 20 nM MPN (40
nm) solution.

Add 50 pl of 120 mM NacCl solution (in 40 mM Tris-HCI pH 8.0) carefully into
the mixture solution and shake for 6 h.

A CRITICAL STEP High salt concentration increases the binding efficiency
between negatively charged MPNs and oligonucleotides. However, an abrupt
increment of salt concentration causes aggregation between the nanoparticles.
Add the NaCl solution dropwise, 5 pl increments every 30 s while vortexing the
solution.

Add 20 pl of 5 mM HS-C11-EG1,-OH and 500 uM HS-C11-EG12-COOH to the
mixture solution and shake an additional 4 h.

Inject 100 pl of the reaction solution to an HPLC system to separate the
monovalent MPNs. (DNAPac™ PA100 Oligonucleotide Column 4x250 mm2,
salt concentration gradient: 40 — 1200 mM NaCl in 25 mM Tris-HCI buffer, pH
8.0 for 30 min at 1 ml/min of flow rate; detection wavelength 580 nm). Collect a
fraction containing monovalent MPNs (1 ml, Fig. 5b).

? TROUBLESHOOTING

Dilute the eluent 10 times with deionized water and centrifuge at 1500¢ for 10
min at RT. Carefully remove supernatant and redisperse the bottom nanoparticle
layer containing monovalent MPNs in 200 ul of deionized water.

Measure absorbance of the MPN solution at Apmax (€.9: Amax= 620 nm for 50 nm
MPNs having a 30 nm M-SiO, core, Amax= 560 nm for 40 nm MPNs having a
20 nm M-SiO;, core) using a UV-Vis spectrophotometer and determine the
concentration using the extinction coefficients denoted in step 39.

B PAUSE POINT The product can be stored at 4 °C for several days.

Cell culture and transfection of SNAP-tagged receptors @ TIMING 40-50 h

48|

49|

Detach 5 x 10° U20S cells from a cell culture plate (70-100% confluency on 60
mm dish or T25 flask) with 1 ml of 0.05% Trypsin-EDTA solution. Neutralize
the lifted cells with 2 ml McCoy’s 5A media with 10% FBS and transfer the
cells into a 35 mm dish.

Transfect SNAP-tagged receptor constructs transiently to U20S cells with Neon
transfection system (see Equipment Setup). In this procedure, as an example,
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50|

51

Page 21

SNAP-VEcadherin-mEmerald (SNAP-VEcad-mEm) and Lifeact7-mCherry
constructs are co-transfected, and SNAP-human Notchl-mCherry (SNAP-hN1-
mC) construct are transfected for mechanical control of VE-cadherin and Notch
receptors.

Following transfection, wash the cells 3 times with 15 ml of PBS after 6 h of
incubation to remove cellular debris and inclusion bodies.

A CRITICAL STEP Cellular debris and inclusion bodies remaining on glass
and/or cell surface induce nonspecific binding of DNA and MPNs causing
nonspecific perturbation of receptor signaling.

After 15 h, detach the U20S cells transfected with SNAP-tagged receptors using
1 ml of 0.05% Trypsin-EDTA solution and transfer the cells to collagen coated
glass bottom dishes. Incubate another 36-48 h.

Labeling of MPNs to SNAP-tagged receptors @ TIMING 1 h

52|

53|

54|

55|

56|

Treat the U20S cells expressing SNAP-tagged receptors with 1 uM BG-DNA2
in McCoy’s 5A culture medium without FBS. Incubate for 30 min.

Wash the cells five times with 5 ml of McCoy’s 5A culture medium containing
10% (wt/vol) BSA. Alexa 647-(ACTG)s (10 nM) can be used to confirm the
binding of BG-DNA2. A non-transfected control cell line can be used as a
negative control.

A CRITICAL STEP Remaining free BG-DNAZ2 can bind to MPNs and
decrease the labeling efficiency. Wash out the unbound BG-DNAZ2 with plenty
of culture media.

Treat the cells with 1 nM of MPN-DNAL conjugates dispersed in McCoy’s 5A
culture medium containing 0.5% (wt/vol) of alkaline casein. Incubate for 10
min.

A CRITICAL STEP For single-molecule perturbation studies (/.e. sparse
labeling), use 0.1 pM MPN-DNA solution. This typically resulted in 1-2 MPNs
per cell. To test non-specific binding, MPNs conjugated with a non-
complementary DNA sequence (e.g. polyT), and/or only PEG molecules can be
used as negative controls

? TROUBLESHOOTING

Wash the cells three times with 10 ml of McCoy’s 5A culture medium
containing 10% FBS.

Add phenol red free McCoy’s 5A culture medium with 10% FBS for imaging.

Preparations for mechanogenetic control of cells @ TIMING 1 h

57|

Equilibrate the temperature of a microscope cell culture chamber to 37 °C before
starting the experiment.
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58|

59

60|

61

62|

63|

Page 22

A CRITICAL STEP Always keep the microscope cell culture chamber at 37 °C
with a humidified atmosphere (80%) of 5% CO» for long term time-lapse
experiments. In this procedure, a stage-top incubation system was used for all
steps. Direct contact between the oil immersion objective and culture dish may
cause rapid temperature changes within the culture dish depending on changes
in room temperature. To solve this problem, use a closed-loop temperature
regulating system to maintain the temperature of the cell culture dish.

Align the UMT with the microscope objective lens. Position the end of the uUMT
tip at the center of the objective oculus with bright field illumination. Perform
this step sequentially with a 20x, 40x, and 100x objective lens and set the height
of the uMT tip ~5 cm above the 100x objective lens.

To prevent contamination, dip the UMT briefly in 70% ethanol and dry it before
use.

Place a small drop of immersion oil onto the 100x objective lens, and place the
bottom dish containing the cells on the microscope stage.

Find and center a subcellular region of interest by visualizing the MPNSs using
dark-field microscopy.

? TROUBLESHOOTING

Lower the uMT into the medium and place the end of the tip of the uMT above
the target cell.

A CRITICAL STEP Focus above the cells. Carefully adjust the uMT z-position
using the z translation stage until scattering from the tip is centered in the field
of view.

Determine the distance (d) between the tip of uMT and the MPNs on a cell
membrane and adjust the d'to 40 pm.

A CRITICAL STEP To determine the d, focus at the sample plane and the uMT
tip sequentially by using Nikon perfect focus system (axial resolution: 25 nm)
and then measuring the focal height difference.

A CRITICAL STEP The magnetic force between the uMT and the MPN is
negligible when ¢> 20 um. Do not place the uMT closer than 20 pm during
preparation.

Probing single cell mechanogenetics

64|

To control the spatial distribution of receptors with the weak force mode
(WFM), perform the procedures described in option A; to induce a
conformational change of receptors with the strong force mode (SFM), perform
the procedures described in option B; to apply single-molecule perturbations,
perform the procedures described in option C. In order to study MPN-induced
single cell transcription, perform the procedures described in option D. For all
options, 40 nm gold nanoparticles without a magnetic core can be used as
negative controls.
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(A) Spatial control of receptors @ TIMING 1 h—CRITICAL In this procedure, cells
expressing both SNAP-VEcad-mEm and Lifeact7-mCherry are used, but similar procedures
can be followed for cells expressing tagged versions of other types of receptors.

i Choose a dense MPN labeled cell, and place the yMT 2 um (WFM) above a
target subcellular location for 5-15 min.

ii. During stimulation, monitor the spatial localization of the MPNs at the uMT by
imaging nanoparticle scattering in dark-field microscopy.

iii. Monitor the fluorescence signals of SNAP-VEcad-mEm (A¢y = 509 nm) and
Lifeact7-mCherry (Aem = 610 nm) within the same region. If desired, time-lapse
fluorescence imaging can also be performed.

(B) Mechanical control of receptors @ TIMING 1 h—CRITICAL In this procedure,
cells expressing SNAP-hN1-mC are used, but similar procedures can be followed for cells
expressing tagged versions of other types of receptors. For these experiments, 40 nm gold
nanoparticles without a magnetic core or 5 uM of DAPT and/or 50 uM of TAPI-2 to inhibit
initiation of Notch signaling may be used as negative controls.

i Choose a dense MPN labeled cell, and place the pyMT 0.7 um (SFM) above a
target subcellular location for 5-20 min.

ii. Monitor the spatial distribution and activation of the receptors by imaging
fluorescence signals of mCherry (Aem = 610 nm) during stimulation. If desired,
time-lapse fluorescence imaging can also be performed.

A CRITICAL STEP Be careful not to touch the cells with the tweezers tip.
Touching the cell induces a rapid membrane rupture due to the strong magnetic
force between concentrated MPNs and pMT.

(C) Single receptor perturbation. @ TIMING 1 h—CRITICAL In this procedure,
sparsely labeled cells (1-2 MPNs per cell, from step 54) expressing SNAP-hN1-mCh are
used, but similar procedures can be followed for cells expressing tagged versions of other
types of receptors. For these experiments, cells can be treated with 5 uM of DAPT and/or 50
UM of TAPI-2 to inhibit initiation of Notch signaling as negative controls. P

i Place the pMT 0.7 pm (SFM) above a target receptor conjugated with a MPN.
Single receptors are identifiable as discrete particles diffusing within the cell
membrane.

ii. Monitor the MPN detachment (disappearance of the MPN) as a result of Notch
extracellular shedding by imaging the scattering with dark-field microscopy
during stimulation.

(D) MPN-induced single cell gene transcription @ TIMING 40-50 h—CRITICAL
40 nm non-magnetic nanoparticle (e.g. gold nanoparticle)-DNAL conjugates may be used
for a negative control of force induced signaling. For Notch receptor activation, cells may be
treated with 5 pM of DAPT and/or 50 uM of TAPI-2 as a control for specific activation of
Notch signaling.
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Prepare a target transcription system (see EQUIPMENT SETUP). In this
procedure, U20S cells expressing both SNAP-hN1-Gal4 and UAS driven H2B-
mCherry are used, but similar procedures can be followed for cells expressing
tagged versions of other types of receptors.

To activate Notch receptors mechanically with SFM, place the uMT 0.7 pm
above a target subcellular location for 5-20 min.

Remove the UMT probe tip from the microscope and monitor nuclear mCherry
fluorescence signals (Aem = 610 nm) of the cell for the next 20 hours using a 40x
oil immersion objective. Place a small drop of immersion oil onto the 40x
objective lens before changing objective, and gently align the 40x objective
under the cell culture dish.

A CRITICAL STEP Be careful not to move the xy stage while changing
objectives. Digitally storing the xy position using the controller of the motorized
Xy stage is helpful for this step.

Find the stimulated cell with the 40x objective lens, and center the cell in the
field of view using the xy stage.

Image nuclear mCherry expression in the target cell. Image in the bright field for
cell tracking. Acquire bright-field and fluorescence image sequences every 30
min for 20 h.

A CRITICAL STEP To reduce photobleaching, minimize exposure time, and
use neutral density filters.

? TROUBLESHOOTING

TIMING

Setting up the p-magnetic tweezers (UMT) (Equipment Setup): ~1 h

Steps 1-11, Synthesis of 13 nm Zng 4Fe» 04 nanoparticles: 6 h

Steps 12-22, Preparation of silica coated 13 nm Zng 4Fe, 04 nanoparticles: 48 h
Steps 23-25, Synthesis of Auopm seeds: 20 min

Steps 26-31, Attachment of Auypy, seeds to M-SiO,: 5 h

Steps 32-39, Formation of Au shell: 3 days

Steps 40-47, Monovalent conjugation of MPNs with oligonucleotide: 12 h
Steps 48-51, Cell culture and transfection of SNAP tagged receptor: 40-50 h
Steps 52-56, The SNAP tagged receptor labeling with MPNs: 1 h

Steps 57-63, Preparations for mechanogenetic control of cells: 1 h

Step 64 Option A, Spatial distribution control of receptors: 1 h

Step 64 Option B, Mechanical control of receptors: 1 h
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Step 64 Option C, Single receptor perturbation: 1 h
Step 64 Option D, MPN induced single cell gene transcription: 40-50 h

Box 1, Calibration of force exertion on a single MPN: ~6 h

?TROBLESHOOTING

Troubleshooting advice can be found in Table 3.

Materials
Alexa Fluor 594 Carboxylic acid, Succinimidyl Ester, mixed isomers (ThermoFisher
scientific, cat. no. A20004)
NHS-biotin (ThermoFisher scientific, cat. no. 20217)
NHS-PEG-COOH (NANOCS, cat. no. PG2-CANS-2k)
Glycerol (C3HgO3, Sigma-Aldrich, cat. no. G9012)
10x PBS (Sigma-Aldrich, cat. no. P7059)
TGT-thiol: 5’- CAC AGC ACG GAG GCA CGA CAC (ACTG)s thiol-3’
TGT-biotin-1: 5’- biotin (ACTG)19 GTG TCG TGC CTC CGT GCT GTG-3’
TGT-biotin-2: 5’- GTG TB°i"CG TGC CTC CGT GCT GTG-3°
TGT-biotin-3: 5’- GTG TCG TBi0inGC CTC CGT GCT GTG-3’
TGT-biotin-4: 5’- GTG TCG TGC CTC CGT GCT GTG (ACTG)1 biotin-3’
(TBIotin - piotin group is placed on the thymine),
(All DNAs are custom-ordered from Integrated DNA Technologies)
M-SiO, (diameter of Zng 4Fe, §O4 nanoparticle, 13 nm; thickness of silica layer, 40
nm)
AEAPTMS coated MPN with 50 nm in diameter

Equipment

Coverslip (Fisher Scientific, cat. N0.12-544-G/22X60-1.5)
Streptavidin coated cover slip (NANOCS, cat. no. CS-SV-5)
Dark field microscope with 100x objective lens (N.A. 1.49)
552 nm solid-state laser (Applied Research Inc., Spectral)
UMT
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A. Force calibration using the viscous drag of the nanoparticle

1.

Add 16.4 ug of NHS-Alexa Fluor® 594 and 160 ug NHS-PEG-COOH into 100
ul of 400 nM AEAPTMS coated M-SiO», dispersed in DMSO of Step 22.
Incubate for 8 h at RT.

Load the mixture solution onto a MACS® LS column and wash with 5 ml
deionized water. Apply an additional 1.5 ml of deionized water and elute the
Alexa 594 conjugated M-SiO».

Determine the particle solution concentration using UV-Vis absorption
spectrophotometer. Use same extinction coefficient with step 11. Dilute the
particle solution to 400 nM using deionized water.

Add 10 pl of 400 nM Alexa 594 conjugated M-SiO, to 990 pl glycerol.
Apply 30 ul of M-SiO,, dispersed in glycerol on the surface of a cover slip.

Immerse the UMT into the solution containing nanoparticles with an immersion
angle of 30 degrees toward the cover glass surface.

Image particle movement with an EM CCD camera at 100 fps for 10 sec.

Analyze the velocity of the particles using the ImageJ particle tracker plugin
(http://mosaic.mpi-chg.de/ParticleTracker/).

Calculate the force acting on a single particle using Stokes’ law (/j': 6V,
where 7 is the viscosity of solvent, ris the radius of particles, vis the velocity of
particles. As specified, the fluid viscosity is 1.1908 Ns/m? and the Stokes radius
of the particle is 50 nm.

B. Force calibration using TGT force sensors

1.

Prepare 100 pl of 1 nM monovalently conjugated MPNs with TGT-thiol (See
steps 40-47) in 200 mM NaCl, 10 mM tris buffer.

Add 1 pl of 100 uM TGT-biotin-1 oligonucleotides bearing complementary
sequences to form a TGT-duplex force sensor and incubate for 4 h at RT.

Add 900 pl of 30 mM NaCl, 10 mM tris buffer and centrifuge at 1,500¢ for 10
min at RT. Discard the supernatant. Repeat 3 times. Dilute the bottom
nanoparticle layer containing MPNs to 1 ml.

Measure absorbance of the solution at A = 620 nm using a UV-Vis
spectrophotometer. Determine the nanoparticle concentration using the extinction
coefficient of 1.9 x 1010 M~1 cm= of 50 nm MPNs at A = 620 nm.

Place a streptavidin-coated coverslip onto a dark-field microscope. Apply 30 pl
of 1 pM TGT-sensor conjugated MPNs to the coverslip and monitor the particle
immobilization.

Nat Protoc. Author manuscript; available in PMC 2018 March 01.


http://mosaic.mpi-cbg.de/ParticleTracker/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 27

6. When the desired nanoparticle density is reached (e.g. 1-2 particles/100 um?),
wash the coverslip 5 times with 200 pyL with 30 mM NaCl, 10 mM Tris-HCI
buffer (pH 8.0), and then 3 times with 200 pL PBS.

7. Gradually approach the UMT in the z-direction with a 50 nm-step size at an
approach rate of 100 nm/s while monitoring detachment events of the particles
from the surface (/.e. disappearance of particles from the imaging area) using
dark-field microscope. Repeat steps 1 to 5 with TGT-biotin-2, TGT-biotin-3, and
TGT-biotin-4.

8. Measure the rupture distance (d) of MPN-TGT sensor, and calculate the loading
rate from a power law fit taking into account the loading rate-force relationship
and the most probable rupture force of each dsDNA with unzipping geometry

(Fig. 7).

ANTICIPATED RESULTS
Synthesis of MPNs

This protocol reproducibly produces high quality and monodisperse MPNs with respect to
size, shape, and crystallinity, which together provide for uniform optical and magnetic
properties. Fabrication of the magnetic core coated with a silica shell is relatively straight
forward, whereas the gold shell coating steps on the M-SiO, often results in imperfect
and/or irregular particles when critical steps in the procedure section are improperly
performed. For guidance, we show representative reaction kinetics for MPN shell formation,
monitored by changes in solution color and plasmon resonance, in Figure 3. Characteristic
initial redshifts are followed by blue shifts in plasmon resonance that confirm uniform shell
coating (Fig. 3b). Gradual narrowing in FWHM of plasmon peaks as time proceeds
additionally indicates homogenous MPN formation (Fig. 3c). Observation of continuous red
shifts with no blue shift or broad plasmon peaks indicates one of the following two
representative cases: 1) Incomplete shell formation due to low Au,py, Seed density on the M-
SiO, core (< 8.2 seeds/(10 nm)2, Supplementary Fig. 1) and/or 2) irregular shell formation
that results from excessive growth kinetics in the reactive precursor solution (OD2gg nm >
0.05).

Once all reaction conditions are met, the size of MPNs can be easily tuned by controlling the
reaction time, the concentration of M-SiO,@Au,nm, and the thickness of the silica shells
(Fig. 4); Longer reaction times and decreased M-SiO,@Au,ny, concentration increase gold
shell thickness. The plasmon excitation wavelength and the scattering color of the MPNs can
be tuned depending on the thickness of silica and gold shells (Fig. 4f—i). For example, MPNs
with green (Fig. 4f, Amax = 550 nm), yellow (Fig. 49, Amax = 570 nm), and orange (Fig. 4h,
Amax = 620 nm) single particle scattering colors are obtained from the 50 nm MPNs with 20
nm, 25 nm, and 30 nm M-SiO,, respectively.

Monovalent DNA conjugation

Conjugation of MPNs with thiolated DNA generates products with mixed valencies.
Monovalent MPNs can be isolated via anion exchange HPLC, providing discrete peaks
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corresponding to MPNs with different DNA valencies. Figure 5b shows example elution
profiles of MPN-DNA conjugates bearing different oligonucleotide lengths, where the
monovalent MPNs are then selectively collected. With optimal conditions, isolation yield of
monovalent MPNs is approximately 40%. Lower isolation yield could result from several
possible reasons: 1) sub-optimal MPN/DNA reaction ratio, 2) colloidal instability of MPN-
DNA conjugates against high salt environment, and 3) poor peak separation between
monovalent and multivalent MPNs. Improvement in the product yield can be achieved by
revisiting the critical steps described above.

Mechanogenetic control of cell signaling

Cell labeling of MPNs via BG-SNAP chemistry typically provides excellent target-
specificity ratio, that is, the ratio between the number of particles per cell expressing SNAP-
tagged proteins and the number of particles per cell without SNAP expression, is usually >
100. Comparing the diffusivity of MPN-labeled receptors with small fluorescent dye-labeled
receptors can validate the one-to-one engagement of MPNs with target proteins. In our
previous report, we showed that the monovalent MPN minimally influences membrane
diffusion dynamics of targeted Notch receptors!2.

Application of uMT with differential modes of stimulation (WFM vs. SFM) allows us to
investigate the differential roles of spatial and mechanical cues in cell signaling. Figure 9
shows examples of receptor activation through either spatial segregation or mechanical
activation. Subcellular spatial segregation of MPN-labeled VE-cadherin recruits F-actin
(Fig. 9a), whereas mechanical loading of Notch-Gal4 receptors with MPNSs activates
transcription programs (7.e. UAS-H2B-mCherry) within a single cell (Fig. 9b).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Box 1 | Calibration of force exertion on a single MPN @ TIMING ~6 h

We suggest two approaches to measure force intensities of single MPNs. To determine
the force generated by an MPN located at > 1 um distance from pMT, the viscous drag of
the nanoparticles can be utilized (Option A). The velocity of magnetic nanoparticles
should be experimentally determined. Because velocity of nanoparticles is too fast for
optical imaging once the particles are within 1 um of the magnet, TGT force sensors with
defined rupture forces can be utilized (Option B). In this case, the uMT gradually
approaches a MPN-TGT duplex immobilized on a coverslip until the initial detachment
event is observed.
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Figure 1. Schematic illustration of magnetoplasmonic nanoparticles (MPNSs)
A MPN is comprised of a magnetic-core (perturbation module), a plasmonic-shell (imaging

and conjugation module), and a functionalized oligonucleotide (chemical targeting module).
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Figure 2. Schematic workflow of the protocol (left panel), key design principles (right panel)
Synthesis of small and monodisperse MPNs is achieved by sequential nanoparticle growth

of a magnetic core, dielectric inner shell, and plasmonic outer shell. Dense loading of Ausnm
seeds and sufficiently long incubation of the shell growth are essential for the uniform shell
formation (Stage 1, Steps 1-39). A targeting functionality is introduced by conjugation of
MPNs with thiolated DNA via Au-thiol chemistry. Monovalently conjugated MPNs are
selectively isolated via charge-based valency discrimination with anion exchange HPLC
(Stage 2, Steps 40-47). The MPNs can target cell surface receptors with a diverse set of
receptors via modular targeting and Watson-Crick hybridization (Stage 3, Steps 48-56).
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Coupled with an external micro magnetic tweezers (UMT), the targeted MPNSs can provide
two different modes of perturbation to the receptors as a function of distance between the
MPN and the puMT: The SFM and WFM modes can be used for spatial and mechanical
control, respectively (Stage 4, Steps 57-64).
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Figure 3. Growth kinetics of MPNs

(a) Photographs and (b) absorption spectra of reaction solution as a function of time. (c)
Changes in plasmon resonance and measurements of full width at half maximum (FWHM)
scattering as a function of time.
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Figure 4. Controlled synthesis of MPNs
(a) TEM images of 13 nm Zn-doped iron oxide nanoparticles (M), silica-coated Zn-doped

iron oxide magnetic nanoparticles (M-SiO3), Ausnm seed bound M-SiO,, and gold coated
M-SiO,. Scale bars, 50 nm. (b) Structural parameters of MPNs shown in panel c-h. (c-€)
Control of gold shell thickness; TEM images of MPNs (left) with 10 nm (c), 12.5 nm (d),
and 15 nm (e) shell thicknesses and their size distribution (right). The 96, 64, and 24 pmol of
Auynm, seed bound 20 nm M-SiO, are used in Step 34, respectively. Scale bars, 200 nm. (f-
h) M-SiO, size dependent plasmonic absorption shift of 50 nm MPNs. TEM images (top) of
50 nm MPNs with 20 nm (f), 25 nm (g), and 30 nm (h) M-SiO, core and their corresponding
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scattering images (bottom). Scale bars, 50 nm. (i) Absorption spectra of 50 nm MPNs with
20 nm (black), 25 nm (green), and 30 nm (orange) M-SiO, core.
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Figure 5. Monovalent DNA conjugation of MPNs
(a) Schematic illustration of oligonucleotide conjugation and purification of monovalent

MPNs. Monovalent MPNs can be isolated via charge-based valency discrimination in an
anion exchange HPLC column. To enhance colloidal stability and increase separation yield,
thiolated PEG is used as an additional coating. (b) Oligo-length dependent HPLC elution
profiles of MPNs. 30, 60, 80 and 100 bases DNA oligos are conjugated to 40 nm MPNs.
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Figure 6. Dark-field microscope and micro-magnetic tweezer (UMT) setup
(a) A schematic illustration of UMT and dark-field microscopy setup. Steel needle (tip

radius: 5 pm) - NdFeB magnet (diameter 1 cm) assembly is mounted to the xyz translation
stage. A 4 mm ellipsoidal dot mirror is installed at a filter cube set for a dark-field
illumination. (b) A photograph of experimental setup. Scale bar, 20 um.
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Figure 7. Distance dependent force generation of MPNs
Force acting on particles was plotted (gray dots) and was fitted with a power law (black solid

line). TGT DNA force sensor and Stokes’ drag force are used to measure the applied force at
SFM and WFM, respectively Each data point represents the mean value of multiple
repetitions (n= 10 for SFM, n=30 for WFM). Error bars represent £s.d.
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Figure 8. Experimental setup for colloidal synthesis of magnetic nanoparticles
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before
tweezing

(a) Spatial control of actin polymerization using WFM mode of MPNs. (left) Schematic
illustration of MPN induced spatial segregation of VE-cadherin and actin polymerization.
(right) Spatial segregation of VE-cadherin receptors (green) and resulting actin
polymerization (red) are observed by time-lapse fluorescence imaging of SNAP-VE-
cadherin-mEmerald and Lifeact7-mCherry signals, respectively. Scale bars, 4 um. (b)
Mechanical control of single cell gene transcription using SFM mode of MPNs (9 pN). (left)
Schematic illustration of UAS-Gal4 fluorescence reporter system and transcriptional
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activation by MPNs. (right) A representative optical microscope image of single cell
mCherry expression. Scale bars, 4 pm.
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Table 1

Comparison of MPN-based mechanogenetics with existing techniques.

this protocol

existing techniques

Page 45

MPN-based mechanogenetcs

optogenetics

microprobe-based force
microscopy (magnetic,
optical tweezers)

substrate based mechanical
stimulation

input

gradient magnetic field

light

gradient magnetic field/
light/ mechanical force

mechanical force, magnetic
field

applicable target proteins

mechanosensitive proteins

light-sensitive proteins

mechanosensitive proteins

mechanosensitive proteins

advantages two differential broad extremely perturbation of large
modes of applications powerful for in population of cells?®
perturbations - to any vitroforce o
mechanical/spatial cellular microscopy of applicability to the
control targets purified proteins basal cell surface
o through L proteins
negligible genetic applicability to
nonspecific engineering endogenously
perturbations expressed
. i negligible mechanosensitive
rapid spatial control nonspecific proteins
through active perturbations ) .
transport by probe wide working-
) force range??
defined force excellent one-
delivery through to-one high force
one-to-one stimulus resolution?3
engagement delivery
applicability to high temporal
endogenously resolution
expressed
mechanosensitive
proteins
limitations limited accessibility no nonspecific low spatiotemporal resolution
to intracellular mechanical spatial and
targets activation mechanical
. capability perturbation!268
relatively low force
resolution limited spatial potential receptor
) control for crosslinking!268

short working slowly
distance diffusing limited

targets accessibility to

intracellular
targets??
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Troubleshooting table

TABLE 3

Page 47

Step Problem

Possible reason

Solution

15 Aggregate present in the bottom

18 Silica shell thickness changes

26-31  Low binding density of Au,,, seeds

39 MPNSs have irregular shape

A large amount of MPNs form dimers
(peanut shape)

Broad size distribution

45 Low yield in HPLC separation

54 Cellular uptake of MPNs (MPNs
located at cytosolic area, and show
slow and directional movements.)

61 The MPNs are immobile

64 Cells become unhealthy during time-
lapse imaging: usually showing large
vacuoles and cell detaching

Igepal® CO-520 may not be completely
dissolved

AEAPTMS may form multiple layers

AEAPTMS may not appropriately coat
the silica surface

Au,,m seeds may grow slowly by
Ostwald ripening, especially at high
concentrations, due to their active surface
energy.

The activity of gold chloride growth
solution is too high

Inappropriate volume ratio between
DMSO and deionized water in step 28

AEAPTMS treated M-SiO, may
aggregate before gold shell formation
reaction. Aggregation occurs easily in
AUynm seed solution with neutral pH

MPNs can aggregate at high salt
concentration.

MPN labeled receptor recycled and
endocytozed within 30-60 min at 37 °C

MPNSs may aggregate and non-
specifically bind to the cell membrane
due to poor long-term colloidal stability
of MPNs

Cellular debris and inclusion bodies
remaining on cell surface induce
nonspecific binding of MPNs

Cell damage from phototoxicity and/or
environmental shock

Before adding the Zng 4Fe, O, solution, shake
the 1gepal® CO-520 and cyclohexane mixture
until solution turns to completely transparent
(Step 13)

Decrease reaction time. Do not exceed 2 h

Use fresh AEAPTMS. Avoid moisture.

Use freshly prepared Au,n, seeds. Keep
recommended reaction time, and avoid
intermittence among steps

Check absorbance of the growth solution at
290 nm before starting the experiment.

To smooth the surface of synthesized
nanoparticles, disperse them in 800 ml of
deionized water before adding BSPP solution
(Step 38 and incubate 1 day with 150 r.p.m.
shaking

Final solution should be 5% DMSO in
deionized water.

To separate out the peanut shape particles, use
1-2 % agarose gel electrophoresis (120V, 90
min) and recover the first band

After the 1h incubation of Au,,, seed solution,

pH decreases from 7 to 5 (Step 27). Add
AEAPTMS treated M-SiO, at this pH to
prevent aggregation

Ratio between carboxyl-PEG-thiol and
hydroxyl-PEG-thiol in Step 44 is 1:10.
Increase the carboxyl-PEG-thiol ratio up to 1:3

Incubate MPN less than 10 min.

To increase the labeling yield, use higher
concentration of MPN rather than using longer
incubation time.

Use fresh MPNs (Step 40-46)

Wash the cells more extensively with PBS or
media before MPN labeling (Step 48)

To reduce phototoxicity, minimize the
exposure time, and light intensity.

Check the temperature, CO,, and humidity of
microscope cell culture chamber.
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