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In brief

Living cells embedded in an extracellular

matrix sense and respond to mechanical

stimuli in their environment. We have

developed a method for magnetic matrix

actuation (MagMA) enabling dynamic,

non-invasive mechanical stimulation of

tissues. As a proof-of-concept

demonstration, we show that MagMA

programs the alignment of skeletal

muscle fibers with downstream functional

effects on the global synchrony of muscle

contraction. Precisely controlling muscle

morphology and force generation is of

significant importance in applications

ranging from regenerative medicine to

robotics.
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THE BIGGER PICTURE Cells within tissues communicate with each other, and with their surrounding ma-
trix, thorough biochemical, electrical, and mechanical signals. While there are a range of techniques for
mapping and controlling electrical and biochemical communication within multicellular systems, there is
a significant need for tools that measure and modulate mechanical stimuli in a similar manner. A platform
for dynamically patterning forces within tissues would enable mechanically programming morphology
and function of various adaptive mechanobiological processes.
SUMMARY
The hierarchical design and adaptive functionalities of biological tissues are driven by dynamic biochemical,
electrical, and mechanical signaling between cells and their extracellular matrices. While existing tools
enable monitoring and controlling biochemical and electrical signaling in multicellular systems, there is a sig-
nificant need for techniques that enablemapping andmodulating intercellular mechanical signaling.We have
developed a magnetically actuated extracellular matrix that serves as a mechanically active substrate for
cells and can program morphological and functional anisotropy in tissues such as skeletal muscle. This
method improves the ease and efficiency of programming muscle force directionality and synchronicity
for applications ranging from medicine to robotics. Additionally, we present an open-source computational
framework enabling quantitative analyses of muscle contractility. Our actuating matrices and accompanying
tools are broadly applicable across cell types and hydrogel chemistries, and they can drive fundamental
studies in mechanobiology as well as translational applications of engineered tissues in medicine and ma-
chines.
INTRODUCTION

Multicellularity is the key to the dynamic functionality of biolog-

ical tissues. Cells embedded in an extracellular matrix communi-

cate with each other, and with their surrounding scaffold,

through a combination of chemical, electrical, and mechanical

signaling.1 While scientists have developed a range of tools for

mapping andmodulating electrical and chemical signaling within

tissues, including microinvasive electrodes and nanofluidic

probes,2,3 there remains a significant need for robust tools that

can actively tune intercellular mechanical signaling. Techniques

for mechanical measurement such as traction force microscopy

and stretchable biosensors can offer insight into the forces

generated by living cells,4,5 but they are designed for passive
Device 1, 100097, O
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observation rather than for active modulation of mechanical

signaling. Methods for actively imposing forces on multicellular

systems have largely focused on actuated stretching and

compression devices for whole-tissue stimulation,6,7 which do

not replicate the spatial modulation of forces observed in natural

systems. A soft actuating substrate capable of controlling cell-

cell mechanical interaction with high spatiotemporal precision

could be used to probe the impact of external forces on intercel-

lular communication and to measure downstream impact on

morphology and function. Such amaterial would be an impactful

enabling technology for engineering tissues from a range of cell

types known to be impacted by mechanical signaling.8–12

Several recent studies have reported active hydrogels

controlled by external stimuli such as light, heat, pH, magnetic,
ctober 20, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 1
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and chemical inputs.13–24 Optically and magnetically responsive

hydrogels have, in particular, proven highly compelling as cell

substrates as they are spatially controllable and non-contact,

thereby limiting off-target effects on cells.19,22,23,25,26 However,

most prior studies on actuating hydrogels as cell substrates

have focused on dynamic stiffness modulation or 3D shape

transformation22,23,27–29 rather than on the in-plane actuation

that more closely mimics cell-cell contact. Moreover, they rely

on synthetic polymer chemistries and cannot be readily adapted

to the wide variety of natural hydrogels (collagen, fibrin, gelatin,

Matrigel, etc.) most commonly used as extracellular matrix

mimics. While rare reports of magnetically actuated natural hy-

drogels exist,30,31 their ability to generate forces across the full

biologically relevant range (from pN to mN), as well as their func-

tional impact on any specific biological tissue, has not yet been

assessed, to our knowledge.

We have developed a magnetic extracellular matrix and

custom-built actuation platform that can generate modular, pro-

grammable, and tunable deformation within multicellular sys-

tems. We test this platform as an active substrate for skeletal

muscle, an important tissue that is responsible for all voluntary

motion in our bodies and is highly adaptive to mechanical

signaling.32,33 Our study shows that we can control the direc-

tional fusion of myoblasts into aligned fibers through dynamic

mechanical stimulation. Furthermore, we develop robust

computational tools for tracking substrate deformation in

response to muscle contraction. Our computational analysis

clearly demonstrates that mechanically programmed anisotropy

in muscle coordinates tissue-wide synchrony of contractile

twitch. Precisely controllingmuscle fiber alignment and synchro-

nous contraction is of significant importance in tissue engineer-

ing applications ranging from medicine to robotics.34–37 These

results indicate that our technology can be used to improve

the ease and efficiency of established methods to pattern mus-

clemorphology. Beyondmuscle, this study sets the stage for de-

ploying actuating extracellular matrices as devices to map and

modulate mechanical signaling within a range of multicellular tis-

sues, enabling user-defined control of adaptive mechanobiolog-

ical processes.

RESULTS

Design and fabrication of magnetically actuated
extracellular matrices
Magnetically controlled soft actuators, composed of iron nano-

and microparticles embedded within flexible materials, have

been of significant interest in soft robotics in recent years, as

they enable non-contact control of actuation with high spatio-

temporal resolution.38,39 Inspired by this approach, we mixed

iron microparticles with poly(dimethyl siloxane) (PDMS) to form

a sheet of magnetic silicone. We then formed magnetic silicone

microparticles from this sheet and sandwiched these micropar-

ticles between two layers of a fibrin hydrogel in a cell culture plate

(Figure 1A). Compression testing of the hydrogels revealed an

average elastic modulus of 18.4 ± 3.4 kPa for magnetic fibrin

and of 19.1 ± 4.4 kPa for non-magnetic fibrin, confirming that

there was no significant difference between groups (Figure 1B).

These results indicated that the mechanical properties of the
2 Device 1, 100097, October 20, 2023
magnetic fibrin were likely suitable for cell culture.40 Future

studies that explore the rheological properties of magnetic fibrin

could further clarify whether adhered cells sense significant stiff-

ness differences between magnetic and non-magnetic fibrin.41

To dynamically control the movement of the resultant com-

posite magnetic extracellular matrix, we constructed a custom

linear actuator to move a permanent magnet under the plate

with precisely controllable speed (Figure 1C; Video S1). Fluores-

cent beads embedded within the hydrogel were used to track

matrix deformation in response to the magnetically guided

movement of a microparticle, showing that deformation of the

hydrogel was highest in the region closest to the micropar-

ticle (Figure 1D; Video S2). We thus embedded an array of

magnetic microparticles within the fibrin hydrogels and opti-

mized microparticle spacing to generate a more uniform defor-

mation gradient in the region between adjacent microparticles

(Figure S1A).

We tested the impact of a variety of magnetic stimulation pa-

rameters on the platform to showcase the versatility of this

system. For example, we observed that for a fixed value of per-

manent magnet strength and microparticle composition and

size, hydrogel deformation is dependent on the distance be-

tween the magnet and the hydrogel (Figures 1E and S1B; Videos

S3, S4, and S5). We also tested the impact of magnet speed and

orientation on the deformation of the hydrogel, demonstrating

that reducing the speed of the magnet or rotating the magnet

from 0� to 45� or 90� shifted the rate and direction of micropar-

ticle movement, respectively (Figures S1C–S1G).

These analyses demonstrated the ability of our device to

enable precisely controllable magnetic matrix actuation

(MagMA), motivating studying the impact of dynamic mechani-

cal stimulation on biological tissues. As a proof-of-concept

demonstration, we chose to test the impact of our MagMA hy-

drogel platform onmuscle, a highly mechanically adaptive tissue

that controls all voluntary movement in our bodies.32,33

Effect of dynamic mechanical stimulation on myoblast
proliferation, fusion, and maturation
Optogenetic C2C12 mouse myoblasts42 were seeded on

MagMA hydrogels andweremaintained in a growthmedium until

they generated a confluent monolayer of cells after 24 h. They

were transitioned to a differentiation medium after 48 h (day 0).

Our previous studies have shown that exercise training (low-fre-

quency stimulation with 470 nm light for 30 min/day over

10 days) can dramatically improve muscle force by �33.43 We

thus implemented a similar dynamic mechanical stimulation pro-

tocol to test whether mechanical training alone could similarly

modulate muscle maturation (Figure 2A). We chose magnetic

stimulation parameters that generated deformations similar to

those generated by contractile C2C12-derived muscle during

exercise (�1%–4% strain; Figure 1E), as reported in previously

published studies.42,44,45

We fixed and stained muscle tissues with a cell nuclei marker

(DAPI) to assess the impact of dynamic mechanical stimulation

on myoblast proliferation and fusion into multinucleated fibers.

We observed no significant difference between the total number

of nuclei in control and stimulated groups, indicating that our dy-

namic mechanical stimulation protocol had no impact on cell
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Figure 1. Design and fabrication of extracellular matrices enabling magnetic matrix actuation (MagMA)

(A) Schematic of magnetic matrix fabrication. An array of iron-loaded microparticles (5003 2,000 mm) is sandwiched between two layers of a fibrin extracellular

matrix-mimicking hydrogel.

(B) Stress-strain curve for magnetic and non-magnetic fibrin, showing no statistically significant difference in elastic modulus between 0% and 10% strain. n = 4

per group. Error bars indicate standard deviation from the mean.

(C) Schematic of actuation mechanism. Magnet moves parallel to the x axis (Video S1). Controlling the direction and speed of a permanent magnet drives

actuation of the hydrogel (Figure S1).

(D) Fluorescent beads embedded in themagnetic hydrogel (i) enable tracking hydrogel displacement (ii). Left: matrix displacement is highest in gel regions closest

to the microparticle (Video S2). Right: magnified images of regions of low and high displacement, representing regions far from and near to the magnetic

microparticle, respectively.

(E) Experimental data plotting x-direction gel displacement as a function of distance between the magnet and the hydrogel (distance = 0.5 and 3 mm), n = 3 per

group (Videos S3, S4, and S5). Error bars indicate standard deviation from the mean.
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proliferation. We also followed established methods to perform

an analysis of circularity,45–47 as near-spherical cells (circularity

�1) would indicate no fusion has occurred and reduced circu-

larity would indicate nuclei have fused and elongated. We noted

that substrate actuation did significantly reduce circularity, indi-

cating enhanced fusion of myoblasts into multinucleated fibers

(Figure 2B). Further morphological analysis revealed that both

control and stimulated fibers grow significantly in length over

time, but no significant difference in fiber length or width was

observed between experimental groups on day 5 or 8

(Figure 2C).

Dynamic mechanical programming of muscle fiber
alignment
Global fiber alignment is critical to native muscle architecture,

as tissue-wide actuation can only be achieved by independent

fibers twitching simultaneously and in the same direction.48 In

the context of regenerative medicine, manufacturing engi-

neered muscle that matches the form of native tissue is critical

to in vivo implantation and integration.49 Likewise, for applica-

tions in high-throughput drug testing, quantitatively comparing

the contractile force generated by muscle in physiological and

pathological states requires reproducible fabrication of highly
aligned constructs.50 Programming muscle anisotropy is

perhaps most relevant in applications of muscle as a functional

actuator in robots, where force output and directionality

must be tightly controlled to precisely regulate device func-

tion.44,45,48 There is thus a significant need, across diverse

application areas, for methods to efficiently and effectively pro-

gram alignment within muscle.

Existing techniques to align muscle fibers control the fusion of

neighboring myoblasts through microscale geometric and

biochemical cues, chronic passive stretch, and even acousti-

cally guided cell positioning.51–53 Microscale patterning and

acoustic positioning require complex fabrication techniques

that must be modified for each desired alignment pattern and

can only be deployed at the time of tissue assembly. Passive

stretch, likewise, is chronically present throughout culture and

generates non-uniform deformation gradients that cannot be

spatially modulated within the tissue.28 There is thus a significant

need for a technique enabling dynamically spatiotemporal con-

trol of the orientation of muscle fibers within engineered tissues.

Our MagMA platform allows changing the rate, intensity, and

angle of deformation by changing the magnetic field orientation

and strength (Figures 1 and S1), providing a potential solution to

this outstanding challenge in guiding muscle alignment.
Device 1, 100097, October 20, 2023 3
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Figure 2. Effect of dynamic mechanical

stimulation on myoblast proliferation,

fusion, and maturation

(A) Schematic of experimental design and timeline.

(B) (i) Left: DAPI image depicting cell nuclei at 103

magnification. 100,000 mm2 region of interest (ROI)

selected and analyzed for each of the images.

Middle: image thresholded and watershed to

segment connected nuclei. Right: ‘‘analyze parti-

cles’’ feature in ImageJ used to obtain nuclei count

and circularity. (ii) Violin plots depicting nuclei

number (left) and circularity (right) show that

magnetic stimulation has no impact on cell prolif-

eration but does have an impact on nuclei fusion

and spreading. Unpaired t test, n = 4 per group,

*p < 0.05.

(C) (i) Representative image showing measure-

ment method for calculating fiber length (top) and

fiber width (bottom). Optogenetic ChR2 ion chan-

nels in the cell membrane are tagged with a

tdTomato red fluorescent tag, enabling fiber

visualization. (ii) Violin plots of average fiber length

and width at days 5 and 8 between experimental

groups. Unpaired t test, n = 4 per group, *p < 0.05.
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Our prior studies corroborate previous observations by others

that chronic mechanical stretch enhances fiber alignment in en-

gineered muscle and that disrupting global alignment can have a

significant negative impact on contractile force.42,48 TheMagMA

platform allowed us to assess, for the first time, the impact of a

short period of dynamic mechanical actuation on fiber align-

ment. Following the stimulation regimen outlined in Figure 2A,

we fixed our muscle tissues and imaged a fluorescent marker

of the optogenetic membrane ion channel (ChR2). We observed

that muscle cultured on stimulated MagMA hydrogels appeared

to be globally aligned, in contrast to control muscle cultured on

non-stimulated MagMA hydrogels (Figure 3A). We used a fast

Fourier transform (FFT) image analysis technique to quantify dif-

ferences in local and global alignment across control and

magnetically stimulated groups. These results corroborated

our visual analyses, showing that fibers in mechanically stimu-

lated tissues were significantly more likely to align parallel to

the direction of magnet movement (defined as 0�) (Figure 3B).
4 Device 1, 100097, October 20, 2023
By contrast, fibers in control tissues did

not demonstrate statistically significant

global alignment and were relatively

evenly distributed across a wide range

of angles (Figures 3C and 3D).

Mechanically programmed
alignment coordinates
synchronous global contraction
We have previously shown that the

contraction of optogenetic muscle can

be controlled with a 470 nm light stim-

ulus.42 By leveraging our established

techniques, we optically stimulated mus-

cle tissues on day 10 of culture and re-
corded videos of contraction. Quantitative comparison of

motility in complex non-homogeneous biological tissues is a

challenging task, motivating the development of novel computa-

tional frameworks to perform this analysis in a robust, repro-

ducible, and automated manner.54 We thus developed an

open-source automated image processing tool to map the

deformation of skeletal muscle in response to light stimulation.

This tool helped us make clear quantitative comparisons be-

tween experimental groups.

Optical stimulation of engineered muscle generated globally

coordinated twitch deformation in mechanically programmed

tissues, while control tissues displayed asynchronous and

arrhythmic contraction (Figures 4A–4C; Videos S6, S7, S8, and

S9), indicating that improved global fiber alignment had an

observable downstream impact on function. To better visualize

and quantify differences in the global synchrony of muscle

contractility, we mapped deformation into normal strain along

the x axis (0�, parallel to magnet movement) and visualized strain
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Figure 3. Mechanically programmed muscle fiber alignment

(A) Representative images of fibers between two magnetic microparticles within a well for control (top) and stimulated (bottom) groups.

(B) Histogram showing fiber alignment as a function of degree deviation from 0�, parallel to the direction of magnet movement for control (top, red) and stimulated

(bottom, blue) groups.

(C) Comparison of percentage of fibers that fall within 20� of desired alignment (0�) for control and stimulated groups. If fibers were randomly aligned, they would

be evenly distributed across 0�–90�, and one would expect �22% of fibers to fall within this range. In the stimulated group, there is a significantly larger per-

centage of fibers that fall within 20� of desired angle, indicating directed global alignment. One sample t test comparing to hypothetical mean of 22%, n = 4 per

group, **p < 0.01. Importantly, both control and stimulated groups are significantly different from 100%, i.e., perfect alignment, indicating a future need to

optimize stimulation parameters to improve alignment efficiency. Error bars indicate standard deviation from the mean.

(D) Comparison of percentage of fibers that fall within 0�–20�, 20�–40�, and 40�–60� deviation from desired angle (0�) shows that, in control groups, fibers are fairly

evenly distributed across a range of angles, whereas the large majority of fibers in stimulated groups fall within 0�–20�. Unpaired t test, n = 4 per group, **p < 0.01,

***p < 0.001. Error bars indicate standard deviation from the mean.
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across multiple regions within each sample (Videos S10 and

S11). Plotting the subdomain-averaged strain of selected re-

gions within the image, including regions closer to and farther

away from the magnetic microparticles, enabled tracking the di-

rection and timing of the twitch in response to three sequential

light pulses (Figure 4C). Our analyses revealed that, across mul-

tiple samples and multiple regions within each sample, tissues

mechanically programmed via MagMA hydrogels demonstrated

a coordinated twitch, while control tissues were asynchronously

contractile. These data indicate that in the absence of global

alignment, muscle fibers deform the substrate in multiple

different directions during contraction. The amount of tissue

displacement generated along a given direction is proportional

to the number of fibers oriented at that angle. Non-uniform distri-

bution of fibers at various angles generates non-uniform spatial

forces that seem to change the resultant relaxation properties

of the tissue, thus reducing twitch synchrony. Overall, our func-

tional assays corroborate the observation that the MagMA

platform mechanically programs anisotropy of both form and

function in engineered muscle.

DISCUSSION

Soft actuating substrates for cell culture are of significant interest

for actively controlling mechanical signaling within tissues. In the

context of skeletal muscle, the ability to simply and dynamically

program fiber alignment is important for tissue engineering appli-

cations ranging from regenerative medicine to biohybrid ro-

botics. Here, we show that MagMA-driven dynamic mechanical

stimulation controls the directionality of fusion between neigh-

boring myoblasts into mature muscle fibers, thus robustly pro-

gramming global alignment and coordinated contractility.
We have observed that myoblasts cultured on soft gels will

differentiate into locally aligned fibers within small regions

(�100s of mm), likely because of traction forces imposed by sin-

gle cells on their neighbors. However, this passive culture tech-

nique does not program the global alignment required to

generate coordinated contraction in the mm- and cm-scale tis-

sues relevant for real-world applications. Several prior studies

have demonstrated techniques for globally aligning muscle fi-

bers within engineered tissues via microscale geometric cues,

biochemical patterns, passive mechanical stretch, and acousti-

cally guided cell positioning.51,52,55–57 While these techniques

are effective, they can only be deployed at the time of cell seed-

ing and are not designed to be dynamically changed or spatially

controlled over time. For example, micropatterned substrates

must be redesigned and manufactured for each desired align-

ment pattern. By contrast, the MagMA platform enables dynam-

ically tuning stimulation parameters (such as magnet orientation

angle) to change alignment patterns without altering the sub-

strate fabrication process. Moreover, MagMA is dynamically

deployable and could be used, in the future, to program fiber

orientation at any point prior to terminal differentiation of cells.

Our actuating extracellular matrices allowed us to decouple

the mechanical and biochemical effects of exercise by indepen-

dently studying the effects of dynamic mechanical stimulation

alone on fiber formation and maturation. In prior studies, we

and others have shown that exercise (30 min/day, 10 days) in-

creases muscle force by �33 and that combining exercise

with chronic mechanical stretch synergistically increased force

by an additional 50%.42,58 These functional improvements

were correlated with upregulation of key myogenic regulatory

factors.43,58 Our previous studies indicate that exercise impacts

the size and maturation of muscle fibers, whereas this study
Device 1, 100097, October 20, 2023 5



Figure 4. Mechanically programmed alignment coordinates synchronous global contraction

(A) Timelapse images showing total displacement of fibers in response to a light stimulus for representative sample from control (top) and stimulated (bottom)

groups (Videos S6, S7, S8, and S9).

(B) Plotting total displacement data in representative control (left) and stimulated (right) samples indicates paced global contraction is only observed in the

stimulated sample.

(C) Plots of normal strain along the x axis for multiple regions within three control (top) and three stimulated (bottom) samples showing that global synchrony of

twitch along 0� is only observed in the stimulated group (Videos S10 and S11). Dashed lines indicate a light stimulus at 1 Hz. Video acquired at �25 fps.
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demonstrates that dynamic mechanical stimulation in the

absence of exercisemodulatesmyoblast fusion andmuscle fiber

alignment.

Mechanical stimulation alone is thus not equivalent to exer-

cise, providing a potential explanation for the previously

observed synergistic increases in muscle force in response to

combined biochemical and mechanical stimulation. These re-

sults motivate future studies using MagMA in combination with

other modes of stimulation. It is important to note that while

we observed no impact of mechanical stimulation on proli-

feration rates, others have observed actuation-mediated modu-

lation of myoblast proliferation after longer stimulation periods
6 Device 1, 100097, October 20, 2023
(�5–17 h).59 These differing results indicate that varying the

duration, magnitude, and frequency of mechanical stimulation

can significantly change functional outcomes and could be

used to further tune muscle mechanobiological processes

beyond fiber alignment in future studies.

Interestingly, we have found that tension cues do not need to

be chronically present throughout maturation, as was previously

assumed by muscle researchers in both in vitro and in vivo

contexts.42,44,45,48,50,56,57,60,61 Rather, a short daily regimen of

dynamic mechanical stimulation (30 min/day, 10 days) can suffi-

ciently program long-lasting functional anisotropy in muscle.

This is an important advantage of our MagMA platform, as it
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allows on/off control of dynamic mechanical stimulation, allow-

ing researchers to study the separate and combined impact of

biochemical, electrical, and mechanical stimuli on multicellular

systems during key periods of assembly and maturation.

Our study is a proof-of-concept demonstration that modu-

lating intercellular forces in skeletal muscle during differentiation

can dynamically program tissue anisotropy. It is important to

note that we have not optimized howmodulating system param-

eters impacts muscle morphology or function. Future work to

improve the efficiency and complexity of patterned alignment

will leverage our platform’s flexibility in modulating the fre-

quency, duration, directionality, and timeline of mechanical stim-

ulation (Figures 1 and S1).

Beyond muscle, magnetically actuating hydrogels address a

key need in tissue engineering by enabling researchers to modu-

late forces within tissues and study the impact on architecture

and function. The rate, degree, and angle of gel deformation

can be simply tuned by changing the size and distribution of

the magnetic microparticles or the orientation of the magnet.

Moreover, this platform can be readily adapted to a variety of

natural and synthetic hydrogel chemistries that are well suited

to a range of cell types. We anticipate that actuating extracellular

matrices will be useful devices for programming microscale hier-

archy in engineered muscle, and that this platform will drive a

broad range of fundamental and translational studies of mecha-

nobiology, regenerative medicine, and biohybrid robotics.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be

directed to and will be fulfilled by the lead contact, Ritu Raman (ritur@mit.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data needed to evaluate the conclusions in the paper are present in the

paper and/or the supplemental information.

d Our original code is provided on GitHub under an open-source MIT License

as a supplement to this work: https://github.com/HibaKob/Raman_

Manuscript_2023.

d Any additional information required to reanalyze the data reported in this pa-

per is available from the lead contact upon request.
Fabrication and mechanical characterization of magnetic

extracellular matrices

To fabricate 5 g of the 25% w/w iron microparticle-loaded PDMS (1:33 mono-

mer:crosslinker ratio), we added 3.64 g Sylgard 184 Base, 0.11 g curing agent,

and 1.25 g 4 mm diameter iron microparticles (US Research Nanomaterials) to

aweigh boat andmixed thoroughly viamanual stirring. Following de-gassing in

a vacuum desiccator for 10 min, we poured the mixture into a flat, rectangular

mold made from polylactic acid and cured it in a 100�C oven overnight. To

construct magnetic hydrogels, we prepared an 8 mg mL�1 solution of fibrin-

ogen (Thermo Scientific) in DMEM (Corning) supplemented with 1 mg mL�1

aminocaproic acid (Sigma Aldrich). We mixed 0.4 U per mg fibrinogen of

thrombin (Sigma Aldrich) with the fibrinogen solution just prior to pipetting

into a 24-well plate (200 mL per well) and incubated at 37�C for 1 h. We used

a razor to cut four 500 3 2,000 mm pieces of iron microparticle-loaded

PDMS. Using forceps, we arranged the magnetic microparticles into an array

on the gel, with adjacent microparticles spaced 2,000 mmapart. A second layer

of fibrin (400 mL) was pipetted over the array and incubated at 37�C overnight.

After all experimental data were collected, we performed compression testing
using a texture analyzer to obtain stress-strain curves and measure the

Young’s modulus of our magnetic and non-magnetic hydrogels.

Design and development of magnetic actuation platform

Wecustomized a commercially available linear actuator (Actuonix L16R Servo)

to mechanically stimulate our magnetic hydrogel by affixing a permanent neo-

dymium magnet to one end of the actuator with a custom 3D-printed holder.

Arduino code was used to program the desired servo actuation parameters.

Muscle differentiation, mechanical stimulation, and optical

stimulation

Optogenetic mouse myoblast cells (C2C12 engineered to express a mutant

variant of the 470 nm blue light-sensitive ion channel, Channelrhodopsin

[ChR2(H134R)]) labeled with a tdTomato tag42 were expanded in GM+:

DMEM with 4.5 g L�1 glucose, L-glutamine, and sodium pyruvate (Corning)

supplemented with 10% fetal bovine serum (Lonza) and 1mgmL�1 aminocap-

roic acid (Sigma Aldrich). Cells were trypsinized with TrypLE (Gibco), counted

with trypan blue (Gibco), and seeded atop the fibrin hydrogel at a concentra-

tion of 100,000 cells per well. The cells continued to proliferate in GM+ for

48 h, at which point the media were switched to DM++: DMEM (Corning) sup-

plemented with 10% horse serum (Thermo Scientific), 1 mg mL�1 aminocap-

roic acid (Sigma Aldrich), and 50 ng mL�1 human insulin-like growth factor 1

(Sigma Aldrich).

Tomechanically stimulate the cells, the well plate containing the cell-seeded

magnetic hydrogel was held in place above the linear actuator such that mag-

net actuation deformed the substrate. A daily exercise regime of low-fre-

quency stimulation (0.33 cycles per s for 30 min per well) was implemented

over 10 days. On the last day, global muscle contraction of both experimental

groups was characterized in response to 1 Hz light stimulation with a 470 nm

optical fiber (ThorLabs).

Immunohistochemical staining and fluorescence imaging

After live-cell experiments were completed, tissues were fixed and stained to

visualize cell nuclei and fiber formation. We used 4% paraformaldehyde in

phosphate-buffered saline (PBS) to fix our tissue for 15 min, followed by a

PBS rinse. We then permeabilized the tissue for 15 min using 0.5% Triton

X-100 (Thermo Scientific) in PBS and blocked using 5% bovine serum albumin

in PBS for 60 min, washing with 1 mL PBS in between each step. Finally, tis-

sues were stained with NucBlue (Thermo Scientific) for 15 min and washed

with PBS prior to imaging. Fluorescence imaging was performed using an

EVOS fluorescence microscope. A DAPI stain was used to visualize nuclear

DNA and aid with characterization of cell nuclei. Optogenetic ion channels in

the muscle cell membrane were tagged with a tdTomato label to enable quan-

tification of global fiber alignment.42

Image processing and statistical analysis

ImageJ (https://imagej.nih.gov/ij/download.html) and Nikon Clarify.ai (https://

www.microscope.healthcare.nikon.com/products/software/nis-elements/nis-

ai-1) were used for all image processing. Brightness and contrast were

adjusted to better visualize representative images and then cropped to elimi-

nate out-of-focus regions. Muscle fiber length and width were measured on

days 5 and 8 using ImageJ’s segmented line andmeasure tools, taking into ac-

count the appropriate pixel-to-mm conversion. Nuclei density was quantified

by cropping a 100,000 mm2 region on each image, thresholding to convert im-

age to black and white, watershedding to separate any combined nuclei, and

then using the analyze particles tool to obtain the total number and circularity

of the nuclei. We used ImageJ’s Directionality plugin to quantify differences in

local and global alignment across control and magnetically stimulated groups.

FFT of the images yields 2D power spectra, which were then analyzed in polar

coordinates to measure the power in each angle.

GraphPad Prism (https://www.graphpad.com/) was used to compile,

analyze, and visualize all data. Statistical analysis used for each figure are out-

lined in the figure captions.

Optical tracking

To characterize global muscle contraction in response to light stimulation, we

implemented amodified version of a full-field displacement and strain tracking
Device 1, 100097, October 20, 2023 7
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code that was originally developed for use in cardiac microtissue.62 Our open-

source code is written in Python and is based on the OpenCV63 implementa-

tion of the Lucas-Kanade sparse optical flow algorithm.64 In this approach,

tracking points distributed throughout the domain are automatically identified

based on the Shi-Tomasi ‘‘good features to track’’ algorithm,65 which depends

on the natural contrast and texture inherent to optical images of the muscle

sheets. The original code (https://github.com/HibaKob/MicroBundleCompute)

required twokeycustomizations for thesedata: (1)manual specificationof the re-

gion of interest via manually tracing the muscle domain in a relaxed state in Im-

ageJ, and (2) a custom preprocessing step where we automatically identified

the frames where optical stimulation was performed within each movie to skip

during tracking. The preprocessing step is essential, as a substantial and tran-

sient change in exposure between frames would degrade the performance of

the optical flow algorithm.

By tracking automatically identified markers across consecutive frames, we

were able to compute full-field displacements, subdomain-averaged strains,

and strain-derived metrics to quantitatively capture the mechanical behavior

of the muscle sheets. Consistent with our previous approaches to analyzing

cardiac microtissue (2), we opted to output subdomain-averaged strains with

respect to time as a key metric. Specifically, we divided the muscle region

into a grid of equal aspect ratio boxes (Video S8) of size 100 pixels (except for

the control4 example,where the tile dimension is 80pixels) and then computed,

within each box, the best-fit deformation gradient for mapping the markers be-

tween their relaxed and contractedpositions. This best-fit deformation gradient

was then used to compute the Green-Lagrangian strain tensor, which captures

the deformation behavior of these tissue. The modified version of our tracking

code isprovidedonGitHubunderanopen-sourceMITLicenseasasupplement

to this work: https://github.com/HibaKob/Raman_Manuscript_2023.

SUPPLEMENTAL INFORMATION
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