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SUMMARY: 26 
Presented here is a protocol to assess the contractile properties of striated muscle myofibrils 27 
with nano-Newton resolution. The protocol employs a setup with an interferometry-based, 28 
optical force probe. This setup generates data with a high signal-to-noise ratio and enables the 29 
assessment of the contractile kinetics of myofibrils. 30 
 31 
ABSTRACT: 32 
Striated muscle cells are indispensable for the activity of humans and animals. Single muscle 33 
fibers are comprised of myofibrils, which consist of serially linked sarcomeres, the smallest 34 
contractile units in muscle. Sarcomeric dysfunction contributes to muscle weakness in patients 35 
with mutations in genes encoding for sarcomeric proteins. The study of myofibril mechanics 36 
allows for the assessment of actin-myosin interactions without potential confounding effects of 37 
damaged, adjacent myofibrils when measuring the contractility of single muscle fibers. 38 
Ultrastructural damage and misalignment of myofibrils might contribute to impaired 39 
contractility. If structural damage is present in the myofibrils, they likely break during the 40 
isolation procedure or during the experiment. Furthermore, studies in myofibrils provide the 41 
assessment of actin-myosin interactions in the presence of the geometrical constraints of the 42 
sarcomeres. For instance, measurements in myofibrils can elucidate whether myofibrillar 43 
dysfunction is the primary effect of a mutation in a sarcomeric protein. In addition, perfusion 44 
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with calcium solutions or compounds is almost instant due to the small diameter of the myofibril. 45 
This makes myofibrils eminently suitable to measure the rates of activation and relaxation during 46 
force production. The protocol described in this paper employs an optical force probe based on 47 
the principle of a Fabry-Pérot interferometer capable of measuring forces in the nano-Newton 48 
range, coupled to a piezo length motor and a fast-step perfusion system. This setup enables the 49 
study of myofibril mechanics with high resolution force measurements.  50 
 51 
INTRODUCTION: 52 
Striated muscle cells are indispensable for daily life activities. Limb movement, respiratory 53 
function, and the pumping motion of the heart rely on the force generated by muscle cells. 54 
Skeletal muscle consists of muscle fascicles containing bundles of single muscle fibers (Figure 1A). 55 
These muscle fibers are comprised of myofibrils, which are formed by serially linked sarcomeres 56 
(Figure 1B,D). The sarcomeres contain thin and thick filaments. These primarily consist of chains 57 
of actin and myosin molecules, respectively (Figure 1B). Actin-myosin interactions are 58 
responsible for the force-generating capacity of muscle. Patients with mutations in genes 59 
encoding for sarcomeric proteins, such as nebulin, actin, and troponin T, suffer from muscle 60 
weakness due to contractile dysfunction1.  61 
 62 
The quality of muscle contractility can be studied at various levels of organization, ranging from 63 
in vivo whole muscles to actin-myosin interactions in in vitro motility assays. During the past 64 
decades, several research groups have developed setups to determine the contractility of 65 
individual myofibrils2–10. These setups are based on the detection of changes in laser deflection 66 
from a cantilever (i.e., optical beam deflection) caused by the contraction of the myofibril (for 67 
details, see Labuda et al.11). Although determining the contractile function of myofibrils has some 68 
limitations (e.g., the dynamics of the excitation-contraction coupling processes that are upstream 69 
of the myofibrils are lacking), there are multiple advantages to this approach. These include: 1) 70 
the ability to assess actin-myosin interactions in the presence of the geometrical constraints of 71 
the sarcomeres; 2) the ability to assess actin-myosin interactions without potential confounding 72 
effects of damaged, adjacent myofibrils (when measuring the contractility of single muscle fibers 73 
ultrastructural damage and misalignment of myofibrils might contribute to impaired 74 
contractility) (Figure 1D); 3) the small diameter of myofibrils (~1 µm, Figure 2A) and the lack of 75 
membranes allow for almost instant calcium diffusion into the sarcomeres. Furthermore, if 76 
structural damage is present in the myofibrils, they likely break during their isolation or during 77 
the experiment. Hence, assessing myofibril contractility is an elegant method to study the basic 78 
mechanisms of muscle contraction and to understand whether disturbed actin-myosin 79 
interactions are the primary cause of muscle disease caused by mutations in sarcomeric proteins.  80 
 81 
This protocol presents a newly developed setup to determine the contractility of myofibrils 82 
incorporating a cantilever force probe with nano-Newton resolution (i.e., Optiforce). This force 83 
probe is based on the principle of interferometry. Interferometry enables the use of relatively 84 
stiff cantilevers. This makes it possible to measure force with little deflection of the cantilever, 85 
approaching isometric contractions of the myofibril. The probe allows for the assessment of low 86 
passive and active forces that are produced by a single myofibril isolated from different muscle 87 
biopsies, including those from human subjects, with a high signal-to-noise ratio. The optical 88 



cantilever force probe incorporated in this setup is based on a Fabry-Pérot interferometer12. The 89 
interferometer detects small displacements between an optical fiber and a gold-coated 90 
cantilever mounted on a ferrule (Figure 3). The gap between the optical fiber and the cantilever 91 
is called the Fabry-Pérot cavity. Myofibrils are mounted between the probe and piezo motor 92 
using two glue-coated glass mounting fibers. The force produced by the myofibril can be 93 
mathematically derived from the interferometer data. Interferometry is based on the 94 
superposition or interference of two or more waves (in this setup three light waves). Laser light 95 
with a wavelength between 1,528.77–1,563.85 nm is emitted from the interferometer and is sent 96 
through the optical fiber. In the probe, the light is reflected 1) at the interface between the optical 97 
fiber and the medium (Figure 3A); 2) at the interface of the medium and the cantilever (Figure 98 
3B); and 3) at the interface between the metal and gold coating of the cantilever (Figure 3C). The 99 
reflection at interface A and B is dependent on the refractive index (n) of the medium in which 100 
the probe is submerged. The light, consisting of the three superimposed reflections, returns to a 101 
photodiode in the interferometer. The photodiode measures the intensity of the light, which is 102 
the result of the interference pattern of the three superimposed reflections. When contractile 103 
force is generated by activating or stretching a myofibril, the myofibril pulls on the cantilever. 104 
This movement changes the cavity size (d) and consequently, the number of wavelengths that fit 105 
in the cavity. The light reflected at the cantilever will have a different phase, resulting in a 106 
different interference pattern. The photodiode records this change of interference pattern 107 
intensity as a change in Volts. Subsequently, myofibril force generation is calculated from this 108 
change, taking into account the cantilever stiffness. The force probe is calibrated by the 109 
manufacturer by pushing the tip of the mounting needle, attached to the free handing end of the 110 
cantilever, against a weighing scale while keeping the bending of the cantilever equal to a 111 
multiple of the wavelength of the readout laser13. Thus, interferometry is a highly sensitive 112 
method to detect small changes in distance, allowing for measurement of forces with nano-113 
Newton resolution. This resolution enables the assessment of myofibrillar force production with 114 
a high signal-to-noise ratio. While traditional interferometry limits the range of measurements 115 
to the linear part of the interference curve, using a lock-in amplifier and modulation of the laser 116 
wavelength overcomes this limitation14. This is explained in more detail in the discussion section. 117 
 118 
To measure myofibril active tension, a fast-step perfusion system was incorporated to expose 119 
the myofibril to calcium solutions (Figure 4A). The fast-step perfusion system enables solution 120 
changes to occur within 10 ms. Because of their small diameter, calcium diffusion into the 121 
myofibrils is nearly instantaneous. Hence, this system is particularly suitable for measuring the 122 
rates of actin-myosin binding during activation and release during relaxation. The rate of 123 
activation (kACT) and relaxation (kREL) can be determined from the activation-relaxation curves. 124 
Also, by exposing the myofibrils to calcium solutions of increasing concentration, the force-125 
calcium relationship and calcium sensitivity can be determined. 126 
 127 
Furthermore, a piezo length motor enables fast stretching and shortening of the myofibril. This 128 
offers the possibility to study the viscoelastic properties (i.e., passive tension) of the myofibril, as 129 
well as performing a rapid shortening and restretch of the myofibril to determine the rate of 130 
tension redevelopment (kTR). The parameters retrieved from both active and passive tension 131 
experiments can be altered by gene mutations in a sarcomeric protein. 132 



 133 
This custom-built setup was used to measure the active and passive contractile characteristics of 134 
myofibrils isolated from healthy human, patient, and mouse skeletal muscle. 135 
 136 
PROTOCOL:  137 
 138 
The protocol for obtaining human biopsies was approved by the institutional review board at VU 139 
University Medical Center (#2014/396) and written informed consent was obtained from the 140 
subjects. The protocol for obtaining animal muscle biopsies was approved by the local animal 141 
ethics committee at VU University (AVD114002016501) 142 
 143 
1. Preparation and myofibril isolation 144 
 145 
NOTE: Use previously described methods to glycerinate biopsies, prepare the different calcium 146 
concentration (pCa) solutions7,16,17, and isolate myofibrils2,18.  147 
 148 
1.1. Thaw the relaxing (pCa 9.0, Rx) and activating (pCa 4.5, Act) solutions as well as the 149 
inhibitors (1 M E64, 1 M DTT, 1 M leupeptin, 1 M PMSF), which are stored at -80 ˚C. 150 
 151 
1.2. Take a glycerinated piece of striated muscle biopsy of approximately 1 mm3 and place it in 152 
a small Petri dish with 1:1 Rx/glycerol (v/v) solution and place the Petri dish on a cold plate at 4 153 
˚C.  154 
 155 
1.3. Dissect the piece of muscle using dissection microscope and forceps, separating single 156 
muscle fibers without isolating them from the piece of muscle. 157 
 158 
NOTE: Remove as much fatty and connective tissue as possible to prevent the contamination of 159 
the myofibril suspension. 160 
 161 
1.4. Transfer the piece of dissected tissue to a 5 mL tube with 1.5 mL of relaxing solution with 162 
inhibitors (1 µL/mL E-64, 1 µL/mL leupeptin, 1 µL/mL DTT, and 125 µL/mL PMSF). Allow the 163 
tissue to temper at approximately 4 ˚C for 1 h.  164 
 165 
1.5. During incubation, boot up both PC’s, turn on the devices, and open the associated 166 
software (see Table of Materials).  167 
 168 
1.6. Submerge the force probe in ultrapure water in a Petri dish and calibrate the probe.  169 
 170 
1.6.1. Press the ‘Start Wizard’ on the interferometer and follow the onscreen instructions. After 171 
pressing Calibrate, tap on the microscope stage. 172 
 173 
NOTE: Tapping on the microscope stage will cause the cantilever to deflect and pass through 174 
fringes. This enables calibration of the probe. 175 
 176 



1.6.2. Leave the probe submerged in the ultrapure water in the Petri dish after calibration.  177 
 178 
1.7. Initialize the piezo motor position. To do so, follow one of the steps detailed below.  179 
 180 
1.7.1. When the piezo motor will be used for kTR tension, set the length to 0 µm. 181 
Signal generator settings can be found in Table 1, Figure 5C.  182 
 183 
1.7.2. When the piezo motor will be used for passive tension, set the length to 50 µm. 184 
Signal generator settings can be found in Table 1. 185 
 186 
NOTE: The difference between steps is the initial position of the piezo length motor. To stretch 187 
the myofibril, the piezo motor needs to pull to increase the distance between both mounting 188 
needles and to lengthen the myofibril. To slacken the myofibril, the piezo motor needs to push 189 
to decrease the distance between both mounting needles and to shorten the myofibril.  190 
 191 
1.8. Prepare a microscope slide. Pipette 150 µL of polyhydroxyethylmethacrylate (poly-HEMA) 192 
solution (5% poly-HEMA in 95% ethanol, w/v) on a microscope slide and spread it across the 193 
slide so it is all covered. 194 
 195 
NOTE: If a myofibril suspension is pipetted on an uncoated microscope slide, the myofibrils that 196 
sink to the bottom will stick to the microscope slide and it will not be possible to glue them. 197 
 198 
1.9. Fill syringes with pCa solutions (see Figure 4A) and prime the perfusion system. 199 
 200 
NOTE: In these steps all tubes are prefilled with the appropriate solution to make sure all air 201 
bubbles are removed from the tubing. 202 
 203 
1.9.1. Fill the inflow tubing of the flow chamber (Figure 3) inflow with Rx.  204 
 205 
1.9.2. When used, flush the manifold with ultrapure water to remove air. To do so, connect the 206 
syringe with ultrapure water to the outlet and flush in it in the reverse direction. Block the 207 
unused ports of the manifold. 208 
 209 
1.9.3. Enable each pCa syringe to fill their respective tubes with pCa solution. Then, connect 210 
them to the manifold and the Ɵ-glass. 211 
 212 
1.9.4. Open valves 1 and 6 with the data acquisition panel software (see Table of Materials) by 213 
checking the button ‘1+6’ (Figure 6B) to fill the Ɵ-glass with the relaxing (pCa 9.0) and activating 214 
(4.5) solutions and close valves when the Ɵ-glass is filled (Figure 6A). 215 
 216 
2. Mounting a myofibril 217 
 218 
2.1. Coat a microscope slide with poly-HEMA to prevent myofibrils from sticking to the glass. 219 
 220 



2.2. Prepare the homogenizer (see Table of Materials) for tissue homogenization. Clean the 221 
internal rotor rod with clean tissue paper, assemble the homogenizer, and spin 1x for 15 s in 222 
alcohol and thrice for 15 s each in ultrapure water. Prerinse the homogenizer in relaxing 223 
solution 1 x for 15 s on ice. 224 
 225 
2.3. Place the homogenizer rod in the tube containing the muscle tissue as described in step 1.4 226 
and, while keeping the tube on ice, spin the rotor for 15 s on speed 5 to tear the muscle tissue 227 
and obtain a myofibril suspension. 228 
 229 
2.4. Pipette ~50 µL of the myofibril suspension and ~250 µL of the relaxing solution on the 230 
microscope slide coated with poly-HEMA in the tissue bath. This will form a liquid drop. Cover 231 
the bath with a lid to protect from dust and wait 5–10 min to allow the myofibrils to sink to the 232 
bottom. 233 
 234 
NOTE: The ratio between the suspension and the relaxing solution is dependent on the quality 235 
of the isolation, therefore, adjust accordingly. For example, if the myofibril yield is low and few 236 
suitable myofibrils are present in the suspension, add more myofibril suspension and dilute 237 
with less relaxing solution (e.g., 75 µL of myofibril suspension and 225 µL of relaxing solution). 238 
Heart and skeletal muscle tissue is easy to recognize due to its striation pattern. Using a 10x or 239 
40x objective, this pattern is also visible in a single myofibril. In case other tissue is present in 240 
the suspension, myofibrils can be selected visually. One can skip the 5–10 min wait. However, 241 
this increases the difficulty of gluing a myofibril. 242 
 243 
2.5. Coat mounting needles with glue (shellac + ethanol; 120 mg shellac in 2 mL of 70% 244 
ethanol). To do so, heat the glue at 65 ˚C for 30–60 s and pipette ~6 μL on a new uncoated glass 245 
slide. Dip the tip of each mounting needle in the glue and repeat until a layer of glue is visible. 246 
Move the probe and piezo up vertically with the micromanipulators to make room to place the 247 
tissue bath on the microscope stage. Remove the glass slide containing the glue. 248 
 249 
2.6. Mounting the myofibrils 250 
 251 
2.6.1. Place the tissue bath with the microscope slide coated with poly-HEMA containing the 252 
myofibril suspension on the microscope stage. Use the stage to find a suitable myofibril with 253 
the 40x objective. If necessary, move and rotate the tissue bath to move the myofibril to a 254 
mountable position.  255 
 256 
NOTE: Look for myofibrils with a visible striation pattern that are approximately 30 µm long. As 257 
described in detail in steps 3.1 and 3.2.1 it is possible to check length and sarcomere length 258 
prior to gluing the myofibril. Do not glue torn myofibrils, because these are likely to break 259 
during contraction. 260 
 261 
2.6.2. Slide the flow chamber into place directly above the liquid drop containing the myofibrils 262 
in the tissue bath (pipetted onto the slide in step 2.4) and lower it. Stop before it hits the liquid 263 



drop. 264 
 265 
2.6.3. Lower the piezo mounting needle and press it on the bottom tip of the myofibril. Lift it 266 
slightly to check if the myofibril is attached to the needle. 267 
 268 
2.6.4. Lower the flow chamber far enough for the mounting needle of the probe to reach the 269 
bottom without the probe touching the flow chamber.  270 
 271 
2.6.5. Press the mounting needle of the probe on the top tip of the myofibril. Lift it slightly to 272 
check if the myofibril is attached to the needle. 273 
 274 
2.6.6. Lift the myofibril from the bottom of the bath as far as possible without losing the ability 275 
to focus without the objective touching the bottom of the glass. 276 
 277 
3. Initializing experiment 278 
 279 
3.1. Use the micromanipulators, camera, and system controller software (Figure 7A, see Table 280 
of Materials) to measure sarcomere length. Move the piezo and/or force probe to set the initial 281 
sarcomere length of the myofibril to 2.5 µm. 282 
 283 
NOTE: A sarcomere length of 2.5 µm ensures optimal overlap between myosin heads and actin.  284 
 285 
3.2. Using the vessel function of the system controller software measure the myofibril length 286 
and width (Figure 7B,C). 287 
 288 
NOTE: When rotating the camera, it may tilt horizontally and/or vertically. To check the 289 
alignment of the camera, a spirit level can be used to verify that the camera is rotated and not 290 
tilted. 291 
 292 
3.2.1. Position the myofibril in the center of the video image using the microscope stage.  293 
 294 
3.2.2. Draw a square from one side of the myofibril to the other. For the length, make sure to 295 
include the dark edge of the glue droplets (Figure 2A) in the square because the image 296 
processing is based on contrast.  297 
 298 
3.2.3. Start recording the data in the system controller software (see Table of Materials) by 299 
pressing ‘Start’ and after 5 s pause the system controller software data recording by pressing 300 
the ‘Pause’ button. The length is now recorded in the data. 301 
 302 
3.2.4. For the width first rotate the camera 90˚ (see Table of Materials) and then use the 303 
contrast of the edge of the myofibril itself. 304 
 305 
3.2.5. Start recording the data in the system controller software (see Table of Materials) by 306 
pressing ‘Start’ and after 5 s pause the system controller software data recording by pressing 307 



the ‘Pause’ button. The width is now recorded in the data. 308 
 309 
3.3. If active tension of the myofibril needs to be determined, the perfusion setup needs to be 310 
used. If so, continue to step 3.4. If only passive tension will be determined, skip steps 3.4–311 
4.1.3.7 and continue at step 4.2. 312 
 313 
3.4. Position and initialize the perfusion setup. 314 
 315 
NOTE: This is only necessary for generation of active force. Continue to step 4.2 when 316 
performing passive tension experiments. 317 
 318 
3.4.1. Set the fast-step motor position at 4 V (Figure 5B). 319 
 320 
3.4.2. Slide the perfusion stand on the table to align the left bottom corner of the stand with 321 
the tape on the table.  322 
 323 
NOTE: Be careful not to hit the force probe or the piezo motor. 324 
 325 
3.4.3. Use the manipulator to roughly position the Ɵ-glass by eye. 326 
 327 
3.4.4. Look through the eyepiece and carefully move the Ɵ-glass towards the myofibril using 328 
the manipulator. 329 
 330 
3.4.5. Align the top channel of the Ɵ-glass with the myofibril using the manipulator and check 331 
the position by performing a fast-step (signal generator settings can be found in Table 1) with 332 
the system controller software (Figure 2B–C, see Table of Materials). 333 
 334 
NOTE: Make sure that the bottom channel will be aligned with the myofibril during the 335 
activation phase of the fast-step (Figure 2B–C). 336 
 337 
3.5. Turn on the background flow of Rx (Figure 4A) to create a laminar background flow in the 338 
flow chamber. 339 
 340 
NOTE: The background flow is necessary to prevent turbulent flow as a result of the pCa 341 
solution flow from the Ɵ-glass. 342 
 343 
3.5.1. Turn on inflow of flow chamber with a Luer valve lever. 344 
 345 
3.5.1.1. Send the following parameters to the outflow pump to start draining the flow chamber 346 
and prevent overflowing of the flow chamber (Figure 9): Valve = Bath valve (2); Microstep 347 
mode = Micro; Plunger target = 48,000; Plunger speed = 38–40 (arbitrary). 348 
 349 
NOTE: Make sure the fluid level is stable at all times. The myofibril should not run dry and 350 
neither should the cantilever. It is better to have a little overflow than too little flow. 351 



 352 
3.6. To set the temperature to a desired value with the thermoelectric temperature controller 353 
(Figure 8, see Table of Materials), enter the desired temperature and press ‘Start’. Wait until 354 
the desired temperature is reached by checking the graph in the thermoelectric temperature 355 
controller software and continue. 356 
 357 
NOTE: When performing experiments at room temperature, the thermoelectric temperature 358 
controller does not have to be used. 359 
 360 
4. Experimental protocol(s) 361 
 362 
4.1. Decide which active force protocols need to be performed. 363 
 364 
NOTE: Depending on the data necessary for the study, multiple types of active force 365 
experiments can be performed: step 4.1.1, measurement of the maximum force at saturating 366 
[Ca2+]; step 4.1.2, obtaining a Force-pCa curve to determine calcium sensitivity in addition to 367 
step 4.1.1; step 4.1.3, determining the rate of tension redevelopment by doing a shortening-368 
restretch protocol in addition to step 4.1.1 or 4.1.2. 369 
 370 
4.1.1. Measure maximal active force. 371 
 372 
4.1.1.1. Start recording the data in the system controller software (see Table of Materials) by 373 
pressing ‘Start’. 374 
 375 
4.1.1.2. Open valves 1 and 6 with the data acquisition panel (see Table of Materials) software 376 
by checking the button ‘1+6’ to start Ɵ-glass flow of the relaxing solution and activating solution 377 
through the Ɵ-glass (Figure 6A). 378 
 379 
4.1.1.3. Reset the range of the interferometer so that the baseline force is 0 V by selecting and 380 
pressing ‘Reset Range’ on the interferometer (see Table of Materials). 381 
 382 
4.1.1.4. When the force trace is stable, perform the Ɵ-glass fast-step (step size = 100 µm). 383 
Signal generator settings can be found in Table 1 (Figure 5C). An activation-relaxation trace 384 
similar to Figure 4D will be recorded and visible in the system controller software. 385 
 386 
4.1.1.5. Pause the system controller software data recording by pressing the ‘Pause’ button. 387 
 388 
4.1.1.6. If no more activations are to be performed, close valves 1 and 6 to stop Ɵ-glass flow by 389 
unchecking the button ‘1+6’ (Figure 6B), stop the syringe pump (Figure 9, see Table of 390 
Materials) by pressing ‘Terminate’, and stop the background flow by closing the Luer valve. 391 
 392 
4.1.2. Force-pCa curve 393 
 394 



NOTE: This is similar to step 4.1.1 to obtain the maximal active force, but with multiple 395 
activations using different pCa solutions. 396 
 397 
4.1.2.1. Start recording the data in the system controller software by pressing ‘Start’. 398 
 399 
4.1.2.2. Open valves 1 and 2 with the data acquisition panel software to start the flow of 400 
relaxing solution and pCa 6.2 through the Ɵ-glass. 401 
 402 
4.1.2.3. Reset range of the interferometer so that the baseline force is 0 V by selecting and 403 
pressing ‘Reset Range’ on the interferometer. 404 
 405 
4.1.2.4. When the force trace is stable, perform the Ɵ-glass fast-step (step size = 100 µm). 406 
Signal generator settings can be found in Table 1.  407 
 408 
4.1.2.5. Pause the system controller software by pressing the ‘Pause’ button. 409 
 410 
4.1.2.6. Repeat steps 4.1.2.1–4.1.2.4 for valves 1 and 3 (pCa 5.8), valves 1 and 4 (pCa 5.6), 411 
valves 1 and 5 (pCa 5.4), and valves 1 and 6 (pCa 4.5). 412 
 413 
4.1.2.7. If no more activations are to be performed, close valves 1 and 6 to stop Ɵ-glass flow by 414 
unchecking the button ‘1+6’ (Figure 6A), stop the syringe pump (Figure 9) by pressing 415 
‘Terminate’, and stop the background flow by closing the Luer valve. 416 
 417 
4.1.3. Measure rate of tension redevelopment (kTR). 418 
 419 
NOTE: This is similar to step 4.1.1 for maximal active force but with some changes and added 420 
steps. 421 
 422 
4.1.3.1. Calculate the piezo movement necessary to slacken the myofibril 15% and enter this 423 
value in the signal generator (Figure 5D, Table 1). 424 
 425 
4.1.3.2. Start recording the data in the system controller software by pressing ‘Start’. 426 
 427 
4.1.3.3. Open valves 1 and 6 with the data acquisition panel (Figure 6A) software to start flow 428 
of the relaxing solution and pCa 4.5 through the Ɵ-glass . 429 
 430 
4.1.3.4. Reset range of the interferometer so that the baseline force is 0 V by selecting and 431 
pressing ‘Reset Range’ on the interferometer. 432 
 433 
4.1.3.5. When the force trace is stable, perform the Ɵ-glass fast-step (step size = 100 µm). 434 
Signal generator settings can be found in Table 1.  435 
 436 



4.1.3.6. When the force plateau is reached, perform the shortening-restretch with the piezo. 437 
Signal generator settings can be found in (Figure 5D, Table 1). An activation-relaxation trace 438 
similar to Figure 4E will be recorded and visible in the system controller software. 439 
 440 
NOTE: A custom protocol can be made to automate the steps above. 441 
 442 
4.1.3.7. Pause the system controller software by pressing the ‘Pause’ button. 443 
 444 
4.1.3.8. If no more activations are to be performed, close valves 1 and 6 to stop Ɵ-glass flow by 445 
unchecking the button ‘1+6’ (Figure 6B), stop the syringe pump (Figure 9) by pressing 446 
‘Terminate’, and stop the background flow by closing the Luer valve. 447 
 448 
4.2. Perform passive force measurements. 449 
 450 
4.2.1. Perform a continuous stretch. 451 
 452 
4.2.1.1. Calculate the piezo movement necessary to stretch the myofibril and enter this value in 453 
the signal generator (Table 1). 454 
 455 
NOTE: These are example settings. Calculate the amount of stretch and time of stretch relative 456 
to the sarcomere length. These settings are necessary to ensure that the speed of stretch per 457 
sarcomere remains equal across myofibrils. 458 
 459 
4.2.1.2. Start recording the data in the system controller software by pressing ‘Start’. 460 
 461 
4.2.1.3. Reset range of the interferometer so that the baseline force is 0 V by selecting and 462 
pressing ‘Reset Range’ on the interferometer. 463 
 464 
4.2.1.4. Perform continuous stretch with the signal generator in the system controller software 465 
to operate the piezo. Example signal generator settings can be found in Table 1. 466 
 467 
4.2.1.5. Shorten the myofibril to slack length with the piezo after the stretch is finished (Table 468 
1). 469 
 470 
4.2.2. Perform a stepwise stretch. 471 
 472 
4.2.2.1. Start recording the data in the system controller software by pressing ‘Start’. 473 
 474 
4.2.2.2. Reset range of the interferometer so that the baseline force is 0 V by selecting and 475 
pressing ‘Reset Range’ on the interferometer. 476 
 477 
4.2.2.3. Perform a stepwise stretch with the signal generator in the system controller software 478 
to operate the piezo. Example signal generator settings can be found in Table 1 (Figure 5E).  479 
 480 



4.2.3. Shorten the myofibril to slack length with the piezo after the stretch is finished. Example 481 
signal generator settings can be found in Table 1. 482 
 483 
4.3. Pause the system controller software by pressing the ‘Pause’ button. 484 
 485 
4.4. Stop the recording of data by pressing the ‘Stop’ button in the system controller software. 486 
 487 
4.5. Save the data by pressing ‘File’ and ‘Save Data’ in the system controller software. 488 
 489 
5. Cleaning 490 
 491 
5.1. Remove the measured myofibril and prepare for the next myofibril.  492 
 493 
5.1.1. To do so, carefully tear off the myofibril while looking through the ocular with the 40x 494 
objective.  495 
 496 
5.1.2. Move up the force probe and piezo. Move up the Ɵ-glass all the way up, to the right and 497 
to the back. Then move up and slide away the flow chamber. Remove the tissue bath. 498 
 499 
5.1.3. To clean the mounting needle, bring it into focus using the 10x and the ocular. Dip the 500 
brush in ethanol and carefully brush off and remove the glue from the needle.  501 
 502 
NOTE: Keep in mind that it might take some time before the glue comes off.  503 
 504 
5.1.4. Rinse the flow chamber and tissue bath with ultrapure water.  505 
 506 
5.1.5. Place the probe in small a Petri dish filled with ultrapure water. Ensure that the probe is 507 
completely submersed. 508 
 509 
5.2. When the experiments are finished, clean the setup as above and perform the following 510 
additional steps. 511 
 512 
5.2.1. Empty the tubing from the flow bath. Send the parameters to the outflow syringe pump 513 
(see Table of Materials, Figure 9). Valve = Bath valve (2); Microstep mode = Normal; Plunger 514 
target = 0; Plunger speed = 30. 515 
 516 
NOTE: Terminate the command when the tubing is empty. 517 
 518 
5.2.2. Initialize the pump several times (Figure 9B). 519 
 520 
5.2.3. Drain the syringes. To do so, close all the Luer valves, open all the valves, remove the 521 
tubing from the needle of the syringe, hold the tube of specific pCa under the needle, and open 522 
the Luer valve. Use the pressure plugs to speed up the process. 523 
 524 



5.2.4. Reattach the tubing to the needle of the syringe. Fill syringes with ~5 mL of ultrapure 525 
water. Place a cup underneath the Ɵ-glass. Open all the valves and open the pressure valve to 526 
flush the system. 527 
 528 
5.2.5. Shut down the system. Turn off the PC, interferometer, and piezo controller power block. 529 
 530 
6. Data analysis 531 
 532 
6.1. Export data traces from the system controller software (see Table of Materials) to a 533 
spreadsheet software program or clipboard by opening the data file and selecting the desired 534 
segment. The traces shown will be exported (e.g., raw force, sarcomere length, and piezo 535 
position). 536 
 537 
6.2. Perform analysis with the software of choice (e.g., MATLAB). 538 
 539 
REPRESENTATIVE RESULTS: 540 
Data traces were recorded and opened with the system controller software (see Table of 541 
Materials). Complete traces or selected segments were exported to the clipboard or text file for 542 
further analysis with a desired software. Valves to control flow of the different solutions were 543 
switched with custom software or manually. A custom MATLAB script was used to analyze the 544 
rates of activation, tension redevelopment, and relaxation. The maximum active force and the 545 
peak and the plateau force of the passive force experiments were taken directly from the system 546 
controller software force trace. After mounting a myofibril (Figure 2), the desired protocol was 547 
selected. 548 
 549 
Maximum active force and calcium-sensitivity of the force in myofibrils isolated from mouse 550 
and human skeletal muscle biopsies 551 
In Figure 4A the experimental setup used for the active force experiments is depicted 552 
schematically. Force traces of an active force experiment with a myofibril isolated from healthy 553 
human quadriceps muscle are shown. The myofibril was activated 5 times with solutions with 554 
varying pCa (pCa 6.2, 5.8, 5.6, 5.4, 4.5; data shown in Figure 4B). The average maximum force of 555 
all myofibrils in this experiment was ~123 mN/mm2. A force-pCa curve was constructed from 556 
the plateau forces reached during each activation in each of the five calcium solutions. The 557 
results are shown in Figure 4C. From this curve the pCa at 50% of maximum force production 558 
(pCa50) was calculated. In this myofibril, the pCa50 was 5.75.  559 
 560 
Additionally, one or multiple compounds could be added to the perfused solution to measure 561 
its effect on the force produced by the myofibril. In Figure 4D, the effect of N-benzyl-p-toluene 562 
sulphonamide (BTS), a fast twitch muscle (type II) myosin heavy chain II (MHCII) inhibitor, is 563 
illustrated.19 A myofibril was activated first with a pCa 5.6 solution, and subsequently with a 564 
pCa 5.6 + BTS solution. During the second activation less force was produced, indicating that 565 
this was a myofibril that contained MHCII. There are mutations in proteins that are present 566 
exclusively in specific muscle types, and thus only affect myofibrils from that specific muscle 567 
type. In that case, ‘typing’ the myofibrils is important to discern the mutation effect on the 568 



various muscle types. Also, this example illustrates the possibility for testing the efficacy of 569 
therapeutic compounds in myofibrils.  570 
 571 
Figure 4E shows an active force trace of a single myofibril isolated from mouse skeletal soleus 572 
muscle tissue. The myofibril was mounted in the setup and perfused with relaxing solution (pCa 573 
9.0), followed by perfusion with activating solution (pCa 4.5, ~0.032 mM calcium). We 574 
simultaneously recorded the force and sarcomere length. This was a near isometric 575 
contraction, as the cantilever deflection was ~0.5 µm, which was approximately 1% of the 576 
myofibril’s slack length (~50 µm). In Figure 4E a rapid shortening-restretch protocol was 577 
performed during active contraction to assess the rate of tension redevelopment (kTR, yellow 578 
dashed line). The kTR is a measure of cross-bridge cycling kinetics. Also, the activation and 579 
relaxation curves were fitted to determine the rate of activation (kACT, red dashed line) and 580 
relaxation (kREL, green dashed line), respectively. Figure 4 shows a more detailed view of the 581 
relaxation phase highlighted in Figure 4F. Two phases became apparent: 1) an initial slow phase 582 
of relaxation (dominated by cross-bridge detachment) and 2) a fast phase of relaxation 583 
(dominated by cross-bridge detachment and calcium-dissociation)20. 584 
 585 
Passive force in myofibrils isolated from a human skeletal muscle biopsy 586 
Figure 10 shows a trace of a passive force experiment with a myofibril isolated from healthy 587 
human diaphragm muscle tissue. The first protocol involved one or multiple passive stretches to 588 
determine the viscoelastic properties of the sarcomeres. Figure 10 shows a force trace of a 589 
continuous stretch of a myofibril (stretch from sarcomere length 2.2–3.0 μm). During the stretch, 590 
myofibrils displayed both viscous and elastic characteristics. This is evident from the curve shown 591 
in Figure 10A. The sharp peak represents both characteristics, whereas the plateau force is a 592 
measure of elasticity. Viscosity resists strain linearly. Thus, the force dropped after the strain was 593 
removed. Figure 10B highlights the stretch itself and illustrates the high signal-to-noise ratio. 594 
Note that force traces are unfiltered.  595 
 596 
FIGURE LEGENDS: 597 
Figure 1: Schematic depiction and electron microscopy images of a skeletal muscle and its 598 
morphology. (A) Shows the structure of skeletal muscle and (B) shows the structure of the 599 
sarcomere, the smallest contractile unit. These schematic images are adapted from Servier 600 
Medical Art. (C) Shows an image of a single muscle fiber and (D) shows an electron microscopy 601 
image of a muscle fiber revealing myofibrillar damage as well as preserved myofibrillar 602 
ultrastructure. 603 
 604 
Figure 2: Images showing a mounted myofibril, Ɵ-glass alignment, and piezo mounting needle. 605 
(A) A myofibril mounted at slack length between the glass fiber needles coated with shellac as 606 
seen through a 40x objective. (B) Images of the position of the Ɵ-glass relative to the myofibril 607 
(highlighted with the white ovals) as seen through a 10x objective. (Top) Aligned to the top 608 
channel (relaxing solution, pCa 9.0); (Bottom) Aligned to the bottom channel (activating solution, 609 
pCa 4.5) to perfuse the myofibril with calcium and induce contraction. (C) Schematic depictions 610 
of the position of the Ɵ-glass relative to the myofibril. (Top) Aligned with the top channel (relaxing 611 
solution, pCa 9.0); (Bottom) Aligned with the bottom channel (activating solution, pCa 4.5) to 612 



perfuse the myofibril with calcium and induce contraction. (D) Mounting needle attached to the 613 
carbon rod of the piezo holder. 614 
 615 
Figure 3: Schematic representation of the setup and end part of the tissue flow chamber. In 616 
dark blue the tissue flow chamber made out of aluminum, and in white the cavity in which the 617 
force probe and Ɵ-glass are shown in position; (Center) Myofibril attached between two glass 618 
fiber mounting needles attached to the force probe and piezo length motor. The Ɵ-glass is aligned 619 
with the myofibril. The Ɵ-glass can move up and down to expose the myofibril to the calcium 620 
solution. (Right) Close-up of the cantilever force probe. Indicated are the cavity size (or Fabry-621 
Pérot cavity, d); reflection interfaces A, B, and C; and an example of a light wave emitted by the 622 
laser (red). The cantilever is mounted on the shoulder of the ferrule. The fiber that carries the 623 
laser from the interferometer exits the ferrule at the tip of the cantilever. A glass mounting fiber 624 
is fixed on the cantilever using wax. (Top left) The interferometer analyzes the interferometer 625 
signal transmitted to the system controller software.  626 
 627 
Figure 4: Experimental setup and data from active tension experiments. (A) Schematic 628 
representation of the perfusion setup and solutions used. Note that the first and last tubes (light 629 
blue) contain calcium-free solution (i.e., relaxing solution). (B) Example force traces of an active 630 
tension experiment with a myofibril isolated from human skeletal muscle tissue showing five 631 
activations from relaxing solution (pCa 9.0) to multiple activation solutions (pCa 6.2 – 4.5). (C) A 632 
force-calcium curve; force levels at the plateaus in panel (B) were normalized and plotted against 633 
their respective calcium levels. (D) Example force trace of a type II (fast twitch) myofibril isolated 634 
from human skeletal muscle activated with pCa 5.6 solution (blue) and subsequently with pCa 635 
5.6 + BTS (a type II specific cross-bridge inhibitor, red). (E) Example data trace of an active tension 636 
experiment with myofibrils isolated from mouse soleus skeletal muscle tissue with a rapid 637 
shortening-restretch protocol during activation to determine the rate of tension redevelopment 638 
(kTR, yellow dashed line). Also, the activation and relaxation curve were fitted to determine the 639 
rate of activation (kACT, red dashed line) and relaxation (kREL, green dashed line), respectively. (F) 640 
A zoom of the relaxation phase (Top left), highlighted in (E). The fast-step motor signal (Bottom 641 
left) indicated the time point at which the solution changed from an activation solution (pCa 4.5) 642 
to a relaxing solution (pCa 9.0). The relaxation phase consisted of a linear, slow phase (Top right) 643 
and an exponential, fast phase (Bottom right). 644 
 645 
Figure 5: Example setting for the signal generator in the system control software (see Table of 646 
Materials). 1) Indicates the button to execute commands entered in the signal generator. (A) 647 
Setting up the piezo length motor. (B) Setting up the fast-step motor. (C) Performing a fast-step 648 
to activate a myofibril for a duration of 5 s. (D) Performing a rapid shortening-restretch of a 649 
myofibril to determine the kTR. (E) Performing a stepwise stretch of a myofibril to determine the 650 
viscoelastic properties. 651 
 652 
Figure 6: Valve controller software as used on the PC. (A) The button used to open valves 1 653 
(Rx) and 6 (Act). (B) The state of the buttons when all valves are closed. 654 
 655 



Figure 7: Measuring sarcomere length, myofibril length, and myofibril width with the system 656 
controller software. A ruler is used as an example. (A) Measuring the sarcomere length: the 657 
purple box is placed around the myofibril and the sarcomere length is shown in (1). (B) 658 
Measuring the length: The cyan box is placed from beginning to end of the myofibril. (C) 659 
Measuring width: After rotating the camera 90°, the cyan box is placed from one side of the 660 
myofibril to the other. 661 
 662 
Figure 8: Thermoelectric temperature controller software. (A) Establish connection with the 663 
thermoelectric temperature controller. (B) Expand temperature settings. (C) Set desired 664 
temperature, in this case: 15 °C. (D) Turn on thermoelectric temperature controller and send 665 
voltage to Peltier thermoelectric cooler module. 666 
 667 
Figure 9: Settings for the syringe outflow pump. (A) Open connection to the pump by pressing 668 
(1). (B) Start the pump with predefined settings by pressing (2). (C) Start outflow pumping by 669 
setting the ‘Valve Commands’ to ‘Bath Valve’ (2) and entering the ‘Command Set Parameters’ 670 
as shown. Execute the command by pressing (3). Commands can be terminated by pressing (4). 671 
 672 
Figure 10: Example data trace of a passive tension experiment with myofibrils isolated from 673 
human skeletal muscle tissue. (A) Recording of the force (Upper) and sarcomere length (Lower) 674 
during a stretch and release protocol. (B) Zoom of (A) showing the force (Upper) and sarcomere 675 
length during the stretch phase of the myofibril.  676 
 677 
Figure 11: Experimental setup and data from cardiomyocyte calcium preactivation 678 
experiments. (A) Schematic representation of the perfusion setup. Note that the last tube (light 679 
blue) contains calcium-free solution (relaxing solution). (B) Superimposed curves of activation of 680 
a cardiomyocyte without (light blue) and with (dark blue) calcium preactivation, with calcium 681 
concentrations of 1 nM and 80 nM, respectively. (C) Comparison of calcium preactivation in wild 682 
type (WT) and heterozygous RBM20 (HET) cardiomyocytes isolated from rat left ventricle. This 683 
figure has been modified from Najafi et al.21. 684 
 685 
Table 1: Table describing the various signal generator settings used in the system controller 686 
software to operate the piezo length motor and fast-step motor. 687 
 688 
DISCUSSION: 689 
Described is a protocol to assess the contractile function of myofibrils isolated from human or 690 
animal skeletal muscle tissues. The force resolution of this setup has been described before by 691 
Chavan et al.12. In short, it is determined by the random fluctuations of the length of the Fabry-692 
Pérot cavity formed between the detection fiber and the cantilever, which produce the dominant 693 
part of the noise at the output of the readout (expressed in V) that, multiplied by the deflection 694 
sensitivity (expressed in m/V) and by the spring constant of the cantilever (expressed in N/m), 695 
provides the force noise. For our setup, the root mean square (rms) noise in air at the output of 696 
the readout, sampled at a 1,000 data points/s (sample/s), is approximately 2 mV. For a typical 697 
myofibril measurement, a ferrule-top probe is used with a spring constant of ~0.7 N/m 698 
(deflection sensitivity ∼300 nm/V). This rms value corresponds to a cantilever deflection 699 



resolution of 0.6 nm, which translates to a force sensitivity of ~0.37 nN. The force probe is 700 
calibrated by pushing the tip of the mounting needle against a weighing scale while keeping the 701 
bending of the cantilever equal to a multiple of the wavelength of the readout laser13. This 702 
method of calibration entails both the cantilever and mounting needle stiffness as well as 703 
possible variations in torque of the cantilever and mounting needle due to speed and magnitude 704 
of myofibril contraction. Currently, a setup for assessing myofibril contractility is available, which 705 
is based on the detection of a laser deflected from the cantilever, i.e., optical beam deflection 706 
(1,700 A; ~1 nN force resolution). This system was developed by Labuda et al. using an optical 707 
periscope to guide a laser light towards and away from the cantilever in constraining 708 
configurations11. In this system, a myofibril is mounted between the atomic force cantilever and 709 
a rigid glass needle. An advantage of the system described here is the higher force sensitivity and 710 
signal-to-noise ratio. Furthermore, in this setup, relatively stiff cantilevers can be used, which 711 
results in small cantilever deflection when myofibrillar force is applied. This is important, as it 712 
allows for force measurements at nearly constant sarcomere length. Finally, compared to the 713 
system described by Labuda et al., the system here utilizes similar or identical methods to control 714 
the temperature, to induce length changes on the myofibril, and to change the perfusion 715 
solutions using a Ɵ-glass and fast-step motor. The advantage of the system described by Labuda 716 
et al. is that a change of solution composition (between cantilever and optical periscope) does 717 
not affect the signal output. In the system described here, the solution composition between 718 
cantilever and optical fiber must remain constant. The solution to this limitation is described in 719 
more detail below. 720 
 721 
Optimization 722 
The optical force probe in combination with the fast-step perfusion system led to complications. 723 
The difference in optical properties between low and high concentration Ca2+ solutions interferes 724 
with the force measurements. To prevent backflow of the high calcium solution, a custom flow 725 
chamber was engineered (Figure 3). A constant background flow of calcium-free solution is 726 
induced from right to left to keep the solution constant between the top of the optical fiber and 727 
the cantilever (Figure 3D).  728 
 729 
To control the temperature, a Peltier element with liquid cooling is mounted on the flow 730 
chamber. This flow chamber is thermally uncoupled from the microscope by mounting it on a 731 
plastic adapter. With the Peltier element, controlled by a TEC system, it is possible to control the 732 
temperature of the solution over time with 0.1 °C precision. Temperature is monitored by a 733 
temperature sensor mounted on the flow chamber. Temperature stability is important due to 734 
the nature of the force transducer. The cantilever consists of a gold-coated glass strip, effectively 735 
making it a thermometer. Thus, the cantilever bends with temperature changes.  736 
 737 
The setup uses a fast-step perfusion system (see Table of Materials) to control the movement of 738 
the Ɵ-glass. This system allows for perfusion switches within 10 ms. Combining the method of 739 
temperature control and solution switching makes this system particularly suitable to measure 740 
the kinetics of sarcomere contractility (i.e., rates of force development, tension redevelopment, 741 
and relaxation) in myofibrils.  742 
 743 



Initially, the downside of using interferometry was the small usable range due to the necessity to 744 
use the linear part of the interference curve (λ/8, with λ being the wavelength of the laser). 745 
However, recent innovations eliminated this need by combining wavelength modulation with a 746 
lock-in amplifier. Therefore, the system is not limited to a single linear part of the interference 747 
curve. This enables the measurement of infinite deflection of the cantilever14. Thus, the range of 748 
cantilever deflection readout of this system is greatly enlarged compared to traditional 749 
interferometry. Additionally, the force probes described are easy to replace and there are many 750 
cantilevers available, with stiffnesses ranging from 0.5 N/m to >20 N/m. Therefore, it is possible 751 
to quickly change between cantilevers and select the stiffness most suitable for the experiment 752 
conducted. 753 
 754 
Challenges 755 
The current system is a prototype based on a cardiomyocyte measuring system (see Table of 756 
Materials). Several components can be improved to provide a better user experience and data 757 
of higher quality. First, due to add-ons to the system, vibration and resonance can be an issue 758 
that will add noise to the signal. Also, the Ɵ-glass holder and fast-step motor attachment method 759 
could be improved to make it less prone to vibration.  760 
 761 
Second, it is desirable to replace the fast-step motor with a piezo length actuator to increase the 762 
speed of solution switching and to obtain a more consistent motion.  763 
 764 
Third, the calcium solutions we previously used to activate single striated muscle fibers included 765 
propionic acid, but these solutions absorb near‐infrared light, interfering with the force 766 
measurements. Calcium chloride was used to eliminate the need for propionic acid, which greatly 767 
reduced this effect. This issue is inherent to a system based on interferometry and not present 768 
when utilizing optical beam deflection. 769 
 770 
Fourth, a custom flow bath was engineered to create a laminar flow, to match the flow of the Ɵ-771 
glass. This prevents backflow due to turbulence of the calcium-rich solution. Therefore, the 772 
solution between the tip of the optical fiber and the cantilever remains constant. The coverslip 773 
with the myofibrils can move freely under the flow chamber and therefore, selection of suitable 774 
myofibrils is not confined to the small area of the flow chamber.  775 
 776 
Reproducibility and variability 777 
There are several elements of the system and protocol that are important for the degree of 778 
reproducibility and variability of the data obtained. 779 
 780 
First, the quality of the measurements strongly depends on the quality of the myofibril isolation. 781 
Identical protocols yield different qualities and quantities of myofibrils from different biopsies. 782 
In some cases, biopsies barely yield usable myofibrils or none at all. Common consensus is that 783 
damaged myofibrils will break during contraction and thus are not accounted for in the results.  784 
 785 
Second, there is uncertainty in the determination of the cross-sectional area of the myofibril. Due 786 
to technical constraints, it is possible to measure the width of the myofibril in only one plane. 787 



Therefore, to calculate the cross-sectional area we assume that the width and depth are equal. 788 
When force is normalized to a cross-sectional area to calculate maximal active tension, one 789 
should be aware of this assumption.  790 
 791 
Mounting of myofibrils due to myofibril mounting angle, position, and the integrity of the glue. 792 
Although mounting angle and position can largely be controlled visually, small variations between 793 
myofibrils might be present. Glue integrity has not been investigated extensively. However, glue 794 
integrity can be verified by monitoring the sarcomere length in the myofibril before and after 795 
activation. When more sarcomeres are between the glue after a protocol, this suggests that 796 
slippage of the myofibril in the glue has occurred. Consequently, this myofibril should be 797 
excluded from the dataset.  798 
 799 
Other applications of the setup: Calcium preactivation in cardiomyocytes isolated from rat left 800 
ventricle 801 
In addition to assessing the contractile function of myofibrils, the system can also be used to 802 
measure cardiomyocyte mechanics. For example, Figure 11 illustrates the use of membrane-803 
permeabilized single cardiomyocytes isolated from rat left ventricle21. Contrary to the 804 
experiments described above, relaxing solution was changed and activating solution was kept 805 
constant. Each cardiomyocyte underwent five sets of activations, exposing it to a 2 µM free 806 
calcium solution for 1 s. The 1 s time constraint is chosen to mimic the time-limited nature of 807 
cardiac contractions, where the exposure to low calcium concentration solutions mimics the 808 
diastolic phase and the exposure to high calcium concentration solutions mimics the systolic 809 
phase of cardiac muscle contraction (Figure 11A). For each of the five sets diastolic calcium was 810 
varied (1, 80, 160, 250, and 400 nM calcium), while systolic calcium remained constant (Figure 811 
11A). A set consisted of two sets of three activation-relaxation cycles at 1.8 µm versus 2.0 µm 812 
and 2.0 µm versus 2.2 µm for different experimental groups. Peak force was measured at 1 s 813 
from the switch of the pipette and averaged for the set of three activation-relaxation cycles. The 814 
high signal‐to‐noise ratio and the high dynamic range of this force transducer allowed us to 815 
measure both the small changes in diastolic force and the much larger systolic forces (Figure 816 
11B). Increasing diastolic calcium resulted in a higher force at 2 µM calcium relative to the first 817 
activation (Figure 11B). WT rat cardiomyocytes were compared with heterozygous (HET) RMB20 818 
rat cardiomyocytes. Due to alternative splicing, HET rats have a more compliant titin protein as 819 
compared to the WT rats. The effect was exaggerated in HET cardiomyocytes at 80 and 160 µM 820 
calcium (Figure 11C).  821 
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Step Device Description Shape Initial

1.7.1. Piezo Initialisation passive tension Fixed 51.6 µm

1.7.2. Piezo Initialisation active tension Fixed 0 µm

Step Device Description Shape Initial Delay

3.4.4. / 4.1.1.4. / 4.1.2.4. Fast-step Testing ɵ-glass position / Activation of myofibrilPulse 4 V 1 s

4.1.3.4. Fast-step Activation of myofibril (include kTR) Pulse 4 V 1 s

Step Device Description Shape Initial Delay

4.1.3.1. / 4.1.3.6. Piezo Shortening-Restretch for kTR Trapezoid 0 µm 0.5 s

4.2.1.1. / 4.2.1.4. Piezo Continues stretch Trapezoid 51.6 µm 2 s

4.2.1.4. Piezo Return myofibril to slack length Trapezoid 1.6 µm 2 s

4.2.2.3. Piezo Stepwise stretch Trapezoid 51.6 µm 2 s

4.2.3. Piezo Return myofibril to slack length Trapezoid 1.6 µm 2 s
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Reps Level Delay Level Delay

1 x 3 V 5 s 4 V 1 s

1 x 3 V 10s 4 V 1 s

Reps Ramp Level Ramp Duration Delay Ramp Level Ramp Duration Delay

1 x 0 + 0.15 * L0 = __ µm 0.01 s 0.01 s 0 µm 0.01 s 1 s

1 x 51.6 - 0.30 * L0 = __ µm 2 s 0 s 51.6 - 0.30 * L0 = __ µm 0 s 1 s

1 x 51.6 µm 5 s 0 s 51.6 µm 0 s 1 s

10 x 51.6 - 5 µm 0.5 s 10 s 51.6 - 5 µm 0 s 0 s

1 x 51.6 µm 5 s 0 s 51.6 µm 0 s 0 s



Name of Material/Equipment Company Catalog Number Comments/Description

50 ml XLP Glass Syringe Bio Spec Products, Inc. 985370-XL To isolate myofibrils

AC Power Adapter for EXT/EX2 Systems Custom coded Matlab

Cavro pump control software Custom fabricated Includes Labview program to control over serial connection; To control valves

Cavro® XLP 6000 Pump Custom fabricated To cool the Peltier module

Computer Liquid Cooling System, Rev1.3 Custom fabricated

Data acquisition panel Custom fabricated Aluminum tissue chamber

Excel Custom fabricated To control the valves; Includes PC software to control over USB

Fast step perfusion system IonOptix System controller software: data recording software with advanced signal generator for piezo and fast-step

Inverted microscope IonOptix MCS100 To record sarcomere length

IonWizard IonOptix Includes: Optiforce (interferometer), Micromanipulators, Signal interface, Piezo motor and controller. Based on the MyoStretcher

Liquid cooling block for Peltier module IonOptix Force probe

Microscope light Koolance ADT-EX004S

Microscope slides 40x40mm #0 Koolance EX2-755 To cool the Peltier module

Myocam-S Microsoft Data registration

Myostretcher system Olympus IX71

Optical force transducer (0.7-1.0 N/m) Olympus TH4-200

PC systems Sigma-Aldrich 529265 Poly(2-hydroxyethyl methacrylate); Coating for microscope slides to prevent sticking of tissue

Peltier Thermoelectric Cooler Module Sigma-Aldrich 78471 Crystals to dissolve in ethanol resulting in glue

Poly-HEMA TE Technology, Inc. TE-63-1.0-1.3 To cool the tissue flow chamber

Shellac wax-free TE Technology, Inc. TC-720 Includes PC software to control over USB

Thermoelectric temperature controller Tecan Trading AG 20736652

Theta glass Tecan Trading AG 20739263 Syringe pump to induce backgroundflow together with fast-step perfusion system; Outflow from tissue flow chamber

Theta glass holder Thermo scientific 2441081

Tissue flow chamber Warner Instruments (Harvard Bioscience, Inc.) Discontinued Alternative: SF-77CST/VCS-77CSP

Tissue-Tearor + Probe Warner Instruments (Harvard Bioscience, Inc.) TG150-4 To perfuse the tissue

UniFRY valve controller 1 PC for IonWizard and 1 PC for other software
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SUMMARY: 26 

Here, we present a protocol to assess the contractile properties of striated muscle myofibrils with 27 

nano-Newton resolution. We employ a setup with an interferometry-based, optical force probe. 28 

This setup generates data with a high signal to noise ratio and enables the assessment of the 29 

contractile kinetics of myofibrils. 30 

 31 

ABSTRACT: 32 

Striated muscle cells are indispensable for the daily life activity of humans and animals. They are 33 

comprised of myofibrils which consist of serially linked sarcomeres, the smallest contractile units 34 

in muscle. Sarcomeric dysfunction contributes to muscle weakness in patients with mutations in 35 

genes encoding for sarcomeric proteins. Myofibril mechanics allows for the assessment of actin-36 

myosin interactions without potential confounding effects of damaged, adjacent myofibrils – 37 

when measuring the contractility of single muscle fibers (a collection of interconnected 38 

myofibrils) ultrastructural damage and misalignment of myofibrils might contribute to impaired 39 

contractility. If structural damage is present in the myofibrils, they likely break during the 40 

isolation procedure or during the experiment. Furthermore, studies in myofibrils provide the 41 

assessment of actin-myosin interactions in the presence of the geometrical constraints of the 42 

sarcomeres. For instance, measurements in myofibrils can elucidate whether myofibrillar 43 

dysfunction is the primary effect of a mutation in a sarcomeric protein. In addition, perfusion 44 
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with calcium solutions or compounds is near instant due to the small diameter of the myofibril. 45 

This makes myofibrils eminently suitable to measure the rates of activation and relaxation during 46 

force production. The protocol described in this paper employs an optical force probe based on 47 

the principle of a Fabry-Pérot interferometer capable of measuring forces in the nano-Newton 48 

range. Coupled to a piezo length motor and a fast-step perfusion system, this setup enables the 49 

study of myofibril mechanics with high resolution force measurements.  50 

 51 

INTRODUCTION: 52 

Striated muscle cells are indispensable for daily life activities. Limb movement, respiratory 53 

function and the pumping motion of the heart rely on the force generated by muscle cells. 54 

Skeletal muscle consists of muscle fascicles containing bundles of single muscle fibers (Figure 1A). 55 

These muscle fibers are comprised of myofibrils, which are formed by serially linked sarcomeres 56 

(Figure 1B, D). The sarcomeres contain thin and thick filaments. These primarily consist of chains 57 

of actin and myosin molecules, respectively (Figure 1B). Actin-myosin interactions are 58 

responsible for the force generating capacity of muscle. Patients with mutations in genes 59 

encoding for sarcomeric proteins, such as nebulin, actin, and troponin T, suffer from muscle 60 

weakness, due to the contractile dysfunction1.  61 

 62 

The quality of muscle contractility can be studied at various levels of organization, ranging from 63 

in vivo whole muscles to actin-myosin interactions in in-vitro motility assays. During the past 64 

decades, several research groups have developed setups to determine the contractility of 65 

individual myofibrils2–10. These setups are based on the detection of changes in laser deflection 66 

from a cantilever, i.e., optical beam deflection, caused by the contraction of the myofibril (for 67 

details, see Labuda et al.11). Although determining the contractile function of myofibrils has some 68 

limitations (e.g., the dynamics of the excitation-contraction coupling processes which are 69 

upstream of the myofibrils are lacking), there are multiple advantages provided by this approach. 70 

These include (1) the ability to assess actin-myosin interactions in the presence of the geometrical 71 

constraints of the sarcomeres; (2) the ability to assess actin-myosin interactions without 72 

potential confounding effects of damaged, adjacent myofibrils – when measuring the 73 

contractility of single muscle fibers (a collection of interconnected myofibrils) ultrastructural 74 

damage and misalignment of myofibrils might contribute to impaired contractility (Figure 1D); 75 

(3) the small diameter of myofibrils (~1 µm, Figure 2A) and the lack of membranes allows for the 76 

near instant calcium diffusion into the sarcomeres. Furthermore, if structural damage is present 77 

in the myofibrils, they likely break during the isolation or during the experiment. Hence, assessing 78 

myofibril contractility is an elegant method to study the basic mechanisms of muscle contraction 79 

and to understand whether disturbed actin-myosin interactions are the primary cause of muscle 80 

disease caused by mutations in sarcomeric proteins.  81 

 82 

Recently, we have developed a setup to determine the contractility of myofibrils, in which we 83 

incorporated a cantilever force probe i.e., Optiforce with nano-Newton resolution. This force 84 

probe is based on the principle of interferometry. Interferometry enables the use of relatively 85 

stiff cantilevers. This makes it possible to measure force with little deflection of the cantilever, 86 

approaching isometric contractions of the myofibril. The probe allows for the assessment of low 87 

passive and active forces, with high signal-to-noise ratio, that are produced by a single myofibril 88 



isolated from different muscle biopsies, including those from human subjects. The optical 89 

cantilever force probe, incorporated in our setup, is based on a Fabry-Pérot interferometer12. The 90 

interferometer detects small displacements between an optical fiber and a gold coated cantilever 91 

mounted on a ferrule (Figure 3). The gap between the optical fiber and the cantilever is called 92 

the Fabry-Pérot cavity. Myofibrils are mounted between the probe and piezo using two glue 93 

coated glass mounting fibers. The force production of the myofibril can be mathematically 94 

derived from the interferometer data. Interferometry is based on the superposition - or 95 

interference - of two or more waves (in our setup three light waves). Laser light with a wavelength 96 

between 1528.77 nm and 1563.85 nm is emitted from the interferometer and is sent through the 97 

optical fiber. In the probe, the light is reflected (1) at the interface between the optical fiber and 98 

the medium (Figure 3A), (2) at the interface of the medium and the cantilever (Figure 3B) and (3) 99 

at the interface between the metal and gold coating of the cantilever (Figure 3C). The reflection 100 

at interface A and B are dependent on the refractive index, n of the medium in which the probe 101 

is submerged. The light, consisting of the three superimposed reflections, returns to a 102 

photodiode in the interferometer. The photodiode measures the intensity of the light, which is 103 

the result of the interference pattern of the three superimposed reflections. When contractile 104 

force is generated by activating or stretching a myofibril, the myofibril pulls on the cantilever. 105 

This movement changes the cavity size (d) and consequently, the number of wavelengths that fit 106 

in the cavity. The light reflected at the cantilever will have a different phase, resulting in a 107 

different interference pattern. The photodiode records this change of interference pattern 108 

intensity as a change in Volts. Subsequently, myofibril force generation is calculated from the 109 

change in Volts, taking in to account the cantilever stiffness. The force probe is calibrated by the 110 

manufacturer by pushing the tip of the mounting needle, attached to the free handing end of the 111 

cantilever, against a weighing scale while keeping the bending of the cantilever equal to a 112 

multiple of the wavelength of the readout laser13. Thus, interferometry is a highly sensitive 113 

method to detect small changes in distance, allowing for measurement of forces with nano-114 

Newton resolution. This resolution enables the assessment of myofibrillar force production with 115 

a high signal-to-noise ratio. While traditional interferometry limits the range of measurements 116 

to the linear part of the interference curve, using a lock-in amplifier and modulation of the laser 117 

wavelength overcomes this limitation14. This is explained in more detail in the discussion section 118 

in this paper. 119 

 120 

To measure myofibril active tension, we incorporated a fast-step perfusion system to expose the 121 

myofibril to solutions with calcium (Figure 4A). The fast-step perfusion system enables solution 122 

changes to occur within 10 ms. Because of their small diameter, calcium diffusion into the 123 

myofibrils is near instantaneous. Hence, this system is particularly suitable to measure the rates 124 

of actin-myosin binding during activation and release during relaxation. The rate of activation 125 

(kACT) and relaxation (KREL) can be determined from the activation-relaxation curves. Also, by 126 

exposing the myofibrils to calcium solution of increasing concentration, the force-calcium 127 

relationship and subsequently, calcium sensitivity can be determined. 128 

 129 

Furthermore, a piezo length motor enables fast stretching and shortening of the myofibril. This 130 

offers the possibility to study the viscoelastic properties (passive tension) of the myofibril, as well 131 

as performing a rapid shortening and re-stretch of the myofibril to determine the rate of tension 132 



redevelopment (kTR). The parameters retrieved from both active and passive tension experiments 133 

can be altered by gene mutations in a sarcomeric protein. 134 

 135 

In this protocol, we describe the use of our custom-built setup to measure the active and passive 136 

contractile characteristics of myofibrils isolated from healthy human, patient and mouse skeletal 137 

muscle. 138 

 139 

PROTOCOL:  140 

The protocol for obtaining human biopsies was approved by the institutional review board at VU 141 

University Medical Center (#2014/396) and written informed consent was obtained from the 142 

subjects. The protocol for obtaining animal muscle biopsies was approved by the local animal 143 

ethics committee at VU University (AVD114002016501) 144 

 145 

1. Preparation and Myofibril isolation 146 

 147 

NOTE: Use previously described methods to glycerinate biopsies, prepare the calcium (pCa) 148 

solutions7,16,17 and to isolate myofibrils2,18.  149 

 150 

1.1. Thaw the pCa solutions – relaxing (pCa 9.0, Rx) and activating (pCa 4.5, Act) solutions – and 151 

inhibitors – 1 M E64, 1 M DTT, 1 M leupeptin, 1 M PMSF – which are (stored at -80 ˚C). 152 

 153 

1.2. Take a glycerinated piece of striated muscle biopsy of approximately 1 mm3 and place it in 154 

a small Petri dish with 1:1 Rx/glycerol (vol/vol) solution and place the Petri dish on a cold plate 155 

at 4 ˚C.  156 

 157 

1.3. Dissect the piece of muscle using dissection microscope and forceps, separating single 158 

muscle fibers without isolating them from the piece of muscle. 159 

 160 

NOTE: Remove as much fatty and connective tissue as possible. This will prevent the 161 

contamination of the myofibril suspension. 162 

 163 

1.4. Transfer the piece of dissected tissue to a 5 mL tube with 1.5 mL of relaxing solution with 164 

inhibitors (1uL/mL E-64, 1uL/mL Leupeptin, 1uL/mL DTT and 1,25uL/mL PMSF). Allow the tissue 165 

to temper at approximately 4 ˚C for 1 h.  166 

 167 

1.5. During incubation, boot up both PC’s, turn on devices and open the associated software 168 

(see Table of Materials).  169 

 170 

1.6. Submerge the force probe in ultrapure water in a Petri dish and calibrate the probe.  171 

 172 

1.6.1. Press the ‘Start wizard’ on the interferometer and follow the onscreen instructions. After 173 

pressing calibrate, tap on the microscope stage. 174 

 175 
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NOTE: Tapping on the microscope stage will cause the cantilever to deflect and pass through 176 

fringes. This enables calibration of the probe. 177 

 178 

1.6.2. Leave the probe submerged in the ultrapure water in the Petri dish after calibration.  179 

 180 

1.7. Initialize the piezo motor position. To do so, follow one of the steps details below.  181 

 182 

1.7.1. When the piezo motor will be used for kTR tension, set the length to 0 µm. 183 

Signal generator settings can be found in (Table 1, Figure 5C).  184 

 185 

1.7.2. When the piezo motor will be used for passive tension, set the length to 50 µm. 186 

Signal generator settings can be found in (Table 1). 187 

 188 

NOTE: The difference between steps is the initial position of the piezo length motor. To stretch 189 

the myofibril, the piezo motor needs to pull to increase the distance between both mounting 190 

needles and lengthen the myofibril. To slacken the myofibril, the piezo motor needs to push to 191 

decrease the distance between both mounting needles and shorten the myofibril.  192 

 193 

1.8. Prepare microscope slide: Pipette 150 µL poly-HEMA solution (5% poly-HEMA in 95% 194 

ethanol ratio, weight per volume) on a microscope slide and spread it across the slide so that all 195 

is covered. 196 

 197 

NOTE: If a myofibril suspension is pipetted on an uncoated microscope slide, myofibrils which 198 

sink to the bottom will stick to the microscope slide and it will not be possible to glue them. 199 

 200 

1.9. Fill syringes with pCa solutions (see Figure 4A) and prime the perfusion system. 201 

 202 

NOTE: In these steps all tubes will be pre-filled with the appropriate solution to make sure all 203 

air bubbles will be removed from the tubing. 204 

 205 

1.9.1. Fill the inflow tubing of the flow chamber (Figure 3) inflow with Rx;  206 

 207 

1.9.2. When used, flush the manifold with ultrapure water to remove air (connect syringe with 208 

ultrapure water to the outlet and flush in it in the reverse direction. Block the ports of the 209 

manifold that are unused). 210 

 211 

1.9.3. Enable flow for each pCa syringe to fill their respective tubes with pCa solution and 212 

following, connect them to the manifold and the Ɵ-glass. 213 

 214 

1.9.4. Open valve 1 and 6 with the data acquisition panel software (see Table of Materials) by 215 

checking the button ‘1+6’ (Figure 6B) to fill the Ɵ-glass with pCa 9.0 and 4.5 solution and close 216 

valves when the Ɵ-glass is filled (Figure 6A). 217 

 218 
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2. Mounting a myofibril 219 

 220 

2.1. Coat a microscope slide with polyhydroxyethylmethacrylate (poly-HEMA) to prevent 221 

myofibrils from sticking to the glass. 222 

 223 

2.2. Prepare the homogenizer (see Table of Materials) for tissue homogenization. Clean 224 

internal rotor rod with a clean tissue paper, assemble the homogenizer and spin once for 15 s in 225 

alcohol and thrice for 15 s each in ultrapure water. Pre-rinse the homogenizer in relaxing 226 

solution 1 x 15 s on ice. 227 

 228 

2.3. Place homogenizer rod in the tube containing the muscle tissue (as described in step 229 

1.4.)and, while keeping the tube on ice, spin the rotor for 15 s on speed 5 to tear the muscle 230 

tissue and obtain a myofibril suspension. 231 

 232 

2.4. Pipette ~50 µL from myofibril suspension and ~250 µL relaxing solution on the microscope 233 

slide coated with Poly-HEMA in the tissue bath. This will form a liquid drop. Cover the bath with 234 

a lid to protect from dust and wait 5-10 minutes to allow the myofibrils to sink to the bottom. 235 

 236 

NOTE: The ratio between the suspension and the relaxing solution is dependent on the quality 237 

of the isolation, adjust accordingly. For example, if the myofibril yield is low and only few 238 

suitable myofibrils are present in the suspension, take more myofibril suspension and dilute 239 

with less relaxing solution (for example: 75 µL myofibril suspension and 225 µL relaxing 240 

solution).  241 

Heart and skeletal muscle tissue is easy to recognize due to its striation pattern. Using a 10x or 242 

40x objective, this pattern is also visible in a single myofibril. Thus, in the case other tissue is 243 

present in the suspension one can select myofibrils visually. 244 

One can opt to skip waiting 5-10 mins. However, this increases difficulty to glue a myofibril. 245 

 246 

2.5. Coat mounting needles with glue (Shellac + Ethanol; 120 mg shellac in 2 mL of 70% EtOH). 247 

To do so, heat the glue at 65 ˚C for 30-60 s and pipette ~6 μL on a new uncoated glass slide. Dip 248 

the tip of each mounting needle in the glue and repeat until a layer of glue is visible. Move the 249 

probe and piezo up vertically with the micromanipulators to make room to place the tissue 250 

bath on the microscope stage. Remove the glass slide containing the glue. 251 

 252 

2.6. Mounting of myofibril 253 

 254 

2.6.1. Place the tissue bath – with the microscope slide coated with Poly-HEMA containing the 255 

myofibril suspension – on the microscope stage. Use the stage to find a suitable myofibril with 256 

40x objective (if necessary, move and rotate the tissue bath to move the myofibril to a 257 

mountable position).  258 

 259 

NOTE: Look for myofibrils with a visible striation pattern and that are approximately 30 µm 260 

long. It is possible to check length and sarcomere length prior to gluing the myofibril (as 261 
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described in detail in step 3.1. and 3.2.1.). Refrain of gluing myofibrils which are torn as these 262 

are likely to break during contraction. 263 

 264 

2.6.2. Slide flow chamber into place directly above the liquid drop (as pipetted onto the slide in 265 

step 2.4.) containing the myofibrils in the tissue bath and lower it. Stop before it hits the liquid 266 

drop. 267 

 268 

2.6.3. Lower the piezo mounting needle and press it on the bottom tip of the myofibril. Lift it 269 

slightly to check if the myofibril is attached to the needle. 270 

 271 

2.6.4. Lower the flow chamber far enough for the mounting needle of the probe to reach the 272 

bottom without the probe touching the flow chamber.  273 

 274 

2.6.5. Press the mounting needle of the probe on the top tip of the myofibril. Lift it slightly to 275 

check if the myofibril attached to the needle. 276 

 277 

2.6.6. Lift the myofibril from the bottom of the bath as far as possible without losing the ability 278 

to focus without the objective touching the bottom of the glass. 279 

 280 

3. Initializing experiment 281 

 282 

3.1. Using the micromanipulators, camera and system controller software (Figure 7A, see Table 283 

of Materials) to measure sarcomere length. Move the piezo and/or force probe to set the initial 284 

sarcomere length of the myofibril to 2.5 µm. 285 

 286 

NOTE: A sarcomere length of 2.5 µm ensures optimal overlap between myosin heads and actin.  287 

 288 

3.2. Measure myofibril dimensions: Using the vessel function of the system controller software 289 

measure length and width (Figure 7B, C;  demonstrated in the Video): 290 

 291 

NOTE: When rotating the camera, it may tilt horizontally and/or vertically. To check the 292 

alignment of the camera, a spirit level can be used to verify that the camera is rotated, and not 293 

tilted (as demonstrated in the Video). 294 

 295 

3.2.1. Position the myofibril in the center of the video image using the microscope stage.  296 

 297 

3.2.2. Draw a square from one side of the myofibril to the other side of the myofibril. For the 298 

length, make sure you include the dark edge of the glue droplets (Figure 2A) in the square since 299 

the image processing is based on contrast.  300 

 301 

3.2.3. Start recording the data in the system controller software (see Table of Materials) by 302 

pressing ‘Start’ and after 5 seconds pause the system controller software data recording by 303 

pressing the ‘pause’ button. The  length is now recorded in the data. 304 

 305 

Commented [A28]:  Where is this present?  

Commented [A29]: Please move the commercial term to 
the table of materials and refer the table here as done in 
step 2.2. Please use generic terms throughout.  

Commented [A30]: How is this done? Please include all 
the actions involved- hard experimental steps/button 
clicks/knob turns/ visual observation in the software etc.  

Commented [A31]: How is this done?  



3.2.4. For the width you first rotate the camera (see Table of Materials) 90 ˚ and then use the 306 

contrast of the edge of the myofibril itself. 307 

 308 

3.2.5. Start recording the data in the system controller software (see Table of Materials) by 309 

pressing ‘Start’ and after 5 seconds pause the system controller software data recording by 310 

pressing the ‘pause’ button. The  width is now recorded in the data. 311 

 312 

3.3. If active tension of the myofibril needs to be determined, the perfusion setup needs to be 313 

used. If so, continue to step 3.2. If only passive tension will be determined, skip step 3.2.-314 

4.1.3.7. and continue at step 4.2. 315 

 316 

3.4. Position and initialize the perfusion setup 317 

 318 

NOTE: this is only necessary for generation of active force. Continue to step 4.2. when 319 

performing passive tension experiments. 320 

 321 

3.4.1. Initialize the fast-step motor position at 4 V (Figure 5B). 322 

 323 

3.4.2. Slide the perfusion stand on the table to align the left bottom corner of the stand with 324 

the tape on the table.  325 

 326 

NOTE: Be careful not to hit the force probe or the piezo motor!  327 

 328 

3.4.3. Use the manipulator to roughly position the Ɵ-glass by eye; 329 

 330 

3.4.4. Look through the eyepiece and carefully move the Ɵ-glass towards the myofibril using 331 

the manipulator; 332 

 333 

3.4.5. Align the top channel of the theta glass with the myofibril using the manipulator and 334 

check the position by performing a fast-step (signal generator settings can be found in Table 1) 335 

with the system controller software (Figure 2B-C, see Table of Materials). 336 

 337 

Note: Make sure that the bottom channel will be aligned with the myofibril during the 338 

activation phase of the fast-step (Figure 2B-C). 339 

 340 

3.5. Turn on background flow of Rx (Figure 4A) to create a laminar background flow in the flow 341 

chamber: 342 

 343 

NOTE: The background flow is necessary to prevent turbulent flow as a result from the pCa 344 

solution flow from the Ɵ-glass. 345 

 346 

3.5.1. Turn on inflow of flow chamber with Luer valve lever; 347 

 348 
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3.5.1.1. Send parameters to outflow pump to start drain the flow chamber and prevent 349 

overflowing of the flow chamber (Figure 9): 350 

 351 

Valve: Bath valve (2); Microstep mode: Micro; Plunger target: 48000; Plunger speed: 38-40 352 

(arbitrary). 353 

 354 

NOTE: Make sure fluid level is stable at all times! The myofibril should not run dry and neither 355 

should the cantilever! Better have little overflow instead of to little flow. 356 

 357 

3.6. Set temperature to desired value with the thermoelectric temperature controller (Figure 8, 358 

see Table of Materials):  359 

Enter desired temperature and press ‘Start’. Wait until the desired temperature is reached by 360 

checking the graph in the thermoelectric temperature controller software and continue. 361 

 362 

NOTE: When performing experiments at room temperature, the thermoelectric temperature 363 

controller does not have to be used. 364 

 365 

4. Experiment protocol(s) 366 

 367 

4.1. Decide which active force protocol(s) you want to perform. 368 

 369 

Note: Depending on the data necessary for the study, multiple types of active force experiments 370 

can be performed: (4.1.1) Maximum force at saturating [Ca2+], (4.1.2.) Force-pCa curve to 371 

determine calcium sensitivity in addition to 4.1.1., (4.1.3.) Determine the rate of tension 372 

redevelopment by doing a shortening-restretch protocol in addition to 4.1.1. or 4.1.2. 373 

 374 

4.1.1. Measure maximal active force. 375 

 376 

4.1.1.1. Start recording the data in the system controller software (see Table of Materials) by 377 

pressing ‘Start’. 378 

 379 

4.1.1.2. Open valve 1 and 6 with the data acquisition panel (see Table of Materials) software by 380 

checking the button ‘1+6’ to start Ɵ-glass flow of relaxing solution and activating solution 381 

through the theta glass (Figure 6A). 382 

 383 

4.1.1.3. Reset range of the interferometer so that the baseline force will be at 0 V, by selecting 384 

and pressing ‘Reset range’ on the interferometer (see Table of Materials). 385 

 386 

4.1.1.4. When the force trace is stable, perform the theta glass fast-step (step size: 100 µm). 387 

Signal generator settings can be found in Table 1 (Figure 5C). An activation- relaxation trace 388 

similar to Figure 4D will be recorded and visible in the system controller software (see Table of 389 

Materials). 390 

 391 
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4.1.1.5. Pause the system controller software (see Table of Materials) data recording by 392 

pressing the ‘pause’ button. 393 

 394 

4.1.1.6. If no more activations are to be performed, close valve 1 and 6 to stop Ɵ-glass flow by 395 

unchecking the button ‘1+6’ (Figure 6B), stop the syringe pump (Figure 9, see Table of 396 

Materials) by pressing ‘Terminate’ and stop the background flow by closing the Luer valve. 397 

 398 

4.1.2. Force-pCa 399 

 400 

NOTE: this is similar to 4.1.1 Maximal active force, but with multiple activations using different 401 

pCa solutions. 402 

 403 

4.1.2.1. Start recording the data in the system controller software (see Table of Materials) by 404 

pressing ‘Start’. 405 

 406 

4.1.2.2. Open valve 1 and 2 with the data acquisition panel (see Table of Materials) software to 407 

start flow of relaxing solution and pCa 6.2 through the theta glass. 408 

 409 

4.1.2.3. Reset range of the interferometer so that the baseline force will be at 0 V, by selecting 410 

and pressing ‘Reset range’ on the interferometer (see Table of Materials). 411 

 412 

4.1.2.4. When the force trace is stable, perform the theta glass fast-step (step size: 100 µm). 413 

Signal generator settings can be found in (Table 1).  414 

 415 

4.1.2.5. Pause the system controller software (see Table of Materials) by pressing the ‘pause’ 416 

button. 417 

 418 

4.1.2.6. Repeat steps 4.1.2.1 to 4.1.2.4 for Valve 1 and 3 (pCa 5.8), Valve 1 and 4 (pCa 5.6), 419 

Valve 1 and 5 (pCa 5.4), and Valve 1 and 6 (pCa 4.5). 420 

 421 

4.1.2.7. If no more activations are to be performed, close valve 1 and 6 to stop Ɵ-glass flow by 422 

unchecking the button ‘1+6’ (Figure 6A), stop the syringe pump (Figure 9, see Table of 423 

Materials) by pressing ‘Terminate’ and stop the background flow by closing the Luer valve. 424 

 425 

4.1.3. Measure rate of tension redevelopment (KTR). 426 

 427 

NOTE: Similar to step 4.1.1 Maximal active force but with changed and added steps 428 

 429 

4.1.3.1. Calculate the piezo movement necessary to slacken the myofibril 15 % and enter this 430 

value in the signal generator (Figure 5D, Table 1). 431 

 432 

4.1.3.2. Start recording the data in the system controller software (see Table of Materials) by 433 

pressing ‘Start’. 434 

 435 



4.1.3.3. Open valve 1 and 6 with the data acquisition panel (Figure 6A, see Table of Materials) 436 

software to start flow of relaxing solution and pCa 4.5 through the theta glass. 437 

 438 

4.1.3.4. Reset range of the interferometer so that the baseline force will be at 0 V, by selecting 439 

and pressing ‘Reset range’ on the interferometer (see Table of Materials). 440 

 441 

4.1.3.5. When the force trace is stable, perform the theta glass fast-step (step size: 100 µm). 442 

Signal generator settings can be found in Table 1.  443 

 444 

4.1.3.6. When the force plateau is reached, perform the shortening-restretch with the piezo. 445 

Signal generator settings can be found in (Figure 5D, Table 1). An activation- relaxation 446 

tracecurve similar to Figure 4E will be recorded and visible in the system controller software 447 

(see Table of Materials). 448 

 449 

NOTE: a custom protocol can be made to automate the steps above. 450 

 451 

4.1.3.7. Pause the system controller software (see Table of Materials) by pressing the ‘pause’ 452 

button. 453 

 454 

4.1.3.8. If no more activations are to be performed, close valve 1 and 6 to stop Ɵ-glass flow by 455 

unchecking the button ‘1+6’ (Figure 6B), stop the syringe pump (Figure 9, see Table of 456 

Materials) by pressing ‘Terminate’ and stop the background flow by closing the Luer valve. 457 

 458 

4.2. Perform passive force measurements. 459 

 460 

4.2.1. Perform a continues stretch. 461 

 462 

4.2.1.1. Calculate the piezo movement necessary to stretch the myofibril and enter this value in 463 

the signal generator (Table 1). 464 

 465 

NOTE: These are example settings. Calculate the amount of stretch and time of stretch relative 466 

to the sarcomere length. These settings are necessary to ensure the speed of stretch per 467 

sarcomere remains equal across myofibrils. 468 

 469 

4.2.1.2. Start recording the data in the system controller software (see Table of Materials) by 470 

pressing ‘Start’. 471 

 472 

4.2.1.3. Reset range of the interferometer so that the baseline force will be at 0 V, by selecting 473 

and pressing ‘Reset range’ on the interferometer (see Table of Materials). 474 

 475 

4.2.1.4. Perform continues stretch with the signal generator in the system controller software 476 

(see Table of Materials) to operate the piezo. Example signal generator settings can be found in 477 

(Table 1). 478 

 479 



4.2.1.5. Shorten the myofibril to slack length with the piezo after the stretch is finished (Table 480 

1). 481 

 482 

4.2.2. Perform a stepwise stretch. 483 

 484 

4.2.2.1. Start recording the data in the system controller software (see Table of Materials) by 485 

pressing ‘Start’. 486 

 487 

4.2.2.2. Reset range of the interferometer so that the baseline force will be at 0 V, by selecting 488 

and pressing ‘Reset range’ on the interferometer (see Table of Materials). 489 

 490 

4.2.2.3. Perform a stepwise stretch with the signal generator in the system controller software 491 

(see Table of Materials) to operate the piezo. Example signal generator settings can be found in 492 

Table 1 (Figure 5E).  493 

 494 

4.2.3. Shorten the myofibril to slack length with the piezo after the stretch is finished. Example 495 

signal generator settings can be found in Table 1. 496 

 497 

4.3. Pause the system controller software by pressing the ‘pause’ button (see Table of 498 

Materials). 499 

 500 

4.4. Stop the recording of data by pressing the ‘Stop’ button in the system controller software 501 

(see Table of Materials). 502 

 503 

4.5. Save the data by pressing ‘File’ and ‘Save data’ in the system controller software (see Table 504 

of Materials). 505 

 506 

5. Cleaning 507 

 508 

5.1. Remove the measured myofibril and prepare for the next myofibril:  509 

 510 

5.1.1. Carefully tear off the myofibril while looking through the ocular with the 40x objective; 511 

 512 

5.1.2. Move up the force probe and piezo;  513 

 514 

5.1.3. Move up the Ɵ-glass and move it all the way up, to the right and to the back;  515 

 516 

5.1.4. Move up and slide away the flow chamber;  517 

 518 

5.1.5. Remove tissue bath;  519 

 520 

5.1.6. Clean mounting needles and remove the glue;  521 

 522 



5.1.6.1. Using the 10x and the ocular, bring the mounting needle in focus; 523 

 524 

5.1.6.2. Dip the brush in EtOH and carefully brush of the glue from the needle. 525 

 526 

CAUTION: have patience! It might take some time before the glue comes off. 527 

 528 

5.1.7. Rinse flow chamber and tissue bath with milli-Q; 529 

 530 

5.1.8. Place probe submersed in small petri dish filled with milli-Q. 531 

 532 

5.1.9. When done for the day clean the setup as above and: 533 

 534 

5.1.9.1. Empty the tubing from the flow bath. Send parameters to outflow syringe pump (see 535 

Table of Materials, Figure 9). Valve: Bath valve (2); Microstep mode: Normal; Plunger target: 0; 536 

Plunger speed: 30. 537 

 538 

NOTE: Terminate the command when you see the tubing is empty. 539 

 540 

5.1.10. Initialize the pump several times (Figure 9B) 541 

 542 

5.1.11. Drain the syringes: 543 

 544 

NOTE: Use the pressure plugs to speed up the process. 545 

 546 

5.1.11.1. Close all the luer valves; 547 

 548 

5.1.11.2. Open all the valves; 549 

 550 

5.1.11.3. Remove to tubing from the needle of the syringe; 551 

 552 

5.1.11.4. Hold tube of specific pCa under the needle and open the luer valve. 553 

 554 

5.1.12. Flush the system:  555 

 556 

5.1.12.1. Re-attach the tubing to the needle of the syringe; 557 

 558 

5.1.12.2. Fill syringes with ~5mL of milli-Q; 559 

 560 

5.1.12.3. Place cup underneath the Ɵ-glass; 561 

 562 

5.1.12.4. Open all the valves and open the pressure valve. 563 

 564 

5.1.13. Shutdown the system; Turn of all the PC, interferometer, piezo controller power block. 565 

 566 



6. Data analysis 567 

 568 

6.1. Data traces can be exported from the system controller software (see Table of Materials) 569 

to excel file or clipboard by opening the data file and selecting the desired segment. The traces 570 

shown will be exported, e.g. raw force, sarcomere length and piezo position. 571 

 572 

6.2. Data can be analyzed with the software of choice (e.g., Matlab) 573 

 574 

REPRESENTATIVE RESULTS: 575 

Data traces are recorded and opened with the system controller software (see Table of 576 

Materials). Complete traces or selected segments can be exported to the clipboard or text file 577 

for further analysis with desired software. Valves to control flow of the different solutions are 578 

switched with custom software or manually. A custom Matlab script is used to analyze rates of 579 

activation, tension redevelopment and relaxation. Maximum active force and the peak and the 580 

plateau force of the passive force experiments are taken directly from the system controller 581 

software force trace. After mounting a myofibril (Figure 2), the desired protocol can be selected. 582 

 583 

Maximum active force and calcium–sensitivity of force in myofibrils isolated from mouse and 584 

human skeletal muscle biopsies 585 

In Figure 4A the experimental setup used for the active force experiments is depicted 586 

schematically. Force traces of an active force experiment with a myofibril isolated from (healthy) 587 

human quadriceps muscle. The myofibril was activated five times with solutions with varying pCa 588 

(pCa 6.2 – 5.8 – 5.6 – 5.4 – 4.5; data shown in Figure 4B). The average maximum force of all 589 

myofibrils in this experiment was ~123 mN/mm2. A force-pCa curve was constructed from the 590 

plateau forces reached during each activation in each of the five calcium solutions. The results 591 

are shown in Figure 4C. From this curve the pCa at 50% of maximum force production (pCa50) 592 

can be calculated. In this myofibril, the pCa50 was 5.75.  593 

 594 

Additionally, one or multiple compounds can be added to the perfused solution to measure its 595 

effect on the force produced by the myofibril. In Figure 4D, the effect of N-benzyl-p-toluene 596 

sulphonamide (BTS), a fast twitch muscle (type II) myosin heavy chain II (MHCII) inhibitor, is 597 

illustrated.19 A myofbril is activated first with a pCa 5.6 solution, and subsequently with a pCa 598 

5.6 + BTS solution. During the second activation less force is produced, indicating this is a 599 

myofibril which contains MHCII. Certain mutations are in proteins that are present exclusively 600 

in specific muscle types, and thus only affect myofibrils from that specific muscle type. 601 

Therefore, ‘typing’ the myofibrils is important to discern the mutation effect on the various 602 

muscle types. Also, this example illustrates the possibility for testing the efficacy of therapeutic 603 

compounds in myofibrils.  604 

 605 

Figure 4E shows an active force trace of a single myofibril isolated from mouse skeletal soleus 606 

muscle tissue. The myofibril was mounted in the setup and perfused with relaxing solution (pCa 607 

9.0), followed by perfusion with activating solution (pCa 4.5, ~0.032 mM calcium). We 608 

simultaneously recorded the force and sarcomere length. Note that this is a near isometric 609 

contraction as cantilever deflection is ~0.5 µm, which is approximately 1% of the myofibril’s 610 
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slack length (~50 µm). In Figure 4E a rapid shortening-restretch protocol was performed during 611 

active contraction to assess the rate of tension redevelopment (kTR, yellow dashed line). KTR is 612 

a measure of cross-bridge cycling kinetics. Also, the activation and relaxation curves were fitted 613 

to determine the rate of activation (kACT, red dashed line) and relaxation (kREL, green dashed 614 

line), respectively. Figure 4 shows a more detailed view of the relaxation phase highlighted in 615 

Figure 4F. Two phases become apparent: 1) an initial slow phase of relaxation (dominated by 616 

cross-bridge detachment) and 2) a fast phase of relaxation (dominated by cross-bridge 617 

detachment and calcium-dissociation).20  618 

 619 

Passive force in myofibrils isolated from a human skeletal muscle biopsy 620 

Figure 10 shows a trace of a passive force experiment with a myofibril isolated from healthy 621 

human diaphragm muscle tissue. The first protocol involves one or multiple passive stretches to 622 

determine the viscoelastic properties of the sarcomeres. Figure 10 shows a force trace of a 623 

continuous stretch of a myofibril (stretch from sarcomere length 2.2 to 3.0 μm). During stretch, 624 

myofibrils display both viscous and elastic characteristics. This is evident from the curve shown 625 

in Figure 10A. The sharp peak represents both characteristics, whereas the plateau force is a 626 

measure of elasticity. Viscosity resists strain linearly. Thus, the force drops after the strain is 627 

removed. Figure 10B highlights the stretch itself and illustrates the high signal to noise ratio (note 628 

that force traces are unfiltered).  629 

 630 

DISCUSSION 631 

Here, we describe a protocol to assess the contractile function of myofibrils isolated from human 632 

or animal skeletal muscle tissues. The force resolution of our setup has been described before by 633 

Chavan et al. (2012).12 In short, it is determined by the random fluctuations of the length of the 634 

Fabry-Perot cavity formed between the detection fiber and the cantilever, which produce the 635 

dominant part of the noise at the output of the readout (expressed in V) that, multiplied by the 636 

deflection sensitivity (expressed in m/V) and by the spring constant of the cantilever (expressed 637 

in N/m), provides the force noise. For our setup, the root mean square (rms) noise in air at the 638 

output of the readout, sampled at a 1000 data points/s (sample/s), is approximately 2 mV. For a 639 

typical myofibril measurement, a ferrule-top probe is used with a spring constant of ~0.7 N/m 640 

(deflection sensitivity ∼300 nm/V), this rms value corresponds to a cantilever deflection 641 

resolution of 0.6 nm, which translates in a force sensitivity of ~0.37 nN. The force probe is 642 

calibrated by pushing the tip of the mounting needle against a weighing scale while keeping the 643 

bending of the cantilever equal to a multiple of the wavelength of the readout laser.13 This 644 

method of calibration entails both the cantilever and mounting needle stiffness as well as 645 

possible variations in torque of the cantilever and mounting needle due to speed and magnitude 646 

of myofibril contraction. Currently, a setup for assessing myofibril contractility is available, which 647 

is based on the detection of a laser deflected from the cantilever, i.e. optical beam deflection 648 

(1700A; force resolution ~1 nN resolution). This system was developed by Labuda et al. (2011) 649 

using an optical periscope to guide a laser light towards and away from the cantilever in 650 

constraining configurations.11 In this system, a myofibril is mounted between the atomic force 651 

cantilever and a rigid glass needle. An advantage of the system described here is the higher force 652 

sensitivity and signal to noise ratio. Furthermore, in the setup described here, relatively stiff 653 

cantilevers can be used, which results in small cantilever deflection when myofibrillar force is 654 
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applied. This is important, as it allows for force measurements at nearly constant sarcomere 655 

length. Finally, compared to the system described by Labuda et al. (2011), the system described 656 

here utilizes similar or identical methods to control for temperature, to induce length changes 657 

on the myofibril, and to change the perfusion solutions (using a theta glass and fast step motor). 658 

The advantage of the system described by Labuda et al. (2011) is that a change of solution 659 

composition (between cantilever and optical periscope) does not affect the signal output. In the 660 

system described here, the solution composition between cantilever and optical fiber must 661 

remain constant. The solution to this limitation is described in more detail below. 662 

 663 

Optimization 664 

The optical force probe in combination with the fast-step perfusion system led to complications. 665 

The difference in optical properties between low and high [Ca2+] solutions interferes with the 666 

force measurements. To prevent backflow of the high calcium solution a custom flow chamber 667 

was engineered (Figure 3). A constant background flow of calcium-free solution was induced 668 

from right to left to keep the solution constant between the top of the optical fiber and the 669 

cantilever (Figure 3d).  670 

 671 

To control the temperature, a Peltier element with liquid cooling was mounted on the flow 672 

chamber. This flow chamber is thermally uncoupled from the microscope by mounting it on a 673 

plastic adapter. With the Peltier element, controlled by a TEC system, it is possible to control the 674 

temperature of the solution over time with 0.1C precision. Temperature is monitored by a 675 

temperature sensor mounted on the flow chamber. Temperature stability is important due to 676 

the nature of the force transducer. The cantilever consists of a gold-coated glass strip, effectively 677 

making it a thermometer. Thus, the cantilever will bend with temperature changes.  678 

 679 

We use a fast-step perfusion system (see Table of Materials) to control the movement of the 680 

theta-glass. This system allows for perfusion switches within 10 ms. Combining the method of 681 

temperature control and solution switching, makes this system particularly suitable to measure 682 

the kinetics of sarcomere contractility (rates of force development, tension redevelopment and 683 

relaxation) in myofibrils.  684 

 685 

Initially, the downside of using interferometry was the small usable range due to the necessity to 686 

use the linear part of the interference curve (λ/8, with the wavelength of the laser λ). However, 687 

recent innovation eliminated this need by combining wavelength modulation with a lock-in 688 

amplifier. Hereby, the system is not limited to a single linear part of the interference curve. This 689 

enables the measurement of infinite deflection of the cantilever .14 Thus, the range of cantilever 690 

deflection readout of this system is greatly enlarged compared to traditional interferometry. 691 

Additionally, the force probes described are easy to replace and there are many cantilevers 692 

available, with stiffnesses ranging from 0.5 N/m to >20 N/m. Therefore, it is possible to quickly 693 

change between cantilevers of various stiffness and select the stiffness best suitable for the 694 

experiment to be conducted. 695 

 696 

Challenges 697 
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The current system is a prototype based on a cardiomyocyte measuring system (see Table of 698 

Materials). Several components can be improved to provide a better user experience and data 699 

of higher quality. First, due to add-ons to the system, vibration and resonance can be an issue 700 

that will add noise to the signal. Also, the theta-glass holder and fast-step motor attachment 701 

method could be improved to make it less prone to vibration.  702 

 703 

Second, it is desirable to replace the fast-step motor with a piezo length actuator to increase the 704 

speed of solution switching and to obtain a more consistent motion.  705 

 706 

Third, the calcium solutions we previously used to activate single striated muscle fibers included 707 

propionic acid, but this solution absorbs near‐infrared light, interfering with the force 708 

measurements. Calcium chloride was used to eliminate the need for propionic acid, which greatly 709 

reduced this effect. This issue is inherent to a system based on interferometry and not present 710 

when utilizing optical beam deflection. 711 

 712 

Fourth, a custom flow bath was engineered to create a laminar flow, which matched the flow of 713 

the theta glass. This prevented backflow, due to turbulence, of the calcium rich solution. 714 

Therefore, the solution between the tip of the optical fiber and the cantilever remained constant. 715 

The coverslip with the myofibrils can move freely under the flow chamber and therefore, 716 

selection of suitable myofibrils is not confined to the small area of the flow chamber.  717 

 718 

Reproducibility and variability 719 

There are several elements of the system and protocol, which are important for the degree of 720 

reproducibility and variability of the data obtained. 721 

 722 

First, the quality of the measurements strongly depends on the quality of the myofibril isolation. 723 

Identical protocols yield different quality and quantity of myofibrils in different biopsies. In some 724 

cases, biopsies barely yield usable myofibrils or none at all. Common consensus is the assumption 725 

that damaged myofibrils will break during contraction and thus do not enter the results.  726 

 727 

Second, there is a uncertainty in the determination of the cross-sectional area of the myofibril. 728 

Due to technical constraints, it is possible to measure the width of the myofibril in only one plane. 729 

Therefore, to calculate the cross-sectional area we make the assumption that the width and 730 

depth are equal. When force is normalized to cross-sectional area to calculate maximal active 731 

tension, one should be aware of this assumption. Mounting of myofibrils due to myofibril 732 

mounting angle, position and the integrity of the glue. Although mounting angle and position can 733 

largely be controlled visually, small variations between myofibrils might be present. Glue integrity 734 

has not been investigated extensively. However, glue integrity can be verified by monitoring the 735 

sarcomere length in the myofibril before and after activation. When more sarcomeres are 736 

between the glue after a protocol, this suggests that slippage of the myofibril in the glue has 737 

occurred. Consequently, this myofibril should be excluded from the dataset.  738 

 739 

Other applications of the setup: Calcium pre-activation in cardiomyocytes isolated from rat 740 

left ventricle 741 
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In addition to assessing the contractile function of myofibrils, the system can also be used to 742 

measure cardiomyocyte mechanics. For example, Figure 11 illustrates the use of membrane-743 

permeabilized single cardiomyocytes isolated from rat left ventricle.21 Contrary to the 744 

experiments described above, relaxing solution was changed and activating solution was kept 745 

constant. Each cardiomyocyte underwent five sets of activations, exposing it to a 2 µM free 746 

calcium solution for 1 s. The 1 s time constraint is chosen to mimic the time-limited nature of 747 

cardiac contractions, where the exposure to low [Ca2+] solutions mimics the diastolic phase and 748 

the exposure to high [Ca2+] solutions mimics the systolic phase of cardiac muscle contraction 749 

(Figure 11A). For each of the five sets diastolic calcium was varied (1, 80, 160, 250 and 750 

400 nMCa2+), while systolic calcium remained constant (Figure 11A). A set consisted of two sets 751 

of three activation-relaxation cycles at 1.8 µm versus 2.0 µm and 2.0 µm versus 2.2 µm for 752 

different experimental groups. Peak force was measured at 1 second from the switch of the pipet 753 

and averaged for the set of three activation-relaxation cycles. The high signal‐to‐noise ratio and 754 

the high dynamic range of this force transducer allowed us to measure both the small changes in 755 

diastolic force and the much larger systolic forces (Figure 11B). Increasing diastolic calcium 756 

resulted in a higher force at 2 µM Ca2+ relative to the first activation (Figure 11B). Wild-type (WT) 757 

rat cardiomyocytes were compared with heterozygous (HET) RMB20 rat cardiomyocytes. HET 758 

rats have a more compliant titin protein as compared to the WT rats, due to alternative splicing. 759 

The effect was exaggerated in HET cardiomyocytes at 80 and 160 µM Ca2+ (Figure 11C).  760 

 761 

FIGURE LEGENDS: 762 

Figure 1 – Schematic depiction and (electron microscopy) images of a skeletal muscle and its 763 

morphology. A) shows the structure of skeletal muscle and B) shows the structure of the 764 

sarcomere, the smallest contractile unit. These schematic images are adapted from Servier 765 

Medical Art. C) shows an image of a single muscle fiber, and D) shows an electron microscopy 766 

image of a muscle fiber revealing myofibrillar damage as well as preserved myofibrillar 767 

ultrastructure. 768 

 769 

Figure 2 – Images showing a mounted myofibril, Ɵ-glass alignment and piezo mounting needle. 770 

A) A myofibril mounted at slack length between the glass fiber needles coated with shellac as 771 

seen through a 40X objective. B) Images of the position of the Ɵ-glass relative to the myofibril 772 

(highlighted with the white ovals) as seen through a 10X objective. (TOP) Aligned to the top 773 

channel (relaxing solution, pCa 9.0); (BOTTOM) Aligned to the bottom channel (activating 774 

solution, pCa 4.5) to perfuse the myofibril with calcium and induce contraction. C) Schematic 775 

depictions of the position of the Ɵ-glass relative to the myofibril. (TOP) Aligned with the top 776 

channel (relaxing solution, pCa 9.0); (BOTTOM) Aligned with the bottom channel (activating 777 

solution, pCa 4.5) to perfuse the myofibril with calcium and induce contraction. D) Mounting 778 

needle attached to the carbon rod of the piezo holder. 779 

 780 

Figure 3 – Schematic representation of the setup. (bottom left) End part of the tissue flow 781 

chamber. In dark blue the tissue flow chamber made out of aluminum and in white the cavity in 782 

which the force probe and theta glass are shown in position; (center) myofibril attached between 783 

two glass fiber mounting needles attached to the force probe and piezo length motor. The theta 784 

glass is aligned with the myofibril. The theta glass can move up and down to expose the myofibril 785 
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to the calcium solution. (right) The cantilever force probe in close-up. Indicated are the cavity 786 

size (or Fabry-Pérot cavity) d, reflection interfaces A, B and C and an example of a light wave 787 

emitted by the laser (red). The cantilever is mounted on the shoulder of the ferrule. The fiber 788 

that carries the laser from the interferometer exits the ferrule at the tip of the cantilever. A glass 789 

mounting fiber is fixed on the cantilever using wax. (top left) The interferometer (see Table of 790 

Materials) analyses the interferometer signal which is transmitted to the system controller 791 

software (see Table of Materials). 792 

 793 

Figure 4 – Experimental setup and data from active tension experiments. A) Schematic 794 

representation of the perfusion setup and solutions used. Note that the first and last tubes (light 795 

blue) contain calcium free solution (relaxing solution). B) Example force traces of an active 796 

tension experiment with a myofibril isolated from human skeletal muscle tissue showing five 797 

activations from relaxing solution (pCa 9.0) to multiple activation solutions (pCa 6.2 – 4.5). C) A 798 

force calcium curve; force levels at the plateaus in panel B) are normalized and plotted against 799 

their respective calcium levels. D) Example force trace of a type II (fast twitch) myofibril isolated 800 

from human skeletal muscle activated with pCa 5.6 solution (blue) and subsequently with pCa 801 

5.6 + BTS (a type II specific cross-bridge inhibitor, red). E) Example data trace of an active tension 802 

experiment with myofibrils isolated from mouse soleus skeletal muscle tissue with a rapid 803 

shortening-restretch protocol during activation to determine the rate of tension redevelopment 804 

(kTR, yellow dashed line). Also, the activation and relaxation curve are fitted to determine the rate 805 

of activation (kACT, red dashed line) and relaxation (kREL, green dashed line), respectively. F) shows 806 

a zoom of the relaxation phase (top left) highlighted in E. The fast step motor signal (bottom left) 807 

indicates the time point at which the solution is changed from activation solution (pCa 4.5) to 808 

relaxing solution (pCa 9.0). The relaxation phase consists of a linear, slow phase (top right) and a 809 

exponential, fast phase (bottom right). 810 

 811 

Figure 5 – Example setting for the signal generator in the system control software (see Table of 812 

Materials). 1) Indicates the button to execute commands entered in the signal generator. A) 813 

Initialization of the piezo length motor. B) Initialization of the fast-step motor. C) Performing a 814 

fast-step to activate a myofibril for a duration of 5 s. D) Performing a rapid shortening-restretch 815 

of a myofibril to determine the kTR. E) Performing a stepwise stretch of a myofibril to determine 816 

the viscoelastic properties. 817 

 818 

Figure 6 – Valve controller software as used on the PC (see Table of Materials). A) Indicates the 819 

button to turn on to open valves 1 (Rx) and 6 (Act). B) Indicates the state of the buttons when 820 

all valves are closed. 821 

 822 

Figure 7 – Measuring sarcomere length, myofibril length and myofibril width with the system 823 

controller software (see Table of Materials). A ruler is used as an example. A) Measuring the 824 

sarcomere length: the purple box is placed around the myofibril and the sarcomere length is 825 

shown in (1). B) Measuring the length: The cyan box is placed from beginning to end of the 826 
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myofibril. C) Measuring with: After rotating the camera 90 C, the cyan box is placed from side 827 

to side of the myofibril. 828 

 829 

Figure 8 – Thermoelectric temperature controller software. A) Establish connection with the 830 

thermoelectric temperature controller. B) Expand temperature settings. C) Set desired 831 

temperature, in this case: 15 C. D) Turn on thermoelectric temperature controller and send 832 

voltage to Peltier thermoelectric cooler module. 833 

 834 

Figure 9 – Settings for the syringe outflow pump (see Table of Materials). A) Open connection to 835 

the pump by pressing (1). B) Initialize pump with pre-defined settings by pressing (2). C) Start 836 

outflow pumping by setting the ‘Valve Commands’ to ‘Bath Valve (2)’ and entering the ‘Command 837 

Set Parameters’ as shown. Execute the command by pressing (3). Commands can be terminated 838 

by pressing (4). 839 

 840 

Figure 10 – Example data trace of a passive tension experiment with myofibrils isolated from 841 

human skeletal muscle tissue. A) Recording of the force (upper) and sarcomere length (lower) 842 

during a stretch and release protocol. B) Zoom of (A) showing the force (upper) and sarcomere 843 

length during the stretch phase of the myofibril.  844 

 845 

Figure 11 – Experimental setup and data from cardiomyocyte calcium pre-activation 846 

experiments. A) Schematic representation of the perfusion setup. Note that the last tube (light 847 

blue) contains calcium free solution (relaxing solution). B) Superimposed curves of activation of 848 

a cardiomyocyte without (light blue) and with (dark blue) calcium pre-activation, with [Ca2+]’s of 849 

1 nM and 80 nM respectively. C) Comparison of calcium pre-activation in wild-type (WT) and 850 

heterozygous RBM20 (HET) cardiomyocytes isolated from rat left ventricle. This figure has been 851 

modified from Najafi et al. (2019).21 852 

 853 

TABLE LEGENDS: 854 

 855 

Table 1 – Table describing the various signal generator settings used in the system controller 856 

software to operate the piezo length motor and fast-step motor. 857 

 858 
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Creative Commons Licence 

Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License 

You are free to: 

 Share — copy and redistribute the material in any medium or format 

 Adapt — remix, transform, and build upon the material for any purpose, even commercially. 

This license is acceptable for Free Cultural Works. 

The licensor cannot revoke these freedoms as long as you follow the license terms. 

License 

THE WORK (AS DEFINED BELOW) IS PROVIDED UNDER THE TERMS OF THIS CREATIVE 
COMMONS PUBLIC LICENSE ("CCPL" OR "LICENSE"). THE WORK IS PROTECTED BY COPYRIGHT 
AND/OR OTHER APPLICABLE LAW. ANY USE OF THE WORK OTHER THAN AS AUTHORIZED 
UNDER THIS LICENSE OR COPYRIGHT LAW IS PROHIBITED. 

BY EXERCISING ANY RIGHTS TO THE WORK PROVIDED HERE, YOU ACCEPT AND AGREE TO BE 
BOUND BY THE TERMS OF THIS LICENSE. TO THE EXTENT THIS LICENSE MAY BE CONSIDERED 
TO BE A CONTRACT, THE LICENSOR GRANTS YOU THE RIGHTS CONTAINED HERE IN 
CONSIDERATION OF YOUR ACCEPTANCE OF SUCH TERMS AND CONDITIONS. 

1. Definitions 

a. "Adaptation" means a work based upon the Work, or upon the Work and other pre-existing 
works, such as a translation, adaptation, derivative work, arrangement of music or other 
alterations of a literary or artistic work, or phonogram or performance and includes 
cinematographic adaptations or any other form in which the Work may be recast, transformed, or 
adapted including in any form recognizably derived from the original, except that a work that 
constitutes a Collection will not be considered an Adaptation for the purpose of this License. For 
the avoidance of doubt, where the Work is a musical work, performance or phonogram, the 
synchronization of the Work in timed-relation with a moving image ("synching") will be considered 
an Adaptation for the purpose of this License. 

b. "Collection" means a collection of literary or artistic works, such as encyclopedias and 
anthologies, or performances, phonograms or broadcasts, or other works or subject matter other 
than works listed in Section 1(f) below, which, by reason of the selection and arrangement of their 
contents, constitute intellectual creations, in which the Work is included in its entirety in 
unmodified form along with one or more other contributions, each constituting separate and 
independent works in themselves, which together are assembled into a collective whole. A work 
that constitutes a Collection will not be considered an Adaptation (as defined above) for the 
purposes of this License. 

c. "Distribute" means to make available to the public the original and copies of the Work or 
Adaptation, as appropriate, through sale or other transfer of ownership. 

Copyright permission (SMARTl, Figure 1) Click here to access/download;Supplemental File (Figures,
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d. "Licensor" means the individual, individuals, entity or entities that offer(s) the Work under the 
terms of this License. 

e. "Original Author" means, in the case of a literary or artistic work, the individual, individuals, 
entity or entities who created the Work or if no individual or entity can be identified, the publisher; 
and in addition (i) in the case of a performance the actors, singers, musicians, dancers, and other 
persons who act, sing, deliver, declaim, play in, interpret or otherwise perform literary or artistic 
works or expressions of folklore; (ii) in the case of a phonogram the producer being the person or 
legal entity who first fixes the sounds of a performance or other sounds; and, (iii) in the case of 
broadcasts, the organization that transmits the broadcast. 

f. "Work" means the literary and/or artistic work offered under the terms of this License including 
without limitation any production in the literary, scientific and artistic domain, whatever may be the 
mode or form of its expression including digital form, such as a book, pamphlet and other writing; 
a lecture, address, sermon or other work of the same nature; a dramatic or dramatico-musical 
work; a choreographic work or entertainment in dumb show; a musical composition with or 
without words; a cinematographic work to which are assimilated works expressed by a process 
analogous to cinematography; a work of drawing, painting, architecture, sculpture, engraving or 
lithography; a photographic work to which are assimilated works expressed by a process 
analogous to photography; a work of applied art; an illustration, map, plan, sketch or three-
dimensional work relative to geography, topography, architecture or science; a performance; a 
broadcast; a phonogram; a compilation of data to the extent it is protected as a copyrightable 
work; or a work performed by a variety or circus performer to the extent it is not otherwise 
considered a literary or artistic work. 

g. "You" means an individual or entity exercising rights under this License who has not previously 
violated the terms of this License with respect to the Work, or who has received express 
permission from the Licensor to exercise rights under this License despite a previous violation. 

h. "Publicly Perform" means to perform public recitations of the Work and to communicate to the 
public those public recitations, by any means or process, including by wire or wireless means or 
public digital performances; to make available to the public Works in such a way that members of 
the public may access these Works from a place and at a place individually chosen by them; to 
perform the Work to the public by any means or process and the communication to the public of 
the performances of the Work, including by public digital performance; to broadcast and 
rebroadcast the Work by any means including signs, sounds or images. 

i. "Reproduce" means to make copies of the Work by any means including without limitation by 
sound or visual recordings and the right of fixation and reproducing fixations of the Work, 
including storage of a protected performance or phonogram in digital form or other electronic 
medium. 

2. Fair Dealing Rights. Nothing in this License is intended to reduce, limit, or restrict any uses free from 
copyright or rights arising from limitations or exceptions that are provided for in connection with the 
copyright protection under copyright law or other applicable laws. 

3. License Grant. Subject to the terms and conditions of this License, Licensor hereby grants You a 
worldwide, royalty-free, non-exclusive, perpetual (for the duration of the applicable copyright) license to 
exercise the rights in the Work as stated below: 

a. to Reproduce the Work, to incorporate the Work into one or more Collections, and to Reproduce 
the Work as incorporated in the Collections; 

b. to create and Reproduce Adaptations provided that any such Adaptation, including any 
translation in any medium, takes reasonable steps to clearly label, demarcate or otherwise 
identify that changes were made to the original Work. For example, a translation could be marked 
"The original work was translated from English to Spanish," or a modification could indicate "The 
original work has been modified."; 
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c. to Distribute and Publicly Perform the Work including as incorporated in Collections; and, 

d. to Distribute and Publicly Perform Adaptations. 

e. For the avoidance of doubt: 
i. Non-waivable Compulsory License Schemes. In those jurisdictions in which the right 

to collect royalties through any statutory or compulsory licensing scheme cannot be 
waived, the Licensor reserves the exclusive right to collect such royalties for any exercise 
by You of the rights granted under this License; 

ii. Waivable Compulsory License Schemes. In those jurisdictions in which the right to 
collect royalties through any statutory or compulsory licensing scheme can be waived, 
the Licensor waives the exclusive right to collect such royalties for any exercise by You of 
the rights granted under this License; and, 

iii. Voluntary License Schemes. The Licensor waives the right to collect royalties, whether 
individually or, in the event that the Licensor is a member of a collecting society that 
administers voluntary licensing schemes, via that society, from any exercise by You of 
the rights granted under this License. 

The above rights may be exercised in all media and formats whether now known or hereafter devised. 
The above rights include the right to make such modifications as are technically necessary to exercise the 
rights in other media and formats. Subject to Section 8(f), all rights not expressly granted by Licensor are 
hereby reserved. 

4. Restrictions. The license granted in Section 3 above is expressly made subject to and limited by the 
following restrictions: 

a. You may Distribute or Publicly Perform the Work only under the terms of this License. You must 
include a copy of, or the Uniform Resource Identifier (URI) for, this License with every copy of the 
Work You Distribute or Publicly Perform. You may not offer or impose any terms on the Work that 
restrict the terms of this License or the ability of the recipient of the Work to exercise the rights 
granted to that recipient under the terms of the License. You may not sublicense the Work. You 
must keep intact all notices that refer to this License and to the disclaimer of warranties with 
every copy of the Work You Distribute or Publicly Perform. When You Distribute or Publicly 
Perform the Work, You may not impose any effective technological measures on the Work that 
restrict the ability of a recipient of the Work from You to exercise the rights granted to that 
recipient under the terms of the License. This Section 4(a) applies to the Work as incorporated in 
a Collection, but this does not require the Collection apart from the Work itself to be made subject 
to the terms of this License. If You create a Collection, upon notice from any Licensor You must, 
to the extent practicable, remove from the Collection any credit as required by Section 4(b), as 
requested. If You create an Adaptation, upon notice from any Licensor You must, to the extent 
practicable, remove from the Adaptation any credit as required by Section 4(b), as requested. 

b. If You Distribute, or Publicly Perform the Work or any Adaptations or Collections, You must, 
unless a request has been made pursuant to Section 4(a), keep intact all copyright notices for the 
Work and provide, reasonable to the medium or means You are utilizing: (i) the name of the 
Original Author (or pseudonym, if applicable) if supplied, and/or if the Original Author and/or 
Licensor designate another party or parties (e.g., a sponsor institute, publishing entity, journal) for 
attribution ("Attribution Parties") in Licensor's copyright notice, terms of service or by other 
reasonable means, the name of such party or parties; (ii) the title of the Work if supplied; (iii) to 
the extent reasonably practicable, the URI, if any, that Licensor specifies to be associated with 
the Work, unless such URI does not refer to the copyright notice or licensing information for the 
Work; and (iv) , consistent with Section 3(b), in the case of an Adaptation, a credit identifying the 
use of the Work in the Adaptation (e.g., "French translation of the Work by Original Author," or 
"Screenplay based on original Work by Original Author"). The credit required by this Section 4 (b) 
may be implemented in any reasonable manner; provided, however, that in the case of a 
Adaptation or Collection, at a minimum such credit will appear, if a credit for all contributing 
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authors of the Adaptation or Collection appears, then as part of these credits and in a manner at 
least as prominent as the credits for the other contributing authors. For the avoidance of doubt, 
You may only use the credit required by this Section for the purpose of attribution in the manner 
set out above and, by exercising Your rights under this License, You may not implicitly or 
explicitly assert or imply any connection with, sponsorship or endorsement by the Original Author, 
Licensor and/or Attribution Parties, as appropriate, of You or Your use of the Work, without the 
separate, express prior written permission of the Original Author, Licensor and/or Attribution 
Parties. 

c. Except as otherwise agreed in writing by the Licensor or as may be otherwise permitted by 
applicable law, if You Reproduce, Distribute or Publicly Perform the Work either by itself or as 
part of any Adaptations or Collections, You must not distort, mutilate, modify or take other 
derogatory action in relation to the Work which would be prejudicial to the Original Author's honor 
or reputation. Licensor agrees that in those jurisdictions (e.g. Japan), in which any exercise of the 
right granted in Section 3(b) of this License (the right to make Adaptations) would be deemed to 
be a distortion, mutilation, modification or other derogatory action prejudicial to the Original 
Author's honor and reputation, the Licensor will waive or not assert, as appropriate, this Section, 
to the fullest extent permitted by the applicable national law, to enable You to reasonably exercise 
Your right under Section 3(b) of this License (right to make Adaptations) but not otherwise. 

5. Representations, Warranties and Disclaimer 

UNLESS OTHERWISE MUTUALLY AGREED TO BY THE PARTIES IN WRITING, LICENSOR OFFERS 
THE WORK AS-IS AND MAKES NO REPRESENTATIONS OR WARRANTIES OF ANY KIND 
CONCERNING THE WORK, EXPRESS, IMPLIED, STATUTORY OR OTHERWISE, INCLUDING, 
WITHOUT LIMITATION, WARRANTIES OF TITLE, MERCHANTIBILITY, FITNESS FOR A PARTICULAR 
PURPOSE, NONINFRINGEMENT, OR THE ABSENCE OF LATENT OR OTHER DEFECTS, 
ACCURACY, OR THE PRESENCE OF ABSENCE OF ERRORS, WHETHER OR NOT DISCOVERABLE. 
SOME JURISDICTIONS DO NOT ALLOW THE EXCLUSION OF IMPLIED WARRANTIES, SO SUCH 
EXCLUSION MAY NOT APPLY TO YOU. 

6. Limitation on Liability. EXCEPT TO THE EXTENT REQUIRED BY APPLICABLE LAW, IN NO 
EVENT WILL LICENSOR BE LIABLE TO YOU ON ANY LEGAL THEORY FOR ANY SPECIAL, 
INCIDENTAL, CONSEQUENTIAL, PUNITIVE OR EXEMPLARY DAMAGES ARISING OUT OF THIS 
LICENSE OR THE USE OF THE WORK, EVEN IF LICENSOR HAS BEEN ADVISED OF THE 
POSSIBILITY OF SUCH DAMAGES. 

7. Termination 

a. This License and the rights granted hereunder will terminate automatically upon any breach by 
You of the terms of this License. Individuals or entities who have received Adaptations or 
Collections from You under this License, however, will not have their licenses terminated 
provided such individuals or entities remain in full compliance with those licenses. Sections 1, 2, 
5, 6, 7, and 8 will survive any termination of this License. 

b. Subject to the above terms and conditions, the license granted here is perpetual (for the duration 
of the applicable copyright in the Work). Notwithstanding the above, Licensor reserves the right to 
release the Work under different license terms or to stop distributing the Work at any time; 
provided, however that any such election will not serve to withdraw this License (or any other 
license that has been, or is required to be, granted under the terms of this License), and this 
License will continue in full force and effect unless terminated as stated above. 

8. Miscellaneous 
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a. Each time You Distribute or Publicly Perform the Work or a Collection, the Licensor offers to the 
recipient a license to the Work on the same terms and conditions as the license granted to You 
under this License. 

b. Each time You Distribute or Publicly Perform an Adaptation, Licensor offers to the recipient a 
license to the original Work on the same terms and conditions as the license granted to You 
under this License. 

c. If any provision of this License is invalid or unenforceable under applicable law, it shall not affect 
the validity or enforceability of the remainder of the terms of this License, and without further 
action by the parties to this agreement, such provision shall be reformed to the minimum extent 
necessary to make such provision valid and enforceable. 

d. No term or provision of this License shall be deemed waived and no breach consented to unless 
such waiver or consent shall be in writing and signed by the party to be charged with such waiver 
or consent. 

e. This License constitutes the entire agreement between the parties with respect to the Work 
licensed here. There are no understandings, agreements or representations with respect to the 
Work not specified here. Licensor shall not be bound by any additional provisions that may 
appear in any communication from You. This License may not be modified without the mutual 
written agreement of the Licensor and You. 

f. The rights granted under, and the subject matter referenced, in this License were drafted utilizing 
the terminology of the Berne Convention for the Protection of Literary and Artistic Works (as 
amended on September 28, 1979), the Rome Convention of 1961, the WIPO Copyright Treaty of 
1996, the WIPO Performances and Phonograms Treaty of 1996 and the Universal Copyright 
Convention (as revised on July 24, 1971). These rights and subject matter take effect in the 
relevant jurisdiction in which the License terms are sought to be enforced according to the 
corresponding provisions of the implementation of those treaty provisions in the applicable 
national law. If the standard suite of rights granted under applicable copyright law includes 
additional rights not granted under this License, such additional rights are deemed to be included 
in the License; this License is not intended to restrict the license of any rights under applicable 
law. 
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