Biosensors and Bioelectronics 138 (2019) 111284

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

MyoRobot 2.0: An advanced biomechatronics platform for automated, R

Check for

environmentally controlled skeletal muscle single fiber biomechanics s
assessment employing inbuilt real-time optical imaging

M. Haug™', C. Meyer™', B. Reischl®, G. Pr6lR?%, S. Niibler®, S. Schiirmann®, D. Schneidereit®,
M. Heckel, T. Poschel®, S.J. Rupitsch®, O. Friedrich®®*

2 Institute of Medical Biotechnology, Friedrich-Alexander-University Erlangen-Niirnberg, Paul-Gordan-Str. 3, 91052, Erlangen, Germany

® Institute of Multi Scale Simulation of Particulate Systems, Friedrich-Alexander-University Erlangen-Niirnberg, Négelsbachstrae 49b, 91052, Erlangen, Germany
¢ Institute of Sensor Technology, Friedrich-Alexander-University Erlangen-Niirnberg, Paul-Gordan-Str. 3/5, 91052, Erlangen, Germany

4 School of Medical Sciences, Faculty of Medicine, University of New South Wales, Wallace Wurth Building, 18 High St, Kensington, NSW, 2052, Australia

€ Muscle Research Center Erlangen (MURCE), Erlangen, Germany

ARTICLE INFO ABSTRACT

Keywords: We present an enhanced version of our previously engineered MyoRobot system for reliable, versatile and au-
MyoRobot tomated investigations of skeletal muscle or linear polymer material (bio)mechanics. That previous version
Skeletal muscle already replaced strenuous manual protocols to characterize muscle biomechanics properties and offered au-
EPL . tomated data analysis. Here, the system was further improved for precise control over experimental temperature
::;iemf:;:rleng h and muscle single fiber sarcomere length. Moreover, it also now features the calculation of fiber cross-sectional

area via on-the-fly optical diameter measurements using custom-engineered microscope optics. With this optical

Temperature control . : . . L
Biosensor systems integration, the MyoRobot 2.0 allows to tailor a wealth of recordings for relevant physiological para-

Biomechatronics
Ca®* sensitivity

Axial compliance
Young's modulus

meters to be sequentially executed in living single myofibers. Research questions include assessing temperature-
dependent performance of active or passive biomechanics, or automated control over length-tension or length-
velocity relations. The automatically obtained passive stress-strain relationships and elasticity modules are
important parameters in (bio)material science. From the plethora of possible applications, we validated the
improved MyoRobot 2.0 by assessing temperature-dependent myofibrillar Ca®>* sensitivity, passive axial com-
pliance and Young's modulus. We report a Ca®* desensitization and a narrowed dynamic range at higher
temperatures in murine M. extensor digitorum longus single fibers. In addition, an increased axial mechanical
compliance in single muscle fibers with Young's moduli between 40 - 60 kPa was found, compatible with re-
ported physiological ranges. These applications demonstrate the robustness of our MyoRobot 2.0 for facilitated

single muscle fiber biomechanics assessment.

1. Introduction

Motility is an essential pre-requisite for life in the animal kingdom.
In fact, skeletal muscle is the main organ transducing electrical nerve
signals into contractile activity of motor protein complexes. This pro-
cess is called excitation-contraction coupling (Ebashi, 1976; Berchtold
et al., 2000) and involves chemical Ca®* signalling. Malfunctions
within the electro-chemical cascade of protein biopolymer activation at
the interface of actin and myosin filaments mostly result in loss-of-

function symptoms of muscle weakness and impaired mobility. Al-
though muscle research has been and still is a vital area in physiology
and neurology, the discovery of numerous genetic mutations in genes
involving muscle regulation could not be matched by the increased
demand for functionality studies. Reasons are tedious research proto-
cols to assess the biomechanics of whole muscle, small fiber bundles or
even single fibers (Lamb and Stephenson, 2018). There is a tremendous
need for highly automated and throughput-increasing technologies in
myology. Such multidisciplinary challenges could potentially open up
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new possibilities in emerging fields, e.g. personalized medicine, organ
printing or tissue engineering and biomedical engineering. These dis-
ciplines require extensive studies, as close to physiological conditions as
possible. Thus, development and implementation of new technologies
to facilitate expanding our knowledge of muscle biomechanics (Head,
2010; Friedrich et al., 2014) and (bio)materials are a promising bio-
medical engineering mission. We recently introduced the MyoRobot
automated biomechatronics system as a multi-purpose platform that
meets the requirements of high experimentation numbers, repeatability
through automated recordings and stability and reproducibility of re-
sults through objective algorithm analysis (Haug et al., 2018). Apart
from its range of application, not being limited to muscle research only,
the MyoRobot has proven very effective for investigating active and
passive biomechanics properties of muscle fibers combining state-of-
the-art force transducer (FT) sensor, stepper motor and voice coil (VC)
actuator technologies.

Still, major limitations of the system were that (i) an environmental
temperature control, desired by many physiologists to establish Q10
values to derive functional kinetics parameters, and (ii) an in-built
optical metrology to automatically monitor single fiber diameter and
sarcomere length (SL) patterns, were not yet available. The latter would
allow to directly normalize forces to cross-sectional area (so-called
specific force) and to precisely adjust SL to define global starting points
for resting length-tension curves across individual fibers. This would
eliminate large scattering of recorded active forces, typically arising
from individual fiber calibre variability within a muscle and allow a
better comparison with literature values, usually given in N/mm? or
kPa (Lannergren and Westerblad, 1987; Sam et al., 2000; Mendias
et al., 2011). Furthermore, it would also eliminate different degrees of
slack of fibers in stress-strain relationships due to starting at defined SLs
rather than absolute fiber resting lengths Lo (Haug et al., 2018). Thus,
we here improved our MyoRobot system to enable user control over
these parameters. The first improvement consists of a heated metal
alloy multi-well rack which came along with the necessity to install
stronger and faster linear actuation motors and integrating water bath
fluid connectors for liquid heating into the rack's wall. Turbulence
chambers inside the walls minimized heating time and ensured steady
temperature control over time. Moreover, the rack's glass bottom allows
constant visual feedback of the specimen via the in-built microscope
optics. The optics provide a magnification of approx. 24 x. This enables
the live determination of fiber diameter and SL, prior to or during any
recordings, using our custom-written MyoRobot 2.0 GUI, called Myo-
Wizard. These improvements, presented in Fig. 1, substantially increase
the versatility of the MyoRobot and predispose this device for auto-
mated higher throughput modern biomechanics research in myology
and biomaterials.

2. Results

2.1. The thermo-controlled rack: stable temperature profiles and
homogeneous heat distribution

Compensation for possible heat loss along connecting hoses and
latency between set and measured water bath temperature was assessed
in calibration experiments before recording any muscle samples. Water
bath temperature was additionally monitored by two external sensor at
well #15 and #1. Fig. 2 displays the calibration curves, measured
within the water bath and heated rack, for physiological limb tem-
perature (32°C (Bigland and Zaimis, 1958), Fig. 2A) and core body
conditions (37 °C, Fig. 2B). Both calibration curves yield a heating
progression of 51;% and confirm an offset of 1 °C between set and
measured water bath temperature, and another 1 °C loss compared to
the actual rack temperature. Applying slightly higher temperatures
(+2 °C), rack temperature was constantly held at 32 °C or 37 °C over
300 min. Moreover, temperature profiles displayed no major
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differences between external and internal heat sensors, even at distant
rack position numbers, i.e. #15 or #1. This confirms an effective in-
sulation and heat distribution for the chosen materials, rack design and
in-built turbulence chambers.

2.2. Increased evaporation and augmented osmolality after 2 h of recording
above room temperature

Due to the high sensitivity of the troponin-C Ca** biosensor in the
micromolar range and its strong dependence on environmental factors,
even minimal changes in ionic strength, pH and osmolality may lead to
a biased experiment outcome. Therefore, we quantitated changes to the
bath solution compositions by conducting an evaporation assay. This
included increasing temperatures to determine the maximum recording
time during which osmolality changes remained within a minimum
acceptable range (5%, i.e. ~2 hrs; Fig. 3). Observations showed that
evaporation was neglectable at room temperature (RT, 22 °C) within an
extended recording interval per muscle preparation. At RT, neither a
weight loss of the basin volume, nor consequent osmolality alterations
were detected within 2 h. In our experience from past studies using the
previous MyoRobot system at RT, we did not expect changes even for
longer durations (up to 6h). Subsequently, rack temperature was in-
creased to 32 °C, causing a basin solution weight loss of approx. 2.5 %
w/h and a parallel increase in osmolality of approx. 3.75%/h. Ulti-
mately, these observations suggest keeping recording time at tem-
peratures above RT below 2 h to avoid osmolality changes greater than
5%, and to minimize solution evaporation.

2.3. Automated MyoRobot 2.0 recordings of myofibrillar Ca®* biosensor
sensitivity at different (physiological) temperatures

Initial tests with the MyoRobot 2.0 heated rack involved temperature
dependent assessment of maximum isometric force and troponin-C
Ca®* sensitivity in the same single fiber. While absolute force in single
fibers only was ~0.1 mN at RT, an increase to 32 °C or 37 °C yielded an
over two-fold augmented F,, and thus, improved performance
(Fig. 4A). This enhancement with temperature is likewise reflected in
the caffeine-induced SR Ca®" release force transients (Fof), Whose
maximum amplitude reveals an over three-fold increase under heated
conditions. Apparently, fibers at limb temperature (32°C) perform
better than their RT counterparts and further imply a slight amplitude
increase compared to 37 °C, which is also reflected in the ratio of
Eaff,peak/Fmax-

Addressing the calcium sensitivity in pCa-force experiments
(Fig. 4B, top row) reveals a right-shift and increase in curve steepness at
higher temperatures. Indeed, group analysis (Fig. 4B) suggests a two-
fold larger Hill-coefficient for fibers at 37 °C over those recorded at RT.
This points towards a decreased dynamic range due to an increased
stoichiometric number of Ca®** binding sites at the myofibrillar inter-
face of troponin-C, although this was not statistically significant. On the
contrary, the pCaso value appears to decrease steadily under warmer,
more physiological conditions, indicative of a calcium desensitization
compared to experiments carried out at RT.

2.4. Camera calibration confirms um-resolution of the engineered optics

A major improvement of our MyoRobot 2.0 system was implemented
as an in-built optics to visualize single fibers during biomechanical
recordings without the requirement of external research microscopes.
Results on camera calibration and resolution can be found in the SI.

2.5. Benchmarking of MyoRobot 2.0 fiber cross section and sarcomere
length analysis on-the-fly against subsequent multiphoton SHG imaging

Before applying the MyoRobot 2.0, the system was benchmarked
against SHG images of the same fiber. Further information on MyoRobot
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Fig. 1. CAD design and photographs of
the MyoRobot 2.0 with in-built en-
gineered optics and temperature-con-
trolled linear rack.A1 & A2, CAD model
and picture of the assembled MyoRobot 2.0
shown in side-view perspective, including
markers for important components. The
white box shows the transfer slide used for
fiber mounting B1, displays the CAD design
model of the heated rack featuring water
bath connectors for external heating and
turbulence chambers promoting homo-
geneous fluidics and coolant distribution.
The wells are sealed with a glass bottom
enabling optical access to the mounted
sample. B2, presents a photograph of the
assembled rack and fluid connectors. A
temperature sensor was built into well #15.
C, the FT-VC arrangement uses Hooke's law
to record exerted forces. Active force is
triggered by exposing the preparation to
Ca®*- or caffeine-containing solution.
Passive force is assessed by stretching the
(relaxed) preparation. The output signal is
passed through a bridge amplifier, digitized
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2.0 benchmarking can be found in the SI.

Fig. 5 presents a single EDL fiber imaged with MyoRobot 2.0 optics
and processed with the implemented algorithm to assess (i) fiber cross
section, indicated by the red edges fitted to the yellow dots and (ii) SL,
determined along the green line running across the fiber. The line
profile (Fig. 5B) was processed using two different techniques, rising
edge of derivative (left panel) and FFT of derivative (right panel), to
provide two independent measures for sarcomere spacing. Both
methods calculated SL to ~2.5 um, which agrees well with the average
SL obtained by image analysis of 3D SHG stacks from the same fiber

A
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following MyoRobot experiments (Fig. 5C), computing a value of
2.56 um. A cross-validation from five single fibers (Table 1, SI) confirms
the robustness of the implemented detection algorithm by matching SLs
computed with the MyoRobot 2.0 compared to SHG analysis. There was
no statistical difference between SHG and average MyoWizard results.
This concludes the reliable application of the MyoRobot 2.0 software for
on-the-fly sarcomere measurements.
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Fig. 2. Temperature distribution curves for set-points of 32 °C and 37 °C.A, the water bath was initially set to the desired target rack temperature of 32 °C. This
resulted in an effective water bath temperature of 31 °C and a rack temperature of 30 °C. After 35 min, the water bath temperature was increased to 33 °C and finally
(minute 70) to 34 °C, eventually achieving the target rack temperature of 32 °C. B, the same experiment was carried out for 37 °C. Target rack temperature was again
achieved when water bath temperature was effectively at 38 °C (39 °C were set). The rate of heat loss, assuming an average water flow of 21/min calculates to 0.14 J/

S.



M. Haug, et al.

32 1 T O < < o 15
30 4 L 10 g
2 g
L 284 - -5 90
2 3G
© —&— Temperature (°C) = £
L 96 —8— weightdecrease (%w) L o 52
E‘ osmolality increase (%) g "—;
2 acceptable range ©°
24 - 5 £
n
o

22 Y—O—l - -10

0 1 2 3 4 5 6
Time (h)

Fig. 3. Time course of solution evaporation and osmolality changes for RT
and above.

While for 2hat RT no changes in bath solution weight and osmolality were
detectable, a subsequent increase to 32 °C revealed a weight loss of ~2.5 %w/h,
progressing linearly with time. The resulting increase in relative osmolality due
to loss of evaporating water from the wells was measured to be ~3.75%/h. A
highlighted area marks the acceptable recording time span.

2.6. Live analysis of MyoRobot 2.0 images compared to post-imaging
analysis in image J

In a final step to ultimately confirm the image analysis algorithm's
capabilities, live images of EDL single fibers were taken to compare
online analysis to post-processing in Image J. Fig. 6 shows four example
fibers (identifier given in the top left corner) with their computed
diameter and SL, determined via both techniques, rising edge and FFT,
respectively. In white light images (MyoRobot), the sarcomere signal
appears slightly out-of-focus and the fibers edges are blurry, which may
be a reason for the MyoRobot 2.0 algorithm to slightly overestimate
fiber diameter here. Yet, since differences are mostly within the STDEV
of the manual analysis, it can be concluded that discrepancies between
both analysis methods are negligible, supporting the application of our
edge and SL detection algorithm to live images and online analysis. The
complete table (SI Table 2) comprised of 15 measured single fibers is
found in the SI.

2.7. Absolute fiber-to-sarcomere length relations confirm linear relationship,
and single fiber RLT recordings starting from 2.6 um SL confirm similar
compliance and Young's modulus across fibers

A typical mounting- and thus, absolute start resting-length L, in the
previous MyoRobot system ranged between 1,800-2,100 um. Therefore,
we examined the sarcomere-to fiber-length relation in four different
fibers that were either stretched or slackened after initial mounting and
SL determination through the in-built optics. Fig. 7 clearly displays a
linear relationship between SL and stretches or slackening in multiples
of 50 um absolute fiber length each, for all samples. Intriguingly, we
could observe that the linear increase was similar across individual fi-
bers, indicating that SL constantly increases (stretch) or decreases
(slackening) at equal magnitude between 2.6 - 3.6 um, regardless of
initially mounted absolute fiber length.

This information was utilized to carry out resting-length-tension
recordings (RLT) with SL adjusted to 2.6 + 0.1 um before each experi-
ment. Using the MyoRobot 2.0 optical system, we were able to derive
the fiber diameter, allowing us to normalize forces to cross-sectional
area, converting maximum passive restoration force (Fig. 8A) to max-
imum stress (Fig. 8B). While passive forces were measured to be 0.07 +
0.01 mN, their specific force was in a range of 20 + 5kPa at average
diameters of approx. 60 um, resulting in ~3,000um? cross-sectional
area (Fig. 8C). Fig. 8D displays passive axial compliance and Young's
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modulus. Both follow an expected inverse relationship with compliance
showing a decreasing trend with strain while Young's modulus tends to
increase.

3. Discussion

3.1. Temperature-control of single fiber biomechatronics and reliable
recording windows for ongoing experiments above 30 °C

The improvement of the MyoRobot system for temperature-con-
trolled recordings is a meaningful advancement. Temperature latency
and heat loss due to imperfect hose isolation were compensated for. The
resulting temperature was kept stable over hours and confirmed by
multiple sensors to be homogeneously distributed throughout the rack
via in-built turbulence chambers. An important assay was to assess
evaporation under heated rack conditions. Here, a striking increase in
osmolality of muscle fiber activating solutions was demonstrated al-
ready within 2 h when attempting to record at physiological tempera-
tures (>30°C). On the short-term scale, it is recommended to either
keep recording times above RT at a minimum (i.e. 2 hrs) or to perform
series of different protocols sequentially. Yet, on the long-term scale,
additional engineering solutions seem feasible. A possibility we cur-
rently envision is to engineer a vertical lid that either mechanically or
electrically opens upon well exchange, allowing rack movement, and
re-seals as soon as the pins emerge in active solution.

3.2. Increased maximum force despite Ca®* desensitization at higher
temperatures

In agreement with previous studies (Ranatunga and Wylie, 1983),
recordings of temperature-dependent maximum force and caffeine-in-
duced SR Ca®" release force transients suggest at least two-fold in-
creased force values for fibers recorded under physiological conditions
(>30°C, Fig. 4A). Here, absolute force measured 0.2 mN, which agrees
with recordings done by Mendias et al. (2011) (Mendias et al., 2011).
Caffeine-induced, Ca®*-mediated force was observed to be approx. 2/3
of maximum active force for each respective temperature, which was
expected at ~65% physiological endogenous SR filling (Lamb et al.,
2001). Force transient amplitudes were more increased in proportion to
maximum Ca®”* saturated force, arguing for a higher SR Ca®" filling at
elevated temperatures (at least referring to the Ca®* releasable pool of
total SR Ca?*), similar to findings in isolated SR vesicles (Inesi et al.,
1973). The increased maximum (Ca?* -saturated) performance of fibers
under warmed-up conditions likely appears to result from augmented
cross-bridge cycling caused by higher actin-myosin binding turnover
rates (de Tombe and Stienen, 2007; Wang and Kawai, 2001; Decostre
et al., 2005). At high levels of activation (pCa = 4.92) and near phy-
siological temperature, cross-bridge attachment and detachment rates
are greatly enhanced (Zhao and Kawai, 1994) and both contribute to
the overall tension development (de Tombe and Stienen, 2007). Fur-
ther, temperature is assumed to boost the probability of state transitions
during cross-bridge cycling, being a competent factor for isometric
force generation (Decostre et al., 2005). This assumption could be
verified by carrying out experiments on the speed of shortening, which
is expected to result in faster performance at physiological conditions,
as the ATPase activity of myosin determines the speed of muscle con-
traction (Barany, 1967; Siemankowski et al., 1985). Further, for EDL
maximum force generation, the Q10 temperature coefficient from 22 to
32°C calculated to 2.46 aligns well with the reasonable physiological
range for isometric contraction in fast-twitch muscle (Rall and Woledge,
1990). Experiments on rat EDL single fibers covering 25-35 °C yielded a
Q10 of ~2.5 (Ranatunga, 1998), which agrees well with our results.
Based on cross-bridge cycle modelling, the endothermic ATP hydrolysis
was identified as contributor to the temperature-increased force gen-
eration, likely fuelling heat-absorbing force development (Offer and
Ranatunga, 2015). These findings also point towards an increased
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Fig. 4. Biomechanical performance of single muscle fibers at different physiological temperatures.A, example recording displaying a caffeine-induced force
transient (Fy) followed by maximum Ca®* activation (Fyy) of a single fiber at 32 °C. Analysis shows Fy,, to be approx. two-fold increased for recordings above RT,
while the peak of Fu (Faf,peak) is even more increased. This trend explains the resulting higher ratio of both values for temperatures above RT, in which warmed up
fibers once again outperform their RT counterparts. B, displays a representative recording of a pCa-force curve at 32 °C, flanked by force relaxation to ~0 mN in HR
solution. Decreasing pCa steps are marked in the plot. The group analysis for all temperatures is shown on the right, including group fits obtained by averaging all fit
values of single recordings. While curve steepness (Hill-coefficient) constantly increases with temperature, the fits reveal a right-shift towards smaller pCas, values.
Both, average Hill-coefficient and pCas, value, are presented in the bar charts below. *: p<0.05; n.s.: not significant.

SERCA1 Ca®* pump activity at higher temperatures. Indeed, in che-
mically stimulated human vastus lateralis and rectus abdominis fibers, SR
Ca®* ATP hydrolysis is reported to reveal a Q10 of 2.6 from 12 to 30 °C,
which is proposed to be less augmented than the Q10 value of isometric
peak force amplitudes (Stienen et al., 1996).

Evaluation of pCa-force curves displays a two-fold increased Hill
coefficient for fibers recorded at 37 °C in comparison to RT, indicating a
narrowed dynamic range at 37 °C. This suggests a higher stoichiometric
number of Ca®" ions binding to troponin-C per force unit increase.
However, literature implies that Ca®>* sensitivity and Hill coefficient
may not directly correlate with the number of Ca>* ions binding to
regulatory proteins (Brenner, 1988; Landesberg and Sideman, 1994).
The basis of this assumption originates from two parameters, f and g,
that were first introduced by Huxley and Simmons (1971). (Huxley and
Simmons, 1971) as rate constants to describe two distinct cross-bridge
turnover states. Here, f refers to a transition from a non-force to a force
generating state while g reflects the opposite transition (ADP release
and ATP binding). Those were utilized in Brenner (1988) (Brenner,
1988) to describe cross-bridge turnover kinetics. By combining Ca®*
sensitivity ~protocols with ATPase related NADH absorption

spectroscopy, they concluded that a large Hill coefficient does not ne-
cessarily point towards long-range cooperativity of Ca®>* binding sites
at troponin-C, but may arise due to an increased f/g ratio (Brenner,
1988). Therefore, the steeper pCa-force curves recorded above RT likely
are a consequence of increased actomyosin ATPase turnover rates due
to an enhanced transition from a non-force to a force generating state,
rather than augmented Ca®* binding sites.

In contrast to curve steepness, the pCaso value decreased with
temperature, implying a desensitization of the contractile apparatus.
Quantifying the decrease of pCaso per 1 °C results in ApCa = 0.012 %
and agrees with the decrease found in skinned EDL single fibers of rats
(Stephenson and Williams, 1985). With increasing temperature, the
Ca* affinity of troponin-C is reduced due to negative binding enthalpy
and thus, likely responsible for the observed Ca®* desensitization.
Further studies on frog muscle fibers report a similar temperature-de-
pendent decrease in pCaso and moreover, emphasise a parallel increase
in maximum force (Godt, 1982), which supports our observations. A
more detailed analysis yields that at high Ca?* concentration
(pCa = 5.0), an increase in temperature caused greater maximum force
generation, while at lower Ca?* containing solutions (pCa = 5.8), force
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Fig. 5. Validation of the accuracy of the
MyoRobot 2.0-implemented optics and
MyoWizard SL detection algorithm based on
SHG images of the exact same EDL single
fiber.A, shows an EDL single fiber visualized
with the MyoRobot 2.0 optics. The image area
framed by the green box was used for edge de-
tection (results indicated by red lines; edges
meeting the criteria are marked with yellow
dots) and the line profile for SL calculation was
obtained along the green line. The sarcomere
pattern is magnified in the white box. Our
MyoWizard measured a fiber diameter of
52.4 um and a SL of 2.5 ym for both computation
methods detailed in B. The rising edge technique
utilized the derivative of the line profile to
search for rising edges whose distances were
converted to a physical average for sarcomere
spacing (red numbers in plot). In parallel, a FFT

40 - . o
B line profile FFT of derivative of the repetitive pattern of the derivative re-
e 10 — derivative - sulted in a single peak in the 1/px. domain.
S ¢=\i 30 1 Maximum detection then allowed a conversion
& 100 ~ to the um scale. C, high resolution SHG image of
> ] % 20 - the same EDL fiber as in (A) after MyoRobot 2.0
g 2 1/f~0.0733 evaluation. Analysis of the 3D SHG image stack
k] 5] o SL~2.53ym yields an average SL of 2.56 ym, matching well
£ f~13.59 px. E 10 1 with the results obtained with our MyoRobot 2.0
0 - J algorithm. (For interpretation of the references
SL ~ 2.52 ym. o o \ to colour in this figure legend, the reader is re-
200 300 400 500 600 700 800 000 002 004 006 008 010 ferred to the Web version of this article.)
Pixel 1/Pixel
. 3.8 - =
Fiber CS (pm Fiber CS (um @® f1(L0=2,050 pm)
67.1(‘1 ) 45.6(u ) f2 (LO = 1,860 um) 0.0015 SL/pm
S SL (um) 364 ¥ f3(L0=1,910pum)
= f4 (LO = 2,010 pm)
2.6 3.1 g
SL FFT (um) ~ 3.4 -
= 0.0014 SL/ym
(=]
C 3.2 4
2
[
E 3.0 1 0.0015 SL/pm
S 281
S
©
Fiber CS (um) Fiber CS (um) )
| a1 49.3
SL (um) SL (um) 24 Y T T T T 1
2.9 39 1200 1400 1600 1800 2000 2200 2400
~ SLFFT (um) SL FFT (um)

Fig. 6. Images of wt EDL single fibers taken and analyzed with the
MyoRobot 2.0 optical system on-the-fly (blue), including comparative va-
lues obtained in Image J (white).

Four different single fibers are displayed (f5, 8, f10 and f11, see Table 2 (SI) for
further details) along with the results obtained from the MyoRobot 2.0 algo-
rithm in grey boxes. Comparative values by manual analysis in Image J given in
white. Scale bar applicable to all images. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)

Voice Coil position / fiber length (um)

Fig. 7. Sarcomere length-to-absolute fiber length relation reveals pro-
portionality.

Four single muscle fibers were mounted at the given resting length L, to impose
changes in absolute fiber length via VC actuation in steps of 50 um. SL was
analyzed using the MyoRobot 2.0 optical system and detection algorithm, re-
vealing a linear relationship between SL and VC position change.

declined (Godt, 1982) at higher temperature. Thus, this enhanced dif-
ference between increased force values at pCa <5.0 and reduced forces
at pCa >5.8 provide an explanation for the enhanced force-pCa curve
steepness.

3.3. Accurate resolution and SL detection with the MyoRobot 2.0 in-built
optical system

Utilizing the USAF (1951) target, resolution was verified to resolve
structures of at least ~2.193 um, corresponding to the smallest element
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Fig. 8. RLT curves from single muscle fibers starting at 2.6 ym SL reveal decreasing compliance and increasing Young's modulus with strain.

Representative plots of an RLT-curve displayed as force-fiber-length (A) and stress-strain relation (B). Axial compliance was derived from the force-length relation by
applying linear fits to each section of 10% length change and calculating the inverse increase. The Young modulus was computed from the stress-strain relation by
dividing the stress at a given strain by the respective strain. C, maximum force of single fibers and calculated maximum passive stress. To the right, average fiber
diameter and resulting FCS (assuming circular cross section) are presented. D, axial compliance and Young's modulus tend to decrease and to increase, respectively,

with strain.

on the target which was still easily resolved. Since line pairs were still
distinguishable, the assumption of resolving sarcomeres in the range of
1.6-3.6 um was confirmed with live images. Comparing SHG processed
image stacks to single white light image analysis performed on the same
single fiber with the MyoRobot 2.0 optics and software suggests a good
match between results for fiber diameter and SL (Table 1). The ex-
panded live analysis of single fibers validates the correct detection of
both values online, but suggests that the FFT detection method is better
suited for images with low contrast or compromised signal quality.

3.4. Linear absolute fiber-to-sarcomere length relation across various
mounting distances

As expected, linear changes to absolute fiber length L, implied
linear changes in SL over a long range (AL ~ 600 um); yet, intriguingly
different mounting distances did not affect the proportionality factor,
being at ~ 0.0014 umSL/umL, across preparations. Although at shorter
mounting distance, a stretch of 50 um should represent a greater re-
lative elongation than at longer mounting distances, our results suggest
that between an initial pin distance of 1,800-2,100 um, SL follows ab-
solute fiber length in a robust, linear fashion.

3.5. Automated assessment of steady-state axial compliance and elasticity
modulus in single fibers

Active length-tension relationships display a plateau for maximum
force generation between 2.0 - 2.4 um (Gordon et al., 1966a, 1966b;
Edman, 2005) before force declines. This is due to the passive elements
stiffening for SL >2.6 um (ter Keurs et al., 1978), reflecting the des-
cending limb of the active length-tension relationship. Since this de-
pendence varies from species to species (Rassier et al., 1999), SL must
be precisely controlled to map the descending limb in murine muscle
(2.6 um (Edman, 2005)) prior to recording passive restoration force,
axial compliance and Young's modulus.

Due to the technical complexity of investigations regarding the
passive elements, i.e. limited availability of commercial biomecha-
tronics systems allowing high precision automated quasi-static pull,

only few data are available on passive restoration forces, in particular
for single fibers. Experiments on whole muscles suggest specific passive
force values between 200 and 400kPa (Smith and Barton, 2014);
nevertheless, direct comparability of absolute values to other organ
scales is compromised due to the strong dependence on preparation
geometry and either presence or absence of extracellular matrix (ECM).
The scarce data available on single fibers yields values of 40-60 kPa
(Anderson et al., 2001, 2002) in murine soleus muscle (a typical slow-
twitch muscle). Assuming a two-fold increased passive restoration force
in soleus over EDL fibers, as reported for rat in Mutungi and Ranatunga
(1996) and similarly in mouse muscle (Haug et al., 2018), our observed
EDL single fiber specific passive force (elastic stiffness) of 20 + 5kPa
clearly is in a reasonable range. Further support is provided by in-
vestigations in murine wt soleus fiber bundles, revealing a specific re-
storation force of approx. 60 kPa after a stretch to 3.5 um SL (Diermeier
et al., 2017b), proposing the EDL to display about 30 kPa, which was
confirmed in our recordings.

Recent studies on soleus suggested single fiber diameters to be
30-40 um (Diermeier et al., 2017a), while EDL fibers reveal a larger
diameter of 38-75um which is however, strongly dependent on fiber
type (Alnageeb and Goldspink, 1987). Assuming circular cross section,
our values for cross-sectional area (~3,000 ,umz) scale well with an
average fiber diameter of 60 ym.

The Young modulus revealed an increasing trend from 45 to 55 kPa
with strain. This range is also reflected in developing C2C12 myoblasts
(Collinsworth et al., 2002) and is further comparable to other muscle
types (Mathur et al., 2001) investigated with atomic force microscopy
(AFM). The apparent Young modulus of myotube membrane was found
to be ~45 kPa (Collinsworth et al., 2002), which was confirmed by AFM
in fully developed muscle cells (40-60 kPa at 60-80 nm indentation)
and agrees with our results regarding isolated single muscle fibers.
However, it must be kept in mind that indentation and axial strain
reflect two different biomechanical stressors yielding lateral and axial
elasticity modules, respectively. The former includes more the lateral
traction forces including the ECM (if present), membrane and dystro-
glycan complex as well as its connection to cytoskeletal components
(Collinsworth et al., 2002), while the latter reflects the sarcomeric and
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extra-sarcomeric longitudinal cytoskeletal components, i.e. titin
(Granzier and Irving, 1995). Nevertheless, we conclude that adjusting
SL to 2.6 um (decreasing limb of the length-tension relation) is bene-
ficial to obtain comparable and physiologically relevant results, and to
produce a more reproducible and coherently defined state of the muscle
fiber preparation to relate the biomechanical results to.

In contrast to the Young's modulus, axial compliance minimally
decreases in gradually elongated EDL single fibers. The axial com-
pliance range of 10-16 m/N is smaller than values found in fiber bun-
dles (Haug et al., 2018). The more compliant behaviour of single fibers
is likely due to the lack of ECM and a therefore, reduced tensile con-
tribution to passive resistance. The ECM of muscle fibers represents a
functional extension of the tendon (Wood et al., 2014) and bears the
majority of passive load (Gillies and Lieber, 2011). Therefore, it is not
surprising that elastic stiffness of fiber bundles is more than two-fold
augmented compared to single fibers (Gillies and Lieber, 2011; Meyer
and Lieber, 2011). Comparing our single fiber results with a previous
assessment of passive force in bundles (Haug et al., 2018) revealed si-
milar results. Considering that ECM only takes up ~18% fraction of
cross-sectional area (Wood et al., 2014), it can be assumed to be an
extremely stiff scaffold surrounding rather compliant fibers. Conse-
quently, in stress-strain relations, single muscle fibers void of their ECM
display a linear relation, such as observed here, while fiber bundles
present non-linear behaviour due to ECM presence (Gillies and Lieber,
2011).

3.6. Summary and outlook

Above all, improvements enabling temperature and SL adjustment
were verified to work accurately and to markedly increase the versa-
tility of applications of our improved MyoRobot 2.0 system for advanced
biomechanics investigations. Compensating temperature latency and
loss was accounted for to stably maintain the desired temperature at the
preparation. Results regarding temperature-dependent Ca®* sensitivity
revealed a desensitization at physiological temperatures. Future biolo-
gical applications involving more specific animal models will help to
establish a larger database to approximate systematic fluctuations in
data distributions.

The most meaningful advancement of our MyoRobot 2.0 system was
the inclusion of an infinity optics for on-the-fly optical assessment of
fiber geometries (diameter, SL). This approach rendered our bio-
mechatronics solution independent of external research microscopes,
unlike other commercial systems, and combines opto-mechatronics
communication in one system. In-built SL adjustment will make a great
contribution to standardization in single fiber biomechanics. The pas-
sive properties of EDL single muscle fibers at their descending limb
from 2.6 um match well with published results, highlighting the ne-
cessity of SL adjustment prior to any assessment of passive elasticity/
compliance. Thus, the enhanced MyoRobot 2.0 system has proven to be
a valuable platform for carrying out advanced biomechanical experi-
ments. The now implemented control over temperature and SL, while
providing force normalization to fiber cross section on-the-fly makes it
superior to other systems on the market and makes it an attractive
system for upcoming commercialization.

4. Materials and methods
4.1. MyoRobot 2.0 hardware components

Since the introduction of the system in Haug et al. (2018) (Haug
et al., 2018), it was expanded by multiple features (Fig. 1), increasing
its automation range and versatility to include modular protocol
packages for state-of-the-art biomechanics research and biopolymer
testing. Amongst these, temperature controlled recordings were en-
abled by constructing a heated multi-well rack made of stainless steel.
Liquid heating allowed the use of space saving fluid connectors and
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hoses to easily link the rack to any typical water bath for reliable
temperature control. For each new bath reservoir and hose-connector
combination, an initial calibration would be required to relate set water
bath temperature to measured rack heat. Homogeneous temperature
distribution was realized by in-built turbulence chambers (Fig. 1B)
while an integrated platinum resistance heat thermistor (HEL-700,
Honeywell) at well #15 monitored internal rack temperature, which
was digitized using the Pt1000 transmitter (B + B SENSORS). For
temperature calibration, two additional external multimeter sensors
were applied at position #15 and #1 of the temperature-controlled
rack.

Due to the steel rack possessing a tare weight of 534 g, the previous
stepper motors had to be replaced by a more powerful alternative,
namely ballscrew linear actuators. Those still work at 400 mm/s if the
payload is below 1 kg. Therefore, the vertical axis was replaced with the
RCP3-SA4R and the horizontal axis by the RCP4-SA3C, manufactured
by IAI America, Inc. and featuring customizable velocity control, po-
sition referencing at a resolution of +0.02 mm while appraised long life
expectancy and low power consumption. The motors were linked to
PCON-CA controllers (IAI America, Inc.), providing software commu-
nication based on a LabVIEW controlled interface and allowing position
feedback and a fully re-writable position parameter storage.

Further, optical access to the sample was granted by sealing the rack
with a glass bottom and implementing a custom-built microscope op-
tics, tailored for the narrow space and application within the MyoRobot
2.0 system (Fig. 1C). The system is basically composed of a 20 mm focus
lens, a 500 mm tube lens and two tilting mirrors (LA1859-A and
LA1908-A, BB1-E02 and DMLP605, THORLABS) providing a magnifi-
cation of ~24 x. The focus lens and the first tilting mirror were placed
below the sample, mounted on a custom-built vertical holder, including
a micrometer screw for manual focus adjustment. Driving the lens in a
way that its back focal length aligned with the sample resulted in
parallel rays exiting the focus lens before deflecting them by 90° via the
first mirror. Consequently, they passed the tube lens and hit the second
mirror being placed in a THORLABS kinematic mount, for easy field-of-
view fine adjustment, followed by the CCD camera (DFK 61BUC02, The
Imaging Source). All optical parts were fixed on alignment post holders
mounted on a rail system fabricated in our institute workshop. The
transmission light source being adjustable in position, was composed of
a flash light (P4, LED Lenser).

4.2. Software and edge/SL detection implementation

Actuation control of linear motors and VC actuator was realized in a
customizable tabulator control panel including save and load func-
tionality within the MyoRobot 2.0 GUI, we name MyoWizard. Predefined
recording protocols to execute routines such as pCa-force or RLT curves
could be loaded, modified and saved in a table containing well number
# and dwell time t#, while more advanced options for VC actuation
were customizable in a separate window, allowing to set a delay time
prior to changes of absolute mounted fiber length Lo, the actual change
in Lo or the time to reside in this new position. FT data were con-
tinuously monitored on a signal diagram. Buttons enabled skipping or
pausing the current execution sequence or terminating the protocol
prematurely. To facilitate fiber mounting, a manual mode was accessed
to operate the vertical motor to elevate or lower the FT and VC pin, as
well as changing pin distance using the arrow keys on the control
keyboard.

The MyoRobot 2.0 camera control software (MyoWizard) features
buttons to adjust camera properties, such as BCG values, exposure and
gain to acquire a contrast-rich image. Fiber edge detection was im-
plemented using the standard LabVIEW function that projected a green
search rectangle onto the image, whose edges and rotation were ad-
justed via slider controls. The function scanned for contrast differences
of defined magnitude within the rectangle. Edge distances are derived
in pixel values and converted to physical yum by multiplication with the



M. Haug, et al.

camera voxel size. Determining SL was done by obtaining the intensity
profile along a line, whose position and orientation were derived from
the rectangles coordinates. By calculating the discrete derivative, sharp
contrast changes were transformed into amplitudes and sarcomere
distance (maximum intensities) were reflected as rising edges passing
the horizontal zero line. Based on optimization steps, a filtering func-
tion excluded sections of amp. < 1 int/px. and distances not matching a
physiological SL range of 1.5 — 5 um. Consequent averaging and ob-
taining the median of all distances allowed to derive a reliable value for
online SL determination. For further back up, the derivative was
transformed into the Fourier domain via FFT, in which repetitive pat-
terns at certain frequency become visible as distinguished peaks along
the power spectrum. Applying similar filter functions and implementing
three thresholding techniques (half max., 95% quantile or manual) al-
lowed for automated peak detection, whose location was re-trans-
formed, displayed to the user and ultimately compared with the rising-
edge method.

4.3. Camera calibration, resolution and algorithm validation experiments

Camera calibration was done using elements on a USAF (1951)
target of different line width (15.61 and 6.96 um for G5E1 and G6E2,
respectively). An image of each element was saved to disk using the
MyoRobot 2.0 software and analyzed in Image J by five-times measuring
each line of the element (SI Fig. 9A). Knowing the distance in pixel and
physical line width, the ratio reflected the camera CF and was de-
termined to be 0.14 pm/px.

Obtaining the resolution power required to image the smallest ele-
ment of the UASF (1951) target, which was G7E6 featuring 228 line
pairs per 1 mm. Using the MyoRobot 2.0 optics, the element was easily
resolved, suggesting a resolution of at least < 21;);(;“ :”2 < 2.193um (SI
Fig. 9B).

To validate the optical SL determination, single muscle fibers were
fixed in a well containing 4% PFA at a given SL and then imaged using
the MyoRobot 2.0 optics. The preserved fibers where then transferred to
a Vaseline bedded coverslip for SHG microscopy while their SL re-
mained fixed to the value measured in the MyoRobot 2.0. A mode-
locked 800 nm ps-pulsed Ti:Sa laser (Chameleon Vision II, Coherent,
Santa Clara, CA, USA) was used for SHG microscopy (TriMScope II,
LaVision BioTec, Bielefeld, Germany) to excite the second harmonic
generation (SHG) signal of myosin. The fluorescence signal at 405 nm
was detected as forward scattered signal to create a 3D volume with
single slices being 0.5 um apart (step-size). For further details refer to
(Diermeier et al., 2017b). Image stacks of the exact same fibers were
analyzed with an Image J plugin (Fiji) providing a measure for average
SL based on FFT. Ultimately, SHG derived values were compared to
MyoWizard results. Then, the algorithm was tested during live MyoR-
obot 2.0 recordings and automated MyoWizard analysis against manual
measurements in Image J. For this, fifteen fibers were analyzed to de-
termine SL and fiber diameter, while .tif images were stored to disk for
comparative post-imaging analysis with Image J (no plugin). Five-times
repeated line measurements were carried out. The results are correlated
to the MyoWizard obtained values in Fig. 7 and confirm the algorithm to
be applicable for on-the-fly use.

4.4. Single muscle fiber preparation
To validate the newly developed features of the MyoRobot 2.0,

murine EDL single fibers were used. Further details regarding the pre-
paration and use of chemical solutions are given in the SI Methods.

4.5. Chemically and mechanically driven recording protocols

Prior to any recording, single muscle fibers were immersed for 20 s
in chemical skinning solution (saponin 0.01% w/v), emptied of internal
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releasable sarcoplasmic Ca®* by exposure to RS (containing 30 mM
caffeine) for 60 s followed by another 60 s in HR to remove any excess
Ca?" before returning to the idle (LR) well. Solutions used for pre-
paration or muscle activation/relaxation were composed as in Haug
et al. (2018) (Haug et al., 2018). The following recording procedures
were implemented:

(1) Maximum force and caffeine-induced force transients: emptied of en-
dogenous Ca®™, the SR of single fibers was reloaded under defined
conditions and followed by caffeine-induced SR Ca®-release.
Maximum Ca®* saturated force generation terminated the protocol:
90sLS-1sHR-60sLR-90sRS-10s HA - 60s HR. The chosen
sequence was optimized in loading time to achieve a caffeine-in-
duced force amplitude of ~2/3 maximum force. Results are pre-
sented in Fig. 4A.

(2) Ca** sensitivity of the myofibrillar contractile apparatus: the per-
meabilized sample was directly exposed to wells with sequentially
decreasing pCa value, composed of highly-EGTA buffered relaxing
and Ca®* rich activating solution. Each immersion lasted for 20s
before proceeding to the next well (Fig. 4B).

(3) Absolute fiber-to-sarcomere-length relation: fibers were mounted be-
tween 1,800-2,100um L, and resting SL determined via the
MyoRobot 2.0 software. Subsequently, the VC was driven in steps of
multiples of 50 um to stretch or relax the fiber and obtain its SL in
dependence of its new absolute length to which linear slopes were
fitted (see (Haug et al., 2018)).

(4) Passive axial compliance in resting-length-tension curves starting from
2.6 um SL: addressing the fibers passive axial compliance under
relaxing LR conditions required constant and slow stretching at
velocities ensuring a steady-state between instantaneous elastic
restoration force and viscous relaxation. This was implemented by
driving the VC at ~0.42 um/s to stretch the fiber to 140% L, after
initially calibrating its SL to 2.6 + 0.1 yum. An example of an RLT
experiment is depicted in Fig. 8A.

A detailed description to data analysis regarding calcium sensitivity
and RLT recordings is given in the SI Methods.
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