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Abstract: Tissue engineering is a multidisciplinary approach focused on the development of innova-
tive bioartificial substitutes for damaged organs and tissues. For skeletal muscle, the measurement
of contractile capability represents a crucial aspect for tissue replacement, drug screening and per-
sonalized medicine. To date, the measurement of engineered muscle tissues is rather invasive and
not continuous. In this context, we proposed an innovative sensor for the continuous monitoring
of engineered-muscle-tissue contractility through an embedded technique. The sensor is based on
the calibrated deflection of one of the engineered tissue’s supporting pins, whose movements are
measured using a noninvasive optical method. The sensor was calibrated to return force values
through the use of a step linear motor and a micro-force transducer. Experimental results showed that
the embedded sensor did not alter the correct maturation of the engineered muscle tissue. Finally,
as proof of concept, we demonstrated the ability of the sensor to capture alterations in the force
contractility of the engineered muscle tissues subjected to serum deprivation.

Keywords: contractile force measurements; tissue engineering; optical tracking algorithm; noninva-
sive measurements; electrical stimulation; 3D in-vitro system; skeletal muscle; tissue biomechanics;
sensor development

1. Introduction

The development of three-dimensional (3D) engineered tissues represents a valid
approach for regenerative medicine, whose aim is to restore the functionality of tissues and
organs damaged by age, disease, injuries or congenital defects [1,2]. Tissue engineering
is a multidisciplinary approach that involves the combination of living cells with a syn-
thetic bioartificial or natural support to develop substitutes characterized by structural,
mechanical and functional properties as close as possible to the native tissue [3,4]. Among
all tissues, skeletal muscle represents the most abundant in the human body, amounting to
40–50% of the average weight [5]. It is a metabolically active tissue requiring a constant
flow of nutrients and metabolites, provided by an extensive capillary network forming
an organized pattern throughout the fibers [6]. The engineering of skeletal muscle in-vitro
holds promise for the treatment of a variety of muscle diseases [7], including skeletal
myopathies such as muscular dystrophy or spinal muscular atrophy [8,9], as well as for the
design of in-vitro models employed for drug screening or the investigation of phenomena
regulating disease onset and progression [10–12]. In this context, we developed a 3D
engineered skeletal muscle tissue obtained from murine primary cultures without using
any scaffold, named ex-vivo muscle engineered tissue X-MET [13]. The X-MET shows both
morphological and functional characteristics similar to in-vivo skeletal muscle. In detail, in
our previous work [13], we found that the structure of engineered tissue was constituted by
a longitudinal distribution of parallel myotubes surrounded by layers of connective tissue,
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similar to those observed in a muscle section for a skeletal muscle. In Carosio et al. [13], we
also demonstrated the presence of a vessel-like structure that allows for nutrient diffusion
and guarantees the culture survival of X-MET. Furthermore, we measured several mechani-
cal parameters, starting from the measurements of the spontaneous contraction [14] to that
induce by electric stimulation [13], as well as the mechanical power [15,16]. In short, the
possibility of accurately controlling and measuring the functional properties of engineered
muscle tissues, such as the contractile force, is a fundamental aspect of tissue engineering
allowing for a valid characterization of the tissues before their transplant or modeling for
the study of disease alterations. To this aim, the development of new platforms and tech-
nologies for assessing the contractile functions of in-vitro engineered tissues, also allowing
for embedding a series of different measurement sensors, is essential for improving tissue
development. Most of the existing methods for the measurement of contractile force are
direct. They are based on the use of a high-resolution force transducer coupled to one end
of the engineered specimen, while the other end is fixed to the substrate [17–19]. These
platforms were used to analyze different conditions of the 3D engineered tissues, such as
co-cultures [20], cell sources [21,22] and media supplements [23], as well as to perform
drug screening [9]. Despite the high accuracy of force measurements, the use of a force
transducer only allows for performing endpoint measurements and requires direct contact
with the specimen. In fact, usually, the in-vitro 3D tissues grow between two anchors,
and during the contractility measurement, one end of the construct has to be detached by
its anchor and connected to the force transducer, thus inducing possible tissue structure
damage and consequent changes in contractility.

To overcome these limitations, noninvasive devices and techniques such as optical
methods have been recently proposed for the measurement of the contractile force. Their
working concept is mainly based on the measurement of a cantilever or post deflection [24].
Santoso et al. [25] used the muscular thin film (MTF) assay to quantify differences in
contractile force between the muscle tissue engineered from the C2C12 cell line and human
muscle tissue. Specific optical programs were used to determine the radius of curvature
of each MTF cantilever and calculate tissue stress using a modified Stoney’s equation.
Guo et al. [26] fabricated a microelectromechanical system (MEMS) based on a silicone
cantilever to test the contraction force of the myofibers grown on them. A detection system
was designed to measure the deflection of the cantilever during the myotubes’ contraction.
Finally, Nagashima et al. [27] developed a microdevice constituted by micro-posts where
the tested tissue was clamped for measuring the contractile force of human skeletal muscle
tissue. The contractile force was obtained by the measurement of the tip displacement of
the micro-posts through an upright microscope, when the tissue was electrically stimulated.
All these methodologies are the most used for the 3D in-vitro measurement of muscle
tissues’ contractility because of their main advantages, such as the noninvasiveness for
the tissue and the possibility of the continuous monitoring of the contractility. On the
other hand, they are highly complex to be realized since they require microfabrication
facilities or specific fabrication devices. Furthermore, they are not easy to integrate with
other measurement systems, for example high-resolution microscopy.

Recently, other emerging technologies have been proposed as alternative ways to mea-
sure contractility, such as traction force microscopy, traditionally used for the measurement
of cell contractility [28] and now extended to the tissue level [29] and to microelectrode
arrays (MEAs) [30], whose working concept is based on the recording of the bioelectri-
cal signal generated by a culture. These methodologies are noninvasive and compatible
with high-resolution microscopy, but they present some limitations. First, they do not
provide the direct measurement of the contractile force but measure the contraction and
relaxation velocities curves, where contractility is usually presented as percentage of the
movement [31]. Other limitations are inherent to the setup, being compatible only with
specific types of culture (such as those characterized by a low cellular density [32]) and
requiring the entire tissue to be placed in direct contact with the device [30].
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Within this context, here, we propose the development of an embedded sensor for
the continuous monitoring of engineered muscle tissue’s contractility though the use of
an optical tracking technique. The sensor core is based on a calibrated pin employed as a
standard tissue’s supporting pin whose movements are measured through a noninvasive
optical method. The proposed sensor returns the force developed by the 3D in-vitro
engineered tissue following calibration with a linear actuator and a micro-force transducer.
Although the working concept of our sensor, based on the deflection of an elastic pin
following the tissue contraction, is similar to those mentioned above [26,27], the proposed
sensor provides several advantages in terms of fabrication, applications and integration
with the samples. First, our sensor was designed to not alter the engineered tissue’s
growth and development and to avoid multiple changes in the tissue’s connections to
the external force transducer, thereby being fully embedded in standard culture dishes.
In view of this, the sensor can be easily integrated with an optical setup to measure the
tissue contraction in a noninvasive manner and to perform continuous measurement for
prolonged periods. Finally, the sensor for monitoring the tissue contractility was realized
with low-cost materials, its fabrication does not require specific and complex devices, and
the production time is quite short.

This sensor was then used to measure the contractile force of five X-METs for five
consecutive days to test its noninvasiveness in terms of correct tissue growth. Since the
loss of muscle functionality occurs in different compromised conditions, such as traumatic
injury, prolonged denervation, acute trauma and aging, here we proposed as proof-of-
concept the use of this embedded sensor to capture alterations in contractile force in X-MET
specimens subjected to alterations in anabolic factors. This condition was obtained by
culturing specimens in a serum-free medium enriched with bovine serum albumin (BSA),
known to mimic an aged microenvironment. As the main protein of several sera, such
as fetal bovine serum and horse serum, albumin was indicated as the most important
factor associated with successful attempts to maintain cells in the absence of serum [33,34].
Epidemiological studies indicated that age-related declines in muscle mass and strength
(sarcopenia) are associated with decreased levels of growth factors [35,36]. Based on this
evidence, we proposed a sensor for discriminating this specific X-MET culture condition
whose morpho-functional properties may be influenced by reduced levels of growth factors
through the measurement of contractile force.

2. Materials and Methods
2.1. Sensor Design

Figure 1 shows a schematic of the embedded sensor realized for measuring the ex-vivo
engineered muscle tissue’s contractility during its development. The sensor was designed
to guarantee a proper clamping for the growth of the X-MET without altering its correct
maturation for at least five days, which represents a crucial aspect for ex-vivo engineered
tissues, as well as to allow the measurement of tissue contractility based on an optical
tracking algorithm. Indeed, the mechanical resistance the two pins exert on the tissue is a
crucial stimulus for the growth of muscle-like structures [21,37]. To these aims, the sensor
was developed with external dimensions of 50 × 45 × 8 mm to be placed in a 90 mm
diameter Petri dish and placed in the incubator during all the growth. The sensor was
realized in plexiglass to allow for sterilization by ultraviolet light and comprised a central
groove with dimensions of 40 × 20 × 4 mm coated with silicone (Sylgard 184, Dow Corning)
to allow for the accommodation of the X-MET. In particular, one end of the specimen was
pinned to the silicone substrate, while the other end was linked to a more compliant pin
held horizontally with a specific support. Indeed, the base concept of our measurement
system is to measure, with an optical tracking algorithm, the deflection of the compliant
pin during tissue contraction. The dimensions and the mechanical properties of the elastic
pin were chosen according to theoretical considerations [38]. In details, the behavior of the
elastic pin was approximated to that of a cantilever subjected to bending. Considering a
circular pin with a radius of R = 0.15 mm and a Young’s modulus of E = 169 GPa (from the
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datasheet), we designed the length of the elastic pin L to have a deflection of its tip in the
range 5–50 µm according to the following equation:

k =
3EI
L3 (1)

where I is the moment of inertia for a circular pin and k is the elastic constant, given from
the ratio between the force developed by the tissue and the pin tip displacement. Of note,
the range 5–50 µm was chosen taking into consideration the force values usually generated
by these tissues during electrical stimulation [15] and those expected to be generated
by the treated samples when simulating an aged microenvironment, as suggested in the
literature [39,40]. We also considered the needs of the optical tracking method on the basis
of different validation tests performed in our previous works [38,41]. The elastic constant
result was k = 20 N/m for a pin length of L = 22.7 mm.
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Figure 1. Schematic of the sensor (top view) for the measurement of X-MET contractility.

2.2. Elastic Pin Calibration

Once the sensor was realized, the elastic pin was calibrated to compute the experi-
mental elastic constant k. One end of the elastic pin was fixed to a linear actuator with a
resolution of 0.10 µm (NA11B16-T4, Zaber, Vancouver, Canada), and the other end, at the
desired length (22.7 mm), was connected to a micro-force transducer with a resolution of
1 µN (AE801, Kronex, Minsk, Belarus). The elastic pin was subjected to 6 different known
displacements by the linear actuator, namely, 5 µm, 10 µm, 20 µm, 30 µm, 40 µm and 50 µm.
This range of displacements was chosen as that expected from the force range previously re-
ported for a theoretical elastic constant of 20 N/m. The duration of the displacement signals
was set at 2 s, and each test was performed 10 times. Custom-made software developed in
LabVIEW 2019 allowed for synchronization between the linear actuator displacement and
the force signal acquisition.

2.3. Experimental System and Stimulation Protocol

All experiments were conducted according to the guidelines of the Declaration of
Helsinki and of the Italian National Law about the use of animals for research. The
X-MET specimens were obtained according to a protocol similar to that described by Caro-
sio et al. [13]. Briefly, a heterogeneous cell population was obtained by the isolation of
skeletal muscle from the hind limbs of a wild-type mouse (WT) using a process of me-
chanical and enzymatic digestion (gentleMACS Octo Dissociator, MiltenyiBiotec, Bergisch
Gladbach, Germany). After 5–6 days in culture, the cells were induced to differentiate using
a differentiation medium, and after 2–3 days, the cellular monolayer was delaminated by
moving a tip around the peripheral area of the dish. To allow for the complete remodeling
of the X-MET in a self-organized cylindrical structure, the delaminated monolayer was
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clamped in a silicone-coated dish and maintained for three days. After this period, the
specimens were clamped in the proposed sensor.

Differentiation medium (DM) that constituted Dulbecco’s Modified Eagle Medium
(DMEM), 5% horse serum, 25 mM HEPES, 4 mM L-glutamine, 0.1% gentamicin and
penicillin/streptomycin was used for the growth and the maintenance of the X-METs in
culture. After demonstrating that the developed embedded sensor did not affect the correct
growth of the X-METs, we tested the ability of the sensor to capture alterations in the force
contractility of the engineered muscle tissues treated with bovine serum albumin (BSA),
known to mimic an aged microenvironment [35,36]. In view of this, four different X-METs
were cultured in DMEM enriched with 1% bovine serum albumin (BSA) from the day
they were placed in the novel sensor. The contractile properties of the specimens were
measured for five consecutive days. This duration was chosen for two main reasons. First
of all, the accelerated aging induced with our treatment yielded to unresponsive X-METs
after three days in culture. Second, we wanted to demonstrate the capability of our sensor
to measure the contractility of the control X-METs and to verify the correct growth and
maturation of the tissues over a longer period.

Figure 2 shows the proposed sensor integrated with the platinum electrodes for the
tissue’s stimulation. The two custom-built platinum electrodes were placed parallel to the
tissue and connected to a pulse stimulator (Aurora Scientific Inc. 701C, Ontario, Canada)
to elicit the tissue contraction. The entire sensor was placed under a stereomicroscope
(SMZ 800, Nikon, Tokyo, Japan) equipped with a high-frequency camera (aca2040–180 km,
Basler, Ahrensburg, Germany) for image acquisition, and an illuminator (Photonic PL-3000,
Coquitlam, Canada) was employed to adjust the image contrast for the post-processing
correlation of the images, as shown in the schematic of the entire experimental setup in
Figure 3.
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of the tissue. One end of the specimen is pinned in the silicone substrate, and the other end is linked
to the elastic pin. The entire sensor is placed in a 90 mm diameter Petri dish.
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Figure 3. Schematic of the entire experimental setup used for the measurement of the contractile
force of X-METs.

The stimulation protocol was constituted of one twitch test and four unfused/fused
tetanic stimulations, in isometric conditions, to measure tissue contractile kinetics and
the force–frequency relationship, respectively. Figure 4 shows an example of an entire
stimulation protocol for a control X-MET on the first day of acquisition. All the stimulation
parameters were chosen accordingly to those used in our previous works [13–15] and
in the literature [21]. The current intensity of a single pulse was set to 400 mA for both
twitch test and tetanic stimulations. The twitch response was obtained with a 1 ms single
pulse stimulation. These parameters were shown to elicit the maximum twitch force (FTW)
of the X-MET [13] in a standard supramaximal way (i.e., +50% of the maximum current
value eliciting maximum twitch force). The four tetanic stimulations were delivered in
an alternate order, namely, at 60 Hz, 20 Hz, 40 Hz and 80 Hz, to avoid tissue adaptation
to increasing or decreasing frequencies, with 1 ms pulse trains of a duration of 0.8 s. A
resting time of 60 s was allowed before the first train stimulation, and 120 s of rest was
allowed before the following ones. These values were chosen according to a series of
preliminary experiments aimed at evaluating the minimum resting time necessary to avoid
tissue fatigue [42–44].

Sensors 2022, 22, x FOR PEER REVIEW 6 of 16 
 

 

 

Figure 3. Schematic of the entire experimental setup used for the measurement of the contractile 

force of X-METs. 

The stimulation protocol was constituted of one twitch test and four unfused/fused 

tetanic stimulations, in isometric conditions, to measure tissue contractile kinetics and the 

force–frequency relationship, respectively. Figure 4 shows an example of an entire stimu-

lation protocol for a control X-MET on the first day of acquisition. All the stimulation pa-

rameters were chosen accordingly to those used in our previous works [13–15] and in the 

literature [21]. The current intensity of a single pulse was set to 400 mA for both twitch 

test and tetanic stimulations. The twitch response was obtained with a 1 ms single pulse 

stimulation. These parameters were shown to elicit the maximum twitch force (FTW) of the 

X-MET [13] in a standard supramaximal way (i.e., +50% of the maximum current value 

eliciting maximum twitch force). The four tetanic stimulations were delivered in an alter-

nate order, namely, at 60 Hz, 20 Hz, 40 Hz and 80 Hz, to avoid tissue adaptation to in-

creasing or decreasing frequencies, with 1 ms pulse trains of a duration of 0.8 s. A resting 

time of 60 s was allowed before the first train stimulation, and 120 s of rest was allowed 

before the following ones. These values were chosen according to a series of preliminary 

experiments aimed at evaluating the minimum resting time necessary to avoid tissue fa-

tigue [42–44]. 

 

Figure 4. Example of an entire stimulation protocol for the measurement of the contractility of a 

control X-MET on day 0 of acquisition. Specific force (black) developed by the tissue when subjected 

to one twitch test and four tetanic stimulations (current spikes are in red). 

Figure 4. Example of an entire stimulation protocol for the measurement of the contractility of a
control X-MET on day 0 of acquisition. Specific force (black) developed by the tissue when subjected
to one twitch test and four tetanic stimulations (current spikes are in red).

Time to peak (TTP) and half relaxation time (1/2RT) were measured from the twitch
response to characterize the contractile kinetics of the tested X-METs. The active force
generated during the twitch test and the tetanic stimulation was measured and divided
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by the tissue average cross-sectional area (CSA) to compute the specific force. The force–
frequency curves were then obtained for the control and treated X-METs. For this, before
each test, an image of the entire tissue was acquired to calculate the cross-sectional area for
all the acquisition days. An example of two images acquired for the measurement of the
CSA is shown in Figure 5, for a control and a treated sample. Each image was processed
with a program developed ad hoc in Matlab. At first, a mask of the X-MET was obtained
based on the evaluation of the grey levels of the images to identify the shape of the X-MET.
After that, the program measured the average of all the diameters computed for each pixel
along the tissue’s longitudinal axis, and a circular section was assumed to compute the
CSA [27]. For the entire duration of the test, the tissue was maintained at a temperature of
37 ± 0.3 ◦C using a temperature control plate (H401, Okolabs.r.l., Naples, Italy).
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Figure 5. Example of two X-METs acquired for the calculation of the CSA. All the images were
acquired at 1X magnification and a resolution of 2040 × 300 pixels. Top, image of the X-MET acquired
with the camera; bottom, the same image after being processed with the Matlab program for the
calculation of the average diameter, respectively for a control (a) and a treated (b) sample.

Of note, since the aim of this work was to develop a sensor able to capture the defects
in contractile capability of damaged tissues without affecting the correct development of
healthy X-METs, we tested both untreated and treated tissues in parallel, i.e., originating
from the same culture. This procedure was repeated for five different cell cultures with the
aim of obtaining a better representation of the X-MET model. Since during one of the five
cultures, a treated sample degraded before being clamped in the sensor, we reached a total
number of five specimens for the control group and four specimens for the treated ones,
and the values of the CSA, calculated on the first day of acquisition, were 0.10 ± 0.03 mm2

and 0.18 ± 0.12 mm2, respectively.
A software developed in LabVIEW 2019 allowed us to set all the test parameters as

well as to synchronize the electric stimulation with the image acquisition. The images were
acquired at 300 fps with an optical magnification of 2X and a resolution of 1020 × 300 pixels.
This combination of parameters resulted in being the optimal working condition for the
tracking algorithm in terms of accuracy in capturing the actual movement of the elastic
pin [38].

2.4. Contraction Force Measurement through the Optical Tracking Method

The images of the X-MET connected to the elastic pin were processed by an optical
tracking method to measure the displacement of the pin tip when subjected to tissue
contraction. The algorithm was developed in LabVIEW 2019 using IMAQ Optical Flow VI
and based on the computation of the change in location of a set of featured points between
two consecutive images [38,45]. For all the experimental tests, a region of interest (ROI)
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of 40 × 15 pixels was selected on the pin in correspondence with the engineered muscle
tissue with the longer side parallel to the pin axis and divided into 15 nodes [41]. The
tracking algorithm computed the average axial displacements (along y direction) between
all the nodes included in the ROI. Figure 6 shows an example of the ROI positioning on
the elastic pin in correspondence with the X-MET. It is important to remark that the ROI
positioning was highly related to the contrast and illumination of the acquired images, and
therefore, it was not always possible to place it in the exact axis center. To address this, in
a previous work [41], we evaluated the error introduced in the correlation algorithm by
a wrong positioning of the ROI, and all the displacement values here obtained from the
experimental tests were therefore corrected to compensate for this error. The displacements
obtained from the tracking algorithm were then converted in force values by multiplying
them for the experimental elastic constant, and finally, they were divided by the CSA to
obtain the specific forces:

Fspeci f ic =
δmeas ∗ k

CSA
(2)

where δmeas is the displacement along the y direction measured by the tracking algorithm
and k is the experimental elastic constant obtained through the elastic pin calibration.
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Figure 6. Example of an image acquired for the X-MET contractility measurement: magnification of
2X and resolution of 1020 × 300 pixels. The resulting ROI selected for image processing moved from
the central axis between the X-MET and the elastic pin.

2.5. Statistical Analysis

All the statistical analyses were carried out with GraphPad Prism 6.0, and differences
were considered significant when p < 0.05.

The linear relationship between the force measured by the micro-force transducer
and the displacement imposed by the linear actuator was assessed using linear regression
with p-value fixed at 0.05 for the average measured force across the 10 repetitions for each
displacement in input.

A one-way ANOVA, followed by multiple comparison, was performed to look for
differences in all the measured parameters across the five days, i.e., assuming the day as
the fixed factor, for the untreated group and for the specific twitch force and the maximum
tetanic force for the treated group.

A two-way ANOVA was performed assuming the day and the treatment as fixed factors,
followed by a multiple comparison to look for differences in the specific force at all the
tested frequencies, including the twitch test. Of note, three treated tissues “almost died”
during the accelerated aging treatment, and their generated force was therefore null for the
remaining testing days. For these samples, it was not possible to measure TTP and 1/2RT
on day 3 and day 4.

Values are expressed as mean ± SD.

3. Results
3.1. Force-Displacement Calibration

The linear regression test performed for the elastic pin calibration is shown in Figure 7.
The regression analysis showed R2 equal to 0.992, reflecting a highly linear relationship
between the force developed by the elastic pin, at a length of L = 22.7 mm, measured by
the micro-force transducer and the average displacement values imposed by the linear
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actuator. In addition, the coefficient of variation (CV) obtained for the force values was
generally lower than 5% for all the imposed displacements. The experimental elastic
constant, calculated as the slope of the curve, was k = 19.51 N/m, a value close to that
obtained theoretically (20 N/m).
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Figure 7. Linear regression for the force values measured by the micro-force transducer during the pin
calibration procedure. For each displacement input, mean ± SD of the measured force are displayed.

3.2. Contractility Measurements

Figure 8 shows an example of the specific force developed by a control and a treated
X-MET when subjected to a twitch test and a pulse train of 80 Hz on the first day of
acquisition. Interestingly, the force response measured through the optical tracking was
highly consistent with that obtained with micro-force transducers [14,21,46], highlighting
how this method was also able to follow dynamic changes in the input variable.
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Figure 8. Example of the specific force developed by the X-MET on the first day of the experimental
tests. Specific force (black) developed when subjecting the tissues to the twitch test (current spikes
are in red) for control (a) and treated (b) X-MET and specific force developed during the 80 Hz pulse
train (current spikes are in red) for control (c) and treated (d) X-MET.
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Table 1 summarizes all the parameters measured during the twitch test for both the
control and treated X-METs across the five days of acquisition. The one-way ANOVA
confirmed that no significant alterations occurred in TTP, 1/2RT or specific twitch force
across the five testing days in the control group. On the other hand, the one-way ANOVA
showed that the specific twitch force developed by the treated X-METs was significantly
affected by the day factor, and the Tuckey’s multiple comparison tests revealed a significant
decrease in force on day 2, day 3 and day 4 in comparison with day 0. The two-way
ANOVA showed that both the day and treatment factors significantly affected the specific
twitch force. Post hoc tests also highlighted significant differences between the control and
treated X-METs on day 1, day 3 and day 4.

Table 1. Kinetic contractile parameters (TTP and 1/2RT) and specific twitch force (FTW/CSA) in
control and treated X-METs for the five days of acquisition. Values are mean ± SD. n = 5 for control
X-MET, n = 4 for treated X-MET. *** p-value < 0.001, ** p-value < 0.01 vs. treated X-METs (from
two-way ANOVA). + p-value < 0.05 vs. day 0 (from one-way ANOVA).

TTP (ms) 1/2RT (ms) FTW/CSA (mN/mm2)

Control Treated Control Treated Control Treated

Day 0 40.7 ± 8.9 42.5 ± 5.0 59.3 ± 18.2 57.5 ± 12.6 0.7 ± 0.5 0.5 ± 0.3

Day 1 34.0 ± 8.0 32.2 ± 1.9 70.0 ± 9.4 45.0 ± 16.6 1.6 ± 0.7 *** 0.3 ± 0.3

Day 2 47.3 ± 13.2 35.0 ± 16.6 72.0 ± 16.8 70.0 ± 18.8 0.8 ± 0.6 0.1 ± 0.1 +

Day 3 41.3 ± 10.7 50.0 64.7 ± 16.4 73.3 1.1 ± 0.5 ** 0.0 ± 0.1 +

Day 4 37.7 ± 18.2 13.3 64.0 ± 17.5 16.7 1.3 ± 0.5 ** 0.1 ± 0.1 +

Figure 9 shows an example of the force–frequency curves for a control and a treated X-
MET on day 0 and day 4 of acquisition. The results show that on the first day of acquisition,
the control and treated X-METs display similar specific tetanic forces. On the contrary, on
day 4, the treated X-METs developed a specific tetanic force lower than that developed
on day 0, and this outcome is representative of all the tested tissues. Moreover, on day
4 of acquisition, the maximum specific tetanic force developed by the engineered tissues
occurred at a stimulation frequency of 80 Hz for both the control and treated X-METs.
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Figure 9. The force–frequency curves for one control and one treated X-MET obtained on day 0 (a) and
day 4 (b) of acquisition.

The maximum specific tetanic force developed by the control and treated X-METs
across all the days is shown in Figure 10. The one-way ANOVA did not show any significant
differences in the maximum specific force generated by control X-METs across the five
days of experiment, confirming that the proposed sensor did not affect the tissue’s growth
and maturation. On the other hand, the one-way ANOVA applied to the treated group
revealed a significant influence of the day factor on the maximum specific force. The
two-way ANOVA revealed that only the treatment factor significantly affected the maximum
specific force. Fisher’s multiple-comparison test also showed significant decreases in the
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maximum specific tetanic forces developed by the treated X-METs when compared with
those developed by the control specimens on all testing days except the initial one. This
latter point also confirmed that the treated specimens were as good as the untreated ones
before the beginning of the treatment.
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4. Discussions

The aim of this work was to develop an innovative embedded sensor for the continu-
ous, noninvasive, optical measurement of skeletal muscle engineered tissue’s contractility,
whose loss could occur in several compromised conditions [47], through the deflection of a
calibrated pin. The proposed sensor configuration allowed us to create a mechanical envi-
ronment for the engineered muscle tissue very similar to that obtained during its normal
growth, where the tissue was usually clamped between two fixed pins [13,15,48]. The coeffi-
cients of variation obtained during the calibration procedure confirmed the effectiveness of
our sensor in the force measurements, and the results obtained testing five healthy X-METs
showed that the sensor was able to follow the dynamic changes in the force responses
without altering the growth and maturation of the engineered tissues.

In addition, the contractile force measured through the optical tracking method was
highly consistent with that obtained for the X-METs with micro-force transducers in our
previous studies [14,15]. At this point, it is important to remark that a correct comparison
of the specific force values between different engineered muscle tissues can be performed
only when different parameters are taken into account. First, it was shown that the tech-
nique used for the measurements of the contractility, like the cantilever method [46] or
the force transducer [21], can influence the range of the measured force [49]. Moreover,
other parameters like the time maturation, assessment time and the length and mass of
the construct have to be taken in consideration for a correct comparison of the contractile
forces. Finally, the methodology used to calculate the CSA has a crucial role in contractility
measurements. In the literature, different techniques have been proposed for the measure-
ment of the CSA [49] that differ in how they approximate the construct shape, such as
circular, rectangular or elliptical. However, most of the works referred to a contractile force
normalized to the whole CSA, calculated as a circular shape [49]. Of note, since engineered
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muscle tissues can significantly vary in dimension from one sample to another, it is crucial
to report all the generated forces in terms of normalized values. Nonetheless, within this
context, the results obtained in this work were of the same order of magnitude as that
obtained by others in terms of maximum specific force [21,46,49].

Once we assessed that our sensor was able to measure the contractile force in an
accurate and reproducible manner, we used it to discriminate a specific tissue culture
condition in which the reduction of growth factors was able to mimic aged microenviron-
ments. Our results showed that the treated X-METs displayed a decrease in specific force
starting from the third day of acquisition. This outcome is in high accordance with the
evidence reported in the literature, where significant skeletal muscle wasting associated
with aging was shown to cause profound muscle weakness with a significant reduction in
force production due to the decrease in muscle mass [39,40]. Regarding the specific twitch
force, our results showed a significant decrease between the control and treated X-METs
at day 1, day 3 and day 4, confirming the capacity of the proposed sensor to discriminate
alterations in the force developed by those engineered tissues artificially treated to simulate
an aged microenvironment, which in turn was shown to be a good model of accelerated
aging also on 3D tissues.

Our results allowed us to obtain a force–frequency curve for the control X-METs highly
similar to that of skeletal muscle [50], confirming that the proposed sensor did not affect
the tissue’s growth and maturation and that the stimulation protocol we chose did not
damage the tissues, preserving their contractility during the five days. On the contrary, the
treated X-METs showed significantly lower force values on the last day of acquisition. Of
note, both the control and treated X-METs showed a tetanic frequency equal to 80 Hz. This
outcome was in agreement with a previous work [13] with healthy tissues. On the other
hand, for treated tissues, this result could suggest that no significant changes occurred
in the tissue composition during the measurement of their contractility. However, this
hypothesis has to be confirmed with a series of future histo-morphological and metabolic
analyses. Moreover, the maximum specific tetanic force obtained for the control X-METs
showed almost constant values across all the days, in accordance with the literature [10].
On the contrary, significant differences in the maximum specific force were obtained for the
treated X-METs as the days increased. This confirmed the ability of the proposed sensor
to capture alterations in the contractile capability of engineered muscle tissues. Typically,
the engineered muscle tissues demonstrated a possible adaptation to the clamping in the
sensor, showing an increase in the contractile force on day 1 with respect to day 0 for both
the control and treated X-METs.

Since recently, tissue engineering approaches have been proposed for the design of
in-vitro models of healthy or pathological tissues and organs that can be employed for drug
screening and the evaluation of new therapies, the use of an embedded platform like the one
here devised could provide important evidence in the study of different physio-pathological
conditions [51,52] characterized by alterations in contractile force [8,9,53]. In view of this, we
propose a sensor’s applicability in the monitoring of engineered muscle tissue’s functional
properties to identify a specific pharmacological treatment or a pathological condition.

5. Conclusions

In this study, we developed an innovative sensor for in-vitro measurements of engi-
neered muscle tissue contractility based on the detection of the displacement of an elastic
pin caused by the tissue contraction through an optical tracking method. The sensor was de-
signed to not alter the engineered tissue’s growth and development, being fully embedded
in standard culture dishes. To allow the measurements of the contractility in a noninvasive
manner, the sensor was integrated with an optical setup that performed continuous mea-
surement for a long period. The setup also integrated two platinum electrodes connected
to a pulse stimulator to deliver specific electric stimulation protocols. First, the sensor was
calibrated to associate the displacement values to the force ones with the use of a step linear
motor and a micro-force transducer. Then, it was used for the measurement of the force of
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an engineered muscle tissue, named X-MET, under a specific electric stimulation protocol
for five consecutive days. The experimental results confirmed that the proposed sensor was
able to accurately measure the tissue contraction without affecting the tissue’s growth and
maturation. In parallel, the sensor was used to measure the contractile force occurring in a
particular physio-pathological condition, accelerated aging. The results clearly showed that
the sensor was also able to discriminate alterations in the force developed by the tissues
treated to simulate an aged microenvironment.

In conclusion, we here proposed an innovative sensor based on a noninvasive method
for the measurement of engineered tissues’ contractility to be integrated in a platform to
elucidate functional changes in all diseases in which muscle contractility could be altered,
both as a spontaneous contraction and following electrical stimulation.
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