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3D-Engineered Muscle Tissue as a  
Wireless Sensor: AntennAlive

Cagla Karabulut , Ahmet Bilir , Macit Emre Lacin , and Sema Dumanli  

Synthetic biology has the potential 
to drastically change sensor tech-
nologies. Living cells can now be 

genetically programmed to be respon-
sive to specific molecules. If those liv-
ing cells are supported to live inside a 
host body, in vivo sensing at a molec-
ular level can be achieved. However, 
the communication link between the 
genetically modified cells and the out-
side of the host body is an open area of 
research. Here, we propose a generic 
wireless communication platform that 
we call AntennAlive to bridge this gap. 
The link described can be considered as 
a gateway between the molecular links 
that are used by living cells and elec-
tromagnetic links. It is a groundbreak-
ing proposition that will initiate a new 
area of research where antenna design 
meets synthetic biology. As an exam-
ple, a biohybrid implant consisting of 
engineered skeletal muscle and a recon-
figurable implant antenna is described. 
The implant antenna is used as a pas-
sive reflector that is reconfigured by the 
contraction of the skeletal muscle initi-
ated with a trigger molecule that we are 

interested in sensing. This reconfigura-
tion is tracked by an on-body reader that 
completes the wireless link. Note that 
here sensing is realized with skeletal 
muscle for the first time in the literature.

INTRODUCTION
The landscape of the medical diagnos-
tics field is being rapidly transformed 
by implant wireless biomedical devices. 
These devices are used for monitoring, 
diagnostics, or therapy purposes. Moni-
toring devices aim for various applica-
tions, such as capsule endoscopy [1], [2], 
brain–computer interfaces [3], and glu-

cose [4], [5], pH [6], [7], and internal 
pressure monitoring [8]. Most of these 
biomedical sensors have a limited life-
time because of their power require-
ments. Most of these in vivo devices 
monitor physical parameters and are not 
specific to certain molecules that might 
be needed to monitor specific diseases. 
In the literature, real-time in vivo sen-
sors have been proposed before, such as 
electromagnetic glucose-sensing systems. 
However, they aim to sense the second-
ary effects of the glucose, such as an 
increase in the tissue permittivity [9], 
[10], [11], [12], [13].
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Molecular-level sensing may open 
doors for high-sensitivity diagnostics. 
Electrochemical biosensors with such 
molecular sensing capabilities are well 
studied in the literature [14], [15]. Nano-
structure-based biosensors [16], [17] 
are also recently emerging. However, 
unless molecular sensing is conducted 
in vivo, the sensors cannot offer wire-
less real-time detection in the patient’s 
body, whereas the system proposed in 
this work can directly detect the target 
molecule itself. Although rare, there are 
examples of molecular-level sensing in 
vivo utilizing bacterial cells [18], [19]. 
This is achieved with the possibilities 
created by synthetic biology [20], [21], 
[22], [23], which provides us with the 
tools to reprogram living cells. Living 
cells, bacterial or mammalian, can be 
reprogrammed to operate as sensors 
[18], [24], [32]. Cells detect and respond 
to stimuli. Synthetic biology allows us 
to manipulate the genetic circuitry of 
cells, enabling the creation of transgen-
ic sensors that are specific for certain 
molecular stimuli [24]. To practically 
take advantage of living cells for sens-
ing at a molecular level, the response of 
the cell upon detection should be trans-
lated to a readout signal that can be rec-
ognized by humans. One of the most 
commonly used responses is an optical 
one, so that the detection is visible to 
the human eye [29]. Using these sen-
sors as implant sensors would be ideal 
considering that a host body would sup-
port the best lifetime for such a cell-
based sensor. However, the propagation 
depth of visible light in the human body 
is extremely low, proving the common-
ly used optical response invalid. Here 
we propose a solution that connects the 
response of the cell to the outside world 
through microwaves so that such a cell-
based sensor can be used as an implant 
and be wirelessly connected. The main 
obstacle is that microwaves are not suit-
able to sense the response of the cells 
directly. The reason is that the chang-
es that occur at the cellular scale are 
typically in the angstrom  ranges, which 
would require high-frequency electro-
magnetic waves, such as X-rays. Hence, a 
conversion is needed where the response 
of the cells is translated into a change 

that can be detected with microwaves. 
In the proposed system, this conver-
sion is achieved by reconfiguring a pas-
sive implant antenna. Reconfigurable 
implant antennas have been proposed in 
the literature previously, where vias and 
pin diodes were utilized to reconfigure 
the implant antenna’s radiation pattern 
[25], [26], polarization [27], and resonant 
frequency [28]. Such devices require a 
power unit to realize the reconfiguration 
task. The proposed work eliminates the 
need for a physical power unit by push-
ing the reconfiguration and sensing tasks 
to living cells.

Here, we propose a novel sensing 
mechanism that can achieve sensing at a 
molecular level in vivo using mammalian 
cells for the first time [30]. While skel-
etal muscle tissue has previously been 
used to actuate biohybrid devices, such 
as micromotors [34], [35], [36], walking 
and swimming robots [37], and pumps 
[39], or for disease modeling and phar-
macological testing on organ-on-a-chip 
platforms [40], our work will be the first 
in employing skeletal muscle tissue for 
biosensing. This has various advantages 
over conventional implant sensors, such 
as self-repair and replacing electrical 
energy sources with adenosine triphos-
phate (ATP) [41], [24]. 

Skeletal muscle tissue with its con-
tractile response offers a novel biosensor 
type. Note that this study is not only 
novel in the utilization of skeletal muscle 
as a sensor, but it is also the first time the 

skeletal muscle is used as an implant. 
Moreover, molecular in vivo sensing by 
mammalian cell-based biosensors has 
never been achieved. A comparison of 
this study with the state of the art is pre-
sented with a lotus graph in Figure 1. 
The development of such implant bio-
sensors with molecular sensing capabili-
ties will have a profound impact on the 
medical field. It has the potential to be 
the ultimate interface between the way 
cells communicate and electromagnetic 
communications.

The rest of the article is organized as 
follows: in the next section, the details 
of the sensing mechanism and the 
muscle tissue development are given. 
In the section “Numerical Models,” 
the sensing is mechanically and elec-
tromagnetically modeled. In the sec-
tion “Measurements,” the measurement 
setup is detailed, and in the section 
“Results and Discussion,” the simulation 
and measurement results are discussed. 
Finally, the section “Conclusions” con-
cludes the work.

BIOHYBRID IMPLANT
In the proposed mechanism, the sens-
ing is mainly realized by a biohybrid 
device. The device consists of an 
implant antenna that is reconfigured 
by 3D-engineered skeletal muscle tis-
sue and a 3D-printed flexible scaffold 
that supports both the implant antenna 
and the growth of the skeletal muscle 
tissue.
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FIGURE 1. An overview of the state of the art.
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THE SENSING MECHANISM
The skeletal tissue lives inside the flex-
ible scaffold and reports the presence of 
the trigger molecule via its contractile 
output. The flexible scaffold consists of a 
microwell with two thin pillars anchored 
to its bottom, one of which has a conduc-
tive bridge extending toward the implant 
antenna. The bridge operates as an elec-
trical switch. In the presence of a mole-
cule of interest, the switch is toggled and 
the resonance of the implant antenna 
gets switched from one state to another, 
as seen in Figure 2. The implant antenna 
is formed by coating the top surface of 
the 3D-printed scaffold with conductive 
ink.

An overview of the architecture 
and the system components is given in 
Figure 2. When the engineered skel-
etal tissue comes in contact with the 
trigger molecule, the muscle will sense 
the molecule and contract. Note that 
for the muscle to contract upon recep-
tion of the target molecule, it should 
be genetically modified. To induce a 
muscle contraction in the presence of a 
specific molecule, this molecule should 
control the ion channels. For example, if 
we considered glucose as a trigger mol-
ecule, the following procedure could 
have been realized: glucose transport-
er 2 and the ATP-sensitive potassium 
(KATP) channel can be overexpressed 
into the muscle cells to induce muscle 

contraction in the presence of glucose. 
The KATP channel will be in an open 
state in glucose deficiency, where the 
membrane potential can be preserved. 
In the presence of glucose, however, the 
presence of the synthesized ATP will 
increase. As a result, the KATP chan-
nel will be switched to a closed state, 
and the membrane will be depolarized, 
leading to the contraction of the muscle. 
Note that this is just an example and a 
full discussion is beyond the scope of 
this work. Here we aim to demonstrate 
the feasibility of this novel sensing plat-
form and its wireless communication. 
This technique will be limited to the 
advancements in synthetic biology [44]. 
The contraction with the trigger mole-
cule will toggle an electrical switch and 
change the resonant frequency of the 
biohybrid implant antenna. The change 
in the resonant frequency is tracked by 
a wideband dual-port on-body antenna. 
In this way, the arrival of the trigger 
molecule is wirelessly tracked in real 
time.

3D-ENGINEERED SKELETAL  
MUSCLE TISSUE
The engineered skeletal muscle tissue is 
considered as the interface of the molec-
ular links, while the implant antenna 
is the interface of the electromagnetic 
links to the outside world. Therefore, the 
system works as a multiscale communi-

cations platform that bridges an existing 
gap between the molecular links and the 
on-body devices that can relay the infor-
mation to the outside world.

The C2C12 immortalized mouse 
myoblast cell line is used to generate 
3D-engineered muscle tissues by fol-
lowing the protocol explained in [43]. 
This protocol involves maintaining the 
cells in a growth medium (GM), har-
vesting them once they reach a cer-
tain confluency, and then resuspending 
them in a mixture of collagen and 
Matrigel. This mixture is then loaded 
into a 3D-printed flexible scaffold and 
incubated for 1–2 h. The gel inside the 
scaffold is then overlaid with the GM 
and left for two days. On the second 
day, the GM is replaced with a low-
serum differentiation medium (DM), 
and the cells are left to differentiate 
for an additional 12–14 days. The goal 
of this protocol is to generate mature 
skeletal muscle tissues that can be used 
in various applications. Once the skel-
etal muscle tissues are matured at the 
end of the 3D differentiation period, 
the tissues are tested to validate their 
functionality, as will be detailed in the 
section “Skeletal Muscle Tissue Func-
tionality Tests.” Acetylcholine (ACh) 
is a known natural muscle stimulant, 
and healthy muscle fibers respond to 
it by generating a contraction move-
ment [45]. We chose ACh as our trigger 
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FIGURE 2. The architecture of the sensing system and the biohybrid implant components. (a) Relaxed. (b) Contracted. Trx: 
transceiver.
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 molecule. It is envisaged that the trigger 
molecule can be replaced by any mol-
ecule of interest, such as biomarkers of 
certain health conditions in the future.

Note that the C2C12 cell line is 
immortalized, which means that, under 
ideal maintaining conditions, it can multi-
ply indefinitely without undergoing senes-
cence. Therefore, using the immortalized 
line of C2C12 eliminates the need to sac-
rifice animals, and it is less costly to grow 
and maintain the C2C12 tissues.

FLEXIBLE SCAFFOLD AND IMPLANT 
ANTENNA DESIGN
While facilitating the implant antenna 
and the switching mechanism, the flex-
ible scaffold also provides structural 
support to the skeletal muscle tissue. 
During the early stages of differentia-
tion, C2C12 myoblasts start forming 
fiber-like structures in two dimensions. 
Without external structural support, 
the tissue fibers cannot align them-
selves vertically and remain planar. To 
provide the required structural sup-
port to the 2D tissue fibers, we engi-
neer tendon-like interfaces that mimic 
the tendon and bone structures of the 
native musculoskeletal system, which 
is our 3D-printed flexible scaffold 
implant.

The scaffold dimensions and mate-
rial are optimized to result in maxi-
mum deflection against the minimal 
external forces generated by the muscle 
tissue. The proposed flexible scaffold 
and the implant antenna dimensions 
are as shown in Figure 3(a) and (b).  
It can be observed that, for such a 
structure, high resolution and accuracy 
are required. The stereolithography 
(SLA) 3D printing method uses a light 
source, such as a laser or a projector, to 
cure liquid resin into hardened plastic 
objects with a desired stiffness. Since 
this printing method uses light to shape 
its printing materials, SLA-printed 
parts have higher resolution and accu-
racy, sharper details, and smoother fin-
ishes than those obtained with most of 
the other 3D printing methods. There-
fore, SLA 3D printing is utilized, and 
it is highly flexible and biocompatible. 
Formlabs IBT resin is chosen as the 
printing material.

SKELETAL MUSCLE TISSUE 
FUNCTIONALITY TESTS
To observe the contraction of the 
muscle tissue, the biohybrid implant 
is placed in a six-well plate under an 
inverted microscope. During the test 
phase, the C2C12 cells are sequentially 
stimulated by adding 100 µM ACh dis-
solved in phosphate-buffered saline 
(PBS). In between muscle stimulants 
pulses, the biohybrid implant well is 
washed with PBS. The tissue contrac-
tion is tracked with a digital micro-
scope camera, and ImageJ software 
[38] is used to determine the contrac-

tion in arbitrary units by quantifying 
and comparing the visible area of the 
tissue when it is relaxed and contract-
ed, as seen in Figure 4(a). Figure 4(b) 
shows the matured skeletal tissue sub-
jected to the ACh test.

NUMERICAL MODELS

MECHANICAL MODEL
The biohybrid device design is mechani-
cally simulated to analyze the scaffold 
deflections against contractile forces that 
can be generated by the skeletal muscle  
tissue. The mechanical simulations 
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FIGURE 3. Biohybrid implant dimensions. (a) Top view. (b) Side view.
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are characterized using the mechani-
cal properties of IBT. This resin is 
a polymer-based elastic material with 
an ultimate tensile strength and elas-
ticity modulus that are greater than 5 
MPa and 16 MPa, respectively [33]. In 
the literature, the 3D-engineered skel-

etal muscle tissues were shown to gen-
erate contraction forces from 10 µN to  
2.5 mN [13]. Therefore, 300 µN is 
applied to both pillars in the x and –x 
directions. The maximum deflection 
of the conducting bridge is observed to 
be 1,889 µm and 965.9 µm in the –x 

and z directions, respectively, as seen in 
Figure 5(a) and (b). Note that in these 
figures, a portion of the flexible scaf-
fold outer walls is shown clipped for 
visibility purposes. To demonstrate the 
gradual change in tissue contraction and 
the conductive bridge deflection, the 
mechanical analysis is also conducted for 
intermediate force values, namely 50 µN 
and 100 µN. Against 50 µN of applied 
force, the maximum deflection of the 
bridge is observed to be 245 µm and  
121 µm in the –x and z directions, 
respectively. Against 100 µN of applied 
force, the maximum deflection of the 
bridge is observed to be 533 µm and 271 
µm in the –x and z directions, respec-
tively. The output of the mechanical 
simulations is inputted to the Ansys high-
frequency structure simulator for elec-
tromagnetic simulations, which will be 
discussed in the next section. 

ELECTROMAGNETIC MODEL
The biohybrid implant is electromag-
netically modeled, as seen in Figure 6. 
Its behavior inside a numerical phan-
tom as the muscle contracts is simulat-
ed. The numerical phantom consists of 
two different layers: muscle tissue and 
 interstitial fluid. The biohybrid implant 
is located inside the interstitial fluid at a 
depth of 1 cm.

To track the switching action gen-
erated by the engineered muscle, a 
dual-port, wideband on-body antenna 
is designed, as seen in Figure 7. The 
ports of the antenna excite two orthogo-
nal modes of a cross-slot antenna. The 
coupling between the ports is lower than 

266.2
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–1,889

(a) (b)

965.9
846.5
727.1
607.7
488.3
368.9
249.5
130.1
10.75
–108.6

FIGURE 5. Mechanical deflection analysis of the flexible scaffold. (a) Deflection in x direction. (b) Deflection in z direction (in μm).
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FIGURE 6. Electromagnetic model of the measurement setup. (a) Isometric view. 
(b) Top view. (c) Bottom view. DMEM: Dulbecco’s Modified Eagle’s Medium.
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–30 dB for the frequency band of the 
operation, from 900 MHz to 2.5 GHz. 
The band of operation is chosen to be 
wide so that the reading mechanism is 
immune to the detuning effects of the 
human body on the implant antenna. 
The overall size of the antenna is 55 × 
55 × 3.9 mm [42]. The antenna performs 
effectively within the desired frequen-
cy range for tissues with a relative per-
mittivity greater than 30. The reason is 
that the radiator is situated between the 
microstrip feeds and a low-loss dielectric 
substrate, making the antenna resistant 
to detuning. The results for the electro-
magnetic simulation are presented in 
Figure 8. 

MEASUREMENTS
As shown in Figure 9, the electromag-
netic measurement setup consists of 
a plexiglass container of size 20 cm ×  
20 cm × 12 cm, a 3D-printed square 
prism cup of size 4 cm × 4 cm × 10 
cm, and 3D-printed height-controlled 
fixers. The 3D-printed cup is fixed to 
the center of the plexiglass container at 
a depth of 90 mm with the 3D-print-
ed height-controlled fixers, and it 
is filled with Dulbecco’s Modified 
Eagle’s  Medium (DMEM). The vol-
ume between the plexiglass container 
and the 3D-printed cup is filled with 
human muscle phantom. The biohy-
brid implant is placed at the bottom 
of the 3D-printed cup. The bottom of 
the 3D-printed cup is 1 mm thick, and 
it is located at a 10-mm distance from 

the on-body reader antenna. The on 
body-reader antenna is placed at the 
bottom of the plexiglass container with 
the 3D-printed insert.

The measurements for the proposed 
sensing system were carried out inside 
the fabricated tissue-mimicking phan-
toms that were used in the electromagnetic 
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FIGURE 7. Exploded view of the on-body reader antenna.
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mimicking reconfiguration under skeletal muscle contraction. (a) Isometric view. (b) Top view. (c) Bottom view.
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analysis. The physical phantom for Ansys 
human muscle was fabricated using 
water, granulated sugar, gelatin, sodium 

azide, and food coloring gel. The maxi-
mum deviation of the permittivity and 
the conductivity of the human muscle 
phantom is 4.62% and 27.9%, respec-
tively, within the band of interest, as can 
be seen in Figure 10(a). The phantom 
for DMEM was fabricated using water 
and salt. The quantities of ingredients 
used to prepare the mixtures are given 
in Table 1. The maximum deviation of 
the permittivity and the conductivity 
of the DMEM phantom is 4.13% and 
7.91%, respectively, within the band of 
interest, as can be seen in Figure 10(b). 
A comparison of the electrical proper-
ties of the numerical and the physical 
phantoms for both the human muscle 
and DMEM phantoms are shown in 
Figure 10.

Finally, four versions of the biohybrid 
implant are prototyped. These proto-
types mimic the deflection of the pillars 

of which mechanical simulations were 
presented in the section “Mechanical 
Model,” as seen in Figure 11(b).

RESULTS AND DISCUSSION
Simulations were run with the electro-
magnetic model that was detailed in the 
section “Electromagnetic Model.” The 
transmission coefficient between the 
ports of the on-body antenna changes as 
the implant antenna is reconfigured by 
the mechanical switch. As can be seen in 
Figure 8, the degree of deflection for 50, 
100, and 300 µN as well as the switching 
can be tracked.

The t ransmission coeff ic ient 
between the ports of the on-body 
antenna is measured while these ver-
sions are located inside the DMEM 
phantom. Figure 11(a) shows the 
change in transmission coefficient 
as the force generated by the muscle 
increases. As the force generated by 
the muscle increases, the capacitance 
between the conductive bridge and the 
implant antenna decreases as the bridge 
moves away from the antenna. It is 
observed that the resonance frequency 
in S21  increases as the capacitance 
decreases. The measurement results 
are parallel to the predicted results pre-
sented in Figure 8(a). However, the dips 
observed in the measurements occur 
at a lower frequency range in the simu-
lations. This could be due to the dif-
ferences in the phantoms as well as to 
the imperfect prototyping of the biohy-
brid implants. Since the physical phan-
tom mimics the numerical phantom 
in a narrow band, the change in the 
resonance frequency obtained in the 
measurement results is observed at a 
higher frequency than in the simulation. 
To tackle this unpredictable behavior, 
which is expected in real-life scenarios 
where we locate the implanted antenna 
in various locations inside the human 
body, we propose a wideband reading 
technique. We also did multiple trials 
with slight variations in the implant and 
the phantom. In each case, we managed 
to demonstrate successful detection of 
the implant antenna reconfiguration 
although variations in resonant frequen-
cy were observed. Note that the align-
ment between the reader antenna and 

TABLE 1. THE 
INGREDIENTS USED 
FOR THE PHYSICAL 

PHANTOMS PER UNIT 
VOLUME.

Ingredient
Ansys Human 
Muscle DMEM

Tap water 100 mL 100 mL

Salt 0.2 g 0.8 g 

Granulated 
sugar

60 g —

Gelatin 9 g  —

Sodium 
azide 

0.3 g —

Food 
coloring gel

40 drops —

1.6 1.7 1.8 1.9 2 2.1
−36

−34

−32

−30

Frequency (GHz)

(a) (b)

S
21
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dB
)

Relaxed
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50 µN

100 µN

100 µN

300 µN

300 µN

Relaxed

FIGURE 11. Electromagnetic measurement results for implant antennas mimicking 
reconfiguration under gradual muscle contraction. (a) Change in S21  against the 
gradual contraction of the tissue. (b) implant antenna prototypes.

(a) (b)

FIGURE 10. rf  and σ of the numerical and physical phantoms versus frequency. (a) 
Human muscle. (b) DMEM.
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the implant is also critical. The sensing 
drastically deteriorates with misalign-
ment, as previously reported in [43]. 
In the future, time-domain techniques 
will be utilized to mitigate this problem. 
The stabilization against the parasitic 
effects inside the body is also an open 
problem that should be addressed.

CONCLUSIONS
In this article, a biohybrid implant that 
is capable of performing sensing at a 
molecular level and forming a wireless 
link is described. The sensing is per-
formed by engineered muscle tissue, 
which contracts upon reception of the 
trigger molecule, namely the molecule to 
be sensed. This contraction results in the 
reconfiguration of the implant antenna. 
Note that the implant antenna is a pas-
sive antenna that acts as a reflector. The 
reconfiguration causes a change in the 
transmission coefficient between the 
ports of a dual port on-body antenna. It 
has been shown that the reconfigura-
tion can take place if the skeletal muscle 
generates 50 µN through mechanical 
simulation. It has also been shown that 
this reconfiguration can be tracked at a 
1-cm depth with both simulations and 
phantom measurements. In the future, 
the overall system will be combined 
where the wireless tracking will take 
place while the 3D-engineered skeletal 
muscle contraction takes place with the 
introduction of the trigger molecule into 
DMEM.
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A biohybrid implant 
consisting of engineered 
skeletal muscle and a 
reconfigurable implant 
antenna is described.

Using the immortalized line 
of C2C12 eliminates the need 
to sacrifice animals, and it 
is less costly to grow and 
maintain the C2C12 tissues.

The implant antenna is 
used as a passive reflector 
that is reconfigured by the 
contraction of the skeletal 
muscle initiated with a 
trigger molecule that we are 
interested in sensing.

To track the switching action 
generated by the engineered 
muscle, a dual-port, 
wideband on-body antenna is 
designed.

Synthetic biology allows us 
to manipulate the genetic 
circuitry of cells, enabling 
the creation of transgenic 
sensors that are specific for 
certain molecular stimuli.

We propose a novel sensing 
mechanism that can achieve 
sensing at a molecular level 
in vivo using mammalian 
cells for the first time.

In each case, we managed 
to demonstrate successful 
detection of the implant 
antenna reconfiguration 
although variations in 
resonant frequency were 
observed.

The dips observed in the 
measurements occur at a 
lower frequency range in the 
simulations.


