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Abstract

Engineering living cells can open the gates for durable im-
plants that constantly monitor patients’ health without requir-
ing any battery power. This work aims to develop a biohybrid
implantable sensor that is capable of sensing and responding
to a chemical stimulant within the medium. Structurally, the
bio-hybrid device is composed of muscle tissue, a 3D-printed
flexible scaffold, and a resonator. Mechanistically, muscle tis-
sue, which is engineered to respond to particular stimulants,
contracts in the presence of the stimulant and deforms the scaf-
fold it is attached. This deformation results in a change in
the resonance behavior. This change is tracked with a pair
of wearable co-planar waveguide (CPW)-fed ultra-wideband
(UWB) antennas. Thus, the proposed bio-hybrid device will
enable monitoring chemicals within the medium owing to the
biosensing and actuating capabilities of muscle tissue. The
resonator, in turn, will allow reporting of this information to
wearable readers. At 1 cm implant depth inside Dulbecco’s
Modified Eagle Medium (DMEM), more than 10 dB differ-
ence in |Sy;| between the reader antennas is observed when
the engineered muscle contracts.

1 Introduction

The development of implantable sensors for monitoring bio-
logical measures can have a profound impact on the medical
field. Early diagnosis has the potential to facilitate treatment,
reduce costs, and improve patient prognosis. Compared to
electro-mechanical counterparts, living cells hold several ad-
vantages as implantable sensors. First, cell-based sensors have
higher energy efficiency and higher power-to-weight ratio [1].
Moreover, they use inexpensive and eco-friendly nutrients to
thrive and are capable of self-healing [2]. Thus, they are par-
ticularly fit for use as implants in the human body.

Engineered living cells are emerging as novel means for sens-
ing. So far living cells employed as biosensors include mi-
crobial cells such as bacteria, yeast, algae, and fungi; and an-
imal cells such as rat and human cells derived from various
tissues (e.g. epithelial, endothelial cells, etc.). Muscle tis-
sue has previously been used to actuate biohybrid devices such
as micro tweezers, walking, swimming robots, and pumps as
demonstrated in [3]-[6]; however, has never been considered
as a biosensor capable of detecting chemicals in the medium.
Moreover, the most common outputs of biosensor cells utilized
as areadout have either been of optical (fluorescent or lumines-

cent signal) or electrochemical origin (redox-active species)
[7]. Engineered skeletal muscle with its contractile response
offers a novel cell type and output for biosensor systems.

In the current proposal, a novel biosensing mechanism is pro-
posed which uses the contractile response of the skeletal mus-
cle tissue. The proposed biosensing mechanism includes a
bio-hybrid implant and a wearable reader antenna pair. The
bio-hybrid implant consists of a resonator which is reconfig-
ured with the contractile force generated by engineered skele-
tal muscle. The implant is a 3D printed setup accommodating
a microwell studded with two compliant pillars, one of which
has a conductive flat top that extends towards the split ring res-
onator and short circuits its gap, and a 3D muscle tissue grown
within the microwell. When the muscle tissue contracts with a
stimulant such as a disease bio-marker, the flat top deflects and
open circuits the resonator’s gap. This disrupts the closed loop
and converts it into an split ring resonator. Figure 1 depicts
the components of the bio-hybrid implant and the interaction
between the muscle tissue and the resonator.
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Figure 1. Figure depicts the components of the designed im-
plant and muscle actuation.

This paper presents the initial simulations for the proof of con-
cept for this novel sensing platform. Section 2 describes the
reader antenna, while the bio-hybrid implant design is detailed
in Section 3. The electromagnetic simulation results are pre-
sented in Section 4. Section 5 concludes the paper.



2 Reader Antenna Design

A coplanar waveguide fed circular disc monopole antenna is
designed on Rogers 3010 (&, = 10.2) as described in [8]. The
antenna was modeled to operate on DMEM (g,= 76.73, o=
1.71) in the shape of a rectangular prism of 150 mm x 150
mm X 25 mm. Figure 2 shows the antenna geometry and the
optimized dimensions of the reader antennas are given in Table
1. As seen in Figure 3, the antenna operates in the frequency
interval of 1-3 GHz.
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Figure 2. Antenna model and the parameterized dimensions.

Table 1. Dimensions of the CPW-fed UWB antennas in mm.
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Figure 3. Reflection coefficient of the reader antennas.

3 Bio-hybrid Implant Design

The proposed biohybrid implant consists of a 3D printed rect-
angular micro-well, a square split ring resonator (SSRR) printed
on the top surface of the well, and engineered muscle tissue as
shown in Figure 1. The implant dimensions are 8.76 mm x
6.48 mm x 6.48 mm. The height and the radius of the pillars
are 7.26 mm and 0.6 mm respectively. The bio-hybrid im-
plant is designed to facilitate both the sensing and the actuat-
ing mechanisms. While chemical sensing is accomplished by
the receptors on the individual cells, the actuation requires the

joint activity of muscle fibers. To generate sufficient force to
reconfigure the resonator, we employed two strategies. First,
we embedded muscle cells in a hydrogel with an elastic mod-
ulus comparable to muscle tissue; and second, we engineered
tendon-like interfaces (compliant pillar and beam structures)
that mimic the tendon, bone, joint structures of the native mus-
culoskeletal system. With this, we aimed to obtain better align-
ment of muscle fibers and improved transfer of contractile force
to the reconfiguration of the resonator.

While pillars provide support for skeletal tissue to grow in 3D,
they are also crucial to the actuation mechanism. Together
with the conducting flat top of one of them, pillars are re-
sponsible for producing motion and structural deflection that
reconfigures the resonance behavior of the system. The im-
plant material is chosen to be Formlabs IBT resin. This resin
is a suitable biocompatible and flexible material with an elastic
modulus of 16 MPa [10].

The design of the 3D printed bio-hybrid implant structure was
carried out using the ANSYS SpaceClaim tool. In addition,
static structural analysis was conducted to simulate the struc-
ture’s deflection against the net forces applied by the skeletal
tissue in ANSYS Workbench tool. The previous studies on
the skeletal muscle were able to demonstrate contractile forces
measured up to 10uN to 2.5mN [11]. For a realistic approach,
500uN is assumed to be applied to both pillars in opposing x
and -x directions.

Figure 5 and Figure 4 show the deflection of the flexible im-
plant in z-direction and x-direction respectively. Initially, there
is no stimulant present in the medium, thus zero net force is ap-
plied to the pillars and the pillars stand in an upright position.
At 11, the stimulant arrives, the tissue starts contracting, and
once there is sufficient stimulant in the medium, the contrac-
tion force, and the deflection reach their maximum values. The
closed-loop connection breaks at this point, open circuiting the
gap to create a square split ring resonator. The maximum de-
flection of the flat top is observed as 614.4 um and 179 um
in x and z directions respectively. The output of the ANSYS
Workbench was fed into ANSYS HFSS for electromagnetic
simulations.
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Figure 4. Figure depicts the mechanical activity of the implant
at z-direction.
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Figure 5. Figure depicts the mechanical activity of the implant
at x-direction.

The square split ring resonator (SSRR) is formed by coating
the top surface of the microwell walls with a conductive ma-
terial and has a thickness of 0.1 mm. One of the pillars has
a flat top that extends towards the split ring resonator. When
the muscle is relaxed, the flat top short circuits the SSRR. As
the concentration of stimulants in the medium increases, the
force generated by the tissue increases up to a threshold. Due
to the high flexibility of the resin, the deflection of the pillars
increases, and the flat top is disconnected from the walls open
circuiting the gap of the SSRR.

The resonance frequency of the SSRR is calculated by equa-
tion (1) where L., and C,, are equivalent inductance and equiv-
alent capacitance, respectively.
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Ley is equal to the difference between the sum of the self in-
ductances of each segment and the mutual inductance between
the parallel conductors [12]. Ceq is equal to the sum of the
gap capacitance, Cgyp, and the surface capacitance, Cyyrr. The
resonant frequency is analytically calculated to be 1.03 GHz.

4 Results

The wireless tracking of tissue activity is modeled and ana-
lyzed in ANSYS HFSS as seen in Fig 6. The in-body bio-
hybrid device is implanted inside a DMEM serum block at a
depth of 1 cm. Wearable CPW-fed UWB reader antennas are
directly located on the serum block.

The change in transmission behavior |S»;| of the wearable read-
ers in response to resonator’s geometry transformation is shown
in Fig 7. As can be seen from the figure, the resonance of
the SSRR is visible in the transmission coefficient at 1.1 GHz.
More than 10 dB difference is observed between the contracted
and relaxed muscle cases.
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Figure 6. HFSS model of the system.
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Figure 7. The change in the transmission behavior between
the reader antennas in dBs, vs. frequency

5 Conclusions

While engineered muscle tissue has previously been used to
develop various microdevices ranging from pumps to walking
robots, it has never been considered as a biosensor capable of
detecting chemicals. Moreover, in previous biohybrid designs,
the contractile output of the muscle tissue has either been used
to propel the robot forward, pick objects or pump fluid but
has never been employed to reconfigure an implant resonator
or antenna capable of sensing. We believe the current design
holds potential for developing more sophisticated biohybrid
devices capable of detecting specific molecular targets while
communicating to remote readers.
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