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Wireless in-body sensing through genetically
engineered bacteria

Ahmet Bilir1, Merve Yavuz 2, Urartu Ozgur Safak Seker 3,4 &
Sema Dumanli 1

This paper introduces a class of wireless implantable sensors that integrate
genetically engineered cells capable of detecting specific molecules for con-
tinuous monitoring. While synthetic biology enables cells to sense molecular
targets, wireless communication of this information remains a challenge.
Electromagnetic (EM) waves at cellular-scale wavelengths are strongly atte-
nuated in tissue, necessitating centimeter-scale wavelengths for in-body links.
Aligning cellular responseswith these longer EMwavelengths enables effective
interaction. In thiswork, the response of Escherichia coli is harnessed to trigger
the controlled degradation of a passive microwave antenna, which is then
monitored via backscatter communication. This approach converts cellular
activity into detectable EM signals, eliminating the need for batteries or cir-
cuits. We demonstrate a wireless link between a passive, cell-based sensor in a
human body phantom and an external receiver, achieving molecular-level
sensing at 25 mm implant depth. Future implementations could couple bac-
terial responses to diverse molecular targets.

In the coming years, the rapid increase in the population, and speci-
fically the elderly, will lead to a much higher demand for healthcare
services that cannot be met with the existing system. The solution to
this problem is only possible through a revolution that will change the
way we receive healthcare. For this technological revolution in
healthcare to take place, it is necessary not only to transform our
hospitals and homes but also the way we monitor our bodies. Con-
stantly monitoring our well-being with various implant sensors and
detecting health issues before symptoms arise constitutes a significant
step in this technological revolution1–3.

Taking a closer look at the sensors in the literature, we observe
that various implantable devices are used formonitoring, diagnosis, or
treatment purposes4,5. Monitoring devices target applications, such as
capsule endoscopy6, brain-computer interfaces7, glucose8,9, pH10, and
intravascular pressure monitoring11. These devices primarily monitor
physical parameters. For instance, the electromagnetic wave-based
glucose detection system proposed in12 detects changes in the
dielectric constant of tissue, which is a secondary effect of glucose

concentration, rather than conducting molecule-specific detection.
With the existing implant sensor technology, it is not possible to
monitor specificmolecules, such as disease-specific biomarkers,which
may be needed for early diagnosis in vivo in real time13. To address this
challenge, we propose utilizing engineered living cells. This approach
requires a specific recognition tool for the molecule of interest, but
current electronic or optical settings cannot provide such instru-
mentation. However, biological systems already possess highly
advanced sensor systems capable of recognizing any type ofmolecule
within a biological process. Cells, therefore, can be exploited as
advanced sensor systems, but it is important to recognize that these
systems have evolved within a specific biological context. Thus, if
cellular sensors are desired, they need to be reprogrammed for our
specific needs. Synthetic biology offers a set of engineering tools and
approaches for such programming14,15.

Whole-cell molecular-level detection has the potential to open
doors for high-precision diagnostics16. While electrochemical or nano-
based biosensors with molecular detection capabilities are found in
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the literature17–19, these sensors are in vitro and cannot provide real-
time in vivo monitoring. More recent studies have started to address
this limitation by developing platforms for real-time in vivo molecular
sensing. For example, Saunders et al. introduces a set of generalizable
molecular switch designs based on aptamers and antibodies for con-
tinuous in vivo detection. These sensors employ optical methods to
convert molecular binding events into measurable signals, but they
require a fiber-optic connection for signal acquisition and
monitoring20. Similarly, Chen et al. demonstrates an optical sensing
systemcapable of detecting specificmolecules in vivowhen implanted
in the blood vessels of freely moving rats for up to one week21. Mout-
siopoulou et al. also explores aptamer-based molecular sensing using
optical moving techniques22.

Chien et al. report an aptamer-based sensor for detecting kana-
mycin in freely moving rats, with data transmitted wirelessly via
Bluetooth. However, this system requires battery and signal proces-
sing electronics23. Chen et al. discusses an implantable aptamer-based
sensor that is inductively coupled to an external reader. Although it
allows for wireless power and data transmission, the implant still
contains integrated electronics for signal processing24.

This paper presents a self-sustaining, electrically passive,
implantable biosensor capable of molecular-level detection. The
advent of such implantable biosensors is set to change medical diag-
nostics and monitoring.

Synthetic biology has been revolutionizing healthcare with its
capability to reprogram living cells to function in a desiredway25,26. For
example, living cells–whether bacterial or mammalian–can be repro-
grammed to operate as sensors27,28. Cells naturally detect and respond
to stimuli, and synthetic biology allows us to manipulate their genetic
circuitry, enabling the creation of transgenic sensors that respond to
specificmolecular stimuli in a controlled way28,29. In the context of cell-
based sensing, the main challenge for electronics engineers lies in
transferring the cells’ responses–specifically the collected data–from
reprogrammed cells to existing communication systems. In other
words, we must convert cellular responses into signals that humans
can interpret. This paper elaborates on our approach to achieving this
with genetically modified bacteria. It is important to note that Anten-
nAlive, the communication method employed, has international
protection30.

The principle of operation for geneticallymodified bacteria-based
wireless sensing is illustrated in Fig. 1. The sensing is done using a bio-
hybrid implant, which is wirelessly connected to an on-body reader
antenna. The bio-hybrid implant is composed of a passive implant

antenna which is used as a reflector and a colony of genetically mod-
ified bacteria. The implant antenna, made of magnesium, is designed
todegrade in a specificmanner, such that as thedegradationproceeds,
its resonant frequency follows a predetermined pattern. This biode-
gradation is tracked by an on-body reader antenna based on back-
scatter communication. If the bacteria are genetically modified to
increase the degradation speed in the presence of a molecule of
interest, the operation will be complete. There are various biode-
gradable implant sensors proposed in the literature that explore
similar wireless connections as proposed here31,32. In this study, we use
Escherichia coli (E. coli) that includes a genetic circuit to accelerate the
degradation of magnesium. We compare two cases: one where this
genetic circuit is disabled and one where it is enabled. Themolecule of
interest acts as the enabler, though it is beyond the scopeof this paper.
We focus ondemonstratinghow to formawireless linkwith genetically
modified bacteria and present the proof of concept for the commu-
nication method.

To better understand the role of genetic modifications in con-
trolling the degradation process, we investigate a case study using E.
coli equipped with a synthetic circuit designed to modulate magne-
sium breakdown. This enables us to evaluate how the presence or
absenceof the genetic circuit influences thewireless signal behavior of
the implant. Electroactive bacteria contain redox-active proteins that
enable their interaction with extracellular electron acceptors, such as
solid metals or metal oxides, and donors through electrical current
production or consumption, respectively, as part of the extracellular
electron transfer (EET) pathway33,34. The natural ability ofmicrobes like
Geobacter and Shewanella to exchange electrons with electrodes
allows them to respire various inorganic and organic molecules for
survival in redox-stratified environments. In their anaerobic respira-
tion, these organisms transfer electrons to inorganic minerals via
nanowires, from an intracellular quinol pool to inner membrane pro-
teins, and through to the outer membrane, which likely contains a
soluble redox-active shuttle for distant electrodes33,35. Current pro-
duction occurs upon lactate catabolism, while current consumption
happens during intracellular fumarate reduction35.

While our implementation focuses on synthetic gene circuits in E.
coli, the concept of microbial interaction with conductive materials is
well-established in electroactive bacteria. Understanding the EET
mechanisms in suchmicrobes provides valuable context for how living
cells can influence material properties and wireless behavior in bio-
hybrid systems. Synthetic biology enables new opportunities to create
bioelectronic sensors by heterologously expressing c-type cyto-
chrome proteins, which facilitate interaction with physical or electrical
components for electrochemical applications33–43. The MtrCAB path-
way is crucial for this process, as it requires cytochrome c maturation
(Ccm) proteins for the proper functioning of the system39. In this work,
we aim to equip E. coli with the ability to perform EET, turning it into a
bioelectrochemical sentinel cell capable of molecular level tracking
and advancing real-time monitoring of body dynamics by sensing
molecules of interest, such as disease biomarkers.

Results
Genetically modified bacteria
Synthetic biology tools offer us to engineer bacterial cells to create an
electronic communication system between living and non-living
modulus that have application areas in biosensing34,44. In nature, bac-
terial cells evolved to transfer the electrons outside the bacterial
membrane to preserve their viability and reducemetal oxides found in
their habitat during anaerobic respiration34,36,44–50. The genetic circuit
design approach and protein engineering strategies can be combined
to develop biological systems using the biological pathways of
electrons51. A synthetic electron conduit can be set up via the intro-
duction and expression of the variable essential cytochrome’s protein
cascade in E. coli, borrowing the necessary cytochrome encoding
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Fig. 1 | The AntennAlive concept illustrating the principle of operation for
genetically modified bacteria-based wireless sensing30. The illustration of the
implant antenna was created in BioRender.com. Bilir, A. (2025)https://BioRender.
com/rnfd7kj.
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genes from Shewanella oneidensis andwriting it to E. coli’s cytochrome
protein NapC, a native homolog of CymA33, to create an electron
transfer path from the cell interior to the inorganic material outside
the cell34,35,37,39–42.

Here, we envisaged that the cell-based sensor will express the
required electron transfer proteins in response todetecting amolecule
of interest and results in electrochemical change as an outcomewould
serve as a diagnostic tool. For this purpose, E. coli BL21 cell factories
are engineered to express cytochrome c maturation proteins from
Shewanella oneidensisMR-1 strain for enhancing electron flux flows in
electron transfer systems37,41. Genetic circuits are established for the
production of CcmA–Hproteins underminimal constitutive promoter
in order to avoid possible metabolic burden in bacterial cells. The
construction of the responsible plasmid is performed via molecular
cloning techniques (see Additional Supplementary file - Supplemen-
tary Data 1). After verification of the cloning by sequencing, an

experimental set-up that compares the activity of CcmA–H expressing
E. coli BL21 bacterial cells with non-engineered E. coli BL21 cells is
designed, as seen in Fig. 2.

Degradation speed control
In order to test the degradation speed control mechanismoutlined, an
experimental set-up shown in Fig. 3 is prepared. The set-up provides
visual feedback of the biodegradation. 5mm by 2mm samples of
25μm thick magnesium foil are located in the six-well plate as shown.
The samples are prepared using MITS Autolab and fixed at the bottom
of each well using biocompatible silicone. A camera located under the
six-well plate is programmed to take a photo every three minutes.
Fig. 3 shows the photos taken with a 24 h interval.

The images collected are converted to binary format and the pixel
count is plotted, as seen in Fig. 4. The solid lines represent the average
number of pixels, while the shaded areas indicate the standard

Fig. 2 | Experimental set-up that compares the activity of CcmA–H expressing E. coli BL21 bacterial cells with non-engineered E. coli BL21. Created in BioRender.
Bilir, A. (2025)https://BioRender.com/z85u1w9.

Fig. 3 | Experimental set-up that compares the activity of CcmA–Hexpressing E. coli
BL21 bacterial cells with non-engineered E. coli BL21 (left).Mg foil strips of 2 × 5mm
subjected to degradation experiments with E. coli BL21 CcmA–H, which contains

open gene circuits, and non-engineered E. coli BL21 cells that do not express
recombinant proteins (right).
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deviation. From this graph, it is evident that E. coli BL21 CcmA–H,
which contains constitutively active gene circuits, degrades magne-
sium more rapidly compared to E. coli BL21 that does not express
recombinant proteins. This indicates that the gene expression of E. coli
BL21 CcmA–H accelerates the degradation of magnesium foil.

Implant antenna design
The passive implant antenna is designed such that a split ring reso-
nator is going to turn into a segmented ring resonator after the
degradation, as seen in Fig. 5. The section that sits at the second split’s
location is designed to be 0.5mm wide. Furthermore, the remaining
sections are covered with another layer of substrate to make sure that
the resonant frequency follows the predetermined pattern.

The passive implant antenna is numerically analyzed using ANSYS
HFSS 2025R1 in awaveguide, as seen in Fig. 6. It is sandwiched between
3-(N-morpholino)propanesulfonic acid (MOPS) andmuscle-mimicking
phantom, which is an approximate representation of how the bio-
hybrid implant is going to be positioned at system-level simulations.
For the muscle phantom, frequency-dependent dielectric properties
of muscle tissue are used52. The dielectric properties of MOPS are
measured using DAK SPEAG 3.5 and inserted into the numerical ana-
lysis. In order to observe the resonances clearly, the conductivity
values of both media are set to zero. The aim of the analysis is to
estimate the resonant frequency of the structure in the media; hence,
conductivity does not have a significant effect. The estimated resonant
frequency of the non-degraded and degraded implant antenna is 1.16
and 1.91 GHz, respectively, as seen in Fig. 6. The range of the frequency
of operation is selected to be 1 –2GHz considering the aimed implant
depth and the antenna size. The optimum frequency range for in-body
communications depend on both antenna size and implantation
depth53. The designed antenna is prototyped, as seen in Fig. 5. 25μm
thick magnesium foil is plotted with MITS AutoLab and then fixed on
an 11 × 11mm polystyrene substrate of 1 mm thickness using

biocompatible silicone. Polystyrene substrate was chosen due to its
transparent nature, allowing the degradation to be tracked optically to
validate the wireless connection.

Figure 7 shows the biodegradation of the prototyped implant in
MOPS. The optical feedback taken from the camera demonstrates that
the degradation is occurring as anticipated. The split ring structure
turns into a segmented ring at 23:50 hours of the degradation
experiment. The moment when the transition occurs can be observed
in the zoomed in images of the 0.5mm wide section.

On-body reader antenna design
To establish the chipless RFID link between the bio-hybrid implant
and the outside world, a two-port on-body reader antenna is
designed. On-body antennas are frequently used in wearable devices.
Depending on the application, these antennas may establish off-
body, on-body, or in-body communication links. In-body links are
particularly challenging due to the reflection at the air-body interface
and significant signal loss within the body. The antenna’s perfor-
mance is influenced by its location on the human body, as the
effective permittivity varies with the predominant tissue type. To
maximize the propagation into the human body and establish low
coupling between the two ports of the reader antenna, a cross-slot
structure is used, as seen in Fig. 8.

The on-body antennadesigned is based on the antenna previously
designed by the authors54. Figure 8 shows the simulated andmeasured
S-parameters of the antenna when located on a muscle block.
According to the measurements, it is operational between 0.8 and
2.3 GHz, where coupling between the ports is less than −30dB.

Phantom-based validation of wireless cell-based sensing
Figure 9 presents the detailed 3D model used for system-level simu-
lations, alongwith the experimental setup and the electrical properties
of both the numerical and physical phantoms. A plexiglass container is

Fig. 4 |Binary format strip images showing the initial state and the state after 24hof exposure to engineered E. coli BL21 CcmA–Handnon-engineered E. coli BL21 (left) and
pixel counts obtained from the binary-format foil images (right). The shaded area represents the standard deviation.

Fig. 5 | Biodegradable passive implant antenna design and its envisaged biodegradation steps (left), and the prototyped antenna fixed on polystyrene (right).
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filled with liquid muscle phantom. The bio-hybrid implant is located
inside a 3D-printed cup filled with MOPS to support the bacteria. The
3D-printed cup is then submerged into the muscle phantom. The
plexiglass container has awindowon one of its sidewalls. The on-body
antenna is secured in a 3D-printed holder, which is used to seal the
window. The separation between the on-body antenna and the bio-
hybrid implant is set to 25mm, which represents the depth of the
implant inside the human body.

The simulations were performed using ANSYS HFSS 2025R1, and
the implant antenna’s resonant frequency was observed at approxi-
mately 1.2GHz. Detailed simulation results are provided in the Sup-
plementary Information.

The biodegradation of the implant antenna is monitored both
visually and electromagnetically. The ports of the on-body reader
antenna are connected to the VNA (Rohde & Schwarz ZNLE6). A 4K
camera (Logitech MX) is located under the container using a 3D-
printed stage. The camera and the VNA are connected to a laptop
which controls the measurements. Complex S-parameters are mea-
sured every 5min over 24 h, while simultaneously the image of the
implant is saved. The process is automated with a Python code. In
order to minimize the effects of the environment, the whole set-up is
located inside our 3 × 3 × 3m anechoic chamber.

The muscle phantom is required to be transparent to allow visual
feedback. It is developed using deionizedwater, glycerol, and salt. The

Fig. 7 | Degradation test of the implant antenna in MOPS media to evaluate whether it degrades as expected: transition from split ring to segmented ring.

Fig. 6 | Simulation model to determine the resonant frequency of the passive implant antenna.
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measured dielectric properties of the phantom are compared to52, as
seen in Fig. 9. The deviation from the target dielectric constant and the
conductivity values at 1.16 GHz are 6.6 and 15.9%, respectively.

In order to monitor the biodegradation electromagnetically, the
transmission coefficient between the ports of the on-body reader
antenna is used, as shown in Equation (1). The transmission coefficient
is calibrated with the coefficient measured at the previous time point.
By doing so, the change is detected, as seen in Fig. 10. It can be
observed that the time at which the disconnection occurs in the visual
feedback is aligned with the data collected with the on-body reader
antenna.

ΔS21½ f ,n�= S21½f ,n� � S21½f ,n� 1�
∣ΔS21½f ,n�∣ðdBÞ= 20 log10∣ΔS21½f ,n�∣

ð1Þ

It is important to note that the sensing approach here is based on
detection of the existence of the resonance. Hence, the sensing is
immune to resonance shifts related to environmental changes in the
vicinity of the implant. The exact frequency of operation is not
important as long as the resonance is within the on-body reader
antennas operation bandwidth.

To determine the maximum implant depth at which the implant
antenna’s resonant frequency remains detectable,measurementswere
conducted using a non-biodegradable implant antenna fabricated on
an RO3003 substrate. Measurements were performed at depths ran-
ging from 25 to 65mm, in 10mm increments. The results indicate that
the antenna’s resonance is clearly detectable up to a depth of 55mm.
Detailed measurement results are provided in the Supplementary
Information.

Fig. 8 | The on-body antenna geometry and the comparison of simulation and measurement of the magnitudes of the S-parameters of the on-body antenna when it is
placed on human muscle tissue. Solid, dashed, and dotted lines represent ∣S11∣, ∣S21∣, and ∣S22∣, respectively.

Fig. 9 | The simulation model from different views (top). The experimental set-up for system level tests (bottom-left) and the electrical properties of the numerical and
physical phantoms where solid and dashed lines represent relative permittivity and conductivity, respectively (bottom-right).
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Discussion
A bio-hybrid implant composed of genetically modified bacteria and a
biodegradable passive implant antenna is developed. The implant
antenna is prototyped using 25μm thick magnesium foil. The geneti-
callymodified bacteria are shown to control the biodegradation speed
of the magnesium implant, where the degradation speed is envisaged
to be used for sensing at the molecular level.

An on-body antenna, designed on a muscle phantom, covers the
operational frequency range of the passive implant antenna as it
degrades. This on-body antenna is used to wirelessly monitor the
biodegradation speed of the implant via backscatter communication.
Molecular-level, cell-based sensing is achieved at an implant depth of
25mm in the muscle phantom.

In this study, we engineered E. coli bacterial machinery to express
the cytochrome c (cyt c) maturation complex (CcmA–H), enabling
electrical interactionwith ametal surface and creating communication
across the biotic-abiotic bridge. Engineering E. coli as a non-native host
to harbor EET pathways broadens the application field of bioelec-
tronics, as it allows control over transfer rates and processes for var-
ious substrates according to need36,55,56. The design of these bacterial
systems holds promise for creating electronic sentinel cells for bio-
medical applications.

We engineered the E. coli BL21 (DE3) strain to express the
CcmA–H maturation pathway under a constitutively active promoter
to avoid metabolic overload and ensure the intended function. It is
shown that BL21 CcmA–H bacterial cells degrade magnesium faster
than non-engineered BL21 cells. The bacterialmachinery is designed to

express the cytochrome c protein complex to enhance electron flux
for the purpose of controlled implant degradation.

Adapting a non-native host to perform EET functions is challen-
ging due to the complexity of native systems, such as those in Geo-
bacter and Shewanella species. Therefore, the essential parts of the EET
pathways are selectively engineered for optimal activity36. To enhance
bioelectronic activity, the CcmH gene can be modified through
hybridizationwith the CcmI gene’s C-terminal from S. oneidensisMR-1,
based on findings related to EET efficiency changes with C-terminal
mutations41. This strategy improves the compatibility of the cyt c
system from S. oneidensis with E. coli37,41. However, the hybrid CcmH
protein affects the inner membrane protein CymAwithout influencing
other cyt c proteins41.

The hybrid CcmH protein can therefore be employed in Mtr-
expressing E. coli harboring the direct EET pathway41, though a tunable
induction system is needed to balance the post-translational mod-
ifications required for c-type cytochromes (mtr and ccm). This enables
controlled MtrCAB expression along with improved cell growth39. The
stoichiometry of overall cyt c in E. coli can be evaluated using ferrozine
assay, redox assays, or x to assess redox activity in future
experiments34,41,57.

At the system-level, it has been demonstrated that E. coli BL21
CcmA–H degrades the implant in approximately 8 h, in contrast to
non-engineered BL21, which requires approximately 14 h. This result is
validated through visual feedback. This work represents the first
demonstration of a wireless link between a cell-based passive sensor
located inside a body mimicking phantom and the outside world.

Fig. 10 |The calibrated ∣S21∣ valuesover time and the initial andpost-degradation imageswhen the implant antenna is exposed to engineered E. coli BL21 CcmA–H (top) and
non-engineered E. coli BL21 (bottom).
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Our results provide proof-of-concept verification for the usability
and integration of engineered cellular sensors as electrically passive
implantable devices, requiring no integrated circuits or batteries, but
only a reflector antenna. These are wirelessly connected to the outside
world. Given the immense capability of cells to detect various mole-
cules, this approachholds potential for real-timemonitoring of disease
progression, prognosis, and drug effectiveness—without requiring
additional invasive steps.

Genetically encoded cellular biosensors, particularly whole-cell
sensors (WCS), have emerged as powerful tools in synthetic biology
due to their ability to detect and transduce environmental signals with
high specificity and modularity. These systems leverage engineered
genetic circuits composed of standardized biological parts—pro-
moters, transcription factors, RNA-based regulators, and other genetic
elements—that can be assembled to create sophisticated sensing and
response modules58,59.

Central to these circuits are genetic logic gates, state machines
which enable the implementation of complex decision-making pro-
cesses within living cells. These gates perform Boolean operations
(AND, OR, NOT, NAND, NOR, XOR, etc.) by integrating multiple input
signals—such as regulatory proteins, peptides, small molecules, or
nucleic acids—and generating a precise output response. The design of
these circuits often employs well-characterized genetic parts, such as
inducible promoters, transcriptional regulators, riboswitches, and
RNA interference mechanisms, to achieve predictable and tunable
behavior60,61.

One particularly powerful tool in this context is the toehold
switch, a synthetic RNA-based regulatory element that enables highly
specific, programmable translational control. Toehold switches are
engineered RNA hairpins that sequester ribosome binding sites and
start codons, preventing translation in the absence of a com-
plementary trigger RNA. Upon binding to the target trigger RNA, the
hairpin unfolds, exposing the ribosome binding site and initiating
translation of a downstream reporter gene. Thismechanism allows for
ultra-sensitive, sequence-specific detectionof nucleic acidbiomarkers,
with tunable dynamic ranges and minimal background noise62.

Target specificity can be finely tuned by engineering the sensor
components to recognize particular biomarkers associated with dis-
ease states, environmental contaminants, ormetabolic conditions. For
example, a WCS can be programmed to detect a disease-specific
peptide or small molecule by incorporating a responsive genetic ele-
ment that binds or interacts selectively with the target. Upon recog-
nition, the circuit can initiate a cascade of genetic events leading to a
measurable output signal.

To facilitate signal transduction, these biosensors can be engi-
neered to produce electrical or optical signals in response to target
detection. For electrical signals, the circuit may induce electron flow
through conductive proteins, such as cytochromes, metal-binding
peptides, or engineered nanowire-like structures, resulting in detect-
able current changes at the cell-material interface. Alternatively, opti-
cal outputs can be generated via reporter genes encoding fluorescent
proteins, luciferases, or other luminescent molecules, enabling real-
time, non-invasive monitoring.

These generated signals can induce local electromagnetic chan-
ges at the cell-material interface, which can be harnessed for wireless
communication, remote sensing, or integration with electronic read-
out devices. Such capabilities open avenues for developing autono-
mous, implantable biosensing platforms that operate seamlessly
within biological environments.

In addition to the specific recognition of the biomarker signals at
themolecular level, biocompatibility of the overall system also holds a
critical importance. Biocompatibility is an essential factor in the
development of in-body living biosensing systems, as it significantly
influences the safety, performance, and durability of the device within
a biological context. To achieve optimal biocompatibility, we will

implement surface modification strategies that concentrate on
protein-based materials and functionalities derived from signaling
peptides. These surface functionalization methods are intended to
reduce negative immune responses and improve the system’s inte-
gration with surrounding tissues.

In particular, we will use protein-based materials, including bio-
polymers and components of the extracellular matrix, to enhance
cellular compatibility and mitigate inflammatory reactions. Moreover,
we will immobilize signaling peptides onto the system’s surface to
promote specific cellular interactions, enhance sensor stability, and
facilitate targeted signal transduction.

These strategies aim to deliver a more resilient and sustainable
functionality to the biosensing system, ensuring reliable performance
over prolonged periodswithin the intricate biological environment. By
improving biocompatibility through these surface modifications, the
system will be better positioned to operate effectively, minimize
potential adverse effects, and ultimately provide precise, real-time
monitoring of physiological parameters in vivo.

Overall, the integration of genetic logic gates and modular sen-
sing components within WCS provides a versatile and programmable
framework. This approach allows for the creation of highly specific,
robust, and multifunctional biosensors tailored for applications ran-
ging from environmental monitoring to medical diagnostics and
therapeutic interventions in the realm of synthetic biology.

However, there remains significant room for improvement. To
achieve a robust output signal, it is necessary to integrate additional
molecular sensors and connect them to the existing cytochrome
conduit. This will require further investigation using transcription
factors and genetic regulatory systems.

Methods
Bacterial cell maintenance and genetic circuit design
For the molecular cloning experiment, the E. coli DH5α strain (pur-
chased from New England Biolabs, USA) was utilized as it contains
recA1 and endA mutations. Therefore, the insert stability is increased
due to diminished recombinase activity, and DNA quality is increased,
giving high transformation efficiency63. The protein expression
experiments were performed in the E. coli BL21 (DE3) (New England
Biolabs, USA) as they were deficient in proteases, giving a high level of
recombinant protein expression. The constructed responsible plas-
mids were transformed into chemically competent cells via heat shock
transformation protocol. Both bacterial strains were inoculated in
Lysogeny Broth (LB) liquid medium or LB agar (Sigma Aldrich, Ger-
many) and incubated at 30 °C or 37 °C for bacterial cell growth. The
liquid cultures were incubated in a shaking incubator. Bacterial cells
were stored at -80 °C (VWR, Freezer USA) in a freezing medium
including 25% glycerol (Sigma Aldrich, Germany) in LBmedia for long-
term maintenance.

For constructing the pZsmProDCcmA–H kanplasmid, the CcmA-
G cassettewas amplifiedwith PCR (Biorad C1000Thermal cycler, USA)
P1 and P2 primers (purchased from Bioligo A. S., Turkey), as seen in
Table S1. The pZs backbone, including the mProD promoter region,
was amplified with P3 and P4 primers. The isolated PCR products were
assembled via the isothermal assembly kit by following vendors pro-
tocol (Synbiotik, Turkey).

Antenna prototyping and testing
The on-body antenna was fabricated using the LPKF ProtoMat S103 on
a Rogers RO6010 substrate. Since the design consists of two separate
layers, three 1 mm diameter holes were drilled into the substrates to
ensure proper alignment. After aligning the layers, they were bonded
together using epoxy resin.

Next, 90-degree SMA connectors were soldered to the two
antenna ports. To secure the antenna onto the plexiglass container, a
3D-printed insert was used. This insert was fabricatedwith an SLA 3D-
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printer, Anycubic Photon M3 Max, using water-washable resin. The
antenna was affixed to the 3D-printed insert with epoxy resin, and the
insert was then glued to the plexiglass container using the same
adhesive. Epoxy resin was specifically chosen to prevent leakage
from the liquid phantom. Finally, Kapton tape was applied to prevent
direct contact between the microstrip on the antenna and the lossy
phantom.

The implant antenna was prototyped using 99.9% Mg foil
(Changsha Rich Nonferrous Metals Co., Ltd, China) with a thickness of
25μm. The foil was shaped using the MITS Autolab PCB prototyping
machine. The Mg implant antenna was then attached to an 11 × 11mm
polystyrene substrate using biocompatible silicone.

To set up the measurement system, a 3D-printed cup designed to
contain the implant antenna, the bacteria, and the growthmediumwas
fabricated using an SLA 3D printer with water-washable resin. The cup
was equipped with fixers on both sides to secure it to the plexiglass
container. Additionally, the fixing parts and the inner surfaces of the
plexiglass container featured interlocking male-female strips, each
5mm wide, to ensure that the 3D-printed cup, and consequently the
implant antenna, was always positioned at a consistent distance from
the on-body antenna.

Tomonitor the degradation of the implant antenna over time, the
measurement setup also included a dedicated camera system. A 3D-
printed holder was fabricated to securely mount the camera in a fixed
position, ensuring a clear and unobstructed view of the implant
antenna throughout the entire experiment. This setup allowed for
continuous optical observation. For the same reason, the phantom,
which was designed to mimic the electrical properties of human
muscle tissue, was developed to be transparent. This transparency
allowed both optical and electromagnetic observations to be con-
ducted simultaneously.

Protein expression, magnesium degradation and analysis
For protein expression experiments, the sequence-verified plasmid
(plasmids were sequence verified by Genewiz, USA) was transformed
into chemically competent E. coli BL21 (DE3) (New England Biolabs,
USA) cells. The bacterial cells were grown overnight in LB liquidmedia
(purchased from Sigma Aldrich, Germany) supplemented with a
proper antibiotic, kanamycin (Sigma Aldrich, Germany), for the
responsible cell group. The groups were specified as follows: E. coli
BL21 (DE3) harboring pZs mProD CcmA–H kan, which was later
depicted as BL21 CcmA–H, non-engineered E. coli BL21 (DE3) that
simply indicated as BL21, and lastly themedia itself. The following day,
the cells were collected via centrifugation at 5000 rpm (~4000× g)
(VWR 5810 centrifuge with cooling) for 5–10min. The cell pellets were
washed with 1 ×MOPS (Sigma Aldrich, Germany) minimal media once,
which was followed by centrifugation. The washed cell pellets were
concentrated to the same OD600 value (measured with Varian Cary
5000UV Vis spectrometer) and resuspended in a 1:5 culture volume of
1 ×MOPS media supplemented with 0.2% (w/v) final concentration of
glucose and 0.4% (w/v) final concentration of sodium lactate besides
an appropriate antibiotic if required. The additives were also provided
to the media group.

Three replicates of Mg strips, placed in a 6-well plate, were incu-
bated with the corresponding cell or media groups (3mL each) at
room temperature. Images were captured every 3min over a 24 h
period.

Each imagewas analyzed usingMATLABR2025a. After converting
the images to binary scale, the number of black pixels was counted. All
data are presented as mean± standard deviation.

Ethics
This study does not involve experiment involving animals, human
participants, or clinical samples.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the
article and its supplementary files. Any additional requests for infor-
mation can be directed to, and will be fulfilled by, the corresponding
authors. Source data are provided with this paper.

References
1. Khaleghi, A., Dumanli, S. and Balansingham, I. “An Overview of

Medical Implant Antennas, 2023 17th European Conference on
Antennas and Propagation (EuCAP), Florence, Italy, pp. 1-5.
(EuCAP, 2023)

2. Koydemir, H. C. & Ozcan, A. Wearable and implantable sensors for
biomedical applications. Annu. Rev. Anal. Chem. 11, 127–146 (2018).

3. Gray, M. et al. Implantable biosensors and their contribution to the
future of precision medicine. Vet. J. 239, 21–29 (2018).

4. Veletić, M. et al. Implants with sensing capabilities.Chem. Rev. 122,
16329–16363 (2022).

5. Goncalves, A. D. et al. Biomedical Implants for Regenerative
Therapies, Biomaterials, IntechOpen (Springer, 2020).

6. Cil, E. et al. On the use of impedance detuning for gastrointestinal
segment tracking of ingestible capsules. IEEE Trans. Antennas
Propag. 71, 1977–1981 (2023).

7. Lozano, A. M. et al. Deep brain stimulation: current challenges and
future directions. Nat. Rev. Neurol. 15, 148–160 (2019).

8. Villena Gonzales, W., Mobashsher, A. & Abbosh, A. The progress of
glucose monitoring-a review of invasive to minimally and non-
invasive techniques, devices and sensors. Sensors 19, 800 (2019).

9. Lucisano, J. Y., Routh, T. L., Lin, J. T. & D. A. Gough, and Glucose
monitoring in individualswithdiabetes using a long-term implanted
sensor/telemetry system and model. IEEE Trans. Biomed. Eng. 64,
1982–1993 (2017).

10. Gonzalez-Guillaumin, L., Sadowski, D. C., Kaler, K. V. I. S. & Min-
tchev, M. P. Ingestible capsule for impedance and pHmonitoring in
the esophagus. IEEE Trans. Biomed. Eng. 54, 2231–2236 (2007).

11. Chen, X., Brox, D., Assadsangabi, B., Hsiang, Y. & Takahata, K.
Intelligent telemetric stent for wireless monitoring of intravascular
pressure and its in vivo testing. Biomed. Microdev. 16, 745–759
(2014).

12. Malik, J., Kim, S., Seo, J. M., Cho, Y. M. & Bien, F. Minimally invasive
implant type electromagnetic biosensor for continuous glucose
monitoring system: in vivo evaluation. IEEE Trans. Biomed. Eng. 70,
1000–1011 (2023).

13. Erden, O. K., Bilir, A., Karabulut, C., Safak Seker U. O., and Dumanli,
S., Antennas Reconfigured by Living Cells: AntennAlive, 2022 IEEE
International Symposium on Antennas and Propagation and USNC-
URSI Radio Science Meeting (AP-S/URSI), pp. 882-883 (IEEE, 2022).

14. Koksaldi, I. C. et al. Genetically engineered bacterial biofilm mate-
rials enhances portable whole cell sensing. Biosens. Bioelectron.
264, 116644 (2024).

15. Kose, S. et al. Multiplexed cell-based diagnostic devices for detec-
tion of renal biomarkers. Biosens. Bioelectron. 223, 115035 (2023).

16. Karabulut, C., Bilir, A., Lacin, M. E. & Dumanli, S. 3D-engineered
muscle tissue as a wireless sensor: antennAlive [Bioelec-
tromagnetics]. IEEE Antennas Propag. Mag. 65, 28–36 (2023).

17. Thévenot, D. R., Toth, K., Durst, R. A. &Wilson, G. S. Electrochemical
biosensors: recommended definitions and classification. Biosens.
Bioelectron. 16, 121–131 (2001).

18. Maccaferri, N. et al. Ultrasensitive and label-free molecular-level
detection enabled by light phase control in magnetoplasmonic
nanoantennas. Nat. Commun. 6, 7150 (2015).

Article https://doi.org/10.1038/s41467-025-65416-5

Nature Communications |        (2025) 16:10432 9

www.nature.com/naturecommunications


19. Cash, K. J., Ricci, F. & Plaxco, K. W. An electrochemical sensor for
the detection of protein-small molecule interactions directly in
serum and other complex matrices. J. Am. Chem. Soc. 131,
6955–6957 (2009).

20. Saunders, J., Thompson, I. A. & Soh, H. T. Generalizable molecular
switch designs for in vivo continuous biosensing. Acc. Chem. Res.
58, 703–713 (2025).

21. Chen, Y. et al. A biochemical sensor with continuous extended
stability in vivo, Nat. Biomed. Eng. 9, 1517–1530 (2025).

22. Moutsiopoulou, A., Broyles, D., Dikici, E., Daunert, S. and Deo, S. K.
Molecular aptamer beacons and their applications in sensing,
imaging, and Diagnostics. Small 15, e1902488 (2019).

23. Chien, J. -C., Baker, S. W., Gates, K., Seo, J. -W., Arbabian, A. and
Soh, H. T. Wireless Monitoring of Small Molecules on a Freely-
Moving Animal using Electrochemical Aptamer Biosensors, 2022
IEEE Biomedical Circuits and Systems Conference (BioCAS), 36-39
(IEEE, 2022).

24. Chen, S., Liu, T.-L., Dong, Y. & Li, J. A wireless, regeneratable
cocaine sensing scheme enabled by allosteric regulation of ph
sensitive aptamers. ACS Nano 16, 20922–20936 (2022).

25. Benner, S. A. & Sismour, A. M. Synthetic biology.Nat. Rev. Genet. 6,
533–543 (2005).

26. Balci, B. & Dincer, P. Efficient transfection of mouse-derived C2C12
myoblasts using a matrigel basement membrane matrix. Bio-
technol. J. 4, 1042–1045 (2009).

27. Sezgen, O. F. et al. A multiscale communications system based on
engineered bacteria. IEEE Commun. Mag. 59, 62–67 (2021).

28. Gupta, N., Renugopalakrishnan, V., Liepmann, D., Paulmurugan, R.
& Malhotra, B. D. Cell-based biosensors: recent trends, challenges
and future perspectives. Biosens. Bioelectron. 141, 111435 (2019).

29. Saltepe, B., Kehribar, E. S., Su Yirmibesoglu, S. S. & Safak Seker, U.
O. Cellular biosensors with engineered genetic circuits. ACS Sens.
3, 13–26 (2018).

30. Oktar, S. D. “A System and Method Which Provides Wireless Com-
munication between Bio-nano Elements and Macro/micro Devices,
U.S. Patent WO2021126135A1, Jun. 2021.

31. Koirala, G. R. et al. Fully wireless, in vivo assessment of super-
imposedphysiological vital signsusing abiodegradablepassive tag
interrogated with a wearable reader patch. Adv. Funct. Mater. 35,
2413363 (2024).

32. Mariello, M. et al.Wireless, battery-free, and real-timemonitoring of
water permeation across thin-film encapsulation.Nat. Commun. 15,
7443 2024.

33. Bird, L. J. et al. Engineering wired life: synthetic biology for elec-
troactive bacteria. ACS Synth. Biol. 10, 2808–2823 (2021).

34. Jensen, H. M. et al. Engineering of a synthetic electron conduit in
living cells. Proc. Natl. Acad. Sci. USA 107, 19213–19218 (2010).

35. Baruch, M., Tejedor-Sanz, S., Su, L. & M. Ajo-Franklin, C. Electronic
control of redox reactions inside Escherichia coli using a genetic
module. PLoS One 16, e0258380 (2021).

36. Jensen, H. M., TerAvest, M. A., Kokish, M. G. & Ajo-Franklin, C. M.
Cyma and exogenous flavins improve extracellular electron trans-
fer and couple it to cell growth in MTR-expressing escherichia coli.
ACS Synth. Biol. 5, 679–688 (2016).

37. Su, L. et al. Modifying cytochrome c maturation can increase the
bioelectronic performance of engineered escherichia coli. ACS
Synth. Biol. 9, 115–124 (2020).

38. Ikeda, S. et al. Shewanella oneidensis MR-1 as a bacterial platform
for electro-biotechnology. Essays Biochem. 65, 355–364 (2021).

39. Goldbeck, C. P. et al. Tuning promoter strengths for improved
synthesis and function of electron conduits in Escherichia coli. ACS
Synth. Biol. 2, 150–159 (2013).

40. Teravest,M. A., Zajdel, T. J. &Ajo-Franklin, C.M. TheMTRpathwayof
shewanella oneidensis MR-1 couples substrate utilization to current

production in escherichia coli. ChemElectroChem 1, 1874–1879
(2014).

41. Su, L., Fukushima, T. & Ajo-Franklin, C. M. A hybrid cyt Cmaturation
system enhances the bioelectrical performance of engineered
escherichia coli by improving the rate-limiting step. Biosens. Bioe-
lectron. 165, 112312 (2020).

42. Lienemann, M. et al. Towards patterned bioelectronics: facilitated
immobilization of exoelectrogenic escherichia coli with hetero-
logous pili. Microb. Biotechnol. 11, 1184–1194 (2018).

43. Schuergers, N., Werlang, C., Ajo-Franklin, C. M. & Boghossian, A. A.
A synthetic biology approach to engineering living photovoltaics.
Energy Environ. Sci. 10, 1102–1115 (2017).

44. Ueki, T., DiDonato, L. N. and Lovley, D. R. Toward establishing
minimum requirements for extracellular electron transfer in Geo-
bacter sulfurreducens. FEMS Microbiol. Lett. 364, 93 (2017).

45. West, E. A., Jain, A. & Gralnick, J. A. Engineering a native inducible
expression system in shewanella oneidensis to control extracellular
electron transfer. ACS Synth. Biol. 6, 1627–1634 (2017).

46. Shi, L. et al. Extracellular electron transfer mechanisms between
microorganisms and Minerals. Nat. Rev. Microbiol. 14, 651–662
(2016).

47. Shi, L. et al. The roles of outer membrane cytochromes of shewa-
nella and geobacter in extracellular electron transfer. Environ.
Microbiol. Rep. 1, 220–227 (2009).

48. Marritt, S. J. et al. A functional description of CymA, an electron-
transfer hub supporting anaerobic respiratory flexibility in Shewa-
nella. Biochem. J. 444, 465–474 (2012).

49. Sturm, G. et al. A dynamic periplasmic electron transfer network
enables respiratory flexibility beyond a thermodynamic regulatory
regime. ISME J. 9, 1802–1811 (2015).

50. Hartshorne, R. S. et al. Characterization of an electron conduit
between bacteria and the extracellular environment. Proc. Natl.
Acad. Sci. USA 106, 22169–22174 (2009).

51. Kalyoncu, E., Ahan, R. E., Olmez, T. T. & Safak Seker, U. O. Geneti-
cally encoded conductive protein nanofibers secreted by engi-
neered cells. RSC Adv. 7, 32543–32551 (2017).

52. Gabriel, C. Compilation of the Dielectric Properties of Body Tissues
at RF andMicrowaveFrequencies,Occupational andEnvironmental
Health Directorate, Radiofrequency Radiation Division, Brooks Air
Force Base, TX, USA, Report N.AL/OE-TR-1996-0037 (1996).

53. Skrivervik, A. K., Bosiljevac, M. and Sipus, Z. Antennas for implants:
design and limitations, in Bioelectromagnetics in Healthcare:
Advanced Sensing and Communication Applications, W. Whittow,
Ed. Stevenage, U.K.: IET (Institution of Engineering and Technol-
ogy), pp. 81-90, (IET, 2022).

54. Bilir, A. and Dumanli, S. Wide-band Dual Port Cross Slot Wearable
Antenna for In-body Communications, 2023 17th European Con-
ference on Antennas and Propagation (EuCAP), Florence, Italy, pp. 1-
5, (EuCAP, 2023).

55. Sturm-Richter, K. et al. Unbalanced fermentation of glycerol in
escherichia coli via heterologous production of an electron trans-
port chain and electrode interaction in microbial electrochemical
cells. Bioresour. Technol. 186, 89–96 (2015).

56. Thirumurthy, M. A. & Jones, A. K. Geobacter cytochrome OmcZs
binds riboflavin: implications for extracellular electron transfer.
Nanotechnology 31, 124001 (2020).

57. Riemer, J., Hoepken, H. H., Czerwinska, H., Robinson, S. R. & Drin-
gen, R. Colorimetric ferrozine-based assay for the quantitation of
iron in cultured cells. Anal. Biochem. 331, 370–375 (2004).

58. Saltepe, B., Bozkurt, E. U., Gungen, M. A., Cicek, A. E. & Seker, U. O.
Genetic circuits combined with machine learning provides fast
responding living sensors. Biosens. Bioelectron. 178, 113028 (2021).

59. Koksaldi, I. C. et al. SARS-COV-2 detection with de novo-designed
synthetic riboregulators. Anal. Chem. 93, 9719–9727 (2021).

Article https://doi.org/10.1038/s41467-025-65416-5

Nature Communications |        (2025) 16:10432 10

www.nature.com/naturecommunications


60. Akboga, D., Saltepe, B., Bozkurt, E. U. & Seker, U. O. A recombinase-
based genetic circuit for heavy metal monitoring. Biosensors 12,
122 (2022).

61. Ahan, R. E., Kirpat, B. M., Saltepe, B. & Seker, U. O. A self-actuated
cellular protein delivery machine. ACS Synth. Biol. 8, 686–696
(2019).

62. Koksaldi, I. C. et al. RNA-based sensor systems for affordable
diagnostics in the ageof pandemics.ACSSynth. Biol. 13, 1026–1037
(2024).

63. Borja, G. M. et al. Engineering escherichia coli to increase plasmid
DNA production in high cell-density cultivations in batch mode
Microb. Cell Factories 11, 132 (2012).

Acknowledgements
This work was supported by the Scientific and Technological Research
Institution of Turkey (TUBITAK) under project number 120C131, S.D. Also,
the authors would like to thank Prof. Arda Deniz Yalcinkaya and Asst.
Prof. Cansu Canbek Ozdil for insightful discussions. The authors grate-
fully acknowledge financial support from Synbiotik Biotechnology.

Author contributions
S.D. proposed the project idea, supervised thework, conceptualized the
experiments and acquired funding. A.B designed and fabricated the
implantable resonators and the reader antenna, and carried out in vitro
testing. U.O.S.S. supervised synthetic biology experiments. U.O.S.S and
M.Y. designed the engineered bacteria, did molecular cloning, genetic
engineering studies, and molecular characterization studies. A.B. wrote
the original draft. S.D.,M.Y., andU.O.S.Scontributed to thewritingof the
original draft. All authors contributed to reviewing and editing the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-65416-5.

Correspondence and requests for materials should be addressed to
Urartu Ozgur Safak Seker or Sema Dumanli.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to thepeer reviewof thiswork. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Article https://doi.org/10.1038/s41467-025-65416-5

Nature Communications |        (2025) 16:10432 11

https://doi.org/10.1038/s41467-025-65416-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Wireless in-body sensing through genetically engineered bacteria
	Results
	Genetically modified bacteria
	Degradation speed control
	Implant antenna design
	On-body reader antenna design
	Phantom-based validation of wireless cell-based sensing

	Discussion
	Methods
	Bacterial cell maintenance and genetic circuit design
	Antenna prototyping and testing
	Protein expression, magnesium degradation and analysis
	Ethics
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




