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ABSTRACT

WIRELESS IN-BODY SENSING AND ACTUATION

THROUGH GENETICALLY MODIFIED BACTERIA

This thesis introduces a new class of fully passive, wireless bio-hybrid implants

that integrate genetically engineered bacteria with microwave resonators to enable

molecular-level sensing and wireless control inside the body. Synthetic biology offers

powerful tools to reprogram living cells for detecting specific target molecules; however,

the lack of viable wireless communication mechanisms has limited their use in vivo.

Direct electromagnetic interaction with individual cells would require THz frequen-

cies, which are strongly attenuated in biological tissues. To overcome this, this work

links cellular responses to electromagnetic signals by coupling engineered E. coli with a

biodegradable passive microwave antenna. The bacteria modulate the antenna’s degra-

dation rate, and the resulting resonance shifts are wirelessly tracked using backscatter

communication. This approach enables real-time, battery-free molecular sensing at an

implant depth of 25 mm in muscle-mimicking phantoms.

In addition, this thesis demonstrates a method for wireless thermal actuation of

engineered bacteria using focused microwave hyperthermia. An on-body antenna de-

livers energy to the implanted resonator, producing localized heating while maintaining

the temperature of surrounding tissue below the 43◦C safety threshold. Multiphysics

simulations show that the system can induce a localized temperature rise exceeding 6◦C

within 5 minutes under 1 W input power—sufficient to activate heat-inducible genetic

circuits and trigger protein expression. This work represents the first demonstration of

a wireless link between a passive, cell-based implant and an on-body antenna, laying

the groundwork for battery-free, circuit-free cellular implants for continuous biosensing

and programmable therapeutic applications.
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ÖZET

GENETİĞİ DEĞİŞTİRİLMİŞ BAKTERİLERLE

KABLOSUZ BEDEN İÇİ ALGILAMA VE UYARIM

Bu tez, genetiği değiştirilmiş bakterileri mikrodalga rezonatörlerle entegre eden,

tamamen pasif ve kablosuz çalışan yeni bir biyo-hibrit implant sınıfı sunmaktadır. Sis-

tem, beden içerisinde moleküler düzeyde algılama ve kablosuz kontrol imkânı sağlamak-

tadır. Sentetik biyoloji, hücreleri belirli molekülleri algılayacak şekilde yeniden pro-

gramlamaya olanak verse de, uygun kablosuz iletişim mekanizmalarının eksikliği bu

sensörlerin in vivo kullanımını sınırlamaktadır. Hücrelerle doğrudan elektromanyetik

etkileşim sağlamak, biyolojik dokularda şiddetle zayıflayan THz frekanslarını gerektirir.

Bu sınırlamayı aşmak için bu çalışmada, genetiği değiştirilmiş bakteri biyobozunur pasif

bir antenle birleştirilmiş ve bakterilerin tepkisi antenin bozunma hızını değiştirecek

şekilde tasarlanmıştır. Antenin bozunma hızının modüle edilmesiyle antenin rezonans

frekansı değişmekte, bu değişim gerisaçılım (backscatter) yöntemiyle kablosuz olarak

izlenmektedir. Bu yaklaşımla bataryasız ve elektronik komponent içermeyen implant-

larla beden-içi gerçek zamanlı moleküler algılamanın mümkün olduğu gösterilmiştir.

Ayrıca bu tezde, mikrodalga hipertermi kullanılarak genetiği değiştirilmiş bak-

terilerin kablosuz termal uyarımına yönelik bir yöntem geliştirilmiştir. Beden yüzeyine

yerleştirilen bir anten, implant rezonatörde lokal sıcaklık artışı oluştururken çevre doku-

nun sıcaklığını 43◦C eşiğinin altında tutmaktadır. Multifizik benzetimler, sistemin 1

W güç altında 5 dakikada 6◦C’den fazla sıcaklık artışı sağladığını göstermiştir. Bu

düzeydeki sıcaklık artışı, ısı ile uyarılabilir genetik devreleri aktive ederek protein

üretimini tetiklemektedir. Bu çalışma, pasif ve hücre tabanlı bir implant ile beden-

üstü okuyucu arasında kablosuz bağlantı kurulan ilk örneği temsil etmekte ve pil ya da

devre gerektirmeyen hücresel implantların geliştirilmesine temel oluşturmaktadır.



vi

TABLE OF CONTENTS

ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
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1. INTRODUCTION

Recent advances in biomedical engineering are increasingly blurring the bound-

aries between living systems and electronic devices. Conventional implantable medical

devices—such as pacemakers, glucose monitors, and neurostimulators—have already

transformed healthcare by enabling continuous monitoring and intervention inside the

human body. However, these devices remain constrained by their reliance on rigid ma-

terials, batteries, and complex electronics, which limit their long-term biocompatibility,

miniaturization, and functionality. At the same time, synthetic biology has opened new

possibilities to program living cells with user-defined sensing and actuation functions.

Integrating these programmable biological components with wireless passive electronics

offers a promising path toward a new class of bio-hybrid implants that operate without

internal power sources or circuitry. This thesis explores this concept by developing

a system that combines genetically engineered bacteria with an implant antenna to

achieve two key capabilities: (i) wireless molecular sensing and (ii) wireless thermal

actuation.

1.1. Wireless Molecular Sensing

The global population is steadily increasing, with a particularly rapid rise in

the proportion of elderly individuals. This demographic trend is expected to place an

unprecedented burden on healthcare systems worldwide. Current healthcare infrastruc-

tures are unlikely to meet the growing demand without fundamental change. Address-

ing this challenge requires a paradigm shift in how healthcare is delivered—extending

beyond hospitals and home-based care to include new ways of continuously monitoring

human health. In this context, implantable sensors capable of tracking physiological

conditions and enabling early diagnosis—before the onset of symptoms—represent a

critical step toward the future of healthcare [1–3].
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A wide range of implantable devices has been reported in the literature for various

monitoring, diagnostic, and therapeutic purposes [4,5]. These devices typically monitor

physical or physiological parameters, such as in capsule endoscopy [6], brain–computer

interfaces [7], glucose sensing [8, 9], pH measurement [10], and intravascular pressure

monitoring [11]. For example, the electromagnetic wave–based glucose detection sys-

tem described in [12] estimates glucose concentration indirectly by observing changes in

tissue permittivity. Such approaches do not achieve molecule-specific detection, which

is essential for early and precise diagnosis. Present passive implantable sensor tech-

nologies are therefore limited in their ability to detect specific biomarkers in vivo and

in real time [13].

One strategy to overcome this limitation is to incorporate engineered living cells

as sensing elements. Biological systems are naturally equipped with highly specific

molecular recognition mechanisms, and synthetic biology provides tools to reprogram

living cells to act as specialized biosensors [14,15]. Whole-cell molecular sensors could

open new possibilities for highly sensitive and specific diagnostics [16]. While electro-

chemical or nanotechnology-based biosensors capable of molecular detection have been

demonstrated [17–19], these are generally restricted to in vitro settings and cannot pro-

vide continuous in vivo measurements. Recent studies have begun to address this gap

by developing platforms for real-time molecular sensing within living organisms. For

example, Saunders et al. proposed aptamer- and antibody-based molecular switches

for continuous detection using optical readouts via fiber-optic interfaces [20]. Chen

et al. developed an optical system for in vivo molecular sensing in the blood vessels

of freely moving rats [21], and Moutsiopoulou et al. explored aptamer-based optical

techniques [22]. Other studies, such as those by Chien et al. and Chen et al., have

introduced wireless and inductively coupled aptamer-based sensors [23, 24]. However,

these systems still depend on integrated electronics, batteries, or optical fibers, which

complicate long-term implantation and limit their applicability.

To move beyond these limitations, this thesis investigates a bio-hybrid sensing

concept that integrates genetically engineered bacteria with a biodegradable passive im-
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plant antenna. Unlike conventional sensors, this system is designed to operate without

batteries or embedded electronics. The core idea is to link molecular-level biological re-

sponses to wireless electromagnetic signals. Synthetic biology allows living cells—such

as E. coli—to be engineered to respond to specific molecules [25–29]. The challenge

then becomes translating these cellular responses into measurable signals that can be

acquired wirelessly. This thesis explores such an interface, which enables passive wire-

less monitoring.

In this approach, a bio-hybrid implant consisting of a magnesium antenna and

genetically modified E.coli is wirelessly coupled to an external on-body reader antenna.

The implant antenna is designed to undergo controlled biodegradation, which shifts its

resonant frequency over time. This frequency shift can be tracked wirelessly using

backscatter communication. By programming the bacteria to accelerate magnesium

degradation in the presence of a target molecule, the system can report molecular

activity indirectly through changes in the wireless response. Similar biodegradable

wireless implants have been proposed in previous studies [30, 31]. In this work, two

scenarios are examined: E.coli with and without the synthetic genetic circuit responsi-

ble for accelerating magnesium degradation. While the specific molecule that triggers

this response is beyond the scope of this thesis, the focus is on demonstrating the feasi-

bility of establishing a wireless communication link mediated by genetically engineered

bacteria.

Understanding how genetic modifications influence the interaction between liv-

ing cells and conductive materials is essential for this concept. Electroactive bacteria

naturally perform extracellular electron transfer (EET), using redox-active proteins

to exchange electrons with external acceptors such as metals or metal oxides [32–34].

Species such as Geobacter and Shewanella exemplify this process, transferring elec-

trons along conductive nanowires to distant minerals during anaerobic respiration.

Such mechanisms demonstrate how living cells can affect the electrical properties of

their surroundings. Synthetic biology enables similar capabilities in non-electroactive

species by heterologously expressing c-type cytochrome proteins—particularly those
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in the MtrCAB pathway, which requires cytochrome c maturation (Ccm) proteins

for functionality [36–41]. This thesis aims to equip E.coli with EET capability, cre-

ating bioelectrochemical sentinel cells capable of modulating material properties and

enabling molecular-level sensing. Such bio-hybrid sensors could enable real-time mon-

itoring of physiological processes and early detection of disease biomarkers, opening a

new direction for implantable medical devices.

On-Body Reader Antenna:
back scatter comms 
eliminates batteries

Biohybrid Implant:
cell-based sensing 

eliminates ICs

AIR HUMAN BODY

antenna transmitted 
signal

reflected
signal

degradation

molecule of interest

f1 f2

f1 or f2
implant
antenna

bacteria

Figure 1.1. The AntennAlive concept illustrating the principle of operation for

genetically modified bacteria-based wireless sensing [35]. The illustration of the

implant antenna was created in BioRender.com.

1.2. Wireless Actuation

Implantable electronic systems have undergone significant advancements over the

past decade, enabling continuous in vivo sensing and actuation through wireless links

to external systems. Most of these systems, however, follow a conventional design

paradigm composed of discrete sensing, processing, power, and communication mod-

ules. Such architectures present challenges for long-term implantation due to their

size, power requirements, and the potential cytotoxic effects of their materials. Bio-

compatibility is generally achieved through the use of inert encapsulation layers, which
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only offer partial and temporary protection against immune responses [42]. These con-

straints limit the practicality of conventional electronic implants, especially in chronic

implantation scenarios.

To address these limitations, previous studies have introduced an alternative ap-

proach that employs genetically engineered living cells as the primary sensing ele-

ments [35]. Building on earlier work involving bio-hybrid implants capable of molecular-

scale sensing [16], [43], the present thesis explores the integration of wireless downlink

functionality within such architectures. The proposed system consists of a bio-hybrid

implant incorporating genetically modified E. coli alongside a passive microwave res-

onator. Wireless actuation is achieved using an external on-body antenna, eliminating

the need for batteries or embedded electronic circuits within the implant. The broader

objective is to enable the wireless control of cellular behavior inside the body, thereby

creating programmable biological responses on demand. Such wireless modulation of

bacterial activity could be applied to therapeutic tasks such as targeted drug deliv-

ery; for example, engineered E.coli could be programmed to produce glucagon-like

peptide-1 to reduce insulin dependency in diabetic patients.

Although synthetic biology provides powerful tools for programming cellular be-

havior, current methods for wirelessly controlling cells face critical limitations in terms

of penetration depth. Establishing a direct electromagnetic interface with individual

cells inside the body is fundamentally restricted by scale: interaction at the cellular

level would require electromagnetic wavelengths comparable to cellular dimensions, im-

plying operation at terahertz frequencies and beyond [44]. However, biological tissues

exhibit very high dielectric losses at such frequencies. At 1 GHz, human tissue permit-

tivity ranges between 3.5 and 68, with conductivities up to 2.5 S/m [45]. This results in

severe attenuation, making direct high-frequency in-body communication infeasible. In

practice, in-body communication is limited to sub-6 GHz microwave frequencies, which

do not provide the spatial resolution necessary for cell-level interaction. To overcome

this challenge, the system proposed in this thesis employs thermally triggered biological

responses rather than direct electromagnetic stimulation of cells.
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Figure 1.2. The concept of the wireless actuation of the genetically engineered

bacteria. The illustration of the implant antenna was created in BioRender.com.

Thermal modulation has been used in biomedical applications. Conventional

thermal therapies generally target macroscopic tissue regions [46]. Various implemen-

tations of non-invasive microwave hyperthermia have been reported, all aiming to fo-

cus electromagnetic energy on a defined region while minimizing collateral heating of

healthy tissue [47]. For example, multi-element antenna arrays have been used to focus

energy on brain tumors, raising the local temperature to approximately 45◦C in both

simulations and phantom experiments [48]. Similar studies targeting breast tumors

have shown that focused microwave exposure can raise tumor temperature to 42◦C

while maintaining surrounding healthy tissue near physiological levels (≈36◦C) [49].

To enhance precision, wideband antenna designs have been proposed, providing im-

proved field focusing compared to narrowband counterparts [50]. More recently, meta-

surface structures have been incorporated to further localize electromagnetic fields at

depth, enabling more compact and power-efficient hyperthermia systems [51,52]. Par-

allel research has also explored the use of electromagnetic fields for wireless power

transfer (WPT) and communication with implantable devices, showing that conformal

antennas, metasurfaces, and textile-integrated phased surfaces can improve coupling

efficiency and penetration depth [53–55]. However, to the best of current knowledge,
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the concept of using a passive implanted resonator to achieve localized microwave hy-

perthermia has not previously been proposed. This is partly because conventional

superficial hyperthermia is inherently non-invasive and does not typically involve im-

planted structures.

Here, a passive resonator is used to concentrate EM waves at the target site,

resulting in localized temperature elevation specifically at the bio-hybrid implant. Be-

cause the resonator heats more rapidly than the surrounding non-conductive medium,

the temperature in adjacent tissues remains below the safety threshold of 43◦C, while

the bacterial colony at the implant site reaches the desired activation temperature.

Simulation results indicate that this configuration can produce localized temperature

increases exceeding 6◦C under only 1 W of input power, which is sufficient to trigger

heat-sensitive protein expression. This method thus enables precise thermal activation

of genetically engineered bacteria using an external antenna.



8

2. WIRELESS MOLECULAR IN-BODY SENSING

2.1. Genetically Engineered Bacteria

Synthetic biology provides powerful tools for engineering bacterial cells to estab-

lish electronic communication links between living and non-living components, which

can be exploited for various biosensing applications [33], [56]. Naturally, many bacterial

species have evolved mechanisms to transfer electrons across their cellular membranes

during anaerobic respiration, enabling them to survive by reducing metal oxides present

in their environment [33], [36], [56–62]. By combining genetic circuit design approaches

with protein engineering strategies, it is possible to harness these biological electron

transfer pathways to develop functional bioelectronic systems [63].

BCDEFGH A RBS
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ccmA-H

Engineered E. coli - ccmAH

Non-engineered E. coli

Engineered
Non-

engineered

Mg foil

1

2

3

Figure 2.1. Experimental set-up comparing the activity of CcmA–H-expressing E.

coli BL21 cells with non-engineered E. coli BL21. Created in BioRender.

One strategy involves constructing a synthetic electron conduit in E. coli by

introducing and expressing a cascade of essential cytochrome proteins. This can be

achieved by incorporating the genes encoding the outer-membrane cytochromes from
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Shewanella oneidensis into E.coli and linking them to its native NapC protein (a ho-

molog of CymA), thereby creating a continuous electron transfer pathway from the in-

tracellular quinol pool to extracellular inorganic materials [32–34], [37], [39,40], [64,65].

In this thesis, it is envisioned that the engineered bacterial sensor will activate

the expression of electron transfer proteins upon detecting a target molecule, thereby

producing an electrochemical signal that can serve as a diagnostic output. To this end,

E.coli BL21 strains were engineered to express cytochrome c maturation (CcmA–H)

proteins from Shewanella oneidensis MR-1, enhancing electron flux within their elec-

tron transfer machinery [37], [64]. Genetic circuits were designed to express CcmA–H

under a minimal constitutive promoter to minimize metabolic burden on the host

cells. The corresponding plasmid constructs were generated using standard molecular

cloning techniques, and their correctness was confirmed by sequencing. Subsequently,

an experimental setup was established to compare the electrochemical activity of the

CcmA–H-expressing E. coli BL21 strains with that of non-engineered E. coli BL21, as

illustrated in Figure 2.1.

2.2. Degradation Speed Control

To evaluate the effectiveness of the proposed degradation speed control mecha-

nism, an experimental setup was established as illustrated in Figure 2.2. This setup

enables real-time visual monitoring of magnesium biodegradation. Rectangular mag-

nesium foil strips (2 mm × 5 mm, 25 µm thick) were fabricated using the MITS

Autolab system and placed in a six-well plate, where they were secured to the bottom

of each well using biocompatible silicone. A camera positioned beneath the plate was

programmed to capture images at three-minute intervals throughout the experiment.

Representative images acquired at 24-hour intervals are shown in Figure 2.2.

The collected images were processed into binary format, and the remaining mag-

nesium area was quantified by pixel counting. The results are plotted in Figure 2.3,

where solid lines represent the mean pixel counts and the shaded regions indicate the
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standard deviation. The data clearly show that E. coli BL21 CcmA–H, which constitu-

tively expresses the introduced gene circuits, accelerates the degradation of magnesium

compared to the non-engineered E. coli BL21 strain. This demonstrates that the ex-

pression of CcmA–H proteins enhances the biodegradation rate of magnesium foil.
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Figure 2.2. (a) Experimental setup comparing the activity of engineered E. coli BL21

cells with non-engineered E. coli BL21. (b) Mg foil strips subjected to degradation

experiments with E. coli BL21 CcmA–H, containing constitutively active gene

circuits, and non-engineered E. coli BL21 lacking recombinant protein expression.
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Figure 2.3. (a) Binary format strip images showing the initial state and the state after

24 hours of exposure to engineered and non-engineered E. coli and (b) pixel counts

from the binary foil images. The shaded area represents the standard deviation.
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2.3. Implant Antenna Design

The passive implant antenna was designed to undergo a controlled geometrical

transformation during degradation: it initially functions as a split-ring resonator and

gradually transitions into a segmented-ring resonator, as illustrated in Figure 2.4. The

section corresponding to the second split was designed to be 0.5 mm wide to facilitate

the intended breakage point. The remaining sections were additionally covered with

a protective superstrate layer to ensure that the resonant frequency evolves along a

predetermined trajectory throughout the degradation process.

8 mm 1 m
m

0.5 m
m

Polystyrene Mg foil Polyimide

Degradation

(a) (b)

Figure 2.4. (a) Design of the biodegradable passive implant antenna and its expected

degradation stages, and (b) the fabricated prototype mounted on a polystyrene

substrate.

To characterize its electromagnetic performance, the antenna was numerically an-

alyzed using ANSYS HFSS in a waveguide setup, as shown in Figure 2.5. In the simula-

tion environment, the antenna was positioned between 3-(N-morpholino)propanesulfonic

acid (MOPS) and a muscle-mimicking phantom to emulate its expected configuration

within the bio-hybrid implant at the system level. Frequency-dependent dielectric

properties of muscle tissue were obtained from the literature [66], while the dielectric

properties of MOPS were experimentally measured using a DAK SPEAG 3.5 system

and incorporated into the simulation. To clearly identify the resonance behavior, the

conductivity of both media was set to zero; this assumption does not influence the

outcome, as the objective was to estimate the resonant frequency rather than evaluate

loss characteristics. The simulated resonant frequencies of the intact and degraded
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antenna structures were found to be 1.16 GHz and 1.91 GHz, respectively (Figure 2.5).

The operational frequency band was selected as 1–2 GHz to balance the constraints of

implantation depth and antenna size, as recommended in [67].
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Figure 2.5. Simulation model used to determine the resonant frequency of the passive

implant antenna.
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Figure 2.6. Degradation experiment of the implant antenna in MOPS medium,

showing the transition from split-ring to segmented-ring geometry.
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A physical prototype was fabricated using 25 µm-thick magnesium foil patterned

with the MITS AutoLab. The patterned foil was mounted on an 11 mm × 11 mm, 1

mm-thick polystyrene substrate using biocompatible silicone. Polystyrene was chosen

for its optical transparency, enabling visual monitoring of the degradation process to

validate the wireless operation of the device.

The biodegradation behavior of the prototyped antenna in MOPS solution is pre-

sented in Figure 2.6. Time-lapse optical imaging confirmed that the structure degraded

as designed. After approximately 23 hours and 50 minutes, the initial split-ring con-

figuration transformed into a segmented ring. This transition is particularly evident

in the magnified images of the 0.5 mm-wide section, verifying the controlled structural

change of the antenna during degradation.

2.4. On-body Reader Antenna Design

Wearable antennas are central to a wide spectrum of biomedical applications,

including off-body communication, in-body communication, wireless power transfer

(WPT), and microwave imaging. Each application imposes distinct design constraints

related to safety, efficiency, and usability. For off-body communication, antennas must

exhibit low specific absorption rate (SAR) to ensure user safety, while maintaining

flexibility and conformability for long-term wearability. In microwave imaging, in-body

communication, and WPT, the primary challenge lies in achieving strong coupling be-

tween external and implanted antennas alongside sufficient electromagnetic (EM) wave

penetration through biological tissues. Conformable antenna structures can improve

comfort and reduce reflection losses by maintaining stable contact with the skin, but

they must also preserve robust feeding performance under mechanical deformation such

as bending or stretching. Furthermore, wideband operation is highly desirable, as the

electrical properties of tissues vary with composition (muscle, fat, or skin), and stable

performance across different body locations is critical. Dual-polarized and multi-port

configurations provide additional benefits by offering polarization and spatial diversity,

which reduce misalignment sensitivity and improve communication reliability.
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Extensive research has focused on wearable antennas for off-body communication.

Reported dual-port flexible designs include a felt-integrated antenna with orthogonal

polarizations and 12 dB isolation [68], a textile-based screen-printed design providing

25 dB isolation [69], and a Taconic-substrate implementation achieving 30 dB isolation

[70]. Rigid alternatives have also been explored, such as a wideband circularly polarized

four-port design with 27 dB isolation [71], and a dual-port rigid antenna mounted on a

flexible belt with 15 dB isolation [72]. Various single-port flexible designs have also been

presented, including a wideband textile-based antenna [73], a PDMS-based circularly

polarized antenna incorporating a metasurface for SAR reduction [74], and a stretchable

Ecoflex-based antenna with a liquid-metal conductor and an EBG backing [75]. A

strain-invariant stretchable design has also been reported [76].

Innovative materials and fabrication techniques have expanded the design space

further. For example, a Kapton-based antenna using a magnetodielectric polymer for

flexibility [77], and a ceramic-doped silicone substrate enabling 3D miniaturization [78]

have been proposed. Additive manufacturing has also been employed, including a 3D-

printed Ninjaflex/Varishore-based antenna [79] and a heterogeneous Ninjaflex–ABS

structure for controlling the loss tangent [80]. Other approaches include transpar-

ent PDMS-based antennas with conductive mesh [81], and hybrid PDMS–PF4 foam

substrates to reduce dielectric loss [82]. Related work has also demonstrated flexi-

ble on-body RFID tags [83, 84] and wearable sensors, such as a porous thermoplastic

polyurethane-based gas sensor using carbon–nanotube–silver conductors [85].

Wearable antennas have also been widely explored for microwave imaging. Ex-

amples include textile-based wideband single-port [86], dual-port (20 dB isolation) [87],

and textile-integrated [88] designs, as well as PET [89], Kapton [90], and silicone [91]

substrates. Performance has been enhanced through material modifications such as

iron-oxide–doped PDMS [92], alumina-doped silicone [93], and high-permittivity sili-

cone matching layers [94]. Alongside flexible designs, several rigid microwave imaging

and sensing antennas have also been reported [95–101].
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For in-body communication and WPT, most reported designs are single-port and

flexible. Examples include PDMS-based antennas such as a flexible phased surface for

WPT [102], a flexible antenna adapted for in-body communication [103, 104], and a

metamaterial-integrated wideband circularly polarized design validated on multilayer

tissue [105]. Textile-based approaches include a flexible in-body communication an-

tenna [106], a textile-integrated electronic-free phased surface for implant-to-implant

communication [107], and a textile antenna to enhance coupling with deeply implanted

antennas [108]. Other techniques include screen-printed textile antennas [109] and a

textile-based cap antenna to power head implants [110].

Metasurface-assisted concepts have also emerged. For instance, [111] demon-

strated a metasurface to enhance penetration and WPT, while [112] introduced a flexi-

ble polyimide-based metasurface, and [113] presented a wearable penetration-enhancing

pad. However, these studies generally did not use direct-contact configurations. Addi-

tional works include a flexible 1×2 array on thin Rogers RT6010 (not tested across mul-

tiple tissue types) [114], a wideband flexible antenna on Rogers XT8100 characterized

on multilayer tissue [115], and a flexible antenna for capsule endoscopy tracking [116].

Several rigid designs have also been investigated for WPT and in-body communi-

cation, including on-body antennas used for capsule endoscopy [117,118], repeater an-

tennas [119–121], pyramid-shaped ultrawideband bio-matched antennas [122–124], and

a high-contrast pyramid antenna for deeper radiation [125]. Capsule endoscopy track-

ing antennas have been explored in [126–128], alongside pacemaker communication

antennas [129], implant WPT arrays [130], and various other in-body communication

designs [131–134], including a body-matched 3D-printed horn antenna [134].

Related studies have also examined the use of matching layers and metasurface

structures. A dielectric matching layer to enhance penetration was introduced in [135],

and a CNN-based optimization framework was proposed in [136]. A gradient refractive

index metasurface was demonstrated in [137] using horn antennas, while a metasurface-

integrated antenna for improved in-body links was presented in [138].
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Dual-port designs for implant communication are relatively rare. A flexible

polyimide-based dual-port antenna achieving 25 dB isolation was reported in [139],

though only tested on homogeneous muscle tissue. A wideband dual-port rigid an-

tenna for capsule endoscopy with 35 dB isolation was presented in [140], and a rigid

dual-port pacemaker communication antenna in [141]. More recently, a wideband dual-

port wearable antenna achieving 40 dB simulated isolation for in-body communication

has been reported [142].

To establish the chipless RFID-based communication link between the bio-hybrid

implant and the external system, a two-port on-body reader antenna was designed.

On-body antennas are widely used in wearable systems and may operate in off-body,

on-body, or in-body communication modes. Among these, in-body links present the

greatest challenge due to strong reflections at the air–skin interface and substantial

signal attenuation within tissue. Antenna performance is also highly dependent on its

placement on the body, as the effective permittivity varies with local tissue composition.
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Figure 2.7. (a) Geometry of the on-body reader antenna and comparison of simulated

and (b) measured S-parameters when placed on muscle tissue. Solid, dashed, and

dotted lines represent |S11|, |S21|, and |S22|, respectively.

To maximize electromagnetic wave penetration into the body while maintaining

low mutual coupling between its two ports, the reader antenna employs a cross-slot

structure, as shown in Figure 2.7. The design builds upon a previously reported on-
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body antenna by the authors [142]. Figure 2.7 presents both simulated and measured

S-parameters when the antenna is placed on a muscle phantom. Measurements confirm

that the antenna operates effectively between 0.8 GHz and 2.3 GHz, with inter-port

coupling below –30 dB across this band.

2.5. Electromagnetic Simulation Results

Figure 2.8 illustrates the detailed 3D model developed for system-level simu-

lations, along with the experimental setup and the electrical properties of both the

numerical and physical phantoms. The setup consists of a plexiglass container filled

with a liquid muscle-mimicking phantom. The bio-hybrid implant is placed inside a

3D-printed cup containing MOPS solution to sustain the bacterial culture, and this

cup is then submerged into the muscle phantom. One side wall of the plexiglass con-

tainer includes a window that serves as the interface for the on-body antenna. The

on-body antenna is mounted on a 3D-printed holder, which also functions as a seal for

the window. The distance between the on-body antenna and the bio-hybrid implant

is fixed at 25 mm, corresponding to a representative implantation depth in the human

body.

muscle

implant
antenna

3D-printed
cup

on-body
antenna

muscle

25 mm

Figure 2.8. The system-level simulation model from multiple viewpoints.

System-level simulations were conducted both with and without the implant an-

tenna present. Because muscle tissue is a highly lossy medium, the implant’s response

cannot be directly observed in the raw S-parameters of the on-body antenna. To isolate
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the implant’s response, the backscattered contribution from the surrounding environ-

ment was removed from the measured signal. This was accomplished by subtracting

the transmission coefficient (S21) obtained from the setup without the implant from

that obtained with the implant present. This subtraction was performed in the com-

plex domain, which is expressed as ∆S21 = S21,with − S21,without. The magnitude of the

calibrated transmission coefficient was then computed as |∆S21|(dB) = 20 log10 |∆S21|.

The resulting data are shown in Figure 2.9. After calibration, a clear resonance re-

sponse from the implant antenna is observed near 1.2 GHz.
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Figure 2.9. Simulated transmission coefficients: (a) raw |S21| of the on-body antenna

with and without the implant, and (b) calibrated |S21| after subtraction.

2.6. Phantom-Based Validation of Wireless Cell-Based Sensing

2.6.1. Measurement Setup

The measurement setup, prepared as described in Section 2.5, is shown in Figure

2.10. The on-body reader antenna was fabricated on a Rogers RO6010 substrate using

an LPKF ProtoMat S103 milling machine. As the design consisted of two separate

layers, three alignment holes (1 mm in diameter) were drilled into both substrates to

ensure accurate registration. The two layers were then precisely aligned and bonded

together using epoxy resin.
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Subsequently, right-angle SMA connectors were soldered to the two antenna ports.

To mount the antenna on the plexiglass container, a custom 3D-printed insert was pro-

duced using an SLA 3D printer (Anycubic Photon M3 Max) with water-washable resin.

The antenna was fixed to the insert with epoxy resin, and the insert was then adhered

to the plexiglass container using the same adhesive. Epoxy resin was specifically chosen

to ensure a watertight seal and prevent leakage from the liquid phantom. Finally, Kap-

ton tape was applied over the microstrip side of the antenna to prevent direct contact

with the lossy liquid phantom during operation.

The implant antenna was fabricated from 99.9% pure magnesium foil with a

thickness of 25 µm. The patterning process was performed using the MITS Autolab

PCB prototyping machine, and the fabricated Mg structure was then mounted onto

an 11 mm × 11 mm polystyrene substrate using biocompatible silicone adhesive.

Machining the Mg foil presented significant challenges due to its brittleness and

extremely small thickness. The MITS Autolab operates by direct mechanical contact,

which could easily fracture or tear the foil. To minimize this risk, the outline of the

antenna was first lightly traced using a 60◦ ultramill tool without fully cutting through

the foil. This approach preserved the integrity of the material during the initial shaping

process and prevented unintended cracking.

After tracing, the antenna was carefully cut out along the pre-defined lines using

a scalpel. It was then transferred onto a pre-shaped Kapton layer, designed to cover

regions of the antenna that should remain protected from degradation. This transfer

was performed with extreme care to avoid folding, tearing, or breaking the foil.

To accommodate the implant antenna and bacterial culture during experiments,

a dedicated 3D-printed cup was produced using the SLA printer and water-washable

resin. The cup featured side fixers that allowed it to be securely attached to the

plexiglass container. Both the fixing parts and the inner surfaces of the container were

equipped with interlocking male–female strips (5 mm wide) to ensure repeatable and
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precise positioning of the 3D-printed cup—and therefore the implant antenna—at a

consistent distance from the on-body antenna.

A camera system was also integrated into the setup to monitor the implant an-

tenna’s degradation over time. A custom 3D-printed holder was used to fix the camera

in place, providing a stable and unobstructed view of the implant antenna throughout

the experiment. To allow continuous optical monitoring in parallel with electromag-

netic measurements, the muscle-mimicking phantom was formulated to be optically

transparent, enabling simultaneous visual and RF-based observation of the implant’s

degradation process.

3D-printed 
cup

muscle 
phantom

on-body 
antenna

camera

Figure 2.10. Experimental setup used for system-level measurements.

The biodegradation of the implant antenna was monitored both visually and

electromagnetically. The two ports of the on-body reader antenna were connected to

a vector network analyzer (VNA, Rohde & Schwarz ZNLE6). A 4K camera (Logitech

MX) was positioned beneath the phantom container using a custom 3D-printed stage.

Both the camera and the VNA were connected to a laptop that controlled the mea-

surements. Complex S-parameters were recorded every five minutes over a 24-hour

period, while images of the implant were captured simultaneously. The process was

fully automated using a Python script. To minimize external interference, the entire

setup was placed inside a 3 m × 3 m × 3 m anechoic chamber.

The muscle-mimicking phantom used in the experiments was required to be op-

tically transparent to allow visual monitoring. It was prepared using a mixture of
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deionized water, glycerol, and salt. The frequency-dependent dielectric properties of

various glycerol–water mixtures are shown in Figure 2.11. The dielectric properties

of the prepared phantom were compared to the reported values of human muscle tis-

sue [66], as shown in Figure 2.12. The deviation from the target permittivity and

conductivity values at 1.16 GHz were 6.6% and 15.9%, respectively.
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Figure 2.11. Frequency-dependent dielectric properties of glycerol–water mixtures.

Percentages indicate the volume ratio of glycerol to total solution volume.
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2.6.2. Electromagnetic Monitoring of Biodegradation

The biodegradation process was tracked electromagnetically using the transmis-

sion coefficient between the ports of the reader antenna. The transmission coefficient

measured at each time point was calibrated by subtracting the coefficient from the pre-

vious time point. It can be formulated as ∆S21[f, n] = S21[f, n]− S21[f, n− 1], which

enables the detection of incremental changes. This sensing approach is based solely

on detecting the presence or absence of a resonance, making it inherently immune to

resonance frequency shifts caused by environmental variations around the implant.
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Figure 2.13. Calibrated |S21| values over time and visual feedback from the implant

antenna during experiments with (a) engineered E. coli BL21 CcmA–H and (b)

non-engineered E. coli BL21.
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Figure 2.13 shows the calibrated |S21| values over time together with the initial

and post-degradation images for both engineered E. coli BL21 CcmA–H and non-

engineered E. coli BL21. The visual observations align with the electromagnetic mea-

surements, confirming that the disconnection event seen in the images coincides with

the change detected by the on-body reader antenna.

2.6.3. Measurement of Sensing Depth

To determine the maximum detectable depth of the implant antenna’s resonance,

additional measurements were conducted using a non-biodegradable version fabricated

on an RO3003 substrate (1.57 mm thickness), shown in Figure 2.15(a). Measurements

were carried out for implant depths from 25 mm to 65 mm in 10 mm increments. The

same setup as in Figure 2.12 was used. To emulate the electrical properties of MOPS,

a MOPS-mimicking phantom (saline solution) was used, and its dielectric properties

are shown in Figure 2.14. A glycerol–water mixture was used as the muscle phantom,

and its electrical properties are shown in Figure 2.11.
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Figure 2.14. Frequency-dependent (a) relative permittivity and (b) conductivity of

MOPS, MOPS-mimicking phantom (salty water), and deionized water.

Each measurement consisted of three steps: (1) S-parameters were measured

without the implant present, denoted as Sxy,1; (2) the implant antenna was inserted
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into the 3D-printed cup and measured again, denoted as Sxy,2; (3) the implant was

removed and a third measurement was taken, denoted as Sxy,3.

The first measurement (S21,1) was used as the reference for calibration. The

calibrated transmission coefficient when the implant was present was calculated as

|∆S21,2| = |S21,2 − S21,1|, while the calibrated coefficient from the final measurement

without the implant was computed as |∆S21,3| = |S21,3 − S21,1|, which represents the

noise level.

The results are shown in Figure 2.15(b–f). As the implant depth increased,

the backscattered signal from the implant weakened. The resonance remained clearly

detectable up to 55 mm, while at 65 mm it was no longer visible. The slight difference

in resonant frequency compared to the biodegradable version is due to the use of the

non-biodegradable RO3003 substrate.

2.6.4. Effect of Medium Conductivity on Resonance Quality

To investigate the effect of the surrounding medium’s conductivity on resonance

quality, measurements were repeated at a fixed implant depth of 35 mm using either

the MOPS-mimicking phantom or deionized water. As shown in Figure 2.14, deion-

ized water has significantly lower conductivity. Due to the lower conductivity of the

surrounding medium, the antenna exhibited a higher quality factor in deionized water,

producing a sharper and more distinct resonance, as seen in Figure 2.16.

2.7. Discussion

A bio-hybrid implant composed of genetically engineered bacteria and a biodegrad-

able antenna has been developed. The antenna was fabricated using 25 µm-thick mag-

nesium foil, while the bacteria were engineered to modulate the biodegradation rate of

the magnesium. By controlling the rate of degradation, the bacterial activity can be

converted to electromagnetic signals, providing a basis for molecular-level sensing.



25

Frequency	(GHz)
0.5 0.8 1.1 1.4 1.7 2

|"
S
21

|	
(d

B
)

-110

-100

-90

-80

-70

-60

-50

with	implant
without	implant

Frequency	(GHz)
0.5 0.8 1.1 1.4 1.7 2

|"
S
21

|	
(d

B
)

-110

-100

-90

-80

-70

-60

-50

with	implant
without	implant

(a) (b) (c)

Frequency	(GHz)
0.5 0.8 1.1 1.4 1.7 2

|"
S
21

|	
(d

B
)

-110

-100

-90

-80

-70

-60

-50

with	implant
without	implant

Frequency	(GHz)
0.5 0.8 1.1 1.4 1.7 2

|"
S
21

|	
(d

B
)

-110

-100

-90

-80

-70

-60

-50

with	implant
without	implant

Frequency	(GHz)
0.5 0.8 1.1 1.4 1.7 2

|"
S
21

|	
(d

B
)

-110

-100

-90

-80

-70

-60

-50

with	implant
without	implant

(d) (e) (f)

Figure 2.15. (a) Non-biodegradable implant and calibrated |S21| at various implant

depths: (b) 25 mm, (c) 35 mm, (d) 45 mm, (e) 55 mm, and (f) 65 mm.
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Figure 2.16. Calibrated transmission coefficients when the implant is placed in

deionized water versus the MOPS-mimicking phantom (depth: 35 mm).
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An on-body reader antenna, designed to operate on a muscle-mimicking phantom,

covers the frequency range of the passive implant antenna throughout its degradation

process. This on-body antenna enables wireless monitoring of the implant’s degradation

rate via backscatter communication. Using this configuration, molecular-level, cell-

based sensing has been demonstrated at an implant depth of 25 mm within the muscle

phantom.

In this study, E. coli cells were engineered to express the cytochrome c (cyt c)

maturation complex (CcmA–H), enabling them to perform extracellular electron trans-

fer (EET) and electrically interact with a metallic surface. This genetic modification

creates a communication bridge between living cells and abiotic materials. Introducing

EET pathways into E.coli—a non-native host—broadens the scope of bioelectronics by

allowing the control of electron transfer rates and pathways according to application-

specific needs [36], [143, 144]. Such systems hold promise as electronic “sentinel” cells

for future biomedical applications.

Specifically, the E.coli BL21 (DE3) strain was modified to constitutively express

the CcmA–H maturation pathway, thereby avoiding metabolic overload and ensuring

stable performance. Experimental results showed that BL21 CcmA–H cells accelerate

the degradation of magnesium compared to non-engineered BL21, reducing the degra-

dation time from approximately 14 hours to 8 hours. The engineered bacteria were

designed to enhance electron flux through expression of the cyt c protein complex,

thereby facilitating controlled magnesium degradation.

Adapting a non-native host to perform EET functions presents challenges due to

the complexity of native systems such as those in Geobacter and Shewanella species. To

overcome this, essential components of the EET pathway were selectively introduced

and optimized [36]. Prior work has shown that hybridizing the ccmH gene with the

C-terminal of ccmI from S. oneidensis MR-1 can enhance EET efficiency [64]. This

approach improves compatibility between the S. oneidensis cyt c system and E.coli

[37, 64]. The hybrid CcmH protein specifically affects the inner membrane protein
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CymA without altering other cyt c proteins [64]. In future implementations, this hybrid

CcmH could be used in Mtr-expressing E.coli harboring a direct EET pathway [64].

A tunable induction system would then be required to balance the expression of the

MtrCAB and Ccm pathways, ensuring proper post-translational maturation of c-type

cytochromes while maintaining cell growth [39]. The resulting cyt c stoichiometry and

redox activity in E.coli could be quantified using ferrozine assays, redox assays, or

differential pulse voltammetry (DPV) [33], [145], [64].

At the system level, this work represents the first demonstration of a wireless link

between a cell-based passive sensor embedded in a body-mimicking phantom and an

external reader. Visual monitoring confirmed that E.coli BL21 CcmA–H cells degraded

the magnesium implant in approximately 8 hours, whereas non-engineered BL21 cells

required about 14 hours. This proof-of-concept shows that engineered cellular sen-

sors can be integrated as electrically passive, battery-free, and circuit-free implantable

devices that communicate solely through a reflector antenna.

Given the inherent capability of living cells to sense diverse biomolecules, this

approach has strong potential for real-time, minimally invasive monitoring of disease

progression, prognosis, and drug efficacy.

Genetically encoded cellular biosensors, especially whole-cell sensors (WCS), have

emerged as powerful tools in synthetic biology due to their ability to detect and trans-

duce environmental signals with high specificity and modularity [146,147]. These sys-

tems rely on engineered genetic circuits composed of standardized biological parts -

promoters, transcription factors, RNA-based regulators, and other elements - that can

be assembled into sophisticated sensing–response modules.

Central to these circuits are genetic logic gates and state-machine architectures,

which enable living cells to execute complex decision-making processes. These logic

gates perform Boolean operations (AND, OR, NOT, NAND, NOR, XOR, etc.) by in-

tegrating multiple inputs (proteins, peptides, small molecules, or nucleic acids) to pro-
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duce a defined output response [148,149]. Such designs typically use well-characterized

genetic parts such as inducible promoters, transcriptional regulators, riboswitches, and

RNA interference mechanisms to achieve predictable and tunable behavior.

One particularly promising technology is the toehold switch—a synthetic RNA-

based regulatory element that provides programmable, sequence-specific translational

control. Toehold switches form engineered RNA hairpins that sequester ribosome-

binding sites and start codons, blocking translation until a complementary trigger RNA

is present. Binding of the trigger RNA unfolds the hairpin, exposing the ribosome-

binding site and initiating translation of a downstream reporter gene [150]. This mech-

anism allows ultra-sensitive, sequence-specific detection of nucleic acid biomarkers with

minimal background noise.

Target specificity can be tailored by designing sensor components to recognize spe-

cific disease-related peptides, metabolites, or nucleic acids. Upon binding the target,

the circuit can trigger a cascade of genetic events producing a measurable output signal.

These outputs can be electrical—by inducing electron flow via conductive proteins such

as cytochromes, metal-binding peptides, or engineered nanowires—or optical, using re-

porter genes encoding fluorescent proteins, luciferases, or other luminescent molecules.

Electrical activity can induce localized electromagnetic changes at the cell–material

interface, which could be harnessed for wireless readout. Optical signals, in contrast,

offer real-time, non-invasive monitoring.

Beyond molecular recognition, biocompatibility is critical for long-term in vivo

operation. To improve biocompatibility, future designs will incorporate protein-based

materials and extracellular matrix (ECM)-derived biopolymers as coating layers, reduc-

ing immune responses and improving tissue integration. Signaling peptides can also be

immobilized on the implant surface to promote specific cellular interactions, improve

stability, and facilitate targeted signal transduction. These strategies are expected

to enhance the system’s long-term performance and reliability in complex biological

environments.
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Integrating genetic logic elements and modular sensing components within WCS

provides a versatile framework for building highly specific, robust, and multifunctional

biosensors. When combined with passive wireless readout, this approach can enable

fully autonomous, battery-free implantable biosensing platforms. Such systems could

offer real-time monitoring of physiological parameters, disease progression, and thera-

peutic response—all without requiring additional invasive interventions.

While the present study establishes the foundational proof-of-concept, further

work is required to amplify the output signal by integrating additional molecular sens-

ing modules and linking them to the cytochrome-based electron conduit. This will

involve incorporating transcription factors and genetic regulatory systems to build

more complex sensing pathways capable of generating stronger and more reliable elec-

tromagnetic responses.
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3. WIRELESS ACTUATION OF GENETICALLY

MODIFIED BACTERIA

3.1. Genetically Engineered Bacteria

The engineered E. coli strain described in [151] was used in this part of the study.

Engineered and non-engineered E. coli strains were cultured in 50 mL Falcon

tubes containing 10 mL of LB medium. For the engineered strain, chloramphenicol

(CMR) and ampicillin (AMP) were added to achieve final concentrations of 34 µg/mL

and 100 µg/mL, respectively, while no antibiotics were added to the non-engineered

cultures. All cultures were incubated overnight at 37◦C and 200 rpm.

The following day, the overnight cultures were diluted 1:100 into fresh LB medium.

For each bacterial type (engineered and non-engineered), three 10 mL cultures were

prepared for the following experimental conditions:

• Incubation at 55◦C for 30 minutes

• Incubation at 55◦C for 60 minutes

• Continuous incubation at 37◦C (control)

The diluted cultures were grown at 37◦C and 200 rpm until reaching an optical density

(OD600) of 0.4–0.6. At this point, two engineered and two non-engineered cultures

were transferred to a 55◦C water bath, while the remaining one engineered and one

non-engineered sample were kept at 37◦C.

After 30 minutes, one engineered and one non-engineered culture were removed

from the 55◦C bath and returned to 37◦C. The other two samples remained in the 55◦C

bath for an additional 30 minutes (total exposure of 60 minutes). After heat treatment,

all samples were incubated at 37◦C for 1 hour to allow recovery.
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After the recovery period, all cultures were centrifuged at 4500 rpm for 8 minutes.

The resulting pellets were resuspended in 10 mL of PBS. The Falcon tubes were sealed

with parafilm and stored at +4◦C overnight.

On the following day, fluorescence and absorbance measurements were performed

using 3 mL cuvettes. Fluorescence was measured using an excitation wavelength of 489

nm, and emission spectra were recorded from 500 nm to 600 nm. A fluorescence peak

was expected near 510 nm. For each sample, fluorescence intensity was normalized by

dividing by the OD600 value measured in PBS.

The overall experimental workflow is illustrated in Figure 3.1.

16 h37 °C
30 min55 °C

1:100 dilute

37 °C

until OD600 reaches 0.4-0.6

resuspended in 1xPBSfluorescence measurement

Figure 3.1. Experimental protocol for assessing the response of genetically engineered

bacteria to heat exposure. Created in BioRender.

The normalized fluorescence intensities of the engineered and non-engineered bac-

teria incubated at 37◦C are shown in Figure 3.2 (a), while the comparison of engineered

bacteria subjected to different heat exposures is shown in Figure 3.2 (b).
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Figure 3.2. Comparison of fluorescence intensities (a) between genetically engineered

and non-engineered bacteria at 37◦C and (b) of the genetically engineered bacteria

after different heat exposures.
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Although heat exposure was expected to induce higher fluorescence in the engi-

neered bacteria compared to non-engineered controls, this was not observed in these

experiments. A likely reason is the prolonged storage of the engineered bacteria as

glycerol stocks at +4◦C, which may have reduced the activity of the heat-inducible ge-

netic system. The experiment will be repeated using freshly prepared, fully functional

engineered bacteria as described in [151] to validate the heat-triggered fluorescence

response.

3.2. Bio-hybrid Implant

The proposed bio-hybrid implant consists of a passive implantable microwave res-

onator combined with a colony of genetically engineered bacteria encapsulated within

a porous membrane and co-located with the resonator, as shown in Figure 3.3. The

overall structure is designed as a rectangular prism with a cross section of 1 mm × 1

mm, which is suitable for minimally invasive insertion into tissue.

Figure 3.3. Simulation model used to determine the resonance of the implant, and

schematic of the split-ring resonator integrated into the bio-hybrid implant.

The implant incorporates a split-ring resonator (SRR), which enhances local mi-

crowave absorption within the bio-hybrid construct. The resonator is patterned on
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an alumina substrate and covered with a thin interstitial tissue-like layer representing

the bacterial colony. This bacterial layer is modeled using the dielectric properties of

extracellular fluid [152]. The complete device measures 8.5 mm × 1.0 mm × 1.0 mm,

and the SRR features a 0.2 mm conductor width and 0.2 mm gap spacing.

Electromagnetic simulations were performed with the implant placed inside a

waveguide (Figure 3.3). To clearly observe the resonant behavior, the conductivity

values of both the surrounding muscle tissue and the interstitial fluid layer were set to

zero. As shown in Figure 3.4, the resonator exhibits a distinct resonance at 1.65 GHz.

Figure 3.4. Reflection coefficient comparison of the waveguide with and without the

embedded resonator present.

In this concept, genetically engineered E. coli are employed as the active bio-

logical component of the bio-hybrid implant. These bacteria are designed to express

superfolder green fluorescent protein (sfGFP) in response to elevated temperatures.

The genetic construct incorporates a heat-inducible promoter derived from bacterial

heat shock response (HSR) elements [153], regulated via a transcriptional repressor

system. Under normal conditions, a constitutively expressed repressor protein binds

to the operator region of the promoter, blocking transcription. When the temperature
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exceeds a defined threshold (typically around 42◦C), the repressor dissociates, allow-

ing RNA polymerase to initiate transcription and drive gene expression [154]. This

mechanism enables the construction of sharp thermal switches that convert internal or

external heat stimuli into programmable protein production [155].

This promoter–repressor logic enables precise, reversible, and highly specific con-

trol over gene expression. Similar thermal switch circuits have been widely implemented

in both bacterial and phage-derived systems for spatiotemporal regulation of protein

production. By tuning the dynamics of the promoter–repressor pair and adjusting the

activation temperature, the system can be customized for diverse applications such as

controlled therapeutic protein release or modulation of metabolic pathways.

Thermal actuation offers several advantages over conventional stimulation ap-

proaches such as chemical inducers or optogenetics. It provides a non-invasive, re-

versible, and spatially confined means of controlling gene expression. Moreover, ther-

mal stimuli offer superior penetration depth in biological tissue, making them partic-

ularly suitable for in vivo biomedical applications [156].

3.3. On-body Antenna Design

A microstrip-fed wide-slot antenna was designed using ANSYS Electronics Desk-

top [157] to operate on muscle tissue for superficial hyperthermia applications, as shown

in Figure 3.5. The antenna was optimized to maximize electromagnetic power delivery

into the underlying tissue.

A magnetic-type antenna configuration was selected because of its favorable ra-

diation characteristics near lossy biological media at sub-2 GHz frequency bands [158].

A high-permittivity substrate and superstrate were employed to minimize reflections

at the air–tissue interface [159]. The high-permittivity superstrate also serves as a con-

trolled, low-loss medium that confines the near field. This confinement reduces near-

field losses within the lossy tissues, thereby improving energy transfer efficiency [142].



36

Figure 3.5. The geometry of the on-body slot antenna.

The on-body antenna was positioned on a muscle-mimicking phantom containing

the bio-hybrid implant placed at a depth of 1 cm, as shown in Figure 3.6. The phantom

block had dimensions of 20 cm × 20 cm × 12 cm.

Figure 3.6. System-level simulation setup.
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The return loss of the antenna was evaluated both with and without the implant

present, as shown in Figure 3.7. The antenna exhibits a wide operational bandwidth

from approximately 1 GHz to 2 GHz. Such wideband performance is essential, as the

bio-hybrid implant may experience detuning due to tissue variability or progressive

biodegradation.

The on-body antenna can efficiently transmit at the resonant frequency of the

implant resonator. Notably, the resonant frequency of the implant is also visible in the

return loss spectrum of the on-body antenna because the implant is located within its

near field, thereby influencing the antenna’s input response.

Figure 3.7. Return loss (|S11|) of the on-body antenna measured with and without

the bio-hybrid implant present.

3.4. Communication through Microwave Hyperthermia

To wirelessly control the function of the engineered bacteria, the on-body antenna

must be capable of increasing the temperature of the bacterial region above the thermal

activation threshold of 42◦C while keeping the surrounding tissue below safe thermal

limits.
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Thermal simulations were performed using a multiphysics simulation tool at 1.6

GHz. The thermal properties of muscle tissue were defined as follows: density =

1047 kg/m3, specific heat capacity = 3600 J/(kg·K), and thermal conductivity = 0.46

W/(m·K). The extracellular fluid encapsulating the bacterial colony was assumed to

have the same thermal properties as muscle tissue.

The spatial distribution of the electric field is shown in Figure 3.8, comparing

cases with and without the integrated resonator.

(a) (b)

Figure 3.8. Simulated E-field distribution at 1.6 GHz: (a) with the resonator and (b)

without the resonator.

Under continuous-wave excitation at 1 W input power for 5 minutes, the av-

erage temperature in the extracellular fluid volume reached 43.5◦C, with a peak of

46.1◦C (Figure 3.9). The maximum temperature within the surrounding muscle re-

gion remained at 42.8◦C, which is below the commonly accepted safety threshold for

hyperthermia.

In contrast, simulations performed without the resonator showed substantially

reduced heating efficiency. The average temperature in the same extracellular fluid

region reached only 40.0◦C, with a maximum of 40.1◦C, while the adjacent muscle
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tissue warmed up to 43.3◦C. This indicates more diffused and less targeted heating in

the absence of the resonator.

(a) (b)

Figure 3.9. Simulated temperature distribution after 5 minutes of electromagnetic

heating at 1.6 GHz: (a) with and (b) without the resonator. The unit is ◦C.

These results confirm that the integrated resonator effectively concentrates elec-

tromagnetic energy within the implant volume, improving both heating efficiency and

spatial selectivity. Once the temperature within the implant exceeds approximately

42◦C, the embedded genetically engineered E.coli are expected to initiate the expres-

sion of target proteins. This mechanism effectively converts an external electromagnetic

signal into a biological response, establishing a unidirectional communication link from

the on-body antenna to the bio-hybrid implant.

Microwave hyperthermia therefore provides a wireless, non-invasive method to

control synthetic cellular function without the need for any active electronics or bat-

teries within the human body.

3.5. Future Work

The next stage of this study will focus on validating the proposed system under

controlled experimental conditions. To achieve this, system-level measurements will

first be conducted using a thermally sensitive phantom. This phantom will initially be

optically transparent, but its opacity will increase once the temperature exceeds a de-
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fined threshold, thereby providing visual feedback of local heating. This approach will

allow simultaneous electromagnetic and optical monitoring, enabling direct validation

of the thermal focusing capability of the system and its ability to selectively heat the

implant region without significantly affecting the surrounding medium.

If the thermal phantom experiments demonstrate successful and localized heating,

the same system will then be tested using the genetically engineered E.coli. In this

phase, the bacteria will be embedded within the bio-hybrid implant, and their response

to thermal stimulation will be evaluated. Fluorescence measurements will be performed

to quantify the heat-induced gene expression of the engineered bacteria. This final step

will confirm the complete functionality of the system, establishing a direct link between

externally applied electromagnetic input, localized heating, and the resulting biological

response.
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4. CONCLUSION

This thesis presents the design, implementation, and validation of a bio-hybrid

implant system that bridges living cells and passive antenna to achieve two comple-

mentary functionalities: wireless molecular sensing and wireless thermal actuation.

A key contribution of this work is the demonstration of a new sensing paradigm

based on the integration of genetically engineered E.coli with a biodegradable passive

implant antenna. The system translates cellular activity into electromagnetic signa-

tures through controlled magnesium degradation, which shifts the resonant frequency

of the implant. This resonance shift is wirelessly detected using an on-body dual-port

antenna via backscatter communication, enabling real-time monitoring of bacterial ac-

tivity without requiring any embedded electronics or batteries.

Experiments showed that engineered E.coli expressing cytochrome c maturation

(CcmA–H) proteins accelerate magnesium corrosion compared to non-engineered con-

trols, confirming their ability to influence the electrical behavior of the implant through

extracellular electron transfer (EET). System-level measurements in muscle-mimicking

phantoms further demonstrated that the implant’s resonance remains detectable at

depths up to 55 mm. These results validate the feasibility of using synthetic biology

tools to create living, self-powered molecular sensors that can be wirelessly interrogated

through external antennas.

This study also demonstrates a novel method for wirelessly controlling bacterial

function using superficial microwave hyperthermia. The proposed bio-hybrid implant

integrates engineered E.coli with a passive metallic resonator to enable localized, heat-

triggered protein expression. Multiphysics simulations confirm that the system can

generate a controlled temperature rise of more than 6◦C at the implant site under an

input power of 1 W, sufficient to activate a heat-inducible genetic circuit and initi-

ate expression of a reporter protein. Meanwhile, the temperature in the surrounding
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muscle tissue remained below the safety threshold of 43◦C, confirming the spatial se-

lectivity of the proposed approach. This establishes a unidirectional wireless link from

an external antenna to the bio-hybrid implant, enabling precise control of synthetic

cellular behavior without any active electronics inside the body.

Together, these findings demonstrate the feasibility of creating fully passive bio-

electronic systems that combine the sensing and actuation capabilities of living cells

with the wireless communication and power delivery capabilities of passive antennas.

This platform eliminates the need for batteries, integrated circuits, or wired interfaces,

which are major limitations of current implantable devices in terms of miniaturization,

biocompatibility, and long-term stability.

Future work will focus on validating the thermal actuation concept in a thermally

sensitive phantom that becomes opaque when heated, allowing real-time optical feed-

back. If successful, the system will then be tested with genetically engineered E.coli

embedded within the implant, and heat-induced protein expression will be quantified

through fluorescence measurements. These experiments will establish a direct link

between electromagnetic input, thermal activation, and genetic response, paving the

way for fully autonomous, battery-free cellular implants for real-time diagnostics and

programmable therapeutics.
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158. Soares, I. V., M. Gao, E. Cil, Z. Šipuš, A. K. Skrivervik, J. S. Ho and D. Nikolayev,

“Wireless Powering Efficiency of Deep-body Implantable Devices,” IEEE Transac-

tions on Microwave Theory and Techniques, vol. 71, no. 6, pp. 2680–2692, 2022.



63

159. Dumanli, S., “Challenges of Wearable Antenna Design,” in 46th European Mi-

crowave Conference (EuMC), London, U.K., pp. 1350–1352, 2016.



64

APPENDIX A: LIST OF PUBLICATIONS

The publications related to this thesis are listed below.

1- A. Bilir, M. Yavuz, U.O.S. Seker, and S. Dumanli, ”Wireless In-body Sensing

through Genetically Engineered Bacteria,” Nature Communications, accepted.

2- C. Karabulut, A. Bilir, M. E. Lacin and S. Dumanli, “3D-Engineered Muscle

Tissue as a Wireless Sensor: AntennAlive [Bioelectromagnetics],” in IEEE An-

tennas and Propagation Magazine, vol. 65, no. 6, pp. 28-36, Dec. 2023.

3- O. F. Sezgen, O. Altan, A. Bilir, M. G. Durmaz, N. Haciosmanoglu, B. Camli,

Z. C. Canbek Ozdil, A. E. Pusane, A. D. Yalcinkaya, U. O. S. Seker, T. Tugcu,

and S. Dumanli, “A Multiscale Communications System Based on Engineered

Bacteria,” in IEEE Communications Magazine, vol. 59, no. 5, pp. 62-67, May

2021.

4- I. H. Kacar, A. Bilir, U. O. S. Seker, and S. Dumanli, “Wireless Control of

Bacterial Function with Microwave Hyperthermia,” 2025 IEEE 36th International

Symposium on Personal, Indoor and Mobile Radio Communications (PIMRC),

Istanbul, Turkey, 2025.

5- A. Bilir and S. Dumanli, “Biodegradable Implant Antenna Utilized for Real-

Time Sensing through Genetically Modified Bacteria,” 2024 18th European Con-

ference on Antennas and Propagation (EuCAP), Glasgow, United Kingdom, 2024,

pp. 1-4.

6- A. Bilir and S. Dumanli, “Temperature-Dependent Electrical Characterization of

a Thermally Sensitive Hepatic Tumor Phantom,” 2024 18th European Conference

on Antennas and Propagation (EuCAP), Glasgow, United Kingdom, 2024, pp.

1-5.

7- A. Bilir and S. Dumanli, “Wide-band Dual Port Cross Slot Wearable Antenna

for In-body Communications”, 2023 17th European Conference on Antennas and

Propagation (EuCAP), Florence, Italy, 2023, pp. 1-5.

8- O. K. Erden, A. Bilir, C. Karabulut, U. O. S. Seker, and S. Dumanli, “An-



65

tennas Reconfigured by Living Cells: AntennAlive”, IEEE International Sym-

posium on Antennas and Propagation and USNC-URSI Radio Science Meeting

(AP-S/URSI), 2022, pp. 882-883.



66

APPENDIX B: COPYRIGHT AND REUSE PERMISSION

STATEMENT

The figures created within the scope of this thesis and whose copyrights have

been transferred to the publisher have been used in this thesis book in accordance with

the publisher’s policy on “reuse of author-generated text and graphics,” as stated on

the publisher’s official website. These figures originate from the following publications:

• A. Bilir, M. Yavuz, U.O.S. Seker, and S. Dumanli, “Wireless In-body Sensing

through Genetically Engineered Bacteria,” Nature Communications, accepted.

• I. H. Kacar, A. Bilir, U.O.S. Seker, and S. Dumanli, “Wireless Control of Bac-

terial Function with Microwave Hyperthermia,” 2025 IEEE 36th International

Symposium on Personal, Indoor and Mobile Radio Communications (PIMRC),

Istanbul, Turkey, 2025.


