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AbstrAct
Although molecular communication systems 

have been shown to bear great potential for many 
useful in-body applications, they require the inter-
vention, action, or input of an out-of-body actor. 
From an Internet of Bio-Nano Things perspective, 
a successful overall network aims to bring togeth-
er the two links belonging to the in-body and 
out-of-body networks for end-to-end communica-
tions. For most applications, the uplink from the 
in-body sensor is more significant since it provides 
the multi-scalar connection required to relay the 
information sensed and carried by the molecular 
communication system to a macro-scale smart 
terminal. This article proposes two different mech-
anisms to sense the output of the molecular com-
munication system and transmit the information 
to an on-body reader. Each mechanism involves 
different genetically engineered bacteria and spe-
cific antenna designs. An experimental setup is 
provided to demonstrate each proposed concept. 
The results constitute a proof of concept to detect 
the in-body bacterial activity from the on-body 
reader.

IntroductIon
Biology-inspired communication has drawn con-
siderable attention in recent years due to the 
recent development in nanotechnology. Molecu-
lar communications (MC) at the nano-scale and 
body area networks (BANs) at the macro-scale 
have demonstrated high potential in communi-
cations research for health applications. In many 
applications, the missing link is the bridge between 
MC and BAN, where the information gathered at 
the nano- or micro-scale is made accessible to the 
macro-scale BAN and its extensions. 

Wireless sensing systems provide multi-scale 
communications and could be utilized to bridge 
this link and utilize advanced medical detection 
mechanisms to provide the best healthcare pos-
sible to patients in the field of diagnosis. This 
problem could also be viewed from an Internet of 
Bio-Nano Things (IoBNT) perspective [1], where 
in vivo sensors are utilized for real-time moni-
toring of patients’ activity. The challenge here is 
to build a conventional wireless link between a 
biocompatible in-body sensing module and an 
on-body reader antenna. The sensing module is 

expected to be sensitive enough to accurately 
track the symptoms at the molecular scale. For 
this purpose, we utilize engineered bacteria to 
carry out the sensing tasks. Engineered bacteria 
can be programmed as whole cell biosensors 
(WCBs), and they can be used for a wide range 
of sensing/responding types of applications [2]. 
Such designs can be utilized in detecting many 
disease-related biomarkers, such as cancer-relat-
ed, metabolic-diseases-related, and infectious-dis-
ease-related markers [3]. These input signals can 
be used to trigger many downstream processes 
within the cells such as drug secretion.

Although implantable sensors have high poten-
tial in real-time monitoring of patients’ health, 
there are several drawbacks that hinder their 
widespread use. In addition to power require-
ments, the main problem is biocompatibility. Most 
in-body sensors require surgical removal to ensure 
that the device leaves no toxic traces behind. 
Also, the wireless link between the sensor and 
the on-body reader suffers from several degrading 
factors, such as high path loss and low antenna 
efficiencies. High path loss is a result of the high 
permittivity and conductivity of human tissues, 
and low implant/on-body antenna efficiencies are 
mainly caused by the small form factors needed 
for implantable and wearable devices and near-
field losses. 

This article proposes two different sensing con-
cepts, both of which utilize genetically modified 
bacteria to sense biological processes and specific 
chemical outputs produced by molecular commu-
nications. Proposed designs include a traceable sig-
nal generated by or reflected from an implantable 
device and an on-body reader antenna that can 
translate the molecular signal to a smart monitoring 
device via a conventional wireless link (Fig. 1). 

Our first proposal utilizes genetically engi-
neered fluorescent bacteria to produce a signal 
that will be transmitted to the on-body reader. 
The use of fluorescent proteins, a technique intro-
duced to these bacterial strains in the 2000s, has 
led to the development of many applications, 
including biological sensors, tracking-visualization 
systems, and many other sophisticated biological 
devices [4, 5]. With the emergence of synthetic 
biology, control of MC as well as the control of 
fluorescent signals from bacteria can be achieved 
with high precision and programmability for many 
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diff erent molecules. Although engineered fl uores-
cent bacteria have been used for in-body sensing 
applications, real-time in-body monitoring is quite 
a challenge, and there are only a few examples in 
the literature [6]. 

The proposed design is an active implant that 
requires a power source. Despite its high perfor-
mance, it requires surgical removal after the moni-
toring period ends. To overcome these limitations, 
a second design is proposed using a passive and 
biodegradable device, as presented in Fig. 2. One 
frequently utilized approach to avoid the need 
for surgical removal is to utilize biodegradable 
sensors [7]. This work relies on the biodegrada-
tion of the sensor after its time of operation is 
complete. In order to realize a passive implant, 
backscatter-communications-based studies are 
also present [8], but these studies usually do not 
include biodegradability. Backscatter communica-
tions use a remote reader, which sends an elec-
tromagnetic wave toward a passive device and 
extracts the data collected by the passive device 
from the reflected electromagnetic wave. Ref-
erence [7] brings together biodegradation with 
backscatter communications but only presents 
simulation results [9]. One of the novel aspects 
of our approach over the state of the art is that 
rather than waiting for the sensor to biodegrade 
after sensing is complete, the proposed design 
measures the process/speed of biodegradation 
itself for the sensing task. In addition, to the best 
of our knowledge, this is the fi rst time the utiliza-
tion of genetically engineered bacteria for such 
a system is proposed. The bacteria is envisaged 
to be sensitive to a specific molecule of interest 
such as a molecule that is used as the messenger 
molecule in an MC scenario. 

The rest of the article is organized as follows. 
We introduce the proposed methodology and dis-
cuss envisaged solutions and challenges. Then the 
experimental setup is demonstrated in detail, and 
the results are presented. Finally, we conclude the 
article.

Methodology 
Both of the proposed mechanisms will utilize engi-
neered Escherichia coli (E. coli). E. coli is a natural 
bacteria that has a simple genomic and metabolic 
structure as it can be easily grown and manipulat-
ed. Consequently, it is the most abundant model 
and working organism of molecular biology.

The proposed approaches tackle the chal-
lenges resulting from operating in an in-body 
environment, such as battery lifetime and biocom-
patibility. Details of each approach are provided 
in the following sections. 

ActIve In-body sensIng MechAnIsM 
The active sensing mechanism is envisaged to 
include a biofi lm of engineered E. coli, which will 
produce fluorescent protein upon sensing the 
molecule of interest, and a transmitter that trans-
mits an electromagnetic signal modulated accord-
ing to the fluorescence of the biofilm through a 
photodetector, as shown in Fig. 2. 

The transmitter will incorporate a photodiode 
(PD) to detect the fluorescence. The photodi-
ode’s transduction output will then be translated 
into an oscillating electrical signal whose frequen-
cy depends on the photodiode output. Oscillat-

ing signals will be transmitted wirelessly with an 
implant antenna. Note that the photoexcitation of 
the fl uorescent bacteria is envisaged to be done 
with incorporation of a light emitting diode (LED).

To realize the implant, all of the required com-
ponents, including the photodiode, the power 
supply (SMD battery), the electronic components, 
the antenna, the light source (LED), and the bac-
terial biofi lm, can be integrated on a biocompat-
ible substrate (e.g., polyimide) to operate as a 
biosensing platform. The use of the battery is vital 
to provide power to the whole system during the 
monitoring period. This design requires surgical 
removal after the completion of the monitoring 
period. Such a platform can be applied for a vari-
ety of biosensing processes. While the main com-
ponents of the sensing platform remain similar, 
the engineered bacteria can be altered to detect 
the presence of various molecules of interest. 

In this work, for the case of active sensing, a 
harmless strain of genetically engineered E. coli 
is used to produce a measurable red fl uorescent 
signal in the presence of the molecule of interest, 
Isopropyl -D-1-thiogalactopyranoside (IPTG). By 
exciting and tracking the emitted signal coming 
from that red fl uorescent protein, it is possible to 
detect the molecule of interest. 

WCB sensors can be programmed to detect/
report many medically important biomarkers, 
which makes them excellent biological devices for 
early disease detection. Many fl uorescent proteins 
or functional enzymes can be employed as report-
ers for WCB sensors [2]. In our case, fl uorescent 
proteins are used, and they could be excited 
with simple LEDs. The optical signal generated 
due to red fl uorescent protein excitation can be 
sensed and converted to an electrical signal via a 
photodiode, which performs signal transduction. 
Its operation principle relies on the interaction 
of a semiconductor junction with photons [10]. 
Incident photonic radiation at energy levels (hv) 
greater than the band gap energy (Eg) of a semi-
conductor crystal generates electron-hole pairs 
(EHPs). These carriers give rise to a drift current 

FIGURE 1. The conceptual representation of in-body sensors connecting the 
molecular link with BANs.

FIGURE 2. Schematic of proposed frameworks for molecular communication scenarios.
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and participate in conduction to result in a shift 
in the current-voltage characteristics of the device 
to accommodate a photonic current. Such an 
altered relationship, in photovoltaic or photocon-
ductive biasing, can be used for different sensing 
applications. 

PAssIve bIodegrAdAble In-body sensIng MechAnIsM
The passive sensing mechanism is envisaged to be 
battery-free and composed of a completely bio-
degradable magnesium (Mg) implant and WCB 
of engineered E. coli embedded in a biofilm. The 
E. coli will sense the molecule of interest, resulting 
in turning off a gene encoding for a protein or a 
metabolic pathway that will elevate the degrada-
tion speed of Mg. Such an approach can realize 
real-time in-body monitoring of biological pro-
cesses. The molecule of interest is going to trigger 
elevated bacterial activity, which will be translated 
into faster biodegradation. The biodegradation 
speed will be tracked by an on-body transceiver 
with backscatter communications. 

An implant composed of biodegradable 
materials requires no human interference for 
extraction, as the human body will ultimately dis-
solve it without leaving any harmful traces [11]. As 
a result, the second removal surgery step needed 
in other implant-based approaches is eliminated 
as a substantial benefit. Materials used for med-
ical implants should also have high biocompati-
bility with the biological tissues surrounding them 
since it is desired not to induce an immune sys-
tem response after insertion of the implant. That is 
why, in this work, we use an Mg resonator as the 
passive implant. 

The passive sensing mechanism’s main objec-
tive is the real-time observation of the arriv-
al of the molecule of interest from outside of 
the human body. The concept is based on the 
point that increased bacterial activity results in 
elevated levels of biodegradation rate of the Mg 
implant. This requires the characterization of the 
Mg implant via step-by-step degradation in an 
environment similar to the human body with and 
without bacterial activity while its electromagnetic 
response is being observed wirelessly. The implant 
will be designed in such a way that controlled 
degradation is employed. This will result in a pre-
viously estimated shift in the resonant frequency 
of the resonator, and this shift will be detected 

by the on-body transceiver. A biocompatible pho-
toresist (SU-8) layer will be structured with litho-
graphic definition as an etch mask on top of the 
layer to be protected from the biodegradation 
process. The whole sensor system is foreseen to 
be implemented on a biocompatible silk fibroin 
substrate. As the degradation evolves, the geom-
etry of the resonator will be partially preserved, 
yielding a shift in the resonance frequency. A pair 
of on-body antennas is used to track this shift in 
transmission spectra. The wireless link established 
between these antennas and their interaction with 
the Mg implant will allow monitoring of the mole-
cule of interest in-body in real time. 

exPerIMentAl setuP And results
Initial experiments were conducted to realize 
proof of concept for both active and passive 
sensing mechanisms. In the active sensing plat-
form, we present the feasibility of conversion of 
the molecular signal to an electrical one. In the 
case of passive sensing, we demonstrate the link 
between the biodegradation speed and bacterial 
activity. We also demonstrate tracking of biodeg-
radation from outside a human body phantom 
wirelessly.

ActIve In-body sensIng systeM desIgn And MeAsureMents
Utilization of Bacteria: The measured fluo-

rescent signal is obtained from E. coli bacteria 
producing red fluorescent protein mScarlet [12] 
in the presence of IPTG molecules (Fig. 3). The 
easiest way to give additional functionalities to the 
bacteria in synthetic biology is by giving informa-
tion for these functionalities with a DNA-carrying 
module, named plasmid DNA in the literature. 
Plasmids can be uptaken by the bacteria, and the 
information encoded in the plasmid DNA can be 
interpreted and produced by cellular machinery. 
For triggering the production of mScarlet with the 
molecule of interest IPTG, pET22b plasmid is used 
with some modifications, such as the final carrier 
having a complete genetic circuit, which is closed 
when there is no IPTG, and opened with the addi-
tion of IPTG by blocking the repression of lacI 
on the protein production module [13]. Cloning 
of the plasmid construct required for this experi-
ment is done by Gibson Assembly and verified by 
next-generation sequencing. The overall genetic 
mechanism, which could be used for other mole-
cules of interest, is illustrated in Fig. 3. 

Bacterial strains are grown in a Luria Bertani 
(LB) medium supplemented with appropriate anti-
biotics. Overnight culture of bacterial strains is 
obtained by 16 hours of growth time in a 37°C 
incubator. Fresh cultures are grown by 1:100 dilu-
tion of the overnight culture in fresh media for 
2–3 hours to reach the logarithmic growth phase.

Macroscale Sensing Terminal: The fluorescent 
signal intensity is measured via the complementary 
metal oxide semiconductor (CMOS) photodiode 
structure reported in [14]. The CMOS photodi-
ode uses a total footprint area of 1.05 mm  1.0 
mm. The design is fabricated along with a relevant 
0.18 mm CMOS process monolithically integrated 
with the electronics on the chip. The photodiode’s 
anode-cathode pins are accessed through wire-
bond contacts, making photodiode characteri-
zation in isolation from circuitry blocks possible. 

FIGURE 3. Genetically engineered, fluorescent E. coli strains and the genetic circuits for IPTG inducible fluorescent 
signal production.
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The bacteria requires excitation in a certain wave-
length window and emits light at a diff erent wave-
length. To be able to distinguish the fluorescent 
signal emitted by the bacteria from the excitation, 
an optical bandpass fi lter is employed. A printed 
circuit board (PCB) compatible with fabricated 
integrated circuit (IC) chips is designed and used 
for the characterization of on-chip photodiodes. 
For the characterization steps, a Keithley 4200 
SCS semiconductor parameter analyzer’s source 
measure units (SMUs) are employed. During the 
measurements with bacteria strains, the PCB is 
placed on top of the container holding 40 mL 
liquid samples. The photodiode’s positioning is 
done so that the photodiode is directly above the 
samples, facing them without being immersed in 
them. A non-conducting cylinder shell structure, 
a geometric fit to the container rim, is mounted 
on the PCB to ensure mechanical stability during 
the measurements. Photoexcitation of bacteria 
for fl uorescent signal observation is done with a 
green LED. It is positioned at the bottom level of 
the container in such a way that it does not direct-
ly face the photodiode. In addition, the optical 
bandpass fi lter is placed between the LED and the 
PCB. This is done in order to suppress the photo-
diode response to green light emitted by the LED 
so that the response to red fl uorescent light can 
be observed without saturating the photodiode.

Setup components are placed within a dark 
chamber, where electrical connections are made 
through the conductive walls. Exploiting this, 
measurements are performed in isolation from all 
other light sources, while LED control and pho-
todiode characterization are done in a separate 
room. The experimental setup is schematized in 
Fig. 4.

Experimental Results: The short circuit pho-
todiode current (Isc) of the photodiode is traced 
as the sensor output. According to the theory 
described above, the decrease in Isc corresponds 
to increased levels of light intensity. The first 
experimental results are presented in Fig. 4. Five 
measurements in each case are performed. Error 
bars show the standard deviation of the measure-
ments. Statistical analysis is made by non-para-
metric t-test. In the presence of light from the 
green LED, photodiode responses to different 
cases vary. In the first 2 hours, the photodiode 
response to the reference and IPTG induced 
samples is almost the same, and Isc currents are 
slightly over 0.5 nA for both. This is expected, 
since the engineered bacteria increases its signal 
in the later phases of its growth by opening fl uo-
rescent protein production machinery when the 
IPTG is presented in our case. The IPTG effect 
on the sample is increased after four hours, and 
it leads to the diff erence observed in Fig. 4 (right) 
between the Isc of two samples. Isc caused by 
the IPTG-induced sample exceeds 1 nA, whereas 
the reference sample remains below this thresh-
old. The trend prevails until the end of the moni-
toring period. 

PAssIve bIodegrAdAble In-body sensor systeM 
desIgn And MeAsureMents 

Utilization of Bacteria: Tracking the Mg 
implant’s degradation speed is planned to be 
used as the sensing principle of bacterial activity 
[15]. Here, the correlation between the bacterial 

activity of E. coli and the degradation is demon-
strated in fetal bovine serum (FBS). 

To observe the eff ect of bacteria on Mg deg-
radation clearly, thin profi le Mg structures were 
used, reducing implant lifetime, permitting easier 
tracking of smaller changes, and retarding the 
formation of the Mg(OH)2 layer on the implant, 
which interferes with the degradation process. 
The Mg implants, as seen in Fig. 5, are produced 
via direct current (DC) magnetron sputtering on 
a glass substrate, which makes degradation vis-
ible to the naked eye. The implant is designed 
as a bridge-like structure, with a combination 
of thick and thin parts, to test the functionality 
of sensor shape and the concept of a gradual 
degradation approach. The implants were ster-
ilized before interacting with FBS and bacteria. 
Among different sterilization methods, such as 
steam autoclave, dry heat, formaldehyde, and 
ultraviolet (UV) light sterilizations, UV light steril-
ization is chosen here due to its minimal impact 
on the structural level. Mg implants fixed into 
Petri dishes are kept under germicidal UV light 
for 30 minutes.

The biodegradation rate of the designed Mg 
implants in sterile FBS and E. coli added FBS 
(0.1:10) are compared, as can be observed in 
Fig. 5. The complete degradation process takes 
approximately four times less time in FBS with E. 
coli compared to sterile FBS. Results demonstrate 
that the presence of E. coli accelerates the degra-
dation rate of the implant. Initial rupture occurs 
in the thin connective layers, while the rest of the 
implant degrades in a nonhomogeneous manner 

FIGURE 4. Schematic showing: left: measurement setup (constant current LED drive and SMU based PD sensing) for 
active in-body sensing system; right: first measurement results.
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at a slower rate. As the bridges degrade in time, 
the magnesium implant loses its structural integri-
ty right before complete dissolution. 

Macroscale Sensing Terminal: Building onto 
these results, an implantable double split-ring 
resonator (DSRR) and an on-body meandered 
slot loop antenna are designed. A pair of these 
on-body reader antennas is located outside the 
FBS (representing the human body phantom). 
The wireless link between them and its interaction 
with the implantable resonator changes as degra-
dation occurs. Note that the high permittivity and 
conductivity of FBS prove sensing to be diffi  cult. 
The novelty in our system lies not only in the way 
we use biodegradation for bacterial activity sens-
ing, but also in promising in-body sensing with the 
utilization of high-quality factor resonators and 
improved on-body antenna design. 

Experimental Results: The operating fre-
quency of the resonator, which should change 
as it degrades, is tracked, as seen in Fig. 6. The 
experimental setup includes the aforementioned 
on-body antennas, a Petri dish where the implant-
able resonator is merged in FBS, the resonator, 
and a vector network analyzer (VNA). To repre-
sent diff erent phases of biodegradation, two split 
ring resonators (SRRs) are prototyped on glass 
with conductive ink via PCB Printer. The fi rst one, 
with two rings, represents the DSRR before degra-
dation, while the second has only the outer ring, 
representing the SRR version. These two mod-
els represent two separate phases of the resona-
tor. The reader antenna is etched on RO3210 
high-frequency laminate using PCB Prototype 
Technology. 

SRR structures representing two phases of 
degradation are placed in FBS with a relative per-
mittivity (r) of 66 and conductivity of 1.76 S/m. 
Figure 6 presents the change in the transmission 
behavior between the reader antennas with deg-
radation. The time elapsed between these two 
phases can be mapped to bacterial activity, as 
proved from our Mg-Bacterial activity experi-
ments. 

conclusIon
This article presents two novel approaches to 
in-body sensing. The two mechanisms proposed 
to detect the molecule of interest via E. coli can 
easily be integrated at the sink of a molecular 
communication system and can be used to link 
this end of the nanonetwork to BANs. One of the 
proposed methods employs active circuit compo-
nents, resulting in the need for a battery, while the 
second one relies on passive components and is 
biodegradable. The experiments conducted for 
this study yielded encouraging results for both 
sensors. The active sensor was able to detect the 
molecule of interest, a crucial piece of informa-
tion to be transmitted to the on-body reader. For 
the passive sensor, we were able to link bacterial 
activity to the transmission behavior of on-body 
reader antennas. Both approaches are thus shown 
to have the potential to bridge the missing infor-
mation link between molecular nanonetworks and 
body area networks based on engineered bacte-
ria. 
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