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Abstract—In the past years, Molecular Communications were 

studied mainly from a communication engineering and 

theoretical point of view. To design nano- to micro-sized signaling 

networks, reliable communication-theoretical models and 

experimental testbeds are still missing. Inspired by microbial 

cells we established an organic, molecular signal converter as a 

modulator for MC signals. The transmitter is a bacterial cell 

expressing the light-driven proton pump gloeorhodopsin. In 

recent test runs, we were able to send short messages encoded in 

a light signal and converted to pH variation with a rate of 

2 bits/min with the help of living bacteria. 
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I.  INTRODUCTION 

For fast Molecular Communication (MC) and networking 

fast signal expression and transduction is essential. Recent 

biological inspired models [1]–[4] are based on biological 

items like bacterial or mammalian cells. The chemical signal is 

transmitted in a micro-environment by free diffusion, cell-cell 

connections or cell movement. However, these testbeds are 

characterized by single-symbol transmission or low data rates. 

Here, we propose an experimental interface of MC with 

comparatively fast signal transmission. The signal was 

preselected to be chemical and transported by free diffusion in 

the channel. It was believed that an immediate export system 

like a molecular ion channel is preferable compared to a 

genetically encoded signal. Depending on the microbial 

species, the biosynthesis of i.e. green fluorescent 

protein (GFP), induced by a chemical or light, takes several 

minutes to proceed. The fluorescence can then be detected as 

ON-OFF signal and goes along with a prolonged regeneration 

time. The protein gloeorhodopsin (GR), a bacterial type I 

rhodopsin, is a light-driven proton pump in the cell membrane 

of Gloeobacter violaceus [7]. One proton can be transferred in 

less than 1 ms to the periplasmic space [8]. In a bacterial 

suspension the change of proton concentration in the 

surrounding medium can be detected within a few seconds as a 

change of pH. By playing on this mechanism it was expected to 

reach high data rates and to send messages via the bacterial 

cells. In nature the protein is used to generate an 

electrochemical gradient across the bacterial plasma 

membrane. Proteins like e.g. ATP synthase use the chemi-

osmotic force to convert the light energy to chemical energy by 

forming ATP [9], [10]. 

 

Fig. 1. Biological transmitter model. (a) Benchtop experimental setup for the 
modulator. (b) Scheme of testbed setup. 

 

II. DEMONSTRATOR 

For the transmitter Escherichia coli, heterologously 
expressing GR, was chosen. Protons are pumped to the 
periplasmic space between the cytosolic and the outer 
membrane (OM). Therefor the OM was removed by sonication 
to form sphaeroplasts and to release the protons directly to the 
surrounding medium. The resulting suspension was a mixture 
of sphaeroplasts (50-60 %, optically estimated), cells with 
partly removed OM and intact cells in an osmotically adjusted 
buffer. In a constant environment (incubator with 
T = 35 ± 0.2 °C, dark), 6 ml of the sphaeroplast suspension of 
optical density OD600nm = 15 was stirred in a glass reaction tube 
(Fig. 1). The protein GR acts as a pump, binding all-trans 
retinal, the chromophore group, which conveys the protons 
from the intra- to the extracellular space like a lever. Since the 
biotechnologically engineered bacteria cannot express retinal, it 



was added to the culture medium to a final concentration of 
10µM. Proton transfer in water is highly efficient and realized 
by the Grotthuss mechanism, and therefore partly a “structural 
diffusion” [11]. Illumination with green light (LED, 
λ = 550 nm, P = 1 W) leads to conversion of the binary light 
signal into released protons by the bacteria. Thus, detected as 
electrical signal by a pH microelectrode and subsequently 
translated to the bits 0 (light OFF) or 1 (light ON). 
Transmission of a bit sequence was started after dark adaption, 
until stable pH of 5.6 to 5.8 and temperature of 35.0 ± 0.1 °C 
were reached. Due to the signal drift for the absolute pH level, 
a smoothed and differential decoding was performed to process 
a 6-bit sequence (Fig. 2). 

 
Fig. 2. Transmitted message “BIOCOM”. The original pH signal is displayed 
in the top diagram, smoothed and differentiated signal in the diagram below 

(moving average with window width = 2, difference computed over a distance 

of 2 samples). The detection threshold is given as red horizontal line. The 
received bit code is on the right-hand side. 

 

III. CONCLUSION 

In this model, signal transmission of 2 bit/min is relatively 
slow compared to an electromagnetic-based communication 
scale (Mbit/s). Nonetheless, the now available characterization 
of an, experimentally determined, chemically converted and by 
diffusion transferred signal, is essential to validate existing and 
to create new theoretical and numerical models. However, 
during the establishment of the testbed, the measurements 
showed strong variability for the overall character of the signal. 
Besides different adaptation times and variating pH levels after 
adaptation, also different noise levels and baseline drifts 
occurred. Since this is a biological system, various parameters 
are associated with the variations. Therefor future 
investigations will be addressed on validation and elimination 
of variation causing factors. This illustrates the character of the 
modulator with its interesting advantages and challenging 
disadvantages. The setup can be built with common 
microbiological laboratory supplies. Once set up, the 
consumables are of very low cost and the interface is usable 
after two days due to the bacterial culturing and the 
sphaeroplast formation protocol. Modifications on the testbed 
and reprogramming of the signal are possible, but depend on 
the chosen entities and applications. In respect to the proposed 

setup, the signal strength is high. Nevertheless, a proton signal 
is subject to limitations depending on the detector sensitivity 
and alternatives like other ions or peptides may be considered 
for the future. In contrast to the variations, making it difficult to 
compare and reproduce data sets, the high bit rate yielded, is 
outstanding. First transmission of a 100-bit sequence was 
achieved, nevertheless its limitations are further to be tested. 
Thus, this modulator setup may already be suitable for 
potential applications, e.g. wastewater treatment or waters 
pollution control. However, this is still a macro-sized 
demonstrator setup of a biological signal modulator and hence 
a promising base for adjustments like adding flow and adapting 
scale to e.g. microchips. Similar to a blood vessel, a flow setup 
could speed up signal transduction and eliminate noise and 
baseline drifts arising from the biological character of the 
system. Furthermore, adjusting the scale to Lab-On-A-Chip 
systems bears even bigger challenges due to bacterial 
immobilization and flow generation. From a more general 
point of view, this chemically driven modulator is a promising 
groundwork for Artificial Molecular Communications and a 
basis to connect the various disciplines involved in the 
workshop. 
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