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ABSTRACT 
Molecular communication is a bio-inspired communication 
paradigm using molecules as information carriers. In this paper, 
we built an example molecular communication system in aqueous 
media, which includes propagation of molecular capsules capable 
of carrying molecular information between a molecular sender 
and a molecular receiver and followed amplification of the 
information at the receiver. A gemini peptide lipid as a molecular 
switch embedded in the lipid bilayer membranes logically 
controlled propagation of molecular capsules formed with small 
liposomes from a sender to a receiver each composed of a giant 
liposome, with input signals, such as chemical, photonic, and 
thermal signals. In addition, the molecular switch acted as an 
artificial receptor at the receiver, receiving a photonic signal to 
communicate with an enzyme as a signal amplifier by using Cu2+ 
ion as a mediator between the receptor and the amplifier.   

Keywords 
Molecular communication, Artificial cell membrane, Molecular 
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1. INTRODUCTION 
In biological system, cell membranes play pivotal roles as 
platforms for systematic transformation of materials, energy, and 
information. In order to simulate such biological functions, lipid 

bilayer vesicles formed with phospholipids or synthetic lipids 
have been widely employed as cell membrane models [1-6]. 
While some biologically important events such as material 
transport, catalysis and energy conversion have been successfully 
simulated in the liposomal membranes [7-11], there have been 
few reports using lipid membranes as platforms for information 
processing. 
Recently, we coined a word “molecular communication” which is 
a new communication paradigm using molecules as information 
carriers [12,13]. Information and communication technology 
highly developed in the last century now supports our daily life, 
however, there is growing interest to seek a novel communication 
technology which complements the present communication 
technology using electrons and photons as information carriers. 
The molecular communication inspired by the biological 
information processing would be one of the candidates. In general, 
the molecular communication system includes propagation of 
information-carrier molecules between a molecular sender and a 
molecular receiver and followed amplification of the information 
at the receiver.  
In this paper, we built an example molecular communication 
system in aqueous media using the liposomal membranes. Figure 
1 depicts a molecular communication system that we consider in 
the initial phase of our research. The present system is composed 
of a combination of the following unit processes; (1) sending of a 
molecular capsule which carries molecular information from a 
molecular sender, (2) receiving of the molecular capsule at a 
molecular receiver, and (3) amplification of molecular 
information at the receiver. The molecular capsules were formed 
with small liposomal membranes in a diameter range of 100―200 
nm.  On  the other hand,  giant liposomes in  the  cell  size  (larger 
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than 1 μm) were employed as the molecular sender and receiver. 
In order to realize selective propagation of the molecular capsules 
from the sender to the receiver, a gemini peptide lipid (GPL) was 
used as a photo-responsive molecular switch. When the  
molecular switch  was embedded in liposomal membranes in the 
presence of transition metal ions, the propagation of the molecular 
capsules from the sender to the receiver was controlled by input 
signals such as chemical, photonic and thermal signals. The 
molecular switch at the receiver also acted as an artificial receptor, 
which tunes the activity of an enzyme as a chemical signal 
amplifier, by using a metal ion as a mediator between the receptor 
and the amplifier.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Molecular communication system composed of 
artificial cell membranes as senders, receivers and molecular 
capsules.  
 

2. DESIGN OF GEMINI PEPTIDE LIPID 
AS A MOLECULAR SWITCH 
Design of the molecular switch was inspired by naturally-
occurring gemini lipid, cardiolipin, having a unique dimeric lipid 
structure and interesting biological functions [14, 15]. Although 
much attention has been focused on physicochemical properties 
of synthetic gemini surfactants connecting two surfactant 
molecules via a spacer group [16-18], there are few reports on the 
synthetic gemini lipids with two double-chain segments like the 
cardiolipin. The molecular switch GPL is composed of three 
parts; two hydrophobic double-chain segments as hydrophobic 
anchors to the lipid membrane, two chiral histidyl residues as 
metal binding sites, and an azobenzene spacer unit as a photo-
responsive part (Figure 2).  
The space-filling models shown in Figure 3 represent plausible 
two conformations of the molecular switch embedded in the 
liposomal membranes. The conformations were minimized by 
molecular mechanics calculations using Cerius2 software based on 
the DREIDING force field [19]. Under thermodynamically stable 
conditions without photo-irradiation, the azobenzene moiety takes 
trans-form (trans-GPL); two imidazolyl groups in the gemini 
lipid are present over 0.6 nm apart from each other. Therefore, 
this species cannot act as a bidentate ligand for a metal ion. Upon 
ultraviolet (UV) light irradiation, the azobenzene moiety converts 
to the corresponding cis-form (cis- GPL) to be capable of forming 
a metal chelate that is effective for inducing the assembly of 
liposomes. Since cis-GPL reverts to trans-GPL by visible (VIS) 
light  irradiation,  the  metal binding ability that  is  related  to  the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Molecular structures of gemini peptide lipid (GPL), 
phospholipid (PL) and synthetic peptide lipid (SPL).  
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 3. Two conformations of the gemini peptide lipid 
generated upon photo-irradiation.  
 
vesicular assembly would be changed through the photo-
isomerization reaction. 

We have recently clarified that Cu2+-binding affinity of cis-GPL 
embedded in a liposomal membrane was much higher than that of 
the corresponding trans-form to give a photo-responsive 
assembling system of small liposomes [20]. We observed the 
liposomal assembly by means of freeze-fracture-replica 
transmission electron microscopy (TEM) and dynamic light 
scattering (DLS) measurements, however, fluorescence 
microscopy was unable to apply to visualize such assembly due to 
fluorescence quenching by Cu2+ ions. In the present work, Cu2+ 
ions were replaced by Zn2+ ions to visualize the photo-responsive 
dynamic propagation behavior of molecular capsules from a 
molecular sender to a molecular receiver.  
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3. PROPAGATION OF MOLECULAR 
CUPSULES 
Interaction of Zn2+ ions with molecular switch GPL embedded in 
the liposomal membrane formed with a phospholipid PL was 
evaluated by circular dichroism (CD) measurements. In general, 
metal-ligand interactions are much enhanced at the lipid 
membrane-water interface rather than in homogeneous aqueous 
solution. The CD spectra of the molecular switch embedded in the 
liposome were changed significantly upon addition of Zn2+ ions, 
reflecting the binding of Zn2+ ions to the L-histidyl residues of 
GPL. The titration isotherms were obtained by monitoring the 
CD intensity at 339 nm and 431 nm for cis-GPL and trans-GPL, 
respectively, which were applied to determine the binding 
constant of Zn2+ ions to the molecular switch. The Job's plot 
analyses for the liposomal system revealed that Zn2+ ions bind to 
the molecular switch in a ratio of 1:2. Thus, the binding constant 
for the 1:2 complex of Zn2+ ions with cis-GPL in the liposomes 
was evaluated to be 1.0 × 1010 dm6 mol-2. The value is comparable 
to the binding constant of Cu2+ ions with cis-GPL, 0.5 × 1010 dm6 

mol-2 [20]. Contrastively, the binding constant for the zinc 
complex of trans-GPL in the liposome was 9.0 × 107 dm6 mol-2, 
being much weaker than that for the corresponding cis-form. 
Accordingly, the metal-ligand interactions are effectively 
switched by photo-isomerization of the molecular switch 
embedded in the liposomal membranes.  

In order to clarify functions of the photo-responsive molecular 
switch for propagation of molecular capsules, the photo-
responsive assembling behavior of small liposomes equipped with 
GPL was evaluated by DLS measurements. Hydrodynamic 
diameter (Dhy) of the liposomes containing cis-GPL with high 
metal-binding affinity was increased upon addition of Zn2+ ions, 
reflecting the liposomal assembly. On the other hand, the 
liposomes containing trans-GPL with much lower metal-binding 
affinity kept the Dhy value nearly constant in the presence and 
absence of Zn2+ ions under the similar conditions. The results 
clearly indicate that difference in the metal binding ability 
between cis-GPL and trans-GPL in the lipid membrane markedly 
reflected on the photo-responsive assembly of liposomes.  
On these grounds, control of the propagation of molecular 
capsules, formed with small liposomes, from a molecular sender 
to a molecular receiver, each composed of a giant liposome, was 
evaluated by means of phase-contrast and fluorescence 
microscopic observations. Initially, the molecular sender 
equipped with GPL in the cis-form anchors the molecular 
capsules bearing the same molecular switch in the presence of 
Zn2+ ions as schematically shown in Figure 4. Upon addition of a 
chemical signal having the metal binding ability much stronger 
than that of the molecular switch, such as ethylenediamine-
tetraacetate (EDTA), the molecular capsules were released from 
the molecular sender. The molecular capsules are also capable of 
sending, if the conformation of the molecular switches embedded 
in both the sender and the capsules changed from the cis-form to 
the trans-form through photo-isomerization. It is noteworthy that 
the sending behavior of the molecular capsules was also thermo-
sensitive. That is, the molecular capsules were released from the 
molecular sender in the liquid crystalline state of the lipid 
membranes above the phase transition temperature (Tm) but not in 
the gel state below Tm. The receiving process of the molecular 
capsules is in mirror image of the sending process. Thus, the 

molecular capsules having the molecular switch in the cis-form 
were selectively delivered onto the molecular receiver equipped 
with the same molecular switch in a temperature range above Tm. 
On the other hand, trans-GPL derived by photo-isomerization of 
the corresponding cis-form did not perform as an effective 
molecular switch for receiving of the molecular capsules. The 
results indicate that propagation of the molecular capsules from 
the molecular sender to the molecular receiver was logically 
controlled by input signals, such as chemical, photonic, and 
thermal signals in the presence of the molecular switch.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Intermembrane adhesion through metal complex 
formation of molecular switches embedded in liposomal 
membranes, which governs sending and receiving of a 
molecular capsule from a molecular sender and to a 
molecular receiver, respectively.  
 

4. AMPLIFICATION OF MOLECULAR 
INFORMATION 
As for amplification of molecular information at a molecular 
receiver, we employed artificial signal transduction system 
composed of a set of an artificial receptor, an enzyme, and a 
mediator between them. We have previously shown that catalytic 
activity of NADH-dependent lactate dehydrogenase (LDH) bound 
on a liposomal membrane was switched by an external signal 
input to an artificial receptor embedded in the membrane in the 
presence of Cu2+ ion as a mediator [21-26]. We chose here 
molecular switch GPL as an artificial receptor at the receiver. 
Thus, in the present signaling system, the enzymatic activity as a 
chemical signal output would be switched by photonic signal 
input into the receptor, while the previous receptors recognize 
chemical species as an input signal. 
Amplification behavior of molecular information at a molecular 
receiver is schematically shown in Figure 5. Basic framework of 
the receiver was constructed with bilayer vesicle of a synthetic 
peptide lipid SPL. Photo-responsive molecular switch GPL as an 
artificial receptor and LDH as a signal amplifier were 
immobilized on the receiver membrane mainly through 
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hydrophobic and electrostatic interactions, respectively. We have 
previously shown that the cationic bilayer vesicle provides an 
effective platform for immobilization of LDH with keeping its 
catalytic activity [27] and that Cu2+ ion performed as a potent 
competitive inhibitor for the enzyme bound on the cationic vesicle 
[28]. On the other hand, the molecular switch embedded in lipid 
bilayer membranes drastically changes Cu2+-binding affinity 
through photo-isomerization of the azobenzene moiety. Thus, at 
the molecular receiver equipped with the molecular switch and 
the enzyme, input of a photonic signal to the molecular switch 
would be converted to amplified chemical signal output at the 
enzyme through translocation of Cu2+ ion as a mediator between 
them.  
 

 

 

 

 

 

 

 

 

 

 

Figure 5. A flow of molecular information in amplification 
process at a molecular receiver. 

 

LDH activities on the molecular receiver formed with synthetic 
peptide lipid SPL and molecular switch GPL were evaluated as a 
function of Cu2+ concentration. The enzymatic activity on the 
molecular receiver containing trans-GPL was drastically 
decreased with an increase of Cu2+ concentration, mainly 
reflecting binding of the metal ions to the enzyme active site, 
since the metal-binding ability of the molecular switch in the 
trans-form is much lower than that of the enzyme. On the other 
hand, the enzymatic activity on the molecular receiver containing 
cis-GPL showed higher value, as compared with that on the 
molecular receiver containing trans-GPL. The results clearly 
indicate that signal amplification as an enzymatic reaction on the 
molecular receiver is switchable through photo-isomerization of 
the molecular switch. 
The present molecular receiver was highly specific to metal ions 
as the mediator species between the molecular switch and the 
enzyme. LDH activities on the receiver formed with synthetic 
peptide lipid SPL containing molecular switch GPL in the cis-
form or the trans-form was evaluated in the presence and absence 
of various metal ions. While the enzymatic activity on the 
receiver was markedly switched through photo-isomerization of 
trans-GPL to cis-GPL in the presence of Cu2+ ions, other metal 
ions such as Zn2+, Ni2+ and Co2+ did not perform as effective 
mediators between the molecular switch and the enzyme. The 
molecular switch has analogous binding affinity toward Cu2+ and 

Zn2+ ions, whereas the enzymatic activity was specifically 
inhibited by Cu2+ but not by Zn2+ ions. Thus, Cu2+ ion exhibiting 
strong affinity toward both the molecular switch and the enzyme 
acts as a specific mediator in the present molecular receiver 
system. 
In order to clarify the structural importance of the gemini peptide 
lipid having an azobenzene moiety and two L-histidyl residues as 
the photo-responsive molecular switch, molecular switch GPL 
was replaced by three reference compounds; non-gemini peptide 
lipid with an L-histidyl residue, gemini peptide lipid with an 
azobenzene spacer unit but without two imidazolyl groups, and 
gemini peptide lipid with two L-histidyl residues but without an 
azobenzene moiety [29]. LDH activities on the molecular receiver 
formed with synthetic peptide lipid SPL containing these 
molecular switch analogs were evaluated upon UV or visible light 
irradiation. The results clearly indicate that the gemini structure 
with both an azobenzene spacer unit and two L-histidyl residues is 
essential to perform as the photo-responsive molecular switch to 
control the enzymatic activity on the molecular receiver. 
 

5. CONCLUSION 
It became apparent that a bio-inspired molecular communication 
system was constructed by using lipid bilayer membranes. The 
system includes two processes, that is, propagation of molecular 
capsules carrying molecular information from a molecular sender 
to a molecular receiver and amplification of the molecular 
information at the receiver. Both processes were controlled by a 
common molecular switch embedded in the lipid membranes. 
Thus, propagation of molecular capsules was controlled by 
chemical, photonic, and thermal signals. In addition, signal 
amplification as an enzymatic reaction was effectively switched 
on a molecular receiver through intermolecular communication 
between a molecular switch and an enzyme, using photonic 
stimulus and a metal ion as an input signal and a mediator, 
respectively. Although the present work is regarded as the initial 
phase of research in molecular communication, various kinds of 
molecular communication systems would be imaginable on the 
basis of our research results. We believe that further extensive 
study aiming to develop the molecular communication system 
will promise to open the door for an interdisciplinary area 
between bio-nanotechnology and information and communication 
technology. 
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