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Introduction
The nanotechnology term is referred to the ability to engineer 

materials precisely at the nanometers scales. In fact, “engineered 
materials” is usually used to comprise design, characterization, 
production and application of materials and the scope has nowadays 
been widened to include systems and devices rather than just materials. 
Nanotechnology is thus defined as design and fabrication of materials, 
devices and systems with control at nanometer dimension.

Here we would like to approach the question why nanotechnology 
is often stated to be revolutionary. There are three distinct aspects: 
indirect, direct and conceptual. By indirect is meant the progressive 
miniaturization of existing technologies, which opens up new areas of 
application for those technologies. Direct refers to the application of 
novel, nano-engineered artifacts, either to enhance the performance of 
existing processes and materials or completely novel purposes. Finally 
there is the conceptual aspect of nanotechnology, in which all materials 
and processes are considered from a molecular or even atomic point of 
view, as living systems, in which complex molecules (like proteins) are 
partitioned into their constituent amino acids, which are then used for 
the template synthesis of new proteins.

Life is characterized by separation from the surroundings. 
Organisms are built out of cells, cells contain separate compartments. 
Compartmentalization is therefore an already existing principle in 
nature. Cells perform complex biosynthesis and transport within 
closed containers employing lipid membranes called vesicles. These 
natural systems served as a model system for encapsulation of 
pharmaceutical and cosmetic components. These naturally-derived 
lipid vesicles, so-called liposomes, showed significant success in their 
design and application in biotechnological applications due to their 
unique properties. Moreover liposomes are a very useful model, 
reagent and tool in various scientific disciplines. Liposomes are 

illustrating emerging trends at the interface of lipid/polymer chemistry 
and recombinant protein engineering. One of the best examples is the 
optimized solution of nature to overcome membrane permeability 
barrier: substances as nutrients, waste products as well as messenger 
molecules or ions have to betransported across membranes in the 
cells. The membrane permeability barrier is overcome by porins and 
transport proteins (channel proteins) present in the cell membrane. 

Functionalized Nanocontainers
A current research field in material science is to formulate new 

types of responsive materials on a nanometer-sized scale. Although it 
is quite a challenge in the laboratory, this approach is largely inspired 
by a naturally occurring compartmentalization system: biological cells. 
For example, the outer cell wall of bacteria, such as E. coli, contains 
channel proteins that allow specific substrates to diffuse into the 
periplasmic space from where they are uptaken actively to inside [1]. 
Bacteria can open and close these channels upon specific triggers 
[2] and they have mechanisms to eject material outside. Nano-meter
sized particles, micelles and vesicles [3] have already been used for,

*Corresponding author: Güray Güven, Conductive Technologies Inc., New
Product Research and Development,935 Borom Road, York, PA 17404, USA,Tel:
(717) 767-8357; Fax: (717) 764-3470; E-mail: gguven@conductivetech.com

Received September 12, 2013; Accepted November 14, 2013; Published 
December 04, 2013

Citation: Güven A, Fioroni M, Güven G (2013) Functionalized Nanocontainers 
Operated as Controlled Release Systems and Bioactuators. Biosens J 2: 106. doi: 
10.4172/2090-4967.1000106

Copyright: © 2013 Singh A, et al. This is an open-access article distributed under 
the terms of the Creative Commons Attribution License, which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original author and 
source are credited.

Abstract
Functional nanocontainers find applications in biosensors, bioelectronics, biochemical investigations, physico-

chemical studies, pharmacology and medicine. In all possible applications of liposomes “Smart” systems responding to 
varying environmental conditions is desirable. For this purpose development of compound independent release systems 
that can be engineered for controlled compound release are reviewed in this article.

Functionalized Nanocontainers Operated as Controlled Release Systems 
and Bioactuators
Arcan Güven1, Marco Fioroni2 and Güray Güven3*
1Department of Cellular and Molecular Physiology, Pennsylvania State University College of Medicine, 500 University Drive, Hershey, PA 17033 USA
2Konrad-Müller Str. 17, 52249 Eschweiler, Germany
3Conductive Technologies Inc., New Product Research and Development,935 Borom Road, York, PA 17404, USA

Bi
ose

nsors Journal

ISSN: 2090-4967



Citation: Güven A, Fioroni M, Güven G (2013) Functionalized Nanocontainers Operated as Controlled Release Systems and Bioactuators. Biosens 
J 2: 106. doi: 10.4172/2090-4967.1000106

Volume 2 • Issue 1 • 1000106
Biosens J
ISSN: 2090-4967 BJR, an open access journal 

Page 2 of 8

for instance, targeting cancer cells in medical applications. However a 
revolutionary new concept is the combination of these target-specific 
nanometer-sized nanocontainers with multifunctional biological 
components such as channel proteins. The goal is the creation of target-
specific and furthermore responsive nanosystems that can reach the 
desired cellular or subcellular target with the help of a defined targeting 
moiety and that exhibit a controlled and triggered diagnostic signal 
and therapeutic effect upon activation [4]. By combining sensing and 
effector functionality on the nanoscale, it will be possible to generate 
a defined response of nanostructure that depends on environmental 
factors such as pH, temperature, or substrate concentrations at the 
target site [4].

Functionalized nanocontainers are mechanically stable vesicles 
with a polymer and/or lipid membrane and a transmembrane channel 
for controlling the flux of compounds in and out of the lipid vesicle. 
Liposomes are nanometer-sized (50-1000 nm) and functionalized by 
loading them with reporter molecules such as enzymes or fluorophore 
molecules. A schematic representation of functionalized nanocontainer 
systems is given in Figure 1. 

Horseradish peroxidase (HRP) is encapsulated in the vesicle and 
the outer membrane protein, FhuAΔ1-160, is reconstituted in the 
membrane and functions as a selective gate. A channel protein that is 
embedded in membranes offer the possibility to develop novel triggered 
drug release systems with potential applications in synthetic biology 
(pathway engineering), bioelectronics (biofuel cells) and medicine 
(drug release). So far only FhuA [5], OmpF [6-8] and Tsx [9] have been 
reconstituted functionally into synthetic block copolymer membranes. 
FhuA is a large monomeric transmembrane protein of 714 amino 
acids located in the E. coli outer membrane folded into 22 anti-parallel 
β-strands and two domains [10]. By removing the “cork” domain 
(deletion of amino acids 5-160 [11,12]) the resulting deletion variant 
functions as a large passive diffusion channel (FhuAΔ1-160) [5]. FhuA 
and engineered variants have a significantly wider channel than OmpF 
(elliptical cross section of OmpF is 7*11 Å [13] whereas FhuA is 39*46 
Å [5]) allowing the translocation of even single stranded DNA [14]. 

Reduction Triggered Release System Based on 
Functionalized Polymersomes (Synthosomes)

Recently a nanocontainer based reduction triggered release system 
through an engineered transmembrane channel (FhuA∆1-160) has 
been reported [15]. The aim of that study was the introduction of a 
triggering system by means of a reduction triggered “release-switch”, 
based on an engineered FhuA channel variant. Compound fluxes 
within the FhuA∆1-160 channel protein are controlled sterically 
through labeled lysine residues. Quantifying the sterical contribution of 

each labeled lysine opened up an opportunity for designing compound 
specific release systems.

The Synthosome-calcein release system is a triggered release system 
in which the entrapped compound (calcein) is liberated through an 
engineered transmembrane channel (FhuAΔ1-160) upon addition of a 
reducing agent. These synthosomes were loaded with calcein at a self-
quenching concentration (50 mM) and the fluorescence generation 
upon calcein release was used for recording release kinetics. In order to 
build a reduction triggered release system, the amino groups of lysines 
in the FhuAΔ1-160 were modified with a pyridyl- or biotin-label. 
Figure 2 shows the reaction schemes for eight chemically modified 
lysines (167, 226, 344, 364, 455, 537, 556, 586; FhuAΔ1-160) with a 
pyridyl- (left) and a biotinyl-label (right).

As described above an exclusive translocation of calcein through an 
engineered transmembraneFhuAΔ1-160 which had been embedded in 
a tri-block copolymer membrane PMOXA-PDMS-PMOXA has been 
reported; where PMOXA = poly(2-methyl-2-oxazoline) and PDMS = 
poly(dimethyl siloxane); and could be opened up through a reduction 
triggered system [15]. The reported release kinetics of calcein was 
strongly modulated by the size of employed lysine-labeling reagents. 
Twenty nine lysines are present in the FhuAΔ1-160; 19 lysines located 
on the protein surface, 6 are inside the channel, and 4 are at the barrel 
rim [15]. The 19 lysines on the FhuA surface point into the outer 
membrane and are after purification covered by oPOE rendering 
pyridyl-labeling unlikely.

However channel proteins such as the engineered FhuAΔ1-160 
often cannot insert into thick polymeric membranes due to a mismatch 
between the hydrophobic surface of the protein and the hydrophobic 
surface of the polymer membrane. To widen the range of applicable 
polymers, by a simple “semi-rational” approach the FhuAΔ1-160 
hydrophobic transmembrane region was increased by 1 nm by 
doubling the last 5 amino acids of each of the 22 β-sheets, prior to the 
more regular periplasmatic β-turns (FhuAΔ1-159 Ext). This increase 
led to a predicted lower hydrophobic mismatch between the protein 
and polymer membrane, minimizing the insertion energy penalty. The 
already mentioned channel blocking by lysine group biotinylation in 

Figure 1: Functionalized liposome system: The FhuA Δ1-160 
channel protein embedded in the liposome lipid membrane employed 
as selective gateway for the in/out diffusion of substrates or entrapped 
molecules.

Figure 2: Reduction triggered release system based on transmembrane 
channel FhuA Δ1-160. FhuA Δ1-160 is chemically modified with pyridyl- or 
biotinyl-labels at lysine residues in the barrel interior and lysine residues at the 
rim. The label shown in red sterically hinders translocation of calcein through 
the pyridylated and biotinylated FhuA Δ1-160. Upon reduction using DTT, the 
disulfide bond in the linker of the pyridyl- and biotinyl-labels is broken which 
results in calcein release. The FhuA Δ1-160 model was prepared by using the 
(PDB entry 1BY3) crystal structure and all lysine residues have been labeled 
in the model. Derived from Onaca et al. [15].
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combination with the HRP assay system has been also employed to 
study the FhuA Δ1-159 Ext functionality [16]. 

Responsive Materials on Nanometer-sized Scale: 
Triggered Liposomal Systems
Reduction triggered liposomal nanocontainers

Typical and widespread model system for nanocontainers is 
liposomes [17]. After the discovery in 1965, liposomes became a 
promising tool for drug delivery [18]. Since then there have been many 
developments in liposomal composition, efficient drug encapsulation 
and retention, stability and targeting [19]. However in most cases the 
amount of drug passively released from such ideal long-circulating, 
sterically stable liposomes was not enough to show a therapeutic effect. 
To this end, more research efforts were directed towards triggered 
release in response to a specific stimulus at a target site [20].

There have been different strategies used for triggering liposomal 
release mostly based on destabilization of the liposomal bilayer. 
Formation of defects in the bilayer, lamellar-micellar or lamellar 
hexagonal phase transition, lipid phase separation and liposome 
fusion are some examples [21,22]. All these efforts have been focused 
on the lipid components of the liposome, and, for the most part, 
met with limited success [23]. As an alternative a bacterial channel 
protein could be used to enable controlled substance transport across 
otherwise impermeable membrane [24]. The channel protein, first of 
all, keeps its functionality when it is reconstituted into artificial lipid 
bilayers without requiring any other cellular components. Second, it 
is unique for its large and non-selective pore that allows the passage 
not only of ions but also small molecules. The attachment of synthetic 
modulators to biological channels is promising for designing universal 
drug release technology. However employing bacterial channel proteins 
has limitations, especially in the range of changes and responses that 
they can accomplish. In this regard, chemical modification provides a 
complementary approach. Variations can be introduced to the protein 
to confer features not achievable with the 20 amino acids that are 
genetically encoded. This is especially true when a combination of 
properties, such as reversibility, tenability, target specificity, sensitivity 
to external stimuli, and control over the timescale of the effect, are 
desired all at the same time [25].

Currently used systems (recently reviewed) [13] involved bacterial 
outer membrane protein F (OmpF) which was integrated into the 
synthetic bilayer [26,27] to build a pH responsive release and the 
mechanosensitive channel of large conductance (MscL) protein from 
E. coli [20,28] to work as a reversible diffusive channel in liposomes, 
modulating the open/closed states by a compound undergoing light-
induced or pH-induced charge separation. Latest progress was achieved 
in an exclusive translocation of calcein through a chemically triggered 
engineered transmembrane channel protein (FhuAΔ1-160 variant) 
embedded into a polymer membrane to develop a reduction triggered 
release system [15].

Following that, a mutational study onFhuAΔ1-160 has been 
reported [29]. In this study FhuA channel interior was modified through 
labeled lysines to gain better understanding on the sterically controlled 
diffusion of TMB through liposomal membranes. An average of four 
lysine residues per FhuAΔ1-160 was determined to be pyridyl labeled 
[15]. Based on the hypothesis that the 6 lysine inside the channel might 
mainly be responsible for restricting compound fluxes, two subsets of 
FhuAΔ1-160 variants were generated. In the six subset (A) variants 
only one of the six lysines in channel interior was substituted by alanine 

and in the six subset (B) variants only one lysine remained in the 
channel interior whereas all other five were substituted to alanines. For 
the in total 12 investigated FhuAΔ1-160 variants a HRP (Horseradish 
peroxidase) based colorimetric TMB (3,3',5,5'-tetramethylbenzidine) 
detection system was employed for quantifying the sterical hindrance 
of pyridyl-labeled lysines on the TMB substrateand the results led to 
the discovery of a flux controlling role of biotinyl- and pyridyl-labeled 
lysines inside the FhuA Δ1-160 pore [30]. The colorimetric HRP/TMB 
detection was preferred over the previously reported calcein detection 
system due to a superior reproducibility [5,15]. It’s important to note 
that the enzyme, HRP, entrapped in the liposomes is large enough to 
be kept locked in the liposomes however the substrate, TMB, for this 
enzyme and the product upon enzyme reaction are small to diffuse 
through channel protein. FhuAΔ1-160 lysine residues inside β-barrel 
structure were chemically labeled prior to reconstitution to block the 
channel from compound diffusion.Furthermore liposomes instead of 
a polymeric nanocontainer system were selected for characterizing 
the 12 FhuAΔ1-160 variants due to more simple and more rapid assay 
procedures [31], despite of drawbacks like leakiness, stability over time 
[31] and undesired biomolecule adsorption on the surface [32].

Six lysine residues were systematically analyzed in two subsets of 
engineered FhuAΔ1-160 channels. Analysis of 12 variants identified 
position K556 as a key substitution to sterically control compound 
fluxes through the inner channel of FhuAΔ1-160 embedded in liposome 
membrane. Additionally, b-factor analysis based on MD simulations 
identified position K556 as the least fluctuating lysine among the six 
investigated lysines suggesting a correlation between flexibility and 
steric control of TMB compound translocation through the inner 
FhuAΔ1-160 channel. The b-factor analysis indicates the dynamic 
mobility of an atom or group of atoms. The concept is derived from 
the X-ray scattering/crystallography theory, alternatively known as 
"temperature-factor" or "Debye-Waller factor" [33]. The subset B variant 
K556 of FhuAΔ1-160 represents therefore an excellent starting point 
to understand channel dynamics and to sterically control compound 
flux through engineered FhuAΔ1-160. Based on these results it seems 
promising that the reduction triggered release system can be advanced 
to a universal and compound independent release system which allows 
a size selective compound release through rationally reengineered 
FhuAΔ1-160 channels [29].

Furthermore a FhuAΔ1-160 variant with increased channel 
diameter has been constructed by the addition of a further β-sheet, 
again accomplished by a simple “copy-paste” approach using already 
present sequence information. The resulting protein FhuAΔ1-159 Exp 
was inserted into liposomes. Introduction of a reduction triggered 
release system was reached by biotinylation of lysine groups in the 
channel interior [34].

Light triggered liposomal nanocontainers

As already discussed above an important issue towards making 
the functional liposome systems useful for specific applications is 
their capability to respond to external stimuli such as temperature, 
pH and/or light. Approaches for advancing trigger systems are based 
on mainly chemically modifying the engineered channel protein to 
develop switchable channels which opens and closes in dependence on 
environmental conditions.

The methods of chemical modification of proteins in solution 
generally involve the most reactive nucleophilic functions of proteins, 
namely the primary amino group of lysine residues, and the thiol 
group of cysteine residues [35]. Most importantly, protein modification 
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reagents can be made highly selective of side chain groups. Acylation 
amidination and alkylation of lysine residues are well-known reactions 
in protein chemistry, whereas the thiol group of cysteine can be either 
selectively alkylated, carboxymethylated or even transformed to a 
disulphide with appropriate reagents [36]. Thus all these methods 
provide a good basis to design side-chain selective protein-labeling 
reagents. However, the use of many side-chain labeling reagents is 
severely restricted by their lack of complete specificity. Reactions with 
side chains of cysteine, histidine, tyrosine, serine, and threonine, occur 
frequently and have to be evaluated carefully. Remarkably specific 
reactions with amino groups have been obtained with a number of 
reagents under suitable conditions, such as acetic, succinic, maleic 
acid anhydrides [37], N-carboxyanhydrides of amino acids, cyanate 
(carbamylation), imidoesters, O-methylisourea (guanidination) [38].

It is often the case that the typical hydrolysis cleaving reaction 
is far too slow for investigating the initial rates of reaction for rapid 
biochemical processes. A desirable solution to these limitations would 
be a photo cleavable label that could be removed under neutral buffered 
aqueous conditions, thus avoiding any alterations to the substrate or to 
the natural biological environment [39]. Photolysis reactions present 
a remarkable and often ideal alternative to all other methods for 
introducing reagents or substrates into reactions or biological media. 
The ability to control the temporal and concentration variables by using 
light to photo chemically release a substrate provides the researcher 
with the ability to design more precisely the experimental applications 
in molecular biology. Covalent blocking of the functional groups of 
an enzyme essentially suspends its mode of action. Photo-release is 
sometimes termed a “traceless reagent process” because no reagents 
other than light are required. The advantage of a process that requires 
no further separation of spent reagents is attractive [39]. Photo cleavable 
labels should also have several other properties such as good aqueous 
solubility for biological studies, efficient photochemical release and 
formation of stable photoproducts [40]. Another important property 
that the photo cleavable agent should possess is an excitation wavelength 
longer than 300 nm because biological samples are frequently optically 
transparent in this wavelength range, and the potential photochemical 
damage to proteins and nucleotides that is anticipated from shorter-
wavelength irradiation is avoided [41].

In the earlier studies by Fodor and co-workers amino acids were 
protected with the photolabile, o-nitroveratryloxycarbonyl (NVOC) 
group, which was originally introduced by Patchornik et al., Houseman 
BT et al. and Vernet in 1970 [42-44]. Some improvement in the 
yield of photodeprotection was required since photolytic removal 
of NVOC was revealed to be very slow. Following that α-methyl-
o-nitropiperonyloxycarbonyl (MeNPOC) was reported to be more 
efficiently photo-cleaved. However one very important drawback 
of using MeNPOC was that the photodegradation products of 
MeNPOC group include carbonyl compounds which can react with 
amino groups and reduce the synthetic yield [45,46]. More recently 
a new class of photosensitive 2-(2-nitrophenyl)ethoxycarbonyl group 
have been demonstrated that the efficiency of photolytic cleavage of 
2-(2-nitrophenyl)propyloxycarbonyl (NPPOC) protected amino 
groups is significantly better than that for NVOC protected nucleotides 
[47]. One difference between the NPPOC group and the NVOC 
group is that the former is a derivative of 2-(2-nitrophenyl)ethyl 
alcohol, whereas the latter is derived from 2-nitrobenzyl alcohol. The 
additional methylene group in the NPPOC group leads to a different 
photocleavage mechanism [48].

The photocleavage of the o-nitrobenzyl group (e.g., NVOC) leads 

in an intramolecular redox reaction to o-nitrosobenzaldehyde whereby 
this process is initiated by a hydrogen abstraction from the benzyl-
side-chain, followed by the formation of an intermediary carbo-cation, 
quenching by a nucleophile and finally dissociation of the intermediate 
[49]. On the other hand, the photocleavage of the 2-(2-nitrophenyl)
ethoxycarbonyl groups can be explained with an entirely new 
mechanism consisting of a light-induced β-elimination process [49]. 
In the first step of photo-elimination a hydrogen abstraction from the 
β-position in the side-chain is most likely, then intersystem crossing 
of the diradical takes place followed by β-elimination forming CO2. 
Since this cleavage does not involve a chemical step like in the case of 
o-nitrobenzyl cleavage an accelerated breakdown of the molecule can 
be expected explaining the experimental findings in a rational manner [49].

Light activation is a promising method for triggering vesicle 
contents release since it provides a broad range of adjustable parameters 
(such as pulse duration, intensity, pulse cycle, and wavelength) that can 
be optimized for biological compliance [50-53]. Actual compound 
release systems based on light triggering implies mostly a compound 
diffusion controlled through a physical change of the membrane 
surface involving lipid bilayer disruption [49] permanently opened 
channel pores in either liposomes [54] or polymersomes [4] or 
temporary temperature-triggered lipid-packing defects in liposomes 
[52,55]. Alternatively, diffusion control can be accomplished by using 
specific light triggered channels/pores embedded into the liposome or 
polymersome membrane. In these studies, the above described classical 
photochemical approach was aimed to synthesize an inert “caged” 
precursor of the active compound and use flash photolysis to rapidly 
release the compound in a spatially controlled manner.

Considering the importance of different triggering stimuli to which 
the channel must react, the ideal situation would be the development 
and use of a universal protein scaffold, easily obtained introducing 
specific modifications by protein engineering techniques [56]. 

Moving from a chemical to a light triggered system, the same 
engineered set of FhuAΔ1-160 variants have been used and tested [57]. 
The FhuAΔ 1-160 variants were chemically modified by the amino-
group labeling agent 6-nitroveratryloxycarbonyl chloride (NVOC-
Cl) and 2-(2-nitrophenyl)propyloxycarbonyl chloride (NPPOC-Cl) 
embedded into liposomes membranes encapsulating horseradish 
peroxidase (HRP). HRP substrate 3,3',5,5'-tetramethylbenzidine (TMB) 
conversion was determined by diffusion limited translocation through 
the used FhuAΔ 1-160 variant channels using a well-established 
previously reported colorimetric HRP/TMB detection system [5,29,30]. 
Upon external light stimulus at 366 nm, NVOC or NPPOC is cleaved 
off, releasing an aldehyde detected for further proof and quantitative 
measurements of the lysine chemical modifications [58]. Authors 
presented the successful equipping of a liposome platform with light 
triggered functionality responsive to external conditions by integrating 
bacterial channel protein, FhuAΔ1-160, into lipid membrane. This 
system demonstrates the feasibility of a nanometer-sized bioreactor 
with size-selective substance diffusion and a defined trigger mechanism 
that allows external control of a defined functionality inside the 
enzyme-protecting, aqueous pore containing synthetic liposome [57].

In addition, a colorimetric aldehyde [58] determination test was 
performed for further proof of the lysine chemical modifications. Upon 
irradiation of liposomes harboring NVOC labeled FhuAΔ1-160 at 366 
nm the release of aldehyde, 6-Nitroveratraldehyde, induced a yellow 
color in the solution (Figure 3).
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of ion currents through a porin in the presence of antibiotics revealed 
effective binding constants and subsequently the transport parameters 
at a single-molecule level [63].

Functionalized nanocontainers controlled by enzyme logic 
systems

Recent advances in signal processing with cascades of enzymatic 
reactions realizing logic gates, as well as progress in networking 
these gates and coupling of the resulting systems to signal-responsive 
systems for output readout, have opened new biosensing opportunities. 
Digitally operating biosensors/bioactuators logically processing 
multiple biochemical signals through Boolean logic networks 
composed of biomolecular systems, yielding the final output signal 
as YES/NO responses. Biochemical signal processing systems are 
being developed for novel biosensor concepts, with multiple input 
signals being processed via enzymatic or antibody affinity recognition 
processes, in combination with electrochemical or optical output signal. 
Extensive research in unconventional chemical computing resulted in 
the formulation of various logic systems processing chemical signals 
according to Boolean logic using chemical means [64-68]. The use 
of biomolecular/biological tools for logic operations [69-71], such 
as proteins [72-75], DNA [76] and whole-cells [77], broadened the 
research area of signal processing benefiting from the specificity of 
biomolecular interactions. Recently pioneered enzymatic logic gates 
allowed signal processing mimicking various Boolean logic operations: 
AND, OR, XOR, NAND, NOR, etc [78].

Systems specifically designed for analysis of biomedical conditions 
use medically relevant biomarkers as input signals at their physiological 
concentrations. This poses additional challenge, compared to 
biomolecular logic systems which process external chemical or/and 
physical signals without medical relevance and use the physical zero 
and a conveniently high concentrations of chemical signals to mimic 
logic 0 and 1 values, respectively [79]. Enzyme logic systems were 
applied to control states of signal-responsive materials in the form 
of a switchable membrane [80], an emulsion [81] and a nanoparticle 
assembly [82], which operated as nanostructured actuators reversibly 
changing the structure and material properties upon receiving signals 
from the biomolecular systems [79]. Signal-responsive materials, in the 
form of polymer brushes, were bound to electrode surfaces allowing 
reversible switching of electrochemical activities ON/OFF by complex 
biochemical signals processed through enzyme biocatalytic cascades 
[83,84]. Privman et al. [79] presented an example of a switchable 
electrode interface logically controlled by the enzyme cascade 
processing biomarkers characteristic of an injury. A liver injury, using 
the alanine transaminase (ALT) and lactate dehydrogenase (LDH) as the 
biomarker inputs for the AND logic gate [85], was selected to illustrate 
this concept. The biochemically controlled actuation achieved in that 
study present integrated “smart” ‘Sense/Act’ (biosensor-bioactuator) 
systems processing biomedical signals, making programmed decision, 
and then performing an actuation according to the biomedical needs [79]. 

An enzymatic cascade which includes cooperative action of both 
biomarkers mimicking the AND Boolean logic gate was designed 
to signal the presence of these biomarkers [86]. Figure 4 shows the 
biocatalytic cascade activated by the biomarker inputs, ALT and LDH, 
primary resulting in the conversion of NADH to its oxidized form 
NAD+. In addition to modified electrodes [84], in order to convert 
the NAD+ signal to pH changes affecting the state of the pH sensitive 
liposomal nanocontainers (without the channel proteins in this case), 
glucose dehydrogenase (GDH) and glucose were added to the system 

Labeling all lysine amino acids inside the β-barrel showed that the 
product formation was hindered which was related to the hindered 
substrate diffusion and upon light triggering the product formation 
was regained. Beer-Lambert law was used to calculate average TMB 
conversion. The previous findings demonstrated 65 nM/s TMB diffusion 
through FhuAΔ1-160 upon external stimuli (light) [29,57] whereas 29 
µM calcein release was observed through FhuAΔ1-160 embedded in 
nanocontainers upon external stimuli (1,4-dithio-d,l-threitol (DTT) 
reduction) [15]. Another study demonstrated 43% calcein release of 
liposomal content in 50 min in the case of nanocontainers harboring 
photo-induced MscL pore forming protein [28]. These examples 
show that different sizes of molecules and shape and characteristics of 
channels greatly effect molecule diffusion rates. Most of the studies to 
our knowledge including our previous work did not elaborate many 
important properties of pore forming proteins. For example channel 
selectivity, the distribution of the pore charges and their discreteness, 
thermodynamic equilibrium of molecules in the pore with solution, 
the shape of the channel and the profile of the dielectric constant, 
water structuring in pores and pore and membrane deformability/
adjustability [59] are crucial effects that have to be considered in 
order to discuss compound diffusion through transmembrane 
channel proteins embedded in lipid bilayers. For example, Singh 
et al. [60] showed the relevant kinetic and electric parameters of 
antibiotic enrofloxacin interaction with the channelsurface in the 
presence of magnesium. Ion current fluctuation analysis has often 
been used to characterize permeation of water-soluble antibiotics 
through a membrane channel. Favorable interaction increases the 
concentration of the drug inside the channel and enhances the number 
of translocation events. Although most of the antibiotic shows a very 
low affinity for the OmpF channel, enrofloxacin is an exception. The 
presence of magnesium chloride alters the affinity of the antibiotic for 
the channel wall. Binding of Mg2+ produce a local charge inversion 
that favors the antibiotic to cross the constriction region and further 
translocate with a faster kinetics [60]. The penetration of antibiotic 
molecules into the channels and subsequentinteraction of the drug 
with the channel may interrupt the ion current [61]. The analysis of ion 
current fluctuation allows us to obtain permeation rates as previously 
shown for sugars and ampicillin [60,62]. In another example, Bajaj etal. 
[63] investigated the relation between pore properties, the structure of 
the antibiotic, and the correlation with the uptake of these molecules. 
In their study a single OmpPst1 was reconstituted into an artificial 
planar lipid bilayer and time-resolved ion current fluctuations were 
characterized in the presence of antibiotics. Single-channel analysis 

Figure 3: Release of aldehyde, 6-Nitroveratraldehyde, upon irradiation 
of liposomes harboring NVOC labeled FhuA Δ1-160 at 366 nm: The 
6-Nitroveratraldehyde release induces a yellow color in the solution.
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to operate as the last step of the enzyme cascade. As it is expected, in 
situ generation of NAD+ resulted in the oxidation of glucose catalyzed 
by the dehydrogenase enzyme, causing an acidification of the solution, 
and producing ΔpH as the final output signal. The biocatalytic cascade 
lowering the pHamount can only be completed in the presence of 
both the input signals (ALT and LDH), thus mimicking the AND 
logic operation. The challenge of this work was to achieve the bio-
activation only with the signal combination 1, 1 (Figure 4), while all 
other combinations preserve the OFF (i.e., closed vesicle) state of the 
nanocontainer. In order to realize this specific switchable behavior of 
the nanocontainer, its pH-controlled transition from the OFF to ON 
statemust be coordinated with the pH output signals produced by the 
biocatalytic system of liver injury.

Conclusions
In order to reduce the toxicity and increase the efficacy of drugs, 

there is a need for smart drug delivery systems. Liposomes are one 
of the promising tools for this purpose. For drug delivery to specific 
tissues and organs, a localized, triggerable and controlled compound 
release by chemical or physical stimuli is an important attribute for 

efficient therapies. An ideal liposomal delivery system should be stable, 
long-circulating, accumulating at the target site and releasing its drug 
in a “time and dose-dependent” manner. Even though there have been 
many developments to this end, the dilemma of having a stable liposome 
during circulation but converting it into a leaky structure at the target 
site is still a major challenge. So far, most attempts have focused on 
destabilizing the liposome in response to a specific stimulus at a target 
site, but with limited success. Passive release of the encapsulated 
agent is often too slow to achieve an optimal therapeutic effect. This 
realization has stimulated new efforts directed toward the development 
of triggered release mechanisms that accelerate drug release rates 
and promote maximum efficacy. Our approach enables us to design 
novel triggered release mechanisms employing channel plugs with 
tunable release kinetics which can rapidly be resized to the compound 
of interest by keeping the stable liposome and building in a remote-
controlled valve. The valve is a pore-forming bacterial membrane 
protein. It has been engineered such that, after being reconstituted into 
the liposomes, its opening and closing can be controlled on command 
by the ambient pH or light.

Recent development of triggered release mechanisms was 
described. Stable polymer and liposome structuresand reconstituted 
pore-forming bacterial membrane proteinsare used as the release 
mechanism. Channel proteins like the engineered, bacterial channel 
protein FhuAΔ1-160 can be an alternative to artificial chemically 
synthesized nanopores. In order to be competitive, channel proteins 
must be flexible enough to be modified in their geometry, i.e. length 
and diameter. Such tuned geometry can give rise to a new set of 
synthetic nanochannels with desired lengths and diameters broadening 
the FhuAΔ1-160 applications.

The FhuAΔ1-160 and its variants, have been used as an externally 
controlled gate in sterically stable liposomes for a triggered release of 
the liposomal content on command. The channel protein has been 
engineered and chemically modified to respond to specific signals 
present in the environment. This strategy provides flexibility for 
fine-tuning the liposome’s response to its environment. The release 
mechanism has been investigated in reduction and light triggered 
systems. In this approach, a universal molecule-scale compound release 
system based on an engineered biological unit acting as an intelligent 
triggered compound release device has been developed. What makes 
our technology superior is its ability to allow us to design channel 
plugs with tunable release kinetics which can rapidly be resized to the 
compound of interest and modulated to be responsive for different 
type of external stimuli. However, one very important requirement 
yet has to be fulfilled which is a reversible system for the development 
of triggered and time-controlled (at a time or long-lasting) release 
depending on the application.

Liposomal nanocontainers are applied for the chemical actuation 
triggered by appropriate combinations of medically relevant 
biomarkers. Nanocontainer systems were selectively activated by 
the input signals combination, which was processed by the enzyme 
logic systems. Functionalized nanocontainer systems triggered upon 
receiving output systems can be used for biosensor and bioactuator 
integrated systems.
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