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Application of technical developments in biology and vice versa or biological samples in technology led to the development of new
types of functional, so-called “biohybrid” materials. These types of materials can be created at any level of the biological
organization from molecules through tissues and organs to the individuals. Macromolecules and/or molecular complexes,
membranes in biology, are inherently good representatives of nanosystems since they fall in the range usually called “nano.”
Nanohybrid materials provide the possibility to create functional bionanohybrid complexes which also led to new discipline
called “nanobionics” in the literature and are considered as materials for the future. In this publication, the special
characteristics of photosynthetic reaction center proteins, which are “nature’s solar batteries,” will be discussed in terms of their
possible applications for creating functional molecular biohybrid materials.

1. Introduction

Light plays a central role in the evolution and sustaining the
present state of life on Earth. The conversion of light energy
into chemical energy is the most important driving force for
the ecosystems. Most importantly, the energetic base of
human civilization relies on fossil fuels, which are the energy
deposits of photosynthetic organisms of the past million
years [1]. Light-matter interactions are fundamental impor-
tance both from the point of view of basic science and prac-
tical applications (e.g., in optoelectronic systems designed
for energy conversion, imaging devices, optical switches,
and sensor technologies) [2–6]. There are various principles
for light energy conversion both in living systems and in
artificial molecular devices [7–12]. Light energy can be
converted, for example, into (a) heat (photothermal pro-
cesses; most typical example is the greenhouse effect or
phenomenon used in solar panels which heat water); (b)
the energy of charge pairs (photoelectric processes in
energy-converting proteins or in CCD-imaging detectors,

photocells); and (c) utilization of the free energy of chemical
reactions (photography and photosensibilization reactions).

There are several reasons why mankind needs more and
more efficient technologies in the near future [2–4]. (1) The
exponential growth of the human population cannot be sup-
plied with energy without technological developments. (2)
The natural resources (minerals and fossil fuels) are not inex-
haustible. (3) The new technologies should be environmental
friendly, with as little poisonous and waste side products as
possible. (4) The quality of life and the healthcare system also
requires new, innovative technologies.

The new generation of practical applications requires
optimization of several specific tasks in which nanotechnol-
ogy offers unique solutions. One should optimize the size of
the devices and sample quantities—aiming for single molec-
ular operation and/or fast, reversible, and reproducible
responses, also for online, real-time, sensitive, and selective
detection [13–15]. Discovering new types of materials and
technologies led to the birth of new phenomena and disci-
plines, like optoelectronics, (bio)photonics, nanotechnology,
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and nanobionics. Nanohybrid materials provide possibility
to create functional bionanohybrid complexes which
became a new discipline called “nanobionics” in the literature
[16] and are considered as materials for the future in the
literature [3, 4, 17, 18].

Photosynthetic reaction center (RC) complexes found in
the membranes of living cells [1, 7, 8] represent inherent
examples of nanobionics, optoelectronics, and photonics.
RCs, which are nature’s solar batteries, fall in the range usu-
ally called “nano” (their size is about 10 nm [19–21], and
their operation is also on the “nano” scale) using a single
photon of light to power a single chain of intraprotein elec-
tron transfer event that leads to the separation of a single pair
of electrical charges within the protein complex. The special
biological functions and optoelectric/photonic properties of
these molecular assemblies are determined by their molecu-
lar structures and structural and functional hierarchy of their
constitutions [4].

1.1. The Characteristic Molecules of Photosynthesis Are the
Chlorophylls. The most characteristic molecules of the photo-
synthetic energy conversion are the chlorin type compounds,
the chlorophylls (in plants, algae, and cyanobacteria), and
bacteriochlorophylls (in photosynthetic bacteria). The roles

of these molecules in photosynthesis are warranted by
the strong connection of their unique molecular structures
with specific spectral and chemical characteristics which
fundamentally determine their biological functions. Due to
the organization of the delocalized conjugated molecular
orbitals, these molecules have special, experimentally mea-
surable redox (electron transfer) and spectral (light absorp-
tion and emission) characteristics [22, 23].

1.1.1. Spectral Characteristics. Thanks to the extended conju-
gation in the highest occupied molecular orbitals (HOMO),
the wavelength range of these chlorin molecules usable for
photosynthetic energy conversion falls in the range of the
red/near infrared (e.g., S0→ S1 transition) and in the blue
(the so-called Soret bands) of the absorption spectrum
(Figure 1). Although the difference in the degree of the delo-
calization between the chlorophyll and bacteriochlorophyll
pigments is small (note that the delocalization on the B-
ring is disrupted and the ethylene group is substituted by
acetyl group on the A-ring in bacteriochlorophyll), this
difference has great influence on chemical and biological
functions. Note that the lower degree of delocalization in
bacteriochlorophylls increases the energy level of HOMO
(smaller stability of the valence electrons of the molecule)
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Figure 1: The connection between the molecular, energetic, and spectral characteristics of the chlorophyll and bacteriochlorophyll molecules.
The molecular orbital (MO) levels of chlorophylls (Chl) and bacteriochlorophylls (BChl) (left). The S0→ S1 and S0→ Sn (Soret) transitions are
indicated by solid and dotted lines, respectively. The absorption spectra of chlorophyll-a and bacteriochlorophyll-a corresponding to the
S0→ S1 and S0→ Sn transitions as indicated by the characteristic lines (middle). The molecular structures of chlorophyll-a and
bacteriochlorophyll-a molecules (right). The conjugated double bond systems are highlighted.
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and decreases, in turn, that of the lowest unoccupied
molecular orbital (LUMO).

Due to this difference in the delocalization, the energy
difference between the HOMO and LUMO is larger in the
chlorophyll which is reflected in the spectroscopically
measurable S0→ S1 transition, corresponding to the light
absorption at about 660nm in organic solvents. This change
corresponds to smaller energy of the S0→ S1 transition for
bacteriochlorophyll-a and to a maximum absorption at
λ=760 nm in organic solvents.

1.1.2. Redox Properties. Chlorophylls are not only pigments
(dyes with characteristic absorption bands in the visible
range of the spectrum) but, in addition, they are capable of
participating in oxidation/reduction reactions, that is, they
are redox active compounds with specific redox midpoten-
tials. The disruption in the degree of delocalization in the
HOMO, in the case of bacteriochlorophyll, is associated not
only with the longer wavelength in the light absorption but
also with more negative redox midpotential (compared to
chlorophyll). The redox midpotential of the bacteriochlo-
rophyll is Em≈ 400mV (as compared to the standard
hydrogen electrode (SHE)) in organic solvent. The larger
HOMO-LUMO gap in chlorophyll is accompanied by
smaller e−-donating (reducing) or larger e−-withdrawing
(oxidizing) power in the case of chlorophyll (Em≈ 500mV
compared to SHE). This small but fundamental difference
in the structure and in the chemical nature of these com-
pounds becomes more important when these pigments are
assembled in biological structures and have played an essen-
tial role in the evolution of the present form of biosphere.
Thanks to its larger oxidation power, chlorophyll-based
organisms are capable of evolving oxygen by water splitting
while those containing bacteriochlorophylls perform anoxy-
genic photosynthesis. Note that oxygenic photosynthesis
has changed the surface of the globe: the atmosphere turned
from reducing to oxidizing, and it has been keeping the pres-
ent state of the biosphere for millions of years.

1.2. Light Energy Is Converted into Chemical Potential in the
Reaction Center Protein

1.2.1. The Energetic Requirement of Charge Separation
and Stabilization. Chlorophylls and bacteriochlorophylls,
together with other chlorin and carotenoid pigments and
with quinone molecules, are organized in special pigment-
protein complexes (light-harvesting antenna complexes and
RC proteins) found in the photosynthetic membrane of cells
for efficient photoelectric energy conversion [1]. The role of
the light-harvesting antenna complexes is the efficient light
absorption and the transferring of the absorbed energy to
the RCs, which are the most efficient light energy converter
systems in nature [24, 25].

Nature developed different types of RCs (photosystem I
(PS I) and photosystem II (PS II) in plants, algae and cyano-
bacteria and type I and type II RCs in green and purple pho-
tosynthetic bacteria, resp.). All have similar molecular
architecture: redox active cofactors (chlorin pigments and
quinone molecules) are bound to the proteins. The basic

function of the RCs after excitation by light is the separation
and stabilization of the light-activated charges accompanied
by the rearrangement of charges and hydrogen-bonding
interactions within and around it [26–35].

The spectral and redox properties of the cofactors are key
factors in the functioning of the RCs. This pigment-protein
complex is organized to carry out very efficient energy con-
version. When chlorophylls are bound to the protein, the
S0→ S1 transition is shifted to lower energy values and the
energy of the created charge pair in the protein is adjusted
to one of the absorbed photons. Figure 2 shows that the elec-
tric energy of the S0→ S1 transition of bacteriochlorophyll
corresponds to about 770nm in organic solvent. When BChl
is bound to the RC in the form of monomer, the value of
770 nm is shifted to about 800 nm due to the interactions
with amino acids. In the case of the BChl dimer,
(BChl)2—the special pair, which is the primary electron
donor of the RC protein (see the next paragraph)—this value
is about 860nm.

The spectral change of the BChl accompanies with the Em
shifted moderately (from 400mV to 450mV in the ground
state P+860/P860) in the form of the special pair. This value is
far too low with respect to the energetic requirement of water
oxidation. Note that the midpotential of H2O/O2 is 820mV.

When the chlorophylls are bound to the photosynthetic
reaction center protein, the Em is shifted to a more positive
(oxidizing) value, from 500mV to 1200mV. This value is
the midpoint potential of the primary photochemistry
process (the redox couple of the ground state P+680/P680)
of photosystem two (PS II) in plants, algae, and cyano-
bacteria. It is important to note here that this is the most
oxidizing redox system in living cells, which thus fulfills
the energetic requirements of water splitting.

After light absorption, the midpoint potential of the chlo-
rophyll (P+680/P

∗
680) redox couple and that of the bacterio-

chlorophyll (P+860/P
∗
860) primary donors are shifted to a

considerably more negative value, Em=−640mV and Em=
−930mV, respectively. Consequently, the difference in the
Em values between the excited and ground state couples of
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Figure 2: The absorption spectra of bacteriochlorophyll-a in
organic solvent (λmax = 770 nm, ET-OH), bound to the RC in the
form of monomer (called “accessory chlorophylls,” λmax = 802 nm)
and in the form of dimer (called primary electron donor, (BChl)2,
λmax = 860 nm).
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theprimarydonors isΔEm=1840mV(corresponding to a free
energy difference, ΔG=177.6 kJ/mol) and ΔEm=1370mV
(ΔG=132.2 kJ/mol) for chlorophyll-a and bacteriochloro-
phyll-a, respectively. These values coincide with the S0→ S1
transitions in the red (λ=660nm (ΔG=180 kJ/mol) and near
infrared λ=860nm (ΔG=138 kJ/mol)) for chlorophyll-a and
bacteriochlorophyll-a, respectively [4].

Note that upon charge separation, an electron is trans-
ferred across the photosynthetic membrane, separating
thereby very oxidative and reductive environments on
the two sides of the membrane. Assuming a very apolar
environment inside the membrane (ε0≈ 2) and polar in
the aqueous phases (ε0≈ 80), the energetic requirement of
the electron transition from one phase to the other one

can be estimated. The main interactions are determined by
theNernst equations (1) and (2) and by the solvatation poten-
tial (3). According to the Nernst equation, the Gibbs free
energy (Gx) is as follows:

Gx = Gx
0 + nx R T ln cx + nx Z F Ψx 1

Here, nx is the mol of ion, Ψx is the electric potential, c is
the concentration, and Z is the charge of the ion in the given
space of nx mol ion in x place, where the electric potential is
Ψx. R and F are the universal gas constant and the Faraday
constant, respectively. T is the absolute temperature. Gx

0 is
the normal potential (when the concentration of the ion is

Lipid Water

5

150
kJ/mol

Fr
ee

 en
er

gy
 (k

J/m
ol

) 

r

�휀0 = 80

r= 1Å Q = 1C
ΔG = 167 

�휀0 = 2

(a)

0

‒1

+1
Δ
G

 (V
)

P680/P680+

P680/P680

1200 mV

‒640 mV

177.6 kJ/mol
P860/P860

P860/P860

440 mV

‒930 mV

132.2 kJ/mol

�휆
c

ΔG = 1840 mV =

ΔG = 1370 mV =

ΔG (kJ/mol) = F (kJ/mV·mol) · Em (mV)
(F = 0.0965kJ/mV·mol)

E (800 nm) = h⁎ = 148.5 kJ/mol

E (660 nm) = h⁎ = 180 kJ/mol
�휆
c

⁎ +

+

⁎ +

(b)

Figure 3: Comparison of the Coulomb free energy for transition of single charge from water to lipid phase of the membrane (a) with the
redox free energy of transition from ground state to excited state primary donors of photosystem II (P680) and bacterial RCs (P860) (b).
For comparison, the free energy of 1 mole photon with the wavelength of 660 nm and 800 nm (wavelengths that are characteristic to
chlorophyll and bacteriochlorophyll absorption, resp.) is also indicated. See explanation in the text.
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1mol). The free energy difference, ΔGr, for the transition of
the ion from place “a” to “b” is as follows:

ΔGr = RT ln cb
ca

+ Z F Ψb–Ψa 2

In addition, the solvatation potential (Born energy) should
also be taken into account:

ΔGr = −
Z2e F
8πε0r

1 − 1
εr

3

εr is the relative dielectric constant of the environment
of the ion having radius r. By combining the two equations
(2) and (3), one can calculate

ΔGr = RT ln cb
ca

+ Z F Ψb –Ψa + Z2e F
8πε0r

1
εb

−
1
εa

4

For an ion, if r=1Å and q=1C, one will get ΔG=167 kJ/
mol energy when transferred from water to lipid membrane.

It is interesting to note that this value is commensurate
with the energy of one mol photon in the red part of the vis-
ible range and with the free energy difference between the
excited and ground states of the primary electron donors of
photosynthetic reaction centers in plants and bacteria
(Figure 3). The photosynthetic reaction center (RC) protein
is a specific molecular device, which provides a specific
mechanism to transfer an electron across the membrane.
RC converts photon energy (hv) into the free energy of
the redox couple of donor/acceptor system (ΔGEh, D+/
D//A/A−) separated by the membrane and connected to
this protein complex which is the source of proton motive
force (pmf, ΔμH+) and of phosphate potential of phosphory-
lated metabolites (ΔG0

~Pi like ATP, Figure 4 and Scheme 1)
[36, 37]. The different types of Gibbs free energy forms
are summarized in Scheme 1.

1.2.2. Vectorial Electron Transport in the Reaction Centers. In
type II reaction center proteins, the absorption of light
initiates a vectorial e−-transport, that is, an electron is
transferred from the specially organized chlorophyll or bac-
teriochlorophyll type primary e−-donor (P) to quinone (Q)
acceptor molecules through redox active cofactor pigments
(for review, see, e.g., [1, 38–40]). Finally, a pair of “+” and
“−” centers (P+QA

− , or P+QB
−, here QA

− and QB
− are the

reduced quinone type primary and secondary e−-acceptors)
is created resulting in stabilization of the created charge pair
(Figure 5).

If the protein is purified from its native environment, the
secondary electron donor and/or acceptors are absent, so that
the RC is reset only by the recombination of the “+”/‟−”
charge pairs. However, in vivo (or mimicking the in vivo
conditions in artificial systems) the oxidized primary donor
is reduced by an external electron donor and the excited
electron is driven in the direction of the metabolic pathways
of the cells, assuring the conditions for repeated turnover of
the RCs.

The time constant of the redox cycle of the RC is deter-
mined by the species of the redox cofactors bound to it and
the types of interactions with the RC. By changing the appro-
priate redox components, wide range of RC turnover rates
can be engineered (from 1012 to 10−1 s−1). Any of the redox
cofactor components of the RC can be artificially modified
(washed out from the RC and chemically or genetically chan-
ged, see, e.g., [41–43]). In general, proteins can be designed
and constructed at will, in a broad range, to generate redox
processes with different turnover times and conditions.
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Figure 5: Schematic representation of the arrangement of RC
cofactors and the charge stabilization routes in the photosynthetic
membrane. Solid and dashed arrows indicate the forward charge
separation and the backward charge recombination routes,
respectively. P: primary electron donor; BChl: bacteriochlorophyll;
BPheo: bacteriopheophytin; QA: primary quinone type electron
acceptor; QB: secondary quinone type electron acceptor. The time
intervals in which the appropriate processes occur are also
indicated in blue boxes.
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Scheme 1: Steps of the free energy conversion in the reaction
scheme of photosynthesis. Energy of photon (1) is converted to
redox potential (2) of the cofactors within the RC and between the
protein components of the electron transport chain. Redox free
energy is coupled to proton motive force (3) across the membrane,
which is coupled to phosphorylation potential (4) indicated by the
solid lines.
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2. Photosynthetic
Systems in Bionanotechnology

Macromolecules and/or molecular complexes, membranes in
biology, are inherently good representatives of nanosystems,
since, as pointed out above, they fall in the range usually
called “nano.” It is interesting to emphasize that although
the size of the reaction center protein falls in this range
(ca. 10 nm [19–21]) and a single charge pair is created upon
absorption of a single photon, this protein has dramatically
changed the surface of the globe in geological time and it is
called “the nature’s solar power stations.” Thanks to the
strong connection of the molecular structure to spectral
and chemical characteristics (see above), RC has unique
physical-chemical properties, which are largely retained in
biohybrid systems motivating a big challenge to use it in
technical applications [2, 3].

(a) Characteristic light absorption of the electromagnetic
spectrum in the near infrared range (700–1000nm).
This spectral range is just at the border of the vis-
ible light. It is already not visible but can be han-
dled conveniently by optical devices (e.g., by
detectors). The characteristic peaks in the near
infrared are still present when RC is bound to
nanostructures. Small shift in the peak position
and change in the half width of the primary donor
absorption are reported when RC is bound to multi-
walled carbon nanotubes [44].

(b) After excitation by light, there are processes occur-
ring inside the protein with different lifetimes on a
wide time scale. We can find processes from few fem-
toseconds of the excitation to the picoseconds of the
charge separation or to seconds of the charge recom-
bination. The RC protein can be either engineered by
genetic manipulations of the cells or modified by
chemical treatment of the purified protein. Hence, it
is possible to generate redox processes in virtually
any time interval that we are interested in. The life-
times of the redox transients are accompanied by
characteristic spectral changes. The characteristic
kinetic components of the electron transport, which
are present in detergent micelles, are also identified
when the RC is bound to different nanostructures,
like CNTs, ITO, and conducting polymer, although
modified in some extent [19, 44, 45].

(c) As stated above, every absorbed photon is capable of
generating a charge pair in the reaction center. The
charge pair is created in the ps timescale and the life-
time of the charge separated state ranges in the ns-s
time scale; the quantum efficiency is almost 100%.
Note that when using an appropriate wavelength
for the excitation, the energy yield of the charge sep-
aration is also close to 100%. There is no man-made
device up to now which is even close to this value.
The difference between the forward and backward
electron transport rates is about 10 orders of magni-
tude which assures almost 100% quantum yield of

charge stabilization also in nanostructures. This high
quantum yield is maintained in living organisms by
the continuous turnover of the secondary donor
and acceptor sides of the RC. One of the bottlenecks
of the practical application is the efficient electron
transfer capacity between the RC and the external
redox active components, which is far from 100% in
recent applications [46, 47].

(d) It is interesting to note that the created charge pair
has a distance of ca. 6 nm inside the protein and cre-
ates approximately 1V surface potential difference
[48]. From this value, one can estimate about 1V/
6nm=1.6 ⋅ 108V/m electric field [49, 50]. This value
is commeasurable with the membrane potential cre-
ated by the work of active membrane pumps.
Although this electric field is extremely high, there
are only special molecular structures (structural
changes of voltage sensitive ion channels and electro-
chromic shifts in the absorption spectrum of caroten-
oids and bacteriopheophytin) which are sensitive to
it [51–56]. The existence of this extremely high elec-
tric field offers special optoelectronic applications.

(e) The redox centers arisen inside the protein after exci-
tation by light can interact with their environment
(either in the donor or in the acceptor side). The cre-
ated redox systems ideally can be made to work,
offering numerous potential application. There are
successful essays in nanosystems as well, for example,
RC can be bound in carbon nanotubes, transition
metal oxides, and porous silicon. In these systems,
the electron—excited by light—is trapped in the
redox system around the RC and, among other
things, it can be a part of an electrical circuit segment.
This redox system might be used to couple to exter-
nal redox components and to drive electron transfer
reactions [57, 58]. There is a large interest in
substituting natural redox carriers (cytochrome and
quinones) by inorganic carrier matrices, which are
able to donate/accept electrons to/from the RC as
secondary electron donors/acceptors. These func-
tional redox active bionanohybrid materials are
promising models for photoelectric energy conver-
sion in either optoelectronic or photovoltaic devices
(for reference see, e.g., [59–62], details are given in
the forthcoming paragraphs).

(f) Cofactors which are not components of the electron
transfer routes (electron transport inhibitors, like
photosynthetic herbicides) can also bound to specific
sites of the RC blocking herby the light-induced
charge separation. The binding is effective and spe-
cific, so that the RC-based biohybrids can be used
as active components of biosensor devices [63–66].

In addition to the obvious advantages, the main bottle-
neck of any application of biohybrid systems is their extreme
sensitivity. After extracting the biological components from
the natural environment, usually, they lose their original
activity. However, there are indications that by binding them
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to nanostructures, their biological activity is partly retained.
The hydrophobic character of the carbon nanotubes, or
graphene, can mimic the membrane environment in vivo
providing a larger stability for the RCs [19, 71, 80].

2.1. Optical Switches. The essential function of the RC in
living systems is the separation and stabilization of charges
in an extremely effective way. All the structural and func-
tional (kinetic and energetic) conditions of the protein are
optimized to fulfill these duties [4, 39]. Obviously, these
unique characteristics offer special possibilities for applica-
tion where fast response at specific wavelength is required.
Based on the optical characteristics (in the light absorption
and refractive index) during the photocycle, implications
for ultrafast integrated optical data-processing technology
were already demonstrated by using bacteriorhodopsin,
which is another light energy-converting protein [67, 68].

Similar to the case of the bacteriorhodopsin, RC also
accomplishes a photocycle-accompanying tunable lifetimes
and wavelength ranges of absorption and refractive index
changes from sub-ps to s time scales [20, 69] (Figure 6). It
must be noted that the whole photocycle is under intensive
discussion in the literature and outside the scope of the pres-
ent publication. Figure 6 provides representative examples of
changes in light-induced transient absorption and grating
(this later is proportional with the square of the change in
the refractive index) under different sample preparations
[20, 69, 70]. It must be mentioned that in addition to the
examples presented here, fine-tuning of lifetimes can be
achieved from sub-ps to s time scales by either genetic
engineering or postmodification of the protein structure.

2.2. Intraprotein Charge Separation. In addition to the
primary goal of the charge separation (which is creating
and separating reducing and oxidizing species), there are
accompanying features which might be interesting when

practical applications are concerned. One of them is the tran-
sient of extremely high (ca. 108V/m, see above) electric field.
The typical example of this phenomenon is the transient
spectral perturbation of (electrochromic effect on) bacterio-
pheophytin (BPheo, which is one of the cofactors of the elec-
tron transport chain, Figure 5). The transient absorption
occurs in the few tens to hundreds of μs timescale, which is
characteristic to the QA

−QB→QAQB
− forward electron transfer

(cf. the absorption transient TA771nm in Figure 6). Here,
BPheo is functioning as an internal voltmeter for detecting
the change in the electric field within the protein [43, 54, 55].

In living organisms, potential difference across the
membrane is created due to physiological processes with
the substantial contribution of the RCs as well. The value
of the electric field created by ca. 100mV membrane
potential falls in the range which can be detected and
investigated directly by electric measurements carried out
on membrane fragments. Furthermore, the membrane
potential which is created by the charge movements can be
a source of thermodynamic “backpressure” on the charge
transfer process [71].

There are experiments indicating that binding of RCs to
conducting metal oxide (like ITO, [45, 73]) has an effect on
the light-induced transient of the RC absorption at 771nm
and on the electric conductivity of this material (Figure 7).
Authors did not prove (and did not exclude) the possibility
of direct electron transfer between the two materials. A
possible explanation can also be the effect of the electric
field perturbation induced by the charge reorganization
due to the electron transfer within the protein on ITO.

When photosynthetic systems (light-harvesting antenna
complexes or RCs) are bound to metal nanoparticles or to
specific metal surfaces (like silver or gold), an additional
effect is observed which offers exceptional, unique, and
sophisticated application in nanoelectronics [74–77]. If
proper geometric conditions are fulfilled, the electric field of
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the optical dipole of the special pair can be in resonance
interaction with the surface plasmons of the metal. The result
of this plasmonic interaction is not only manifested in
change of the absorption (parasitic absorption at the reso-
nance frequencies) and of the fluorescence (enhancement)
but also enhancing the performance of charge separation
and all of the phenomena related to it.

2.3. Redox Equivalents Are Created to Work. After excitation
by light, the RC transfers an electron to acceptor molecules
(A in Figure 4) and the oxidized primary donor is re-
reduced by a secondary donor molecule (D in Figure 4).
The reduced acceptor (A−) then provides the driving force
for further metabolic processes in living cells. The free energy
of the excited charges can either be used to reducing external
redox components in chemical reactions or wiring out in
circuit elements of electrical networks. Different strategies
with different biological components (from pigment mole-
cules through membrane fragments or protein complexes
to whole cells) and carrier matrices are applied in many
laboratories, as already summarized in [78]. A short over-
view of using RC complexes is given here to demonstrate
the possibility of harnessing the high quantum yield of
charge separation.

For this purpose, PS II seems to be a reasonable choice.
The utilization of the extreme capacity of this protein, which
developed and maintains the oxygen-rich atmosphere of
Earth, for at least partially satisfying the human energy
requirements is not only a real challenge but also an up-to-
date task for the researchers. The structure and function of
this protein are well characterized in many laboratories: it
catalyzes water splitting and the evolution of molecular oxy-
gen. There are already successful attempts to bind this

complex to functional nanostructures and the capability for
oxygen evolution, and stability were demonstrated [79]. It
must be noted that besides the big challenge and the advan-
tages, researchers are also facing disadvantages when using
this protein. PS II is very sensitive to a complex autocatalytic
photodegradation process. Every charge separation yields a
certain probability of degradation which consumes inher-
ently the active fraction of the protein after multiple turn-
overs [80].

Similar to PS II, PS I in plants and cyanobacteria also
performs light-induced charge separation and is widely used
when light-sensitive biohybrid systems are designed. For this
purpose, PS I is a very promising material because of its
relatively large structural stability and larger absorption cross
section (compared to PS II core); also, it is easier to handle in
laboratory investigations [49, 81]. PS I can be attached to
carrier surfaces either in dry monolayer form through
specific chemical binding [49] or through self-assembled
mono- or multilayer structures [50]. After the binding, the
functional integrity, orientation, and the efficient electronic
junction with the carrier matrices are secured. Approxi-
mately +1V photopotential and ca. 60% energy conversion
efficiency make this biohybrid system promising for molecu-
lar electronic applications. Substantial increase in the photo-
current was demonstrated when multilayers of PS I are
prepared on conducting substrate [82, 83].

Other promising materials are bacterial reaction centers
purified from photosynthetic bacteria, which are widely used
in many laboratories during the design of biohybrids for
optoelectronic applications. Thanks to the Nobel prizes
in 1988 (Michel, Huber, and Deisenhofer) and in 1992
(Marcus), researchers have a solid knowledge about its
structure and function at atomic resolution. Although, being
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a membrane protein, RCs need detergent solubilization, it
is not too difficult to handle it in laboratory environment.
In addition, having relatively simple and well-known
genome structure bacterial cultures is good materials for
genetic modifications.

There are numerous demonstrations in the literature
when purified bacterial reaction centers are bound to nano-
structures. In these biohybrid systems, the proteins largely
retained their photochemical activity and structural integrity
and remained stable for weeks or months [84]. It is already
well demonstrated that all types of reaction centers perform
charge separation with a quantum yield close to unity.
However, it drops (together with the energy yield) during
the steps of the electron transfer and reduced to about 30%
of the original one by the end of the chain. The main target
of the researches is to find the most suitable species for RC
purification. Specific mutations are designed for engineering
longer lifetimes of the charge separated states and reducing
the harmful environmental factors for possible (auto)degra-
dation processes [85, 86].

2.4. Zero- (Quantum Dots), (Quasi) One-, Two-, and Three-
Dimensional Carrier Matrices. Different biological materials,
photosynthetic systems as well, have been bound successfully
to various nanomaterials in the range from zero- to three-
dimensional (through (quasi) one- and two-dimensional)
carrier matrices; so, functional hybrid materials can be
created. The structural organizations (i.e., dimensional
arrangements) of these materials are of special interest
because they can be designed for special applications.

Since RC is the smallest pigment-protein complex that is
capable of converting light energy to chemical potential, it is a
big challenge to use it for this purpose in artificial systems;
however, the purified protein has low absorption cross sec-
tion. Note that the extinction coefficient is ca. 300mM−1 cm−1

at around 800 nm and ca. 30mM−1 cm−1 at around 860 nm
[87]. In many laboratories, RCs are isolated together with
their natural antenna complexes; however, it must be noted
that this way of preparation increases the robustness of the
pigment protein complex. Another direction is to keep the
protein organization as simple as possible, and light-
absorbing components are attached by chemical engineering.
One of the possible solutions is to increase the useful
wavelength range by crosslinking fluorophore dye species,
as artificial antenna, which has fluorescence overlapping the
absorption of the RC in order to allow Förster type of
excitation-energy transfer [88]. The other solution is to use
quantum dots (QDs), which absorb ultraviolet and long-
wavelength light much more efficiently than natural light-
harvesting proteins and transfer the excitation energy to
photosynthetic RCs. Dry films of bacterial RCs and CdSe/
ZnS QDs, maintained at atmospheric humidity, are capable
of maintaining their functional activity for at least some
months according to measurements of their spectral charac-
teristics, efficiency of energy transfer from QDs to RCs, and
RC electron transport activity [89–91].

One-dimensional or “quasi” one-dimensional organiza-
tions, like nanotubes, nanowires, and nanofibers, offer other
unique and sophisticated carrier matrices for functional

assemblies. Although these systems are not easy to handle
and require special laboratory conditions, recent develop-
ments in nanotechnology provide special tools and offer
unique applications in nanoelectronics. Various biological
systems, like enzymes, immune, and light sensitive proteins,
are used to design biohybrid materials, e.g., for biosensor
and optoelectronic applications. Several methods are worked
out to bind RCs to carbon nanotubes, and their functionali-
ties are investigated. It was found that the photochemical
activity of the RC bound to carbon nanotubes or to nano-
wires is largely retained. The RCs create charge pairs after
photoexcitation, and lifetimes of the charge recombination
increased considerably, indicating the stabilization of the
charges. When RCs are bound to carbon nanotube wires,
there is a change in the conductivity, which accompanies
the light activation. Authors conclude that CNT environ-
ment resembles the in vivo conditions for structural stability
of the protein and provides a functional role interacting
directly either with the electron/hole pair or through electro-
magnetic field interaction [84].

As mentioned above, using nanowires and bundles
requires special lab conditions and expertise for sample prep-
aration and application. Layer structures, sheets, and films
are easier to handle either for preparation or measurements
or for practical applications. In particular, when membrane
proteins are layered on solid surface, an obvious choice is to
use supporting layer membrane that mimics the in vivo
(i.e., cell membrane) conditions. This arrangement can help
an assembly (even “self-assembly”) of the structure in mono-
or multilayers, keeps the integrity, and warrants proper
orientation of the protein with respect to the surface and thus
facilitates the (electronic) interaction between the compo-
nents. This arrangement is typical when photosynthetic
proteins are arranged in electrode surfaces for photovoltaic
application. Thanks to the stabilization effects, the system
works effectively and even photovoltage as high as 100V
[92] can be created.

In addition to SAMs, by using several physical and chem-
ical binding procedures, which are adopted for specific or
nonspecific binding of RCs to nanotubes [3], RCs are bound
to different two-dimensional surfaces, like ITO [50], gra-
phene [93], and CNT/conducting polymer [94] surfaces.
The feasibility of using these systems for photoelectric energy
conversion [50] and for detecting specific chemicals [50, 78],
like herbicides, is demonstrated.

As it was mentioned above, two-dimensional systems are
relatively easy to handle. The contact points for electric mea-
surements can be done safely, the measurements can be
arranged easily, and reasonable signals (magnitude and yield)
are obtained [78, 95]. Furthermore, thanks to the recent
advances in opto- and nanoelectronics, the theory and
practical aspects of interactions between functionally active
biological materials and carrier surfaces are more and more
developed. Binding biological materials, for example, pro-
teins, is not only a question of increasing the surface area
and, consequently, increasing the numbers of bound mole-
cules for a bigger signal. In more general, three-dimensional
surfaces provide new quantum optical characteristics when
interaction with light is considered.
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It is demonstrated nicely in the literature that porous
silicon (PSi) multilayers can be predesigned to form Bragg
mirror with characteristic reflection mode [96, 97]. The pho-
tonic characteristics (the position and shape of the reflection
mode in the spectrum) of the layer structure are determined
by arrangement of the cavity layers and by the refractive
index of the internal (intracavity) and external environment.
When different substances are bound to porous silicon, RCs
as well, the reflection mode is shifted in a concentration-
dependent way. RC keeps its activity after binding to PSi,
the donor and acceptor sides of the RC remain accessible
for secondary donor and acceptor molecules [98, 99], and
photocurrent is produced when inserted in a photoelectro-
chemical cell as a working electrode [4] (Figure 8).

The strong near-field interaction between plasmon
polaritons in the surface of metal nanoparticles and

biological materials is also demonstrated and proved to
be extremely sensitive, for example, in biosensor applica-
tions, light harvesting, and/or photocurrent generation
with PS 1 [74, 75]. Antenna-plasmon interaction enhanced
fluorescence [76], and photocurrent generation using bacte-
rial RC:LH1 complex assembled on nanostructured silver
[77] was demonstrated (LH1, light-harvesting complex 1 of
purple bacteria). Furthermore, surface plasmon resonance
equipment was designed for successful detection of the herbi-
cide atrazine, which is used in agriculture and blocks PS II
electron transfer between QA and QB [65].

3. Summary

In summary, we conclude that investigation and develop-
ment of biohybrid materials are important at different levels
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of the biological organization. The materials at the level of
molecules are especially important because of understanding
the phenomena undergoing on the boundary between the
biological materials (macromolecules, membrane organiza-
tions, tissues, and so forth) and development of new types
of materials for future applications (e.g., for biophotonics,
photovoltaics, biosensors, and bioimaging). Light energy-
converting systems, among them the RC proteins, are in
focus of interest in many laboratories of research institutes
and industries. These are nanosystems with global effects as
concerns the evolution and maintenance of the atmosphere
and the energetic basis of virtually all life on Earth. These
molecular devices offer new solutions for future nanobionic
technologies. Although the investigations are going on with
huge efforts in large number of laboratories by using sophis-
ticated and elegant methods, the real application is the task
for future.
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