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Photoelectrochemistry of photosynthetic reaction centers
embedded in Al2O3 gel
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Abstract

Bacterial photosynthetic reaction center (RC) fromRhodobacter sphaeroidesstrain RS601 was immobilized on the glassy carbon
electrode, and its photoelectrochemical responses were investigated. The effects of the H2O/Al ratio, protein concentration and pH of the
electrolyte on photocurrent were measured. The results showed that: (1) the H2O/Al ratio affected the pore size of sol–gel matrix, resulting
in the maximum of photocurrent and peak shape changing; (2) the photocurrent increased with the load amount of protein; (3) the optimal
pH range for photocurrent was in neutral pH region. The absorption and circular dichroism (CD) spectra and photocurrent results showed
that the structure and activity of protein were kept in Al2O3 gel films. This work supplied a promising approach to fabricate artificial
biomimic solar cell.
© 2002 Published by Elsevier Science B.V.
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1. Introduction

The photosynthetic reaction center (RC) separated from
purple bacteria,Rhodobacter Sphaeroides, is a transmem-
brane pigment–protein complex, contains four bacteriochlo-
rophyll (BChl); a BChl, two bacteriopheophitin a (BPhe)
and two quinones (QA and QB) [1]. The sequence of pho-
toinduced electron transfer inside the RC has been widely
studied, and a very high quantum efficiency (ca. 100%) of
the photoinduced charge separation of the RCs has been
evaluated[1,2]. Therefore, different photosynthetic materi-
als have been immobilized on an electrode surface and stud-
ied with the aim of using the advantage of RCs as very high
efficient natural light energy converter[3].

Low temperature sol–gel process was an attractive av-
enue for the immobilization of proteins[4–9]. This is due
to a number of advantages, including tunable physical prop-
erties, mechanical rigidity, chemical inertness, high photo-
chemical and thermal stability and negligible swelling both
in aqueous and organic solvents[4,5]. Moreover, a sufficient
amount of trapped interstitial water contained in gels plays
an important role in the retention of the tertiary structure
and active reactivity of encapsulated biomolecules[9]. It has
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been used widely to fabricate the biosensors, catalysts and
even bioartificial organs[6–9].

As reported previously, the RCs and light harvesting
complexes of purple bacteria were immobilized in polyacry-
lamide gel, and absorption and photoacoustic spectra were
investigated[10,11]. However, the photoelectrochemical
properties of RC immobilized in gel were rarely reported.

In our laboratory, the positively charged Al2O3 sol–gel
has been found to be a suitable matrix for the immobiliza-
tion of enzymes[8,9]. In this study, we try to immobilize
the RC in the Al2O3 sol–gel matrix to fabricate photoelec-
trodes. The results showed that the photoelectric responses
for RC-Al2O3 gel films were affected by various param-
eters, such as the H2O/Al ratio, the protein concentration,
pH of electrolyte, etc. In this paper, the typical photochem-
ical responses in Tris–HCl buffer solution containing 4 mM
sodium dithionite were presented. The influences of H2O/Al
ratio, protein concentration and pH of electrolyte on photo-
electric responses were addressed for fresh photoelectrodes.

2. Materials and methods

2.1. Reagents

The preparation of a stock standard alumina sol–gel so-
lution was the same as described in reference[9]. Sodium
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dithionite was obtained from Dong–Huan United Chemi-
cal Plants, Beijing. The sodium dithionite solution was pre-
pared freshly before use. The supporting electrolyte was the
Tris–HCl buffer solution for pH 8.0 consisted of 50 mM Tris
(hydroxymethyl)– (Tris) aminomethane and 50 mM KCl.
All other chemicals were of analytical grade and were used
without further purification.

The RC was obtained from Shanghai institute of plant
physiology, the Chinese Academy of Sciences. The RC from
the photosynthetic bacterium RS601 (one ofRhodobacter
Sphaeroidestrain, containing carotenoid) was separated and
purified as described in reference[12]. The purified RC
was kept in pH 8.0 Tris–HCl buffer, containing 0.1% (w/w)
lauryldimethylamine-N-oxide (TL buffer) and was stored at
−2◦C.

2.2. Preparation of the photoelectrodes

A glassy carbon electrode (GCE, surface area: 0.1385 cm2)
was used as the base electrode for the sol–gel-modified
photoelectrodes. Prior to coating, the GCE was polished
first with fine emery paper, followed by 0.3 and 0.05�m
aluminum oxide power on a chamois leather, rinsed thor-
oughly with deionized water after each polishing step,
then successively washed with 1:1 nitric acid, acetone and
doubly distilled water in an ultrasonic bath.

The immobilization of RC protein in the alumina sol–gel
matrix was accomplished by the addition of 10 mm3 10�M
RC and 10 mm3 of stock standard sol–gel solution (ratio of
H2O/Al was 100:1). With a micropipette, aliquots (15 mm3)
of such a colloid were deposited on the surface of a cleaned
GCE. The electrode was then stored at 4◦C in the refrig-
erator for overnight drying and the resulting electrode was
rinsed with water and stored at 4◦C when not in use.

2.3. Apparatus and measurements

The photocurrent was measured in three-electrode cell
with an RC-modified glassy carbon electrode as working
electrode, saturated calomel as reference electrode and a
platinum flake as auxiliary electrode. The solution con-
sisted of 5 cm3 Tris–HCl buffer and 200 mm3 0.1 M sodium
dithionite. The working electrode was illuminated with a
60 W incandescent lamp through a filter (λ = 600 nm,
10−2 W cm−2). All photocurrent tests were carried out in
an electrochemical box. The photoelectric signals given in
this paper were recorded by CHI-660A electrochemistry
workstation (CHI Instrument Co., USA) with technology
of amperometrici–t curve, and the IR compensation was
100% during testing. The electrode potential was set at its
open-circuit voltage before each testing (∼−0.05 V), and
the background dark current was less than 10 nA. All the
potentials used in paper were versus the standard hydrogen
electrode (SHE).

The RC gel film for UV–VIS absorption spectroscopy and
CD measurements was prepared on a quartz slide by fol-

lowing method: 10 mm3 of 10�M RC solution and 10 mm3

of stock standard sol–gel solution were deposited onto a
quartz slide. The quartz slide was then stored at 4◦C in the
refrigerator for overnight drying. The only RC film (or the
sol–gel film) was made by depositing 10 mm3 of 10�M RC
(or 10 mm3 of stock standard sol–gel solution) and 10 mm3

doubly distilled water onto the quartz slide, followed by
overnight drying at 4◦C.

The UV–VIS absorption spectra were obtained using a
SM-240 CCD spectrophotometer (CVI spectral instruments,
Putnam, CT, USA) at room temperature. CD measurements
were taken with a JASCO J-710 spectropolarimeter (JASCO
spectropolarimeter power supply) purged with N2 at a flow
rate of 5 dm3 min−1. CD spectra were taken from 185 to
350 nm, using a scan speed of 100 nm min−1 with a response
time of 0.25 s at 24◦C. Spectrum was recorded as the aver-
ages of three repeat scans. The spectrum of the Al2O3 gel
on the quartz slide was subtracted as background.

3. Results and discussion

The hydrophilic Al2O3 sol–gel matrix was used to immo-
bilize the photosynthetic RC protein. The positively charged
Al2O3 sol–gel are expected to immobilize the negatively
charged RC through electrostatic interaction, which may ac-
count for the observed good stability and reactivity of the
protein.

3.1. The typical photoelectric response of the
RC thin films

Fig. 1(a) showed the photoelectric responses of the
RC thin films fabricated by sol–gel method. The results
were very similar to the typical photoelectric responses
of the RC thin films fabricated by other techniques, such
as Langmuir–Blodgett (LB)[13] or self-assembled mono-
layers (SAM) technique[12]. The generated photocurrent
magnitude was about 1�A cm−2. Comparing with the pre-
viously reported ones prepared by SAM technique[14], the
magnitude of the photocurrent from the RC films by sol–gel
method was greater two magnitude than that by SAM tech-
nique. This was easy to understand because there should be
greater amount of RCs in sol–gel film than those in SAM
film. The magnitude of the photocurrent from the RC LB
film was uncertain, so it was difficult to compare their values.

For any RC-free films, no obvious photocurrent was ob-
served, while for all the prepared electrodes coated with RC
protein, obvious reproducible anodic photocurrents were
observed immediately when the photoelectrode was illumi-
nated. It was indicated that the generation of photocurrent
was associated with the primary donor (the bacteriochloro-
phyll dimer or P) in the RC, rather than the other cofactor.
After the P in RC was excited by light, the positive ion
(P+) produced by charge separation had strong oxidation
(the midpoint potential of P+/P, 0.48–0.52 V[15,16]), and
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oxidized sodium dithionite in solution, resulting in gener-
ation of anodic photocurrent. The possible mechanism of
photoelectric conversion should be as follows:

cathode : P
hν→P+, P+ + e → P

anode : S2O4
2− + 4OH− − 2e→ 2SO3

2− + 2H2O

The result also showed that the rise and decay of pho-
tocurrents were slow. This could be explained as follows:
the RC protein was immobilized in sol–gel film, it needed
some time that the sodium dithionite in solution diffused in
the interior of the sol–gel film and reacted with P. So the
slow rise and decay of photocurrents were observed.

In addition, the photovoltage response of the film was
also observed, which was very similar to its photocurrent
response (seeFig. 1(b)). The photo-voltage was about 3 mV,
consistent with the previous result[17]. The reason of small
photo-voltage for RC was as follows: the photosynthetic
RC is a transmembrane protein[1]. For the RC isolated
from the purple, the cell membrane was usually destroyed.
The electric potential difference across the cell membrane
didn’t exist and the mediator (sodium dithionite) could short
the primary donor (P) and the electron acceptor in RC. So
small photovoltage was observed and the photoconversion
efficiency was very low (<1%). As reported previously, if the
electric potential difference across the membrane (in bilayer
lipid membrane) and FeCl3 existed, more than 350 mV of
photovoltage was observed[18].

3.2. The effect of H2O/Al ratio on photocurrent

The H2O/Al (mol/mol) ratio of the sol–gel was an im-
portant parameter of electrode fabrication[9]. The effect
of H2O/Al ratio on photoelectric responses was shown in
Fig. 2. In Tris–HCl buffer solution containing 4 mM sodium
dithionite, the electrode responses obtained for different
H2O/Al ratios of the sol–gel were shown inFig. 2(a). The
results showed that the H2O/Al ratio was an important fac-
tor for the photocurrent, and the maximal photocurrent was
arrived at H2O/Al ratio of 200:1. This result could be due
to the influence of the H2O/Al ratio on the pore size of
the sol–gel matrix[9]. When the H2O/Al ratio was small,
the pore size of the sol–gel matrix was also small. The
matrix was dense and the film was non-uniform. A too
small pore size also slowed down the diffusion of mediator
between the protein and the substrate surface leading to
a small electrode response. A large H2O/Al ratio acceler-
ated the rate of alkoxide hydrolysis, increased the porosity
and the specific surface area of the alumina gel. At a too
high ratio, the pore size of the matrix was so large that the
protein could leach out of the film easily[5,9].

For fresh-made photoelectrode, if H2O/Al ratio was too
low (e.g. 100), two oxidation peaks in photocurrent response
curve were observed (seeFig. 2(b), curve 1). On the other
hand, one oxidation peak and one reduction peak were ob-
served, meanwhile the maximum of oxidation peak declined

obviously when the H2O/Al ratio was too high, e.g. 600 (see
Fig. 2(b), curve 2). This could be explained easily according
to the redox potential of species and the ET processes in RC
as follows: the redox species in RC are P, BPhe, QA and QB.
The redox potentials for the species were: about 0.48–0.52 V
for P/P+ [15,16], from −0.3 to −0.5 V for Bphe−/BPhe
[19], from 0 to −0.1 V for QA

−/QA [20,21], 0–0.08 V for
QB

−/QB [21,22], respectively. When the RC was excited
by light, the P was oxidized; meanwhile, the electron was
transferred from the excited P to BPhe in about 3 ps, and
arrived the QA about 200 ps, then to QB within 0.1 s. As
usually, the electron could transfer from the excited P to
QA and the electron transfer from QA to QB was blocked
in pH 8.0 Tris–HCl buffer containing about 4 mM sodium
dithionite (the open-circuit potential was about−0.05 V).
So one oxidation peak was observed at this open-circuit po-
tential. If the H2O/Al ratio was small, it was difficult that
the sodium dithionite in solution diffused in the interior of
the sol–gel film, and the electron could transfer from QA to
QB. The QB

−/QB was able to oxidize the sodium dithionite,
so two oxidation peaks were observed. If the H2O/Al ratio
was large, it was easy that the sodium dithionite in solution
diffused in the interior of the sol–gel film, the electron trans-
fer from BPhe to QA was blocked. After illumination, there
were a lot of the reduced BPhe− in RC, which returned to
ground state and reduced the sodium dithionite, so one oxi-
dation peak and one reduction peak were observed.

According to the above-mentioned experiments results
and our previous experiences[8,9], the H2O/Al (mol/mol)
ratio of 200:1 was used in the experiments.

3.3. The effect of the RC concentration on photocurrent

In order to elucidate the effect of the immobilized amount
of RC molecules on the photocurrent generation, the pho-
toelectric responses of RC films were investigated with re-
spect to the various concentrations. As shown inFig. 3, the
photocurrent increased with the increase of the RC concen-
tration. It was easy to understand that the increase of the im-
mobilized RC molecules amount resulted in the photocurrent
increasing. On these glassy carbon electrodes, the average
photocurrent increased about 28 nA when the concentration
of RC increased 1 mg dm−3 or the mass of RC increased
1�g.

3.4. The effect of pH on the photocurrent

The pH of the electrolyte could affect the surface po-
tential and the biochemical activity of RC protein. In RC,
the binding of proton was the first step in establishment of
proton electrochemical potential, the driving force for ATP
formation[23,24]. Fig. 4 depicted the relation between the
maximal photocurrent and the pH of the electrolyte. The
optimal pH range for photocurrent apparently existed in
neutral pH region. The observed pH effect was consistent
with the previous results that the activity of RC arrived to
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Fig. 3. The photocurrent responses of the electrode induced by switching on (↑) and off (↓) the light. The testing potential was about−0.05 V. The
electrodes were prepared by a 200:1 H2O/Al ratio and the 0.5, 1.0, 1.5 and 2.0 mg dm−3 RC, respectively.

the maximum at the pH region 6–9 and fell significantly
at higher or lower pHs[25]. The similar phenomenon was
also observed for purple membrane[26].

3.5. UV–VIS absorption spectra

RC absorption gives a very useful conformational probe
for the study of the photosynthetic proteins.Fig. 5presented
the ground state absorption spectra of all investigated sam-
ples measured without additional illumination. RS601 RC
showed major absorption at 760, 802 and 870 nm, which
correspond predominantly to QY transitions for BPhe, BChl
and P in RC, respectively[27]. The absorption of RC in
Al2O3 sol–gel matrix and immobilized on the quartz slides

Fig. 4. The relation of photocurrent and pH of the electrolyte. The testing potential was about−0.05 V and the RC electrode used was the same as inFig. 1.

was similar to the one’s of the RC in the Tris–HCl buffer,
which showed that the native status for RC embedded in
sol–gel matrix was kept.

3.6. Circular dichroism (CD) spectra

CD measurements provided an excellent means of study-
ing the protein structure[28,29]. In order to study the
structure of RC protein in Al2O3 gel film, the CD spec-
tra of RC protein film and the RC-Al2O3 gel film on the
quartz slides were measured (shown inFig. 6). Change of
base lines in the CD spectrum for RC film and RC-Al2O3
film may be because of the difference of concentration in
film.
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Fig. 5. Absorption spectra of (a) the 0.5 mg dm−3 RC in the Tris–HCl buffer and (b) RC-Al2O3 film immobilized on the quartz slides.

The CD spectra in the far ultraviolet bands (far UV,
185–240 nm) provide information about the secondary
structure of the protein[30,31]. The spectra were charac-
terized by the presence of two minima at 206 and 223 nm,
seeFig. 6. It might be accounted for by the similar con-
formations of relatively bonded protein molecules in RC
film and RC-Al2O3 film, accounting to the similar shape of
CD spectra and the double negative peaks existing, which
was characteristic of�-helical structure[30], in the far
ultraviolet band.

Near-UV CD between 240 and 350 nm was a probe for
protein tertiary structure changes that affect the environ-
ment of aromatic side chains and disulfide bonds[32].

Fig. 6. The CD spectra of RC film on the quartz slides. (a) RC film; (b) the RC-Al2O3 gel film.

Tyrosine and tryptophan side chains, along with cysteine
disulfides, are the three major contributors to the near-UV
CD of proteins[33,34]. A strong absorption band at 283 nm
was tentatively ascribed to tyrosine. Tryptophan was tenta-
tively assigned to an absorption band at 292 nm. However,
tryptophan side chains may also contribute somewhat to
the strong band at 283 nm[33]. The negative peak be-
tween 290 and 350 nm in near-UV CD spectrum changed
apparently in RC-Al2O3 film, which indicated some disrup-
tion of the tight packing of the other core residues in the
RC-Al2O3 film. This may be because of the interaction of
the negative charged protein and the positive charged Al2O3
matrix.
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4. Conclusions

Bacterial photosynthetic RC fromRhodobacter sphae-
roidesstrain RS601 was immobilized in positively charged
Al2O3 gel. The optimum conditions for RC preparations ap-
peared to be H2O/Al (mol/mol) ratio of 200:1 and at 4◦C.
The effects of pH and the RC concentration on photoelectro-
chemical responses were investigated. The absorption and
CD spectra and photocurrent results showed that the struc-
ture and activity of protein were kept in Al2O3 gel film. It
is anticipated that the properties of photosynthetic RC in
sol–gel film would be useful for a better understanding the
mechanism of photo-driven charge transfer and essential for
the device of the biomimic solar-cell.
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