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Photosystem I (PSI) is part of the photosynthetic apparatus of higher plants and algae. It is one of the
naturally occurring molecular photovoltaic structures whose primary function is to convert solar energy
into chemical energy. The immobilization and stabilization of this large transmembrane protein complex
in a solvent-limited and optically clear organosilicate glass are reported. This was achieved by a
modification of the sol-gel process whereby in the first instance the methanol formed during the hydrolysis
of the alkoxide precursor was removed before adding the enzyme preparation. In the second instance,
glycerol was used as a nonsurfactant templating agent. It was present at a final concentration of 50%
(v/v) after the solvent removal process was completed. In addition to stabilizing PSI, it may also play an
important structural role, as its omission results in opaque and brittle glasses. The PSI complexes retained
their activity during the immobilization procedure and after 96% (w/w) of the solvent in the sol-gel
matrix was removed. The ability of the P700 reaction centers in entrapped PSI to undergo photochemical
oxidation indicated that the intramolecular electron-transfer apparatus of the reaction centers was functional.
In addition, it was demonstrated that their intermolecular electron-transfer function was also intact, as
evidenced by PSI-mediated photodependent hydrogen production. The results demonstrate the validity
of this novel approach for investigation of complex biological electron-transfer processes under nonnative
conditions.

Introduction

Oxygenic photosynthesis as carried out by plants, algae,
and cyanobacteria is a fundamental metabolic process that
supports the existence of all higher life forms on earth. It
generates chemical reducing potential that is used to convert
carbon dioxide into organic matter and oxygen that is
essential for oxidative metabolism. The initial steps in
photosynthesis are driven by photon absorption in Photo-
systems II and I, two large multisubunit transmembrane light-
activated protein complexes that act in series.1,2 Electrons
from the photooxidation of H2O by Photosystem II (PSII)
are shuttled via a plastoquinone pool and cytochromeb6f to
the electron relay protein plastocyanin. Photosystem I (PSI),
activated by the absorption of a photon, accepts an electron
from plastocyanin and translocates it across the thylakoid
membrane to ferredoxin. The reducing potential of ferredoxin
is then used in many metabolic processes including NADPH
formation and nitrate assimilation. In the dark, NADPH and
ATP are used to reduce carbon dioxide to carbohydrates.

PSI is composed of a light-harvesting complex and a
reaction center with 12 core subunits.3 Its molecular mass is
approximately 525 kDa. The light-harvesting complex serves

as an accessory antenna to harvest and funnel absorbed
photons to a special chlorophyll dimer in PSI called P700.4

After absorption of a photon, the photochemistry of P700
induces a charge separation (P700+A0

-) in the reaction center
by rapid electron transfer to peripheral iron sulfur complexes
(FA and FB) via the intermediates A0, A1, and Fx.5,6 This
results in the generation of a weak oxidant (Eo′ ) +0.4 V)
at the primary electron donor (P700) and a strong reductant
(Eo ) -0.7 V) at the terminal electron acceptor (4Fe-4S
center).7 The photochemical reaction is completed within
100-150 ns8 and generates approximately a 1-V potential
difference9 over a distance of 6 nm.3 The quantum yield of
this photochemical reaction is close to 100%.10,11 To our
knowledge, a comparable structure, with such sophisticated
molecular organization, has not been demonstrated by a
synthetic approach.

In this paper, a strategy for the entrapment of spinach PSI
using the sol-gel technique is reported. The combination of
advanced inorganic materials with biological molecules is a
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subject that is currently of great interest from both a
fundamental and applied research perspective. Biological
electron-transfer reactions play a central role in many cellular
metabolic processes such as respiration and photosynthesis.
The entrapment of biomolecules in inorganic materials allows
the electron-transfer pathways to be emulated under nonna-
tive conditions.12 This biomimetic approach is important for
elucidation of the fundamental mechanisms of intramolecular
and intermolecular biological electron transfer. Moreover,
the light-transducing properties of PSI make it an attractive
component in molecular-scale optoelectronic and photovol-
taic devices. To realize such a device based on PSI, it is
necessary to devise a strategy to entrap the reaction centers
in a solid-state environment such that their optical and
photocatalytic properties are preserved and accessible.13

Sol-gel chemistry is an ambient-temperature process for
the synthesis of inorganic glasses.14 The utility of this
technique for the immobilization of a range of biomolecules
and cells in silica glasses has been demonstrated.15 These
biofunctionalized glasses make it possible to retain the unique
reactivities of biomolecules in a solid-state environment and
also provide morphological and structural control that is not
available when they are dissolved in aqueous media.16 Sol-
gels provide a host matrix with good chemical, thermal, and
mechanical stability. In addition, they are also nontoxic,
hydrophilic, and biologically inert. Although these properties
are advantageous for the entrapment of all enzymes, it is
the transparent nature of the sol-gel matrix that is equally
important for the immobilization of photoactive biomolecules
with functional optical properties. This technique has been
applied to the development of optical biosensors based on
enzymes that contain chromophoric or fluorescent groups.17

The sol-gel technique has been employed in the im-
mobilization of other photoactive proteins such as bacteri-
orhodopsin (BR)18,19 and phycoerythrin.20 The most widely
studied photoactive system is BR, a light-activated trans-
membrane protein found in halobacteria.21 Under light
irradiation, BR undergoes a conformational change in its
active site that pumps protons across the cell membrane. The
proton-pumping process is accompanied by a sequential shift
in the absorption maximum of retinal, a chromophore bound
to BR. This photocycle has been used as the basis for using
BR as the fundamental component in bioelectronic devices22

such as optical memories based on photochromic storage23

and holographic storage.24 Phycoerythrin is another example
of a light-transducing protein that has potential for signal
transduction and biosensor applications.20 This is a water-
soluble protein that is found in the outer membrane of marine
cyanobacteria. It harvests and funnels ambient light to the
photoreactive center to drive photosynthesis with greater than
90% efficiency. As a dried thin film, it displays interesting
photovoltaic and photoconducting behavior and has been
proposed as a promising candidate for signal transduction
and biosensor applications.20

The sol-gel process is initiated by the hydrolysis of a metal
alkoxide such as tetramethyl orthosilicate in the presence of
an acid catalyst to form a sol solution. This is followed by
base-catalyzed condensation of the colloidal sol solution in
the presence of the desired biomolecule preparation to
produce a sol-gel.25 When fully dehydrated, these glasses
are called xero-gels. They are optically transparent and
microporous with pores sizes less than 15 Å.16 Recently, a
nonsurfactant templating approach for the biocompatible
synthesis of mesoporous sol-gels has been reported. The pore
size of the gels could be increased to 30-40 Å.26,27 This is
important for enzyme-catalyzed reactions for which mass-
transfer rates are a consideration. Other modifications to the
process, such as the addition of polymers to enhance and
stabilize enzyme activity, have also been demonstrated.28,29

Several approaches have been used to immobilize PSI to
study its properties while maintaining its optoelectronic
properties. These include the incorporation of PSI into lipid
films30 and polymer matrixes such as albumin-glutaralde-
hyde31 and acrylamide.32 PSI has also been contacted with
metallic platinum and anchored to a metal surface.33 Previous
work by Lee et al. has demonstrated that PSI reaction centers
can be self-assembled and oriented on organosulfur-modified
gold electrodes and are stable nanometer-scale diodes.34,35

The photovoltaic properties of the protein were stable during
long-term storage.36 Scanning surface probe microscopy was
used to measure the light-induced electrostatic potentials
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above single photosynthetic reaction centers, and the mea-
sured potentials were approximately 1 V, in good agreement
with previously reported data.9

We report here the employment of the sol-gel technique
to entrap and stabilize PSI. As a prerequisite for this study,
the development of a strategy to stabilize the protein and
preserve the optical properties of the silica glasses during
the solvent removal process was essential. Two modifications
to a previously described method25 were necessary to achieve
this goal. The methanol released during the hydrolysis of
the alkoxide precursor was removed by evaporation, and
glycerol was used as a templating agent. Previous reports37,38

have employed these modifications separately. In this study,
the combination of both was required to attain a stable protein
in an optically clear glass. The spectrophotometric, photo-
chemical, and photocatalytic characteristics of the im-
mobilized enzyme were examined to evaluate the properties
of the reaction centers as the sol-gels were dehydrated. The
effect of the solvent removal process on the properties of
the entrapped reaction centers, particularly on their ability
to carry out electron-transfer reactions, was investigated.

Experimental Section

Isolation of PSI. Commercially obtained “baby” spinach was
washed with distilled water, finely chopped in a food processor
(Cuisinart), suspended in two volumes of STNM (0.05 M Tris-
HCl pH 7.8, 0.4 M sucrose, 10 mM NaCl, and 5 mM MgCl2), and
homogenized by three 10-s bursts with a PolyTron (Kinematica
Inc., Switzerland). All other steps were carried out as described by
Bruce and Malkin39 with minor modifications. Protease inhibitors
were not included in the protocol. After the second sodium bromide
wash, the membrane pellet was resuspended in H2O to a final
chlorophyll concentration of 1 mg/mL and was solubilized by
addition of Triton X 100 (0.7% (w/v)) at 20°C for 1 h.
Ultracentrifugation of the solubilized membranes was carried out
in an SW28 rotor (Beckman) at 27 000 rpm for 18 h. The
chlorophyll/P700 ratio of the isolated complex was 350, with a
protein concentration of 0.95 mg/mL and a chlorophyll concentra-
tion of 0.18 mg/mL. The final preparation was stored at-80 °C
prior to use.

Isolation of Plastocyanin. The method employed for the
isolation and purification of plastocyanin from market spinach
leaves was adapted from previously reported protocols. The initial
part of the purification, to the first dialysis step, was carried out as
described by Ellefson et al.40 The latter part of the purification
followed the procedure described by Christensen et al.41 with minor
modifications. Hydrophobic interaction chromatography was carried
out using a Phenyl FF column (16/10) attached to a Pharmacia
FPLC system. The equilibration buffer A was 20 mM potassium
phosphate pH 7.5, 2.0 M (NH4)2SO4, and the limit buffer B was
20 mM potassium phosphate pH 7.5, 1.0 M (NH4)2SO4. Prior to
loading plastocyanin, the column was washed with six column
volumes of buffer A and then with an additional three volumes of
the same buffer. A gradient from 10 to 100% B in six column

volumes was used to elute plastocyanin. Ion-exchange chromatog-
raphy was carried out on Hi-Trap Q Sepharose (Amersham
Biosciences) as described, except that the oxidized protein was
loaded on the column. Two peaks of plastocyanin eluted: a blue
peak of the oxidized form at 31% and a colorless reduced form at
36% limit buffer. Fractions with an absorbance ratioA278/A597 of
1.0-1.1 in the oxidized state were pooled. The concentration of
the oxidized form was calculated usingε597 ) 4500 M-1.42 Protein
yields of 7.5 mg/kg spinach were typically obtained and are in good
agreement with previous studies.40,41

Analytical Assays. Protein assays were carried out using a
modified Lowry assay protocol (Pierce) with bovine serum albumin
as the standard protein. Chlorophyll determinations were made in
80% acetone with the extinction coefficients calculated by Arnon.43

P700 measurements were carried out using the chemical assay
method described by Markwell et al.44

Preparation of Silica Gels.A mixture of tetramethyl orthosili-
cate (TMOS; 6 g), H2O (2.05 g), and 40 mM HCl (0.08 g) was
sonicated (Laboratory Supply Company Sonicator, Model G112SPIT)
at 4 °C until a homogeneous solution was obtained. The sample
was then placed under vacuum (100 kPa) at 20°C for 30 min. The
resulting viscous liquid was diluted with 1.4 g H2O. This sol solution
was stable for several hours at 4°C. In a typical immobilization
reaction, 0.1 mL PSI, 0.3 mL 10 mM sodium phosphate buffer pH
7.2, and 0.5 g glycerol were mixed with 1 mL of sol solution in a
4-mL plastic cuvette. Gelation occurred within a 5-min period. The
samples were stored at room temperature in the dark and desiccated
under silica gel.

Photochemical Activity of PSI. The photochemical activity of
PSI was determined from the light-induced P700 absorption changes
at 810 nm using the dual-wavelength emitter-detector unit ED-
P700DW-E connected to a PAM 101 Fluorimeter (Walz, Effeltrich,
Germany). Data were recorded and stored by interfacing the PAM
101 fluorimeter with a personal computer (Gateway) via a DATAQ
serial interface. The sample was placed in the holder and dark
adapted before illumination with white light (1400µmol/m2/s,
Schott KL 1500 light source) to excite P700 over a 1-min period.
The actinic light was then extinguished, and the rereduction of
P700+ was followed for an additional minute.

Coimmobilization of PSI and Plastocyanin.Plastocyanin (20.2
nmol) and PSI (0.294 nmol; 220µg chlorophyll) were mixed with
1.5 g glycerol, 0.75 g 10 mM sodium phosphate pH 7.11, and 2.73
g sol solution (as prepared previously). The reaction components
were mixed well and transferred to a covered cylindrical glass vessel
[1.1 × 9.1 cm (I. D.)] equipped with gas inlet and outlet ports.
The contents covered the bottom of the vessel to a depth of
approximately 1 mm. Gelation occurred within several minutes;
the reaction vessel was stored in a silica gel desiccator during aging
in the absence of light.

Photocatalyzed Hydrogen Evolution.The experimental ap-
paratus used for the continuous measurement of hydrogen was
described previously45 with the following modifications: Humidi-
fied helium was used as the carrier gas, and a Dolan-Jenner light
source equipped with a red filter (90% T atλ > 590 nm) and a
150-W halogen projector bulb were used to illuminate the reactions.
The light intensity was measured with a Licor model LI-189
quantum flux meter. The immobilized proteins were washed with
several changes of 10 mM sodium phosphate for 4 h at room(37) Gill, I.; Ballesteros, A.J. Am. Chem. Soc. 1998, 120, 8587-8598.
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temperature in the dark to allow the diffusion of glycerol from the
gels. This buffer was removed and replaced with a solution
comprised of 5.0 mM sodium ascorbate and 0.5 mM sodium
hexachloroplatinate in 10 mM sodium phosphate pH 7.11. The
reaction vessel was assembled into the experimental apparatus, and
the contents were allowed to equilibrate with the humidified carrier
gas. After a baseline had been achieved, the 2-h light-on/1-h light-
off cycle was commenced, and the photocatalyzed production of
H2 was recorded as described previously. The same conditions were
employed with the native enzymes except that the reaction was
stirred.

Results and Discussion

Entrapment of Photosystem I. Sol-gel chemistry is a
room-temperature process regimen for the preparation of
optically clear metal oxide glasses and ceramics. It is initiated
by the hydrolysis of a chemical precursor that passes through
a solution state and a gel state before being dehydrated to a
glass or ceramic. The preparation of a metal oxide by the
sol-gel method proceeds via three basic steps. First, a sol
solution is formed by the partial hydrolysis of a metal
alkoxide precursor to form reactive monomers followed by
polycondensation of the monomers to form colloidlike
oligomers. This is followed by gel formation, known as
gelation, which involves additional hydrolysis to promote
polymerization and cross-linking leading to the formation
of a three-dimensional matrix. Further increase in cross-
linking is promoted by solvent removal and results in gel
shrinkage. This process is called aging, and in the last step
a glass matrix called a xero-gel is formed.

Initial immobilization studies were carried out using a
previously described method.25 The PSI preparation, in 10
mM sodium phosphate buffer pH 7.2, was mixed with the
prehydrolyzed sol solution (H2O/Si ratio of 2) and was aged
in air at room temperature in the absence of light. The
immobilized PSI displayed no photochemical activity after
48 h. However, if the PSI sol-gel was placed in a buffered
solution or H2O immediately after gelation and aged in this
medium, it did retain photochemical activity for at least 1
month. It was postulated that the loss in PSI activity was
due to a combination of the relatively high concentration of

methanol in the gels immediately after gelation [26.9% (w/
v)] and the conformational restrictions imposed on PSI after
immobilization. Methanol is a known protein denaturant, and
by placing the gels in aqueous-buffered solution, the
methanol freely diffused away from the immobilized pro-
teins. However, it is expected that the extent of siloxane chain
cross-linking would be also reduced, and hence the pore size
of these gels would be larger, as H2O promotes the hydrolysis
of SiO2 bonds.14 The gels aged under these conditions lost
their optical clarity and in some cases cracked extensively
when removed from the solvent in the final drying step. This
has also been observed in other studies. For example, BR
was aged under a buffered solution and it was necessary to
maintain at least 20% solvent to maintain the optical
properties of the gel.46 BR sol-gels that were dried to the
xero-gel state were not optically clear.47

To circumvent these problems, a modified sol-gel im-
mobilization method was developed to enable the im-
mobilization of PSI in an active and stable form. The H2O/
Si ratio was increased from 2 to 3, and the methanol
subsequently released during the hydrolysis reaction was
removed under vacuum. Typically, the weight loss was 3.5
( 0.2 g, which represented 91.4( 4.6% of the theoretical
amount of methanol in the prehydrolyzed sol solution. The
viscous sol solution that resulted was dispersed by the
addition of 2 mol equiv of H2O. As water is a product of
the condensation reaction, it is likely that its addition
promoted a partial hydrolysis of the siloxane bonds. This
sol solution (pH∼ 1) was stable for several hours at room
temperature. The other major modification to the procedure
was the addition of a relatively high concentration of
anhydrous glycerol to the prehydrolyzed sol solution to
stabilize PSI during the immobilization reaction. Its addition,
at a final concentration of 27.9% (w/v), was sufficient to
stabilize PSI and to maintain the optical properties of the
sol-gels even in the xero-gel state. Gelation occurred within
5 min, and the gels were aged over an anhydrous silica gel
desiccant at room temperature in the dark.

The removal of solvent was a gradual process that
proceeded most rapidly during the first 12 days (Figure 1).
The final water content in the gels was determined by
gravimetric analysis after heating the glasses to 120°C for
18 h under vacuum (30 in. Hg). Approximately 91% of the
water in the gel was removed by the 29th day (Table 1).
After nearly 8 months, this increased to 96%, suggesting that
the additional water left in the glass (approximately 3 mmol)
was bound to the silica matrix and the protein and may
represent the minimum amount of water necessary to

(46) Wu, S. G.; Ellerby, L. M.; Cohan, J. S.; Dunn, B.; Elsayed, M. A.;
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(47) Shamansky, L. M.; Luong, K. M.; Han, D.; Chronister, E. L.Biosens.
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Figure 1. Comparison of the weight loss due to solvent removal (b) with
the peak shift observed in the blue region of the visible spectrum (0). The
weight is expressed as a fraction of the weight of the sample directly after
gelation.

Table 1. Drying Data for PSI Immobilized in Sol-Gels

weight of
gel (g)

solvent removal
(%)

H2O remaining
(mmol)

day 0 2.09( 0.03 0.0 64.4
day 29 1.03( 0.03 91.4 5.5
day 238 0.98( 0.02 95.7 2.8
after 120°C for 18 h 0.93( 0.02 100 0
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maintain the catalytic activity of PSI. The volume of the gels
decreased approximately 3-fold during the drying process.

These gels were optically clear and structurally stable
throughout the aging process. The visible absorption spec-
trum of xero-gels without PSI had high optical clarity and
uniform light transmittance across the visible region (see
Figure 2). In contrast, gels to which no glycerol was added
lost their optical clarity during the latter days of the drying
process. This suggests that glycerol plays a role in maintain-
ing the optical properties of the gel, perhaps by filling in
the structural defects responsible for increased light scattering
by the formation of hydrogen bonds with the siloxane
backbone.

As described previously, the pore size of sol-gels is an
important consideration for the immobilization of PSI. Xero-
gels are microporous materials with a typical pore diameter
of e15 Å,48,49whereas the diameter of a single PSI molecule
is approximately 150 Å.3 Therefore, the restricted confor-
mational freedom that results after entrapment in conven-
tional sol-gels may pose another source of protein instability
for entrapped PSI. It is proposed that glycerol plays a role
as a templating agent in the sol-gel process to form a fluid
barrier between PSI and the sol-gel matrix. This is supported
by the fact that small polyalcohols such as glucose have been
used in a similar role as nonsurfactant templating agents for
the synthesis of mesoporous sol-gels with pore sizes greater
than 30 Å.26,27In addition to glucose, sucrose was also tested
in this study and both were found to produce optically clear
gels and to be effective for the stabilization of the entrapped
PSI. However, in the latter stages of the drying procedure,
the gels shattered, presumably because of the crystallization
of these reagents in the sol-gel.

Spectral Properties of PSI.The visible absorption spectra
of PSI were recorded at intervals after immobilization to
monitor spectral changes that occurred during solvent
removal (Figure 2). Increased optical density was apparent
in the gels that contained immobilized proteins. This has been
observed in other sol-gel enzyme immobilization studies.47,25

The overall shape of the visible spectrum of PSI remained
largely unchanged after immobilization and during the drying
process compared with the native preparation (Figure 2). In
the blue region of the spectrum, the 436-nm peak, which is
associated with chlorophyll a absorption,49 gradually shifted
to 410 nm as water was removed from the gel (Figure 3).
The spectral shift mirrored closely the weight change
recorded during the drying process (Figure 1). Therefore, it
can be attributed to the environmental changes associated
with gelation and dehydration of the sol-gel matrix. The other
peak associated with chlorophyll a absorption is in the red
region of the spectrum. It also underwent a spectral shift
from 678 to 672 nm, but it did not change significantly during
the drying process and may be related to the chemistry of
the immobilization procedure. In addition, there was also a
49% decrease in the magnitude of this chlorophyll peak in
the dry xero-gel compared with the gel directly after

immobilization (corrected for their relative background
levels).

The shoulders at 470 nm and 650 nm originate from
chlorophyll b49 present in the PSI preparation. The shoulder
at 470 nm disappeared as the solvent removal process
progressed. In addition, the shoulder at 650 nm was also
less evident as the absorptivity in this part of the spectrum
increased during the dehydration process. These alterations
to the absorption spectrum may also be associated with the
environmental changes associated with gelation and dehydra-
tion of the sol-gel or may indicate that the chlorophyll b
underwent some modification, perhaps oxidation of the
aldehyde group at position 3 on the porphyrin ring.

There are two optical effects that must be considered when
dealing with the absorption spectra of nonhomogeneous
samples. These are absorption flattening and scattering. It is
likely that both these optical effects contributed to the overall
shape of the PSI spectra (Figure 2). Absorption flattening is
an exception to the Beer-Lambert law. It occurs when large
macromolecules with high optical absorption, such as chro-
mophoric membrane proteins, have areas of high local
concentration because of the formation of aggregates or

(48) Avnir, D.; Braun, S.; Lev, O.; Ottolenghi, M.Chem. Mater.1994, 6,
1605-1614.

(49) Bassi, R.; Simpson D.Eur. J. Biochem.1987, 163, 221-230.

Figure 2. Visible absorption spectra of Photosystem I entrapped in sol-
gel at intervals during the aging process compared with the solution spectrum
of the native preparation. The spectrum of a control gel without PSI that
was aged for 29 days is also shown.

Figure 3. The first derivative of the blue region of the absorption spectrum
of Photosystem I.
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microparticulates.50 It is manifested as an underestimation
of proper signal intensity. In the present work, the removal
of water was accompanied by the shrinkage of the gel
because of progressive cross-linking of the silica matrix. This
also resulted in an increase in the effective concentration of
the PSI molecules and therefore potentially led to high local
concentrations of the proteins. These effects fulfill the criteria
for the observation of absorption flattening and would explain
why the optical density of the PSI peak at 678 nm decreased
during the dehydration process (Figure 2).

Mie and Raleigh scattering are two common scattering
processes that can be considered when studying light
absorption and emission phenomena. Mie scattering is
observed when the diameter of the particle is large compared
with the wavelength of light and is weakly dependent on
the wavelength of light.51 In contrast, Raleigh scattering
results when the diameter of the particle is small compared
with the wavelength of light and is inversely proportional
to the fourth power of the wavelength (1/λ4).51 It is more
effective in the blue region of the spectrum. The absorption
spectrum of the control sample exhibited little scattering
across the visible region (Figure 2). In contrast, the apparent
optical density of the protein-containing gels increases
significantly in the blue region during the drying process.
This may be attributed to a Raleigh scattering effect whereby
the blue photons are scattered by the immobilized protein
(15-nm diameter) in the gels, resulting in a higher apparent
absorptivity in this region. Furthermore, as dehydration
continued, the effective concentration of the proteins in-
creased, resulting in greater absorbance in this region. It is
likely that the increase in absorptivity at wavelengths greater
than 750 nm was due to Mie scattering.

Photochemical Activity. The photochemical activity of
PSI was monitored by near-infrared absorption spectroscopy
using a dual-wavelength emitter-detector unit (ED-P700DW,
Walz) attached to a standard PAM fluorimeter (Walz). The
P700+ cation radial produced by oxidation of a PSI reaction
center (P700) during illumination with actinic light not only
absorbs at 700 nm but also at 810-830 nm. The Walz
emitter-detector unit records the difference in absorbance at
810 nm because of the P700+ cation and at 860 nm, an
isosbestic region of the spectrum.

The ED-P700DW emitter-detector unit was operated in
remittance mode, and in this configuration, a semiquantitative
comparison of the photooxidation of the P700 and P700+

reduction profiles of the immobilized PSI and native PSI in
solution was carried out. All samples were treated in an
identical manner without the addition of exogenous reducing
agents or electron mediators that are typically used in these
reactions. Before the onset of illumination, the samples were
dark adapted. After the onset of actinic light illumination
(1400 µmol/m2/s), the P700+ population rose quickly and
after 1 min the actinic light was extinguished and P700 was
recovered. The P700 photooxidation and P700+ reduction
curves of PSI in solution were compared with PSI entrapped

in sol-gel at various time intervals after immobilization
(Figure 4).

The P700 reaction centers were able to be photooxidized
and recovered, indicating that the samples were active
directly after immobilization in the sol-gel and also after the
solvent removal process was completed. The magnitude of
the photochemical response of the immobilized samples was
slightly greater than the native sample after immobilization
and when the majority of the water had been removed
(91.4%) after 29 days. However, the photochemical response
decreased by approximately 50%, compared with the native
sample, during storage for 8 months over desiccant in the
dark. Although this indicates that the reaction centers lost
some activity during long-term storage, a significant amount
of activity did remain.

The initial rates of photooxidation and reduction of the
P700 reaction centers, directly after illumination and when
the lamp was extinguished, were also compared (Table 2).
As the gel-aging process progressed, the rates became slower.
Although the magnitude of the photochemical response was
similar after the solvent removal was almost complete
(>90%, 29 days), the rate of photooxidation had decreased
12.3-fold and recovery of the P700 after the lamp was
extinguished was approximately 25-fold slower. After long-
term storage, these rates were further decreased by 28-fold
and 33-fold, respectively, when compared with the native
enzyme.

The alterations to the kinetic properties of PSI after
immobilization are related to changes in the physical and

(50) Gordon, D. J.; Holzwarth, G.Arch. Biochim. Biophys. 1971, 142, 481-
488.

(51) Ingle, J. D.; Crouch, S. R.Spectrochemical Analysis; Prentice-Hall:
Englewood Cliffs, NJ, 1988; pp 494-499.

Figure 4. The P700 photooxidation and P700+ reduction profiles of PSI
at intervals after entrapment in sol-gels compared with the profile of the
native preparation in solution. The up and down arrows indicate the start
and finish of actinic light illumination.

Table 2. Photooxidation and Reduction Data for Photosystem I at
Intervals after Entrapment in Sol-Gels Compared with the Native

Preparation in Solution

rate (∆A810-860 nm/s)

photooxidation of P700 reduction of P700+

PSI in solution 6.5× 10-2 ( 1.4× 10-3 9.9× 10-3 ( 7.1× 10-5

day 1 after
immobilization

4.5× 10-2 ( 4.4× 10-3 1.1× 10-3 ( 1.4× 10-4

day 29 after
immobilization

5.3× 10-3 ( 9.0× 10-4 4.0× 10-4 ( 1.0× 10-4

day 238 after
immobilization

2.3× 10-3 ( 5.9× 10-4 3.0× 10-4 ( 2.1× 10-4
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chemical environment of the enzyme. During the aging
process, the pore size of sol-gels decreased because of the
extension of the silica framework, and this in turn reduced
the conformational freedom of the entrapped enzyme mole-
cules. The silica matrix bears a net negative charge, and so
electrostatic interactions with the matrix are also to be
expected. In addition, there is very little H2O present in the
gels. Therefore, it is not unexpected that these changes in
the environment of the enzyme would be manifested as
changes to the kinetic properties of the enzyme.

The enzyme reaction rates are also influenced by the
dielectric properties of the surrounding medium.52 Post-
immobilization, the environment of PSI changed from one
with a high dielectric constant (H2O; ε ) 81 at 20°C) to a
medium composed mainly of silica glass (ε ) 3.8) with
glycerol present (ε ) 42.5 at 20°C). The increased ability
of the medium surrounding PSI to support an electrostatic
field may in part contribute to the stabilization of the P700+

moiety as was observed in Figure 4. However, further
investigation would be required to determine the relative
contribution of the conformational constraints imposed by
the matrix and the effect of removal of H2O also.

Photocatalyzed Hydrogen Production.The light-de-
pendent production of molecular hydrogen by platinum
deposited at the reducing side of PSI was used as a measure
of the catalytic activity of the reaction centers.45 In this
biomimetic reaction pathway, the source of electrons was
sodium ascorbate with the electron relay protein plastocyanin
serving as the mediator between ascorbate and the oxidizing
side of PSI. The reaction is initiated by the PSI-catalyzed
photoprecipitation of platinum from a sodium hexachloro-
platinate solution at the oxidized end of the reaction center.
Once sufficient platinum has been deposited (>50 atoms53),
photoevolution of hydrogen proceeds.

Sol-gels that contained PSI coimmobilized with plasto-
cyanin were prepared and aged as described in Materials and
Methods. Although the primary role of glycerol in this study
was to protect PSI during the immobilization process, it also
acted as a templating agent. That is, the pores left after
removal of glycerol facilitated greater access of reagents
while maintaining the proteins in the gel. After assembly of
the reaction apparatus and equilibration of the reagents, the
immobilized sample was illuminated with red light. A
characteristic light-dependent evolution of hydrogen was
observed (Figure 5a). The rates and yield of H2 observed
were similar for an experiment carried out with the native
enzymes in solution (Figure 5b). This confirms that the PSI
preparation was active after immobilization and able to
facilitate intermolecular electron transfer from sodium ascor-
bate via plastocyanin to platinum. This gives good confidence
with respect to the structural and catalytic integrity of the
PSI complexes.

Conclusions.In this study, we report the entrapment of
PSI in an organo-hybrid sol-gel. PSI is one of the largest
transmembrane protein complexes with at least 12 subunits,
4 different light-harvesting complexes, 45 transmembrane

helices, and approximately 200 prosthetic groups.3 The ability
to stabilize this protein in a solvent-limited inorganic glass
provides a new platform to investigate its complex structural
and catalytic properties. It was found that the combination
of methanol removal from the nascent sol solution and the
addition of glycerol as a templating agent resulted in a clear
organo-hybrid glass. The addition of glycerol played a dual
role in the immobilization process. It not only stabilized the
large PSI complexes, but its presence also resulted in sol-
gels with high optical clarity. This is an important consid-
eration for the investigation of the optoelectronic properties
of PSI. The gels formed were structurally stable during the
drying process and when it was completed.

The principal changes in the visible absorption spectrum
of the protein occurred in the blue region and appeared to
be associated with the change in the environment of the
protein during the dehydration process. A similar effect was
observed after dehydration of sol-gels that contained cyto-
chromec.54 It is likely that a combination of the dielectric
properties of the silica matrix and the glycerol and the net

(52) Thellier, M.; Vincent, J. C.; Alexandre, S.; Lassalles, J. P.; Deschrevel,
B.; Norris, V.; Ripoll, C.C. R. Biol.2003, 326, 149-159.

(53) Greenbaum, E.J. Phys. Chem.1988, 92, 4571-4576.
(54) Dave, B. C.; Miller, J. M.; Dunn, B.; Valentine, J. S.; Zink, J. I.J.

Sol-Gel Sci. Technol. 1997, 8, 629-634.

Figure 5. Light-dependent evolution of hydrogen by platinized Photosystem
I reaction centers. a: Photosystem I and plastocyanin coimmobilized in
sol-gel. B: Native enzymes in solution. The reactions were carried out with
0.294 nmol Photosystem I (220µmol chlorophyll), 20.2 nmol plastocyanin,
0.5 mM Na2PtCl6, and 5.0 mM sodium ascorbate in 10 mM sodium
phosphate pH 7.11 at 20°C. Light cycles of 2 h on (v) and 1 h off (V) were
used at a constant light intensity of 260µmol/m2/s.
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negative charge on the silica contribute to this spectral shift.
In addition, optical effects such as absorption flattening and
scattering were also evident in the spectra of the hybrid gels.
The photocatalytic activity of the protein was retained during
solvent removal, but the relative rates of P700 oxidation and
P700+ reduction were decreased. This is not unexpected
because of conformational restrictions imposed on the protein
because of the progressive removal of the solvent surround-
ing the protein. The small amount of H2O (approximately 3
mmol) present in the glass after the dehydration process was
complete may represent the minimum amount of solvent
necessary to maintain the catalytic activity of PSI. PSI was
coimmobilized in a sol-gel with plastocyanin, its natural
electron relay protein. The deposition of platinum metal at
the reducing side of PSI produced an active photodependent
H2 catalyst. The rate of H2 evolution by platinized PSI was
used as an ammeter for photocurrent measurement. The
functionality of the immobilized proteins was demonstrated

by the ability of the PSI complexes that were platinized in
situ to catalyze photoinduced hydrogen production when
sodium ascorbate was used as a sacrificial electron donor.
This indicates that both the intra- and intermolecular electron-
transfer apparatus of the entrapped PSI reaction centers are
fully functional even after almost complete solvent removal.
This study has direct relevance to the development of
biobased optoelectronic devices. It provides detailed infor-
mation on how the entrapment and subsequent dehydration
procedures influence the behavior of the PSI reaction centers.
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