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ABSTRACT Thylakoids and photosystem I (PSI) reaction
centers were imaged by scanning tunneling microscopy. The
thylakoids were isolated from spinach chloroplasts, and PSI
reaction centers were extracted from thylakoid membranes.
Because thylakoids are relatively thick nonconductors, they
were sputter-coated with Pd/Au before imaging. PSI photo-
synthetic centers and chemically platinized PSI were investi-
gated without sputter-coating. They were mounted on flat gold
substrates that had been treated with mercaptoacetic acid to
help bind the proteins. With tunneling spectroscopy, the PSI
centers displayed a semiconductor-like response with a band
gap of 1.8 eV. Lightly platinized (platinized for 1 hr) centers
displayed diode-like conduction that resulted in dramatic
contrast changes between images taken with opposite bias
voltages. The electronic properties of this system were stable
under long-term storage.

The photosynthetic apparatus in green plants and algae is
contained in a unique cellular organelle, the chloroplast. The
chloroplast is enclosed by a double membrane and contains
thylakoids, which consist of stacked membrane disks (grana)
and unstacked membrane disks (stromal region). Although
scanning tunneling microscopy (STM) images of disrupted
chloroplasts have been reported (1, 2), functional character-
ization of single isolated reaction centers has not yet been
achieved. Thylakoids play an important role in electron trans-
port during photosynthesis. With STM and scanning tunneling
spectroscopy (STS), it is possible to investigate their opera-
tional electrooptical properties.

Photosystem I (PSI) reaction centers are embedded in the
thylakoid membrane. They drive the light-dependent transfer
of electrons from plastocyanin (a copper-containing soluble
protein located in the luminal space of chloroplast thylakoids)
to ferredoxin (a [2Fe-2S]-containing soluble protein located in
the chloroplast stroma). The PSI complex contains two high
molecular mass subunits, the products of the psa4 and psaB
genes (the gene products for the chlorophyll a protein of PSI),
and many low molecular mass subunits (3, 4). The PSI reaction
center measured by electron microscopy is about 10 nm X 15
nm (5-7), or 7 nm X 12 nm after correction for attached
detergent. Alekperov et al. (8) used STM to image photosyn-
thetic reaction centers of purple bacteria and used the tip to
transfer molecules or clusters of molecules from one area to
another within the scanning range.

The attachment of platinum on the reducing side of PSI has
a significant effect on the electrical properties of PSI. This can
be observed by transformed photobiocatalytic properties and
a sustained steady-state vectorial flow of current (9, 10). In this
paper, we describe the use of tunneling spectroscopy to
characterize the electrical nature of bare and platinized PSI.
For semiconductors, tunneling spectroscopy has been used to
characterize surface states and to measure surface-state band
gaps (11, 12). We show that a band gap can be clearly seen in
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bare PSI, and platinized PSIs can act as either a diode or a
metal, depending upon the degree of platinization.

EXPERIMENTAL PROCEDURES

Spinach chloroplasts were prepared according to the procedure
of Reeves and Hall (13), in which the chloroplast envelope is
ruptured, exposing the photosynthetic membranes to the external
aqueous medium. A drop of the thylakoid suspension was then
placed on freshly cleaved mica. After about 30 sec, the excess
solution was removed by absorption with filter paper at the edge
of the disk. The concentration of the thylakoid suspension was
adjusted (diluted 1:10 to 1:100 with distilled water) so that
isolated thylakoids and some aggregates on the mica disk could
be seen by optical microscopy. The sample was then sputter-
coated with 3 nm of Pd/Au metal and imaged by scanning
electron microscopy in vacuum and STM in air.

The PSI reaction centers together with their antenna com-
plexes containing about 40 chlorophylls per photoactive P700
(PSI-40) were isolated from the thylakoids by detergent (Tri-
ton X-100) solubilization and hydroxylapatite column purifi-
cation (14). The identification of PSI in solution was confirmed
by absorption spectroscopy (absorption maxima at 440 nm and
672 nm in agreement with ref. 15).

The PSIs were platinized by coprecipitation with colloidal
platinum. Briefly, this was performed chemically by reduction
of [PtClg)?~ in the PSI elution by hydrogen flowing in the head
space of a reaction vessel that contained the gently stirred
reaction medium. The degree of metallization was controlled
by the time of precipitation and the flow speed of hydrogen.
Platinization was conducted at 20°C at neutral pH (before and
after the platinization, the pH of the samples was monitored
by a Beckman ¢ 72 pH meter). The details of the platinization
processes will be published elsewhere. This metallization
process causes no harm to photosynthetic activity of PSI
(J.W.L, P. Laible, T. G. Owens, L.L., and E.G., unpublished
work).

For PSI imaging, the flat gold substrates were prepared by
evaporation of 120 nm of gold onto freshly cleaved mica heated
to a temperature of 300-400°C (16). Gold surfaces were
chemically modified by a 30-sec immersion in 10 mM mercap-
toacetic acid, rinsed thoroughly in water, and air dried. This
procedure is designed to terminate the surface with negatively
charged end groups to attract and immobilize the PSI, as
shown in Fig. 1. A similar method with positively charged end
groups has been previously used to immobilize DNA for STM
imaging (17). The treated surfaces were incubated for a few
minutes with a drop of PSI-containing buffer solution, rinsed
in distilled water, and air dried before STM imaging. For
comparison, control samples were prepared identically, except
that buffer solution without PSI was used in the incubation.
Fluorescence spectroscopy and atomic force microscopy
(AFM) were used to compare the amount of PSI adsorbed on

Abbreviations: STM, scanning tunneling microscopy; STS, scanning
tunneling spectroscopy; PSI, photosystem I.
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FiG. 1. Schematic illustration of the method used for electrostatic
immobilization of PSI onto gold surfaces modified with mercaptoace-
tic acid.

untreated gold surface with surfaces treated with various
surface-modifying reagents (i.e., 2-mercaptoethanol, 2-dim-
ethylaminoethanethiol, thioacetic acid, mercaptoacetic acid,
and mercaptoethane). The strongest adsorption of PSI was
obtained on mercaptoethanol or mercaptoacetic acid-treated
gold substrates. The systematic study detailing the immobili-
zation of PSI on various chemically treated gold surfaces will
be reported elsewhere (I.L., E. Wachter, J.W.L., D.P.A,, E.G.,
and R.J.W., unpublished work).

STM images were recorded with a Nanoscope III (Digital
Instruments, Santa Barbara, CA) in the constant-current
mode, and spectroscopy was performed with a Nanoscope II.
Mechanically cut Pt/Ir tips were used for both STM and STS
studies. For the current-voltage (J-V) curves, the tip was held
stationary while 400 data points, at a sample period of 400 us
per point, were taken by sweeping the sample potential
between —1.0 V and 1.0 V. Each I-V datum represents an
average of 4—40 scans. The absolute tip—sample distance is not
known, but all data (with or without PSI) were taken at a
distance where a —500-mV sample bias yielded a 160-pA
tunneling current.

RESULTS AND DISCUSSION

Images. Preparations of disrupted choroplasts with intact
thylakoids were imaged by optical microscopy, SEM, and
STM. The latter two methods required thin Au/Pd metal
coating to produce reliable images, since the thylakoids are
large and nonconducting. The isolated thylakoids appeared as
flattened spheres that ranged in size from 150 to 380 nm in
diameter by 37-50 nm high. The fine details were obscured at
the 6- to 10-nm scale due to the particle size of the metal
coating.

PSI reaction centers were examined by STM without Pd/Au
sputter coating, but with various degrees of platinization
(none, light, and heavy) on treated gold substrates. Fig. 2 shows
typical STM images of unplatinized PSI-coated substrates. The
particles appeared uniform in size and consistently spread over
the substrates, while the control samples (buffer on treated
gold) exhibited no such structures. Also, no particles of like
nature could be found on underivatized gold that had been
incubated with the PSI solution. These observations are con-
sistent with immobilization experiments which showed good
adsorption only on gold surfaces with charged pendant groups
(LL., E. Wachter, JW.L, D.P.A., E.G., and R.J.W., unpub-
lished work). When the sample bias was reversed, no contrast
variation was observed. Analysis of a number of images showed
slightly elongated disk-like particles with dimensions 6 nm X
5 nm. For images taken by the same tip, the size uncertainty
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FiG.2. STM images of bare PSI (i.e., without platinization) at bias
voltages of 500 mV (Upper) and —500 mV (Lower). Note that there are
no observable contrast changes between the images.

is £0.1 nm, but for those taken by different tips, the size
uncertainty is +0.4 nm.

The average height of bare PSI reaction centers measured by
STM is 0.4 nm, which is an order of magnitude lower than the
estimated height of the PSI center. Height reductions have also
been observed over various proteins (18, 19) and skeletal
muscle glycogenolytic complexes (20). Negative heights were
seen over tobacco mosaic virus (21, 22), purple membrane
(23), and DNA (17, 24). These discrepancies in height have
been attributed to the tip exerting increased pressure over
poorly conducting adsorbates in attempting to keep the tun-
neling current constant. This results in lowered heights (con-
trast) over these adsorbates due to lack of mechanical stiffness
in the scanning tunneling microscope. The exact conduction
mechanism is not fully known (25), but the recorded heights
are closer to those expected for very high gap resistances.
Guckenberger et al. (22) used 103- to 10'%-ohm tunneling
resistance over 18-nm-diameter virus particles to obtain a
maximum 14-nm height in normally humid air. They explained
that the condition of the tip (in particular, the slope of
distance—voltage at constant current) and the humidity were
controlling factors for their tunneling conditions. The gap
resistance in our experiments was of the order of 10° ohms due
to limitations in the electronics of the instrument used. Under
these conditions the tip was very close to the surface, so that
mechanical effects as well as changes in resistivity of the
material in the gap are likely to alter the recorded heights of
inhomogeneous surfaces. In any case, consistent images were
readily obtained.



Biophysics: Lee et al.

For lightly platinized (platinized for 1 hr) PSI reaction
centers, similar topographic images were observed, but unex-
pectedly we found that the image contrast strongly depended
on sample bias. In Fig. 3 Upper, the contrast of PSI completely
disappears when the sample bias is positive (electrons tunnel-
ing from the tip to unoccupied sample states). In Fig. 3 Lower,
the PSI reaction centers reappear as the sample bias changes
to negative (electrons tunneling from the occupied sample
states to the tip). Switching the bias back and forth several
times always showed reversibility. This phenomenon was ob-
served even after 4 months of storage with both the dry STM
sample and a fresh sample prepared from the solution stored
at 4°C. In the latter case, the PSI reaction centers did not
completely disappear at positive bias, but a very strong con-
trast change was observed. Contrast changes at different bias
voltages have also been observed on semiconductor surfaces
such as silicon (26), aluminum on silicon (27), and gallium
arsenide (28). For biological samples, this phenomenon was
also observed by Golubok et al. (29) on photosynthetic bac-
terial membrane and by Luttrull et al. (30) on porphyrin-based
molecules (molecules that mimic certain aspects of photosyn-
thetic electron transfer).

Fig. 4 shows STM images of more heavily platinized (pla-
tinized for 4 hr) PSI reaction centers. In this case, the image
contrast was unaffected by bias reversal at =500 mV. The
average apparent size of these PSI reaction centers is 9 nm X
7 nm by 0.5 nm in height. The horizontal dimensions are
slightly larger than those measured on bare PSI reaction
centers. Again, the apparent height is much less than that
expected. This suggests that the heavily platinum-coated PSI
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F1G.3. STM images of lightly platinized (1 hr) PSI at bias voltages
of 500 mV (Upper) and —500 mV (Lower). The strong contrast
variations exemplified here were reversible with bias and could be
switched back and forth repeatedly.
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F1G. 4. STM images of PSI that had been platinum-pretreated for
4 hr before deposition. (Upper) Four PSI particles adsorbed on a gold
surface. (Lower) Top-view image of PSI.

does not form an electrically connected shell-like structure and
that anomalous heights again result from the poorly conduc-
tive nature of PSI. Similar results were obtained on PSI that
was platinized for 3 hr. However, some samples were prepared
by using excessive metallization, for which heights more con-
sistent with known dimensions were observed, indicating good
electrical conductivity.

STS. To obtain additional information on the electrical
properties of PSI and platinized PSI, we used tunneling
spectroscopy with STM to obtain I-V curves at various posi-
tions on the samples. Fig. 5 shows I-V curves taken with the
tip over bare PSI and over an adjacent area on the treated gold
substrate. Over PSI the I-V curve shows the characteristics
typical of a bandgap semiconductor [such as silicon (11) or
gallium arsenide (31)], while over the treated gold substrate
the I-V curve is characteristic of a typical metal (32).

It can be seen in Fig. 5 that the apparent conductance of PSI
is much larger than of the substrate when the magnitude of the
bias voltage is more than 500 mV. Higher apparent conduc-
tances over organic adsorbates have also been observed in
other systems, such as DNA on gold (33) and protein on
graphite (29). Again, this phenomenon is most likely due to
electromechanical effects of the probe measurement. For
inhomogeneous surfaces, the variation is introduced by mov-
ing from the substrate to the adsorbate at constant current.

The I-V plot for bare PSI can be numerically differentiated
to give the relative density of states (34-38) (Fig. 6). It shows
an energy gap of ~1.8 eV from filled state to the first excited
state. (An extended bias range over £2 V did not reveal any
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FiG. 5. Tunneling current versus bias voltage for bare PSI and the
adjacent treated gold substrate. For PSI, the I-V curve shows char-
acteristics typical of a semiconductor with bandgap. For the substrate,
the I-V curve shows metallic characteristics. The tip was held at a fixed
position so that —500 mV of bias voltage yielded 160 pA of tunneling
current. Tunnel current is shown as a function of sample voltage with
the tunnel tip at zero potential.

additional structures in the density of states but merely
confirmed the structure shown in Fig. 6.) This energy gap
corresponds to the strong optical absorption band at 672 nm
(1.84 eV) for PSI from spinach (15). This is a transition gap
from a single molecule which is different from the band gap of
a bulk semiconductor. The result is more similar to the
measurements done by Jeon et al. (39) on polyaniline film,
where a transition gap of 4 eV corresponds to a molecular
excitation of a w—* transition. Also, the I-}V curve of bare PSI
reaction centers is symmetric, which is consistent with the
observed absence of contrast change in images taken with
opposite polarities (see Fig. 2).

Fig. 7 shows I-V curves for lightly platinized PSI reaction
centers compared with treated-gold substrates and bare plat-
inum surfaces. Platinum responds similarly to gold but is
shifted toward negative current with a slightly smaller slope.
The heavily platinized PSI shows a metal-like I~} curve (not
shown here) that closely follows that shown for platinum metal.
Lightly platinized PSI shows a large asymmetry in the con-
ductance between positive and negative biases. This is typical
for doped semiconductors (40), in which tunneling current
increases rapidly in forward bias (i.e., negative bias for n-type
or positive bias for p-type) and remains small in reverse bias.
In our case, similar to the n-type semiconductor, the platinum
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FiG. 6. I-V curve of bare PSI from Fig. 5 compared with the
differential conductance, dI/dV, versus bias voltage from the same PSI
data. The differential conductance reveals a bandgap of ~1.8 eV. The
line through the PSI points is a polynomial fit to the data.
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FiG. 7. I-V curves for treated gold, bare platinum, and lightly
platinized PSI. PSI-Pt was taken on the sample shown in Fig. 3.
PSI-Pt(2) is a sample of the same PSI-Pt solution but refrigerated for
4 months and then applied to a treated gold substrate. The I-V curves
for gold and platinum show typical metallic characteristics. The
diode-like I-V curves for platinized PSI show characteristics of an
n-type semiconductor.

appears to fill the unoccupied states that are sampled at
positive bias, resulting in a reduction of the relative tunneling
current. This explains the changing contrast of the STM image
that was observed at opposite biases. Thus, platinum appears
to strongly interact with PSI and alter its electrical properties.
The result is consistent with previous demonstrations that
electrical contact with the reducing end of PSI can be achieved
by precipitating colloidal platinum (J.W.L., P. Laible, I.L.,
T. G. Owens, and E.G., unpublished work), and the presence
of the platinum greatly affects the photocurrent and photo-
conductivity of the metal-biological composite material (9, 10,
41).

The characteristics of the platinized PSI remained stable
over a period of 4 months. The dry mounted sample (identified
as PSI-Pt in Fig. 7) showed identical I-V curves after this
period of storage in a desiccator. The solution from which this
sample was prepared was stored at 4°C for 4 months and
applied to a fresh substrate. The I-V curve for this aged sample
(identified as PSI-Pt(2) in Fig. 7) still shows an asymmetry but
not quite as strongly as the dry-stored sample. Either the
degree of platinization was increased (42) or the PSI was
slightly degraded in wet storage. This was also observed as a
weakening of the contrast change with bias reversal as shown
in Fig. 3.

Conclusions. PSI reaction centers obtained from spinach
chloroplasts have been studied by STM and STS. The PSI
particles were applied to treated gold surfaces for good
adsorption and resistance to rinsing. They were identified by
evaluating control experiments, by fluorescent tracing, by size
and shape, by the progression of plantinization, and by eval-
uating their I-V response. The PSI reaction center had an
observed size of 6 nm X 5 nm, and the heavily platinized PSI
center had a size of 9 nm X 7 nm. The apparent heights are an
order of magnitude less than expected, as is typical in many
biological samples measured by STM. A strong contrast
change for lightly platinized PSI was observed with opposite
sample bias. Conversely, there was no apparent contrast
change on either bare PSI or heavily platinized PSI reaction
centers. These contrast changes are reflected in STS measure-
ments.

By using tunneling spectroscopy, we have shown that various
materials and degrees of platinization on PSI can be distin-
guished. Bare PSI reaction center shows the characteristics of
a bandgap semiconductor or insulator, lightly platinized PSI
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shows the characteristics of an n-type semiconductor, and
heavily platinized PSI shows the -}V characteristics of plati-
num metal. We conclude that the interaction of platinum with
PSI, and perhaps the properties of the platinum particles
themselves, may be operative. Further investigation is war-
ranted to clarify the causes of these interesting properties.
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