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Abstract: This paper presents a micro sensor for detection and characterization of biomolecular
photodiodes - Photosystem | (PS 1) reaction centers. In oxygenic plants, photons are captured with
high quantum efficiency by two specialized reaction centers, Photosystems | and Il (PS | and PS II).
Photon capture triggers rapid charge separation and the conversion of light energy into an electric
voltage across the nanometer-scale (~6 nm) reaction centers. In this work, MOSFET embedded micro
cantilevers have been used to detect the energy harvesting biomolecules. The bending of cantilevers
due to immobilization of reaction centers induces stress on MOSFET gate and hence modulates the
MOSFET current voltage characteristics. Again, the optoelectrical property of PS | alter the
electrostatic properties of the MOS gate, which reflects in the transport characteristics of the transistor.
Copyright © 2008 IFSA.

Keywords: Cantilever embedded MOS, Photosystem I, Biomolecular, Photodiode

1. Introduction

Using the technique of Kelvin force probe microscopy (KFM), the first measurement of exogenous
photovoltages generated from single PS I reaction centers immobilized on atomically flat gold surfaces
has been reported [1]. However, no two-terminal device or sensor has been developed for these
biomolecular photodiodes. Imprinting biomolecules for construction of electrical devices has been a
significant challenge due to temperature and resolution constraints of the growth processes. Recently
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three-terminal devices for detection and characterization of molecules have become very popular due
to the simpler imprint technique and amplification advantages. Detection of PS | reaction centers has
been reported using high electron mobility transistors (HEMT) [2-3]. This technique exploited the
photo-electrical characteristics of reaction centers to modulate the channel charge and hence the output
current-voltage characteristics of the HEMTs. FET-based stress sensors are widely reported for
micromechanical devices such as accelerometers, resonators, and parallel cantilevers for scanning
probe microscopy, as well as for residual stress measurements [4-6]. When a microcantilever bends as
a result of adsorption-induced surface stress, modulation of the channel current underneath the gate
region results from altered channel mobility of the transistor due to increased channel resistance. As
fixed biased voltages are applied on the gate and source-drain region of the transistor, any change in
channel mobility will result in change in the drain current of the transistor. In this work, we used the
2D microcantilever arrays with geometrically configured metal-oxide semiconductor field-effect
transistors (MOSFETSs) embedded in the high-stress region of the microcantilevers [7] to detect PS |
reaction centers through immobilization on the microcantilevers.

2. Immobilization of PS | Reaction Centers

PS | reaction centers can be isolated efficiently from thylakoids of plant leaves (such as spinach) using
the technique of detergent solubilization and hydroxylapatite column purification [8]. The reaction
center/core antenna complexes contain about 40 chlorophylls per photoactive reaction center pigment
(P700)The isolated PS | complexes are elliptical in shape with major and minor axes of about 6 and 5
nm, respectively [8].

The structure and function of PSI reaction centers are schematically illustrated in Fig. 1. The
chlorophylls serve as an antenna to capture photons and transfer photon energy to P700, where the

light energy triggers photochemical charge separation. An isolated PS | complex contains electron
acceptors (Ao, A1, Fx and Fag) in addition to P700 and the antenna chlorophylls.

~1V

Fig. 1. Schematic illustration of the structure and function of an isolated PS I reaction center
core antenna complex.

The primary events in photosynthesis are absorption of light and creation of a singlet excited state,
transfer of the excitation between pigment molecules, and photochemical charge separation in the
25
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reaction center. The photochemistry of P700 generates a primary charge separation (P700" Ag") within
about 1.5 ps [8]. Due to efficient excitation transfer and trapping, the entire photophysical chemistry
can be completed in 10-30 ps. The electron released from P700 by charge separation is transferred to
the terminal acceptor Fag at the reducing side of PS I, through intermediate acceptors Ao, A; and Fx.
The quantum yield of PS | photochemistry is very close to 100%. Charge separation in this natural
photovoltaic device generates a potential difference of about 1 volt across about 6 nm between the
reduced (Fag") and oxidized (P700") sides of the PS | complex, resulting in a very strong electric field
(~- 10® volts per meter).

The photoactive energy elements (PS 1) can be immobilized on Au by chemical modification of the
surface. Also, the orientation of PS | can be selectively made as shown in Fig. 2. For mercaptoacetic
acid, 83% of the electron transport vectors were parallel to the surface (

Fig. 2A), whereas with
2-mercaptoethanol 70% were oriented perpendicularly in the “up” position (with P700 facing the Au
surface) (Fig. 2B) and only 2% were in the “down” position (Fig. 2C). No preferential orientation was
observed with 2-dimethylaminoethanethiol.

9SSSQS 9SSSQS QSSSQS
R I T

(A) (B) (©)

Fig. 2. The orientation of individual PSI reaction center.

3. Experiment

Each MOS pair consists of one microcantilever coated with a thin film of gold for immobilization of
probe molecules, and the other is uncoated and acts as the reference (Fig. 3(A)). The differential drain
current between the sensing and the reference microcantilevers, which further minimizes systematic
noise and environmental perturbations, forms the basis for the MOSFET electronic detection. For the
experiments, the MOSFET-embedded microcantilevers were cleaned with isopropyl alcohol and then
immersed with 2-mercaptoethanol for 30 sec. Then, 0.25um filtered PS | solution was put over the
sensing and reference cantilevers and was waited for 2 minutes for 1-V measurement of the cantilever
embedded transistors. The dark and white light measurements of the characteristics of both the
reference MOS and sensing MOS were done after immobilization of PS | reaction centers so that both
the binding effects of PS | on Au coated cantilever and the effects of photochemical charge transfer
within PS | could be estimated.
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SiNx Layer

Au Layer

Silicon

(A) (B)

Fig. 3. (A) SEM image of two identical cantilevers displaying embedded MOSFET and geometry of the gold-
coated and SiNx cantilever beam pair; (B) Details of MOSFET location on cantilever beam, which is released
by etching a 2.5-mm sacrificial oxide layer [7].

4. Experimental Results and Discussions

The deposition of Au layer on sensing MOS cantilever create slight difference in drain current as seen
from Fig. 4. The drain current changes due to the self assembled monolayer (SAM) of
2-mercaptoethanol on sensing cantilever coated with Au as seen from Fig. 5. The change in drain
current results from the modulation of channel mobility because of surface stress. The mobility change
may also arise from the changes in the interface charge densities, generation of trap states, band
structure alteration, and generation of shallow defects due to localized bending stress. Immobilization
of PS | reaction centers on thiol derivatized Au cantilever further changes the drain current of the
embedded MOS. On the other hand, with absorption of light electron transfer initiates from the bottom
end (P700) to the upper end (Fag) of the vertically oriented PS I resulting positive charges on the gate
and therefore increasing the drain current with turn on of light (Fig. 6). However, MOS itself is light
sensitive and hence shows changes in current level between light and dark. This difference has been
subtracted to calculate the photoresponse of MOS due to PS I in Fig. 6.

5. Conclusion

This paper demonstrates a micro sensor for detection and characterization of PS I reaction centers. The
cantilever embedded MOS sensor experiences changes in current due to immobilization of PS |
reaction centers. The loading of PS | reaction centers on the cantilever results in surface stress, which
modulates the channel current. Also, the photogeneration characteristics of PS | changes the
electrostatic properties of the gate and hence the output current of sensor as visible from the difference
of light and dark characteristics of the sensor MOS.
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