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1. Introduction

Supramolecular assembly of optically active materials into
thin film architectures is a topic of current theoretical and
experimental interest and of significant practical impor-
tance. Many device applications of such materials are based
on their fabrication into ordered ultrathin films that possess
improved optical functionality compared to the bulk
state."* At a more fundamental level, preferential orienta-
tion can also provide a valuable means of probing the
electronic interactions and molecular mechanisms in a
material. A rumber of biological materials with supramolec-
ular architectures have evolved to possess inherent and
unique optical properties that are highly desirable. The main
limitation in the realization of biological marerials for device
fabrication, however. has been a lack of appropriate
immeoebilizatdon techniques that can both orient the some-
what fragile protein molecules and prevent them from
denaturing. A result of these interests has been the study of
more rugged biological systems and the development of new
iminobilization technigues that meet these requirements and
provide a means of probing the biochemical interactions in
molecularly assembled thin films.!

Bactenorhodopsin (bR} is the sole protein that exists in
the purple membrane (PM) that is extracted from Halobac-
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terium salinarium.™) Under anaerobic conditions and at high
salt concentration (about six times that of sea water), the cell
membrane of the bacterium grows large patches of a
hexagonal two-dimensional crystalline [attice, which consists
of embedded bR trimers in a lipid bilaver, called the PM (see
Fig. 1). These extreme brine and high temperature growth
conditions of the bacterium, together with the crystalline
lattice structure of the PM, have resulted in bR that has
exceptional stability against salt, high temperature, photo-
chemical degradation, chemicals, and extreme pH media.Fl
This stability has made bR an excellent candidate biomate-
rial for the investigation of a number of diverse immobiliza-
tion and optical studies.

The methods recently used for assembling the PM in the
solid state or onto solid supports have included Langmuir—
Blodgett (LB) deposition® clectric field sedimentation
(EFS)." chemiadsorption self-assembly,® electrostatic
layer-by-layer adsorption (LBL)."! antigen-antibody mo-
lecular recognition,"” sol-gel encapsulation,!!! and using
polymers as immobilizing matrices."”! These assembly
methods have been successful. in large part, because of the
superior stability of the bR. Moreover, many of these
assembly methods have also been able to provide preferred
organization and tailorability of the bR in the assembly to the
property and application of interest. For example, the
photoelectric conversion efficiency of a bR film is largely
dependent on the degree of orientation of the bR in the
film."% For photoelectric device applications, LB, EFS, and
LBL methods of immobilization may be used because the bR
molecules can be preferentially oriented in the final
assemblies. On the other hand. for optical holographic
applications, it is more important to prepare thicker bR
assemblies rather than ordered ones to obtain sufficient
optical absorption.!"! For these applications polymer ma-
trices or sol-gel encapsulation are the preferred methods of
immobilization. This review will first discuss the fundamen-
tal structure and photocycle of bR and potential bR-based
device applications. Several of the current bR immobiliza-
tion methods that aré targeted towards these applications
and their effectiveness will be subsequently presented.
Lastly, the still controversial mechanism of differential
photoelectric response of bR will be discussed, based upon
the most recent experimental developments.
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2. Structure and Photocycle of
Bacteriorhodopsin

Bacteriorhodopsin is a small heptaheiical integral trans-
membrane protein that contains 248 amino acid residues and
aretinal chromophore that functions as a light-driven proton
pump in the PM of H. salinarium.'" The prosthetic
chromophore is an all-rransretinal that is covaiently attached
to the single polypeptide chain of bR at the e-amino group of
lysine at position 216 via a protonated Schiff base (see
Fig. 2). Photoisomerization of the retinal from all-mans to a
13-¢is isomer initiates a photochemical cycle in which a
proton is transported from the cytoplasmic side to the
extracelluiar side across the membrane '™ The electrochem-
ical potential from the resulting proton gradient is used by H.
salinarium for adenosine triphosphate (ATP) synthesis and
bacterium survival in the harsh natural environment. /%

Studies on the fundamental proton transfer mechanism of
bR have provided valuable information as to how ion

— 8. K. Tripaihy/Bacteriorhodopsin Thin Film Assemblies

channels in bR, as well as other transmembrane proteins,
form and function. Many spectroscopic studies. in combina-
tion with genetic engineering, have been carried out to probe
the proton transfer mechanism of bR 1517 These results have
shown that in the first step a photon initiates the isomeriza-
tion of retinal from an all-trans to a 13-¢is conformation with
a high quantum efficiency of approximately 0.65. This
process then deprotonates the Schiff base, within a picosec-
ond, t0 form a primary charge displacement state. The
subsequent steps are thermal transitions, which are normally
divided into several intermediates, referred 1o asK,L, M, N,
and O. The characteristic absorption maxima of these
intermediates occurs in the visible range with lifetimes
ranging from a microsecond to a millisecond.

The bR molecules, initially excited by photens, subse-
quently relax from the K state through L, M, N, and O states
returning to the primary B state (see Fig. 3). The destination
of proton transtocation is tightly correlated with the specific
intermediates, which are accompanied by the correlative
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Cytoplasmic side

EC side

Fig. 1. Structure of the hexagonai crystalline lattice of the purple membrane
containing bR trimer units The secondary conformation of bR monomer
shows that seven &-helices span the fipid bilaver. One possible pathway of
proton translocation after retinal photoisomerization is indicated by bold
arrows (lower part) [18]. The two dotted lines schematically divide bR into
three functional regions: top. proton uptake domain: middte. proton exchange
domain; bottom, proton release domain.

all-trans retinal

pelypeptide

Fig. 2. Photoisomerization of retinal from ali-rrans to 13-cis in bR. Under
illumination by visible light. the light-adapted bR containing 100 % all-zrass
retinal is isomerized to the 13-cis conformation around the Cp4—Cy4 bond to
initiate the complicated photocyele of bR,

protein conformational change. Thus, the photocycle of bR
underpins reversible photochromic behavior as well as
charge displacement. The trajectory of the proton transfer
in bR has been followed more clearly using site-specific
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Fig. 3. Simplified illustration of the photocycle of 5R. The intermediates of bR
are shown by a single letter and their absorption maxima are given as
subscripts [46]. A branched Q state is the stable intermediate containing 9-¢is
retinal for photochromic applications [24]. As skown. the uptake and release
of protons is tightly correlated to the decay and formation of the M statz in the
bR photocycle.

mutagenesis of bR in combinalion with recent X-ray
diffraction studies. However, the sxact mechanism of the
proton chammel is still unclear and is currently explained
using various madels (¥ Generally, the Schiff base, hydrogen
bond network (formed by several water molecules along the
route of proton transiocation). and amino acid residues
Asp85 and Asp96 (Asp stands for aspariic acid) are involved
in the formation of the proton chanpel. The model most
widely accepted today involves deprotonation of the Schiff
base and transfer of 2 proton to Asp83. which subsequently
releases the proton to the extracellular side in the L to M
reaction. The deprotonated retinal chromoephore then takes
up a proton from Asp96, which subsequently regains a
proton from the cytoplasmic side in the M to N reaction. The
proton release precedes proton uptake at neutral and high
pH, and the sequence is reversed and proton uptake is
followed by proton release at low pil.H!

Unlike typical biclogical materials. PM has high thermal
and photochemical stability. Bacteriorhodopsin can retain its
natural structure and function to remperatures as high as
140°C in the dry state and for pH ranging from 3 to 10 in
soiution.”! The proton-pumping photocyele of bR c¢an be
repeatedly cycled more than 10° times”™ This unusual
stability, coupled with its unique photochemical and photo-
physical properties, has made bR the most promising
biological material for device applications.

3. Potential Applications of bR

Proposed technical applications of bR can be grouped into
four general categories, based on the physiological functions
and properties utilized. These are energy conversion,
apptications in optoelectronics, optical storage and informa-
tion processing, and nonlinear optics.

Since bR is a simple yet integral photosynthesis reaction
center in the archaebacterium H. salinarium. the first
application involves its use as an energy coaversion system
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to transform light energy into electrochemical energy. A
solar energy cefl with a conversion yield of 0.5 % using bR
has been reported by Caplan and Fischer 2U

A second application involves exploiting the different
photovoltage and photocurrent responses of bR at the
various time scales that arise from the charge displacement
and proton translocation '™ Thase photoelectric signals
can be extracted into optoelectronic device applications.
One example is a pixel network of small bR photoelectric
cells fabricated by Miyasaka and co-workers for the purpose
of image detection.™!

The third application involves the use of the photochromic
properties of the bR, where absorption of a photon leads to
reversible photochemical and thermal cycles. Several inter-
mediates, each with different absorption wavelengths and
lifetimes, have been ideatified in the photocvele of bR. At
present, the M and Q states are the most promising
intermediates for photochromic applications since these
two intermediates show the most obvious spectral shifts and
longest lifetimes (see Fig, 3). Through excitation at different
wavelengths. the bR can be reversibly converted between the
M or Q intermediate and the primary B state.?¥ This
behavior makes bR attractive for optical information
processing and storage. The optical and holographic appli-
cations of bR solid films have been described in a review by
Oesterheit and co-workers.™!

The Iast application involves the use of the retinal of bR.
The retinal is a conjugated polvene chromophore whose
extended n-electron system exhibiis large second-order and
third-order polarizabilities as measured by second-harmonic
generation and two-photon absorption, respectively.?s! The
inherent structure of the hexagonal two-dimensional crystal-
line lattice of the PM forces the retinal into an orderly array
in 2 PM fragment. In addition. it has been demanstrated that
PM fragments themselves may be oriented using EFS and
LBL assembly methods. This added degree of orientation of
the retinal further enhances the nonlinear optical (NLO)
susceptibility of bR assemblies for NLO applications, 2520

A more fundamental application includes investigation
and optimization of the mechanism of the proton channel
using genetically engineered site-mutated bRs.*”! These
mutants have significantly different properties than the wild-
type bR. These differences include new spectral shifts and
lifetimes of intermediates, modified photocycles, and in some
cases improved properties for deviee applications. For
example, in the D96N mutant. the Asp96 is replaced by
asparagine in which the second carboxyl group is substituted
by a carboxyamido group. This muration of a single amino
acid changes the source of reprotonation of Schiff base from
Asp9%6 to the local medium, and results in a change in the
lifetime of the M intermediate. This change in the M lifetime
results in unique optical and photoelectric properties.2%!
Thus, genetic engineering of bR is a powerful method both to
investigate the fundamental mechanisms of the proton
channel and to design and optimize bR properties for device
applications.
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4. Immobilization of Bacteriorhodopsin

A primary method used for the molecular level arrange-
ment of materials is LB deposition.?] In this method,
amphiphitic molecules are first spread at an air—water
interface. compressed and oriented, and then deposited into
multilayer assemblies. Unitil recently, this method was the
preferred iechnique to prepare highly oriented molecular
films. However, not all molecules. in particular water-soluble
proteins, can be easilv processed into ordered multilayers
using this technique. Generally, only molecules that are
amphiphilic and water insoluble may be used. Therefore,
other physical and chemical assembly techniques have been
developed to overcome these limitations and form ordered
assemblies of less-traditional materials.?®! Versatile molecu-
lar self-assembly techriques that utilize chemical bonding,
hydrogen bonding, van der Waals forces, coulombic electro-
static interactions, and hydrophobic/hydrophilic affinity
have become very effective methods for fabricating orga-
nized solid films.Y' These techniques are simple. versatite, and
can be used under very mild conditions, making them suitable
for immobilization of more fragile biological materials. The
next section will discuss and co'mpare the use of several of
these techniques for the assembly of bR thin films.

4.1. LB Technique

LB is the method of choice for the formation of highly
ordered, ultrathin films of organic, amphiphilic molecules.
Extension of this technique to form ordered films of PM
fragments cccurred over twenty years ago.”” However, the
LB technigue had to be appropriately modified 1o compen-
sate for the more sensitive PM fragments (bR protein and
lipids), which were known to denature when placed in most
organic solvents. These concerns led to the use of mixed
(hexane or dimethylformamide) and water solvent systemsto
preserve the PM and the addition of extrancous lipids such as
soya-phospholipid toimprove the homogeneity of the fitms, [

The PM fragments are known to be approximately 0.5-
2 um in size and about 3 am in thickness.”® Through these
studies it was found that. at the airwater interface, the
cytoplasmic (CP) side of the PM is more hydrophilic than the
extracelular (EC) side.[mTheret‘ore, itwas expected that the
CP side would be the preferred side to face the subphase
during Langmuir monolayer formation (see Fig. 4). Early
studies showed that approximately 85 % of the PM
fragments were oriented in the same direction in the LB
films.?) However, further detailed studies using immuno-
gold labeling and electron microscopy indicated that the
surface orientation of the PM is substantiaily random in the
fitrs.l*¥

In order to improve the orientation of the PM in LB films,
Koyama and co-workers established a method using
bispecific antibodies that could simultaneousiy recognize
both a phospholipid hapten and a specific side of the BR
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molecule.!% Here it was found that by using the phospho-
lipid hapten as a monolayer template at the air-water
interface, over 85 % orientation of the bR could be achieved.
The highly ordered PM fitms could be prepared by the
antigen/antibody molecular interaction and subsequently
transferred onto solid supports using the LB method. The
photoelectric cells fabricated from these types of films
showed significantly improved photoelectric response. con-
firming that improved orientation of the PM had been
achieved 1!

EC side of PM

T

Fig. 4. Scheme for the preparation of the PM film by the LB technique. Since
the CP side of the PM is roore hydrophilic than the EC side. itis proposed that
the CP side has a preferred orlenzation facing the subphase at the airfwater
interface [31]. However, experimental evidence shows that the degree of
orlentation of the PM in its LB film is not as high as expected due to the
interference of other molecular interacticons [32}.

Over the years, these types of studies have shown that it is
possible to prepare oriented LB films that have a high degree
of bR orientation and good optical response. However, the
time-consuming precedures necessary ic prepare thick films
(PM is only 5 nm thick) and the requisite complicated
modifications of the technique to bR has limited its use for
practical device fabrication.

4.2, Electric Field Sedimentation

PM fragments, like many other biological membranes,
have a net negative charge on both sides of the membrane.
These charges are due to amino acidresidues on the surface of
the bR, the C-terminal and N-terminal of the polypeptide
chain, and intrinsically acidic lipids.®™ Jonas and co-workers
have provided a detailed review on the swface charge
properties of the PM.P¥ In general however, it is difficult to
determine preciselv the surface charge density of PM
fragments because of the unknown distribution of lipids
surrounding the bR and the presence of cationic effects witha
local pH. Several different methods that use the Gouy-
Chapman theory have been reported to measure the surface
charge density of PM. but the results areinconsistent and span

Adv. Mater 1999, I, No. 6
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a range from 0.5 to 9 negative charges per bR.®* The most
consistent results indicate that the surface charge density at
pH 6.6 is more negative on the CP side (2.3 charges/bR)
than on the EC side (~1.8 charges/bR).™ The. generally
accepted opinion is that the PM is always negatively charged,
and the CP side is more negative than the EC side at > pH 3
and vise versa at < pH 3.5 This charge asvmmetry of the PM
results in a permanent dipole moment directed from the CP
side to the EC side.?’]

Since the PMisknown to have anetelectricdipole moment,
addition of an external electric field to an aqueous PM
solution resuits in the orientation of the PM fragments in the
direction of the electric field. Furthermore. if two electrodes
areinserted into a PM suspension and then an electric field of
20-3C V/cm is applied. the PM fragmenis will electropho-
retically move (because of the net negative charge), sediment
onto the cathode, and form an orfented PM film.[”} This
method is simple, quick, and effective for the fabrication of
oriented PM films. In addition, control over which side of the
PM (EC or CP) faces the electrode may be obtained through
simple adjustment of the pH of the PM suspension.””!
Figure 5 illustrates the standard setup for preparing an
oriented PM film by the EFS technigue. Typically the
thickness of the film is dependent on the time of the applied
DC electric field; a 10 um thick film can be obtained by
application ofa20-30 V/em DCelectricfieid forabout 1 min.

4 PM solution

20-30 v/icm

Fig. 5. Setup for the fabrication of orieated PM fims by the electric field
sedimentation metkod. Due 10 the net negative charge of the PM. the PM
fragments will move and attach to the cathods to form a dense PM film.

4.3. Immobilizing Mairices and Sol-Gel Encapsulation

A modification of EFS has included encapsulation into a
polymer gel in combination with orientation by an electric
field to obtain oriented PM-containing solid films.?® In this
case, PM fragments were embedded into either poiv(vinyl

439
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alcohol) or polyvacrylamide gels, while an electric field was
applied to orient the PM during the setting pericd. Once the
gel has set. the PM is immobilized and locked into the
preferred orieatation. Researchers have also shown that bR
can be immobilized into optically clear sel-gel glass and still
maintain its phvsiological and photochemical activity.[*! The
sol-gel process invoives the hydrolysis and condensation
polymerization of alkylsificate and alkoxyalkvisilane mate-
rials to produce a transparent glass under mild conditions.
The observed lifetime increase of the M intermediate of bR
in the sol-gel glass makes this system atiractive for
photochromic applications.™!!

4.4. Electrostatic LBL Self- Assembly Technique

The area of thin film formation and se¥-assembly has been
greatly impacted by the recent development of the LBL
electrostatic self-assembly method. This technique is ex-
tremely simple, versatile, and effective for the assembly of
oppositelv charged species onto solid supports.” The LBL
approach was first utilized bv Decher and co-workers,* with
the afternate layering of oppositely charged polvelectrolytes,
and by Rubmner,”" with the electrostatic layering of
conducting polvmers. In LBL assembly, spontaneous se-
guential adsorption of polycations and polvanions is carried
out from dilute aqueous solutions onto charged surfaces. The
technique is extremely versartile as the structure, compo-
nents, and thickness of the fiims can be controlled through
judicious choice of electrolytes and processing conditions.
The LBL technique is based on the strong electrostatic
interaction between oppositely charged polvelectrolytes,
Typically. a charged solid support is immersed into an
oppositely charged polvion solution. Electrostaric attraction
occurs between the charged surface and the oppositely
charged molecule in solution. If the concentration of
polyions is sufficient. adsorption occurs untii there is a
cotnplete charge reversal ar the solid support surface. After
being rinsed in water, the support is then exposed to a
solution of the oppositely charged polyion and the process is
repeated uniil the desired number of layers is achieved. In
this adsorption technique, the main concern is to make sure
that complete charge reversal occurs after each deposition
imto the polvmer solutions in order to obtain continuous and
homogeneous multilayer film formation,

The LBL method has since been extended to a wide variety
of other interesting charged materals, including dendrimers,
azo polymers, poly(p-phenylenevinylene) (PPV, a polymer
used in light-emitting diodes).*? metal and semiconductor
nanoparticles. organic microcrystals.*” and inorganic and
organic materials.*¥ 1Bl has even proven to be quite
effective for the layering of biomaterials such as proteins,
enzymes. DNA, and viruses.™ The LBL method is desirable
largely because of its versatility: it can be used to produce
layers of virrually any charged material under the right
conditions. In the case of biomaterials, the LBL method is
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aiso advantageous because the conditions of deposition may
be altered to specifically protect the biofunctionality of the
material of interest.

As mentioned previously, PM fragments are known to
have an asymmetric, negatively charged surface, where the
CP side contains more negative charges than the EC side at
pH values above 3.7 This tvpe of structure makes PM very
suitable for layering using the LBL method. In addition, it
appears that the asymmetry of the PM also provides for a
high degree of orientation of the PM, similar to what is
obtaired using the EFS method.” Since an external electric
tield is not required, LBL deposition is a milder and more
facile method for the fabrication of oriented PM assembiies,

A typical LBL adsorption process for the preparation of
polycation/PM multilavers is illustrated in Figure 6. Here, an
aqueous solution of commercially available poly(diailyldi-
methylammonium chloride) {(PDAC) of medium molecular
weight, 2.0 mg/mL containing 0.5 M NaCl, pH 6.8, was used
as the poiycation soluticn. The polyanionic PM suspension
was made from a pH 9.4 solution with & concentration of
0.5 mg/mL. of bR (12 optical density in a 1 cm cuvette at
570 nm caiculated according to z = 63000 Mtem™ and
molecular weight MW = 26000) B A sotid support with a
negatively charged planar surface was first immersed in the
PDAC solution for 5 min until a homogeneous polycation
monolayer was adsorbad. After being rinsed in Milli-Q water
for 2 min and dried with N-. the modified support was then
transferred into the PM suspension {pH 9.4) for 5 min, rinsed
with water (pH9.4) for 2 min and again dried by N,. This
process was repeated uniil the desired number of bitayers of
PDAC/PM was obtained.

In order o obtain homogeneous and reproducible growth
of each PM monolayer within the PM/PDAC assemblies, the
pH of the PM solution and the adsorption time of the support
in the PM solution must be stringently controlled. Based on
our results,[gJ the amount of adsorbed PM increases with the
pH of the PM solution. A pH of 9.4 was found to provide
sufficient coverage of the PM to render the surface
negatively charged so that the subsequent layer adsorption
process may be continued. A possible explanation of this pH
effect is that there are several competing molecular
interactions that can occur between the PM and PDAC,
which can cause aggregation and spontaneous assemnbly,
These molecular interactions include hydrophobic/hydro-
philic interactions, hydrogen bonding, van der Waals forces,
and coulombic electrostatic mteraction. Therefore, it is
reasonable to believe that these also participate in the
adsorption process berween the PM and PDAC under certain
conditions. However, when the negative charge demnsity of
the PM is large enough. asit would be at high pH, these other
molecular forces are minimized and electrostatic interaction
becomes the dominant driving force in the adsorption
process. It was found that in acidic and neutral medium, a
smaller amount of PM was adsorbed with each layer and
adsorption eventually stopped after several layers. This is
further evidence that other molecular interactions can

Adv. Marer. 1999, 11, No. 6
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present. There is, however, a slight
blue shift of about 5 nm for the peak
at 563 nm compared to the absorp-
tion of the PMin solution, A similar
blue shift in a dried PM film was
previously observed with a bR/soya-
L-z-phospharidvicholine LB film.[]

This behavior was explained by the
J dehydration of the Schiff base of the

e

retinal chromophore in bR in the
absence of water, while, in the
presence of water, the proton Schiff
base is localized and a red shift is
ohserved.=H
The absorbance of each deposited
. bilaver of PDAC/PM was calculated
PDAC tobe 1.5x 107 at 563 nm from the
slope of the line shown in Figure 7b.
Pnia This absorbancz is due to the PM
only, since PDAC contributes no
absorption in this range. It is inter-
esting to compare this value with

Fig. 6. Schematic diagram of the PDAC/PM LBL adsorption. As shown. a laver of the polycation, PDAC. is first N P .
adsorbad onto the pretreated negatively charged surface of the solid support. Subsequently, a monoiayer of the that C.)I bR:soya-PCLB fllms." Inthe
polyanion. bR, is electrostatically adsorbed onto the PDAC laver by control of the adsorption time and pH. A LB films. the absorbance of a bR

PDAC/PM multilayer can be easily obtainad by the LBL mathod by repeating the above precedure,

hinder and interfere with the preferred coulombic forces that
are needed for electrostatic adsorption. This tvpe of
ageregation behavior has also been observed in LBL film
formation with other materials.*! Once aggregation accurs,
film growth becomes random and inhomogeneous and
eventually results in a very poor degree of orientation and
percentage deposition.

Once the pH conditions of PM suspension were optimized,
acorrelation of the amount of PM adsorption with time could
be determined. [t Was found that after 5 min adsorption time
a homogeneous monolayer of PM was deposited onto the
PDAC layer. However, when the adsorption time was
increased to 10 min. aggregation of the PM occurred and
an additional monelaver of PM deposited onto the PDAC
preabsorbed surface.® The reproducibility of the PDAC/PM
multilayer growth was determined bv measuring the spectrat
absorption change with each bilayer, Figure 7a shows the
UV-vis absorption spectra for the sequential deposition of
PDAC/PM bilayers at each consecutive step of the multilayer
assembly process. As shown, the multilaver growth of the
PDAC/PM assemblies is linear and reproducible. The
characteristic absorption peaks for bR at 278 and 363 am
are observed to increase proportionaily with each additionat
bilayer as shown in Figure 7b. This is further evidence that
the electrostatic deposition is a linear process and that each
transfer contributes an equal number of PM fragments to the
film assembly once the conditions are optimized.

The UV-vis data also show that the deposited PM
fragments in the PDAC/PM multilayers are not denatured,
as the characteristic absorption bands of the PM are still

Adv, Marer. 1999, 11, No. 6

monolaver is approximately 0.32 x
107 to 045 x 107 at 370 nm,
depending on the weight ratio of BR 10 soya-PC and the
deposition pressure of the film.* The absorbance of the
LBL-assembied films, however. is roughly 3-3 times higher
than that observed with the LB films. This result suggests that
the PM fragment assemblies prepared using this sponta-
neous LBL assembly may be organized into more compact,
dense monolayer formations. In contrast. soya-phospholipid
must occupy part of the area in the bR sova-PC LB film and
this dilution effect leads to the decrease of the absorbance of
the bR monolayer. This improved packing and organization
of the PM in these films offers some advantages over
previous bR films for device fabrication, because the
sensitivity and performance of the devices depends greatly
on the amount and orientation of the bR in two-dimensional
configurations.

Characterization of the uniformity of the PDAC/PM
assemblies was carried out using ellipsometry and atomic
force microscopy (AFM).” Ellipsometrv showed an average
thickness of 55 A for a PDAC/PM bilaver. This value is in
good agreement with the known thuckness of PM (approxi-
mately 50 A} and the known thickness of a PDAC monolayer
(5-10A). AFM provided further detailed information
involving the surface morphology and the homogeneity of
the PM film down to the nanometer scale. Figure 8 shows an
AFM image of one bilayer of PDACPM with PM as the
outer fayer. Electrostatic adsorption of PM on the PDAC
surface results in the formation of a monolayer of PM. as
shown by the large patches dispersed across the surface. The
cross-sectional analysis indicated that the thickness of a large
patch is about 55 A and this value was found to increase to
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Fig. 8. AFM image of one bilayer of the PDAC/PM film with M as the outer
layer.

110 A at the boundary of two patches of PM. most likely due
to their partial overlap. These results confirmed that
organized monolayers of the PM are, in fact, obtained within
the PDAC/PM bilayers and thar the final thickness of the
PDAC/PM assembilies may be controlled by simply repeating
the layer-by-layer adsorption as desired.
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The second-order NLO susceptibility of the PDAC/PM
multilayer assemblies was measured by second harmonic
generation (SHG) to determine the degree of orientation of
the PM. The NL.O properties of the PM fragments have been
investigated and it was determined that the retinal chromo-
phore of bR exhibits an extremely large second-order
polarizability due to the conjugated polyene n-electron
structure and its acentric arrangement due to the polypeptide
and the crystalline lattice ™ The higher the degree of
orientation of the PM in the films, the larger the NLQO
coefficient becomes. The relationship between the trans-
mitted second harmonic intensity of the double-sided multi-
layers (PDAC/PM films deposited on both sides of the glass
slide) and the incident angle is shown in Figure 9. The
interference pattern arises from the phase difference
between the SH waves generated at each side of the glass
during propagation of the fundamental wave. Complete
extinction appeared for destructive interference over the
whole film and this indicated that the PDAC/PM multilayers
deposited on both sides of the alass stide are uniform." To
evaluate the degree of PM orientation in PDAC/PM multi-
layers, the magnitude of second-order susceptibility in this
film was compared with that known for electric-field-
orfented PM films. The second-order susceptibility ¥® of
the PDAC/PM films (12 bilavers) was measured and deter-
mined to be 8.1 x 10~ esu by a SHG technique.™ This value is
somewhat larger than that obtained with an electrophoreti-
cally sedimented film of bR (3.4 x 10~ esu).™ and indicates
that the degree of order of the PM fragments in the PDAC/
PM multilayers is as good as. if not better than that obtained
using EFS. Since the CP side of the PM is known 1o contain
more negative charges than that of the EC side under alkaline
conditions.® it is expected that. in LBL deposition, the CP
side of the PM is preferentially drawn to and adsorbed on the
polycationic PDAC layers.
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Fig. 9. Second-harmonic intensity as a function of incident angle of the
fundamentai laser beam from a double-sided LBL self-assembled PDACPM

maultilayer (12 lavers).
This LBL efectrostatic deposition technique appears to

offer several advantages for the preparation of organized
thin films of bR compared to other established techniques

Adv. Marer. 1999, 1. No, 6§
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such as LB and EFS methods One major advantage 18 that .

the LBL technique is milder than the other methods. In LBL

M0-organic solvents or external fields, which can canse the -
.. denaturation of the PM, are reqmred In.addition, the LBL -
" method is. extremely facile in that no, spec1ahzed equipment, '
o modlfled chemleals or tlme-consummg preparatlon or

" procedures are required.- An’ oriented PDAC/PM bslayer

‘tan be prepared on the benchtop, using on]y a few aqueous .
solutions in beakers and 15 min of time. Another advantage
is the versatility of this technique to mtegrate bR with other
interesting- systems. Smce this approach has already been -
_-applied to avariety of charged molecules such as conducting.

~.polymers, nanoparticles, 'enzymes, and proteins,

j41-45].

reasonable to believe that these types of molecules couid also
be easﬂy mtexcalated with bR either. to enhance bR

propertles or to add additional functmnal:ty to the final
_ 'assembhes for a host of potentlal optoelectromc apphca-_
' tmns ' : :

- : 5 leferentlal Photoelecmc ReSponse of

: o PDACIPM Multliayers

Photoelectnc studies of the PM espemally the trans1ent R
,photoeIectnc signals from the charge separation and. :
* displacement after the photoexcitation of bR, have provided
¢, :fruitfyl information for understanding the molecular mech- _: :
~anism of ‘the bR -proton pump.
_ microsecond time scales, two fast photoelectric components, - .

2] On-the: nano- .and

referred to as B1 and B2 were observed by flash photolysis.

The negatwe polarity component B1, w1th arise time of less
~than 1'ps, is believed. io be associated. W1th the initial proton -

" pumping event, i.e., the charge separation as a resuit of the

" Adv. Mater. 1999, 11, No. 6 - . -

Tight-induced retinal isomerization from all-trans to 13-cis in

bR. The positive polarity component B2 on the micro-

. : second time scale is 'due to the vectorial pumpmg of protons' :
* . from thie Schiff base to solution.”!) On the millisecond time
scale, a pH dependent component B3 was ‘observed but ifs

origin is not clear. 2 The differential photocurrent ¢ compo-

nents D1 (hght -on component) and D2 (light-off compo- -
nent) from bR under continuous green light excitation is an

- dimportant- and desirable’ property - for electronic device
" applications.” Moreover, the magnitude and efficiency of
‘the differential photocurrents thatcan be generated frombR
- films is quite dependent o the eftectlveness ofabR layermﬂ e
~technique,t0# : : : '
- However,: there are confhctlng oplmons regardmg the :

actual molecular mechanism of the differential photocurrent
(D1 and D2). Miyasaka'and'co-workers have suggested that

‘the charge displacement within bR induces the differential
* current on the electrode ad;acent to the bR molecule when
bR is excited by light."" Robertson and Lukashev, however,

have Ieported that the differential current of bR résults from

an electrochemical current induced by the local pH change o
‘and not by. charge displacement.®) More recent, strong
: experlmental__ ev1den_ce from- El-Sayed an(_i eo__workers_

‘supports the. latter conelusion.”’] In their work, through’
- comparative studies carried out under: both pulsed and

it is

continuous wave (CW) laser photoexcitations on different
time scales, an identical polarity- change with pH was found’

- for the slow B3 photocurrent component under pulsed laser.
" excitation and the D1 differential- current component fromm -
.CW . 'laser excitation. Therefore, -the origin of the DI

: photocurrent should be the same as for B3, Since the B3

component resuits from the proton accumulatxon near the i_

: 'electrode/bR mte1face the Dlwas 1nterred to come fromthe

change of proton concentratlon atthe electrode/electrolyte .
interface asa resulf of the proton pumiping of bR. This leads
to the formation of a transient proton. capacitor between the :

' :_workmg and counter electrodes The charging and discharg- .

ing processes of the proton capacitor produce the dszerential' '

. photoelectric response of bR.

-To -further ‘understand. the oﬁgln of the dlfferentlal'
photocurrent of bR, the photoelectmc responses- from: the

- multilayers of the wild-type PM (WT-PM) and the D96N -
‘mutant prepared by the LBL techmque were measured using .

. the liquid-juiiction photocell configuration. The differential
- photoelectric responses for eight bilayers of PDAC/WT-PM -

((PDAC/WT-PM)s). and six- bilayers of PDAC/DYEN
((PDAC/DI6N)¢) are given in Figures 10a and 10b, respec- -

."_twely Figures 10c and & show the dependence of the
o magmtude of the light-on photocurrents on the number of
"~ bilayers in the PDAC/bR assemblies. It is observed that the
. WT-PM and D96N mutants generate substantial differential -
'currents, WhICh indicates that the physmiogwal activity of bR -
. in both of these systems is preserved after “electrostatic -
' deposmon The ' differential response, properties of these B
" currenis are in excellent agreement ‘with those prev1ously

obtained using other layering techmques (6101 Figures 10¢

" and d show that a maximum light-on current of 52 nA/em?

- for (PDAC/WT-PM)g and 80 nA/em® for (PDAC/DIEN);-
" are observed. These results mdlcate that the photoelectnc
.sensitivity of the DY6N mutant is higher than that of the WT- -~

" PMsince a farger photoelectric response is observed with the

- .thinner D96N assembly. Also, it has been shown that films

;" coniaining the ?96N mutant show an 1mproved holographlc o
- diffraction efficiency compared to WT-PM films.?* These -
 results show that genetic engineering is a useful teehmque to.
o 'modxfy and tailor the photochemical and photophyswaE :

properties of bR for improved application performance.:

- Itis also important to note in Figure 10 that the fatio of the
magmtude of the light-on/light-off photocurrent from the -
WT-PM assembly (appre)umately 1.2) is much smaller than
that observed for the D96N . -mutant _(app_rqmmate%y 2.8).-

- Also, the time scale (defined from maximum pedk currentto
~zero) of the WT-PM (about 500 ms for both the light-on and .
- light-off currents) is swm{]cantly smaller than that observed -

. with the D96N mutant (about 3 s for the light-on current and
: about 6 s for the.light-off current). “These photoelectric -
) -d1f[erences between the WT-PM and D96N corre3pond to
“amino acid replacement ie the protonatable aspartate at _

the 96 pos1t1on in the WT- PM has been subsututed by anon- :
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Fig, 10, Typical differential photocurrent from 2) (PDAC/WT-PM)q and b)
(PDAC/DI6N)4 deposited onto ITO electrodes. c), d) The dependence of the
magnitude of the light-on photocurreat with the number of bilayers for WT-
PM (¢) and DI6N (d). The elecirolyte sotutionis 0.5 M EC], pH 8.5 fnr the WT-
'PM and pH7.2 for 1he D96N mutant

protonatable asparagmc {Asn) in the D96N mutant. This.

 “substitution makes the decay rate of the M intermediate in

the D96N much slower,” because the deprotonated Schiff
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. base cannot reprotonate from Asn96 and is forced to obtain
_ the proton from the solution medium only. This creates a
barrier for the proton uptake in'the D96N mutant and makes,

the magnitude of the light-off peak much smaller than that of '

the light-on peak since the light-on photocurrent corre-

sponds to net proton release and the light-off photocurrent
relates to net proton uptake. (531

“To completely clarify. the’ molecular mechamsm of
differential photocurrent gencration of bR, the effect of
sodium, azide in the electrolyte solution, which can catalyze'
proton transfer in the WI-PM and recover the kinetic defect

. in the D96N mutant, was mvestlgated B3} with addition of
) - ‘NaNj; to the electrolyte ‘solution, the magnitudes of the
- differential photocurrents from the PDAC/WT-PM multi- -

layers roughly double compared with those without NaN; in- .

. ‘the electrolyte solution.””) Here, the effect of azide on the
differential photocurrent of bR should not be explained

simpiy as the électrolyte concentration effect (or ionic

‘strength effect)™ because studies by LeCoutre and co-

warkers have shown that this type of incréase is expected and

- is due to the azides ability to catalyze the proton transfer
:'steps which accelerates M formation and decay by about a
~factor of two in the WT-PM. B3 gince M formation (fromL1o -
-M state) and decay (from M toN state) in the bR photocycle

is directly correlated with proton release and uptake, this

- results in a local net change of proton concentration (see
“Fig. 3). Therefore, the quaniitative relanons}up between the, .

differential photocurrent and the concentration of NaNj
indicates that the miflisecond differential photocurrent
originates from the local pH: change which is due to the
change of proton concentration from M formation and
decay. The formation of the M intermediate, which leads to
an mcrease of proton concentranon at ‘the. electrode/
electrolyte interface due to proton release of bR, produces
the light-on photocurrent the decay of the M mtermedlate '
which results in"a decrease of proton concentration at the

" . interface due to proton uptake of bR, contrlbutes tothe light-

off photocurrent.
The effect of azide on the d1fferent1ai photocurrent of
D96N mutant supports the above view. The dependence of -

" the light-on photocurrent (curve 1) and light- off photocur- .
“rent (curve 2) on the concentration of NaNa for (PDAC/

D96N); films is presented in Figure 11a. Figure 11b shows
the ratio of the magnitude of the light-on to light-off peak
photocurrent at different concentrations of NaNs. These
results show that the inflience of NalN; on the photocurrent .
of DY6N mutant is somewhat different from that observed
with WT-PM. First, the magnitudes of both the light-on and

Hght-off photocurrent increase sharply within a narrow -

concentration range of NaN3 (< 1.3 mM). This is in
accordance with the effect of azide on the photocurrent of

. WT-PM, and shows that NaN; can-accelerate the formation.

and decay of the M intermediate in D98N, resulting in an
inereasing change of proton concentration at the electrode/

" electrolyte intérface. Second with increasing concentration

of NaNs, the rate of increase of the light-on photocurrent in

" Adv. Mater. 1998, 11, No. 6
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‘DY6N mutant is slower than the rate of increase of the light-*
‘off current; as. presented in Figure 11b. This behavior may be
‘explained by ‘the weil-known capability of NaN3 not only fo
" catalyzeproton iransferin bR, butalso to com_pensate forthe .-
~kinetic defect of the D96N mutant; which causes a dramatic

retardation: of  the M. decay.®]. As shown previously 'in

' Figure 10b, the magnitude of the D96N. light-off photo-
' current is observed to be s:gmflcantly smallerthan that of the
Clight-on photocurrent because the mutant Iacks a proton

donor (Asp96) and ritust take up a proton more slowly from
the solution medium. Figure 11b illustrates the effeét of this

 kinetic defect, as alarge light-on/light-off ratio is observed at _
* “very low concentrations of NaNs.-On the other Hand, as™
- NaNa is added, the light-on/light-off ratio rapidly decréases
" “to’'a constant vatue of approxunately 1.7, showing that the
- 'NaN3 is able to compensate for the mutants lack of a proton '

donor
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6. Concllisions: '

“We have presented a dzscuss:on and cornpanson of bR thin -

film assemblics formed using several different immobitiza-

. tion methods. Oriented and biofunctional bR films may be

obtained lising éach of the methods described. However,

each method offers its own.advantages and disadvantages.

For example, LBL depaosition is currently the simplest of all

Adv. Mater, 1898, 17, No. 6

."the 'techniques and offers a high degree of orientation of the

bR in the assembhes In addition, LBL is versatile in that a
wide variety of charged species may- be easily intercalated

: with the bR to build i in additional functionality. However, if -

thicker films are requlred other techniques such as EFSor !
polymer encapsulation may be more suitable and can offer
similar degrees of orientation. Fundamentaily, the effect of.
azide on the photocurrents of WT-PM and D96N supparts

' the mechanism that the differentidl light-on photocurrent

originates mainly from the net proton releasé due to the

. formation of the M intermediate, and the light-off photo--
‘current originates from the. net proton uptake due to the
. decay of M intermediate. Also, it has been shown that some

bR mutants show enhanced photochemlcal and photophys- -

ical properties. ‘All of these factors (practical and funda-
- mental) are important and must be taken into consideration -
- when one is désigning a bR thm film assembly o suzt a

particular apphcation LA
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