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Abstract

Thin films of poly(allylamine hydrochloride) (PAH) and bacteriorhodopsin (bR) embedded in purple membrane (PM) have been

prepared by layer-by-layer (LBL) self-assembly technique. The results obtained by UV–Vis spectroscopy and atomic force mi-

croscopy (AFM) analysis showed that the biological activity of bR was preserved and PM fragments could be well oriented onto the

ITO substrate. A photo-electrochemical cell with the structure of ITO/(PAH/PM)n/electrolyte (0.5M KCl)/Pt was fabricated and

studied. The photocurrent peaks of (PAH/PM)6 corresponding to light-on and light-off were about 200 and 100 nA/cm2, respec-

tively, with the former enhanced 30% higher than that of the reference films made of (PDAC/PM)6.
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In recent years, studies on the characterization,

modification, and processing of biomaterials for device
applications have been receiving technological impor-

tance. Among them, the study of bacteriorhodopsin

(bR) protein and the elucidation of its function as a light

driven proton pump represents one of the most inter-

esting examples [1–3]. bR is a chromophore protein in

the purple membrane (PM) isolated from Halobacterium

salinarium and is a single-chain polypeptide with cova-

lently bound chromophore retinal [4]. When this protein
is activated by light, it undergoes a photocycle through

which a proton is transported from the cytoplasmic side

of the membrane to the extracellular side, and the re-

sulting gradient of proton in the purple membrane

generates electrochemical energy, which provides the

electrical responses differently according to the illumi-

nated light intensity change [5,6]. The photoelectric

property can be utilized for photoelectric picture con-
verters, such as motion sensors [7] and artificial retinas

[8]. In order to obtain high response and excellent sta-

bility of bR films that are used in electric devices, the
formation of organized molecular films of bR is re-

quired.

The Langmuir–Blodgett (LB) film technique and the

electrophoretic sedimentation (EPS) technique have

been commonly applied to the oriented film fabrication

of bR [9,10]. Self-assembly (SA) technique was also

used to oriented bR films for studying their photo-

electric property [11]. Recently, He et al. [12,13] used a
layer-by-layer (LBL) assembling method first to fabri-

cate the oriented films of bR based on the self-ad-

sorption of positively polycation and negatively charged

purple membrane. LBL method [14,15] offers several

advantages compared with other techniques mentioned

above, such as it can be easily applied to water-soluble

bR protein without mixing it into soya lecithin used in

LB films; it does not require special instruments; it can
be operated simply and be free of the limit of shape of

substrate. He et al. have demonstrated that the layer-

by-layer adsorption technique can keep bR from de-

naturation and should be an effective and facile method

for the fabrication of a host of bioelectronic and
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biooptical ultimately devices. In order to improve the
performance of bR devices by the LBL technique, PAH

was used as a polycation in the present paper. The

characteristics of PAH/PM multilayer films were in-

vestigated by UV–Vis spectrophotometer and atomic

force microscopy (AFM). The photocurrent responses

were studied with the photoelectric measurement

equipment (home-made) and the optimal conditions

were obtained.

Materials and methods

Poly(allylamine hydrochloride) (PAH) and poly(dimethyldially-

lammonium chloride) (PDAC) were purchased from Aldrich Chemical

Co. and used without further purification. PAH was dissolved in

doubly distilled water containing 0.5M NaCl, with a concentration

2mg/mL, and pH of the solution being 6.4. Solid supports used for

depositing the PAH/bR composite films: quartz slides (10� 40mm)

were used for UV–Vis absorption measurements; ITO glass slides

(10� 40mm) were used for photoelectric property measurements and

mica slices were applied for AFM analysis. In order to get a net neg-

atively charged surface, all of the solid supports were treated according

to that described in [12]. A halogen lamp (150W) was used to inves-

tigate the photoelectric properties of the PAH/PM films and the

stimulated light was white light (100mW/cm2). Other equipments were

picoammeter (0.1 nA range) and a digital storage oscilloscope

(20MHz, Gold Star). The effective illumination area of PAH/PM films

used in measurement was about 0.25 cm2.

Growth, purification, and sample preparation of bacteriorhodopsin.

The strain of H. salinarium was the ET1001 (also known as JW-1)

strain. Growth, purification, and sample preparation of bacterio-

rhodopsin (bR) embedded in the purple membrane (PM) were im-

plemented in our laboratory according to the standard method [16]

with certain improved procedures. The main procedures were de-

scribed as follows: the selected strain was inoculated into growth

medium which has been autoclaved before inoculation and then the

Halobacterium was cultured at 37 �C by ventilating with constant

shocking. The cells were harvested after 7 days of incubation, then

DNAse was added, and the PM suspension was dialyzed and washed.

In order to get a good quality sample, sucrose density gradient was

required. The sample was stored at 4 �C in doubly distilled water

and the absorption ratio of A280 nm=A570 nm was below 2.0, which

suggested that it was a good quality sample. In this study, the

PM fragments with a concentration of about 0.5mg/mL bR were

ultrasonically comminuted for about 200 s (power is 300W), and

pH of the PM suspension was adjusted to 9.4 using NaOH (0.1M)

solution.

Preparation of PAH/PM films by LBL method. ITO glass slide

after negatively charged treatment was immersed into PAH aqueous

solution (2mg/mL, pH 6.4) for 5min, rinsed with doubly distilled

water (pH 6.4) for 1min, and then dried with nitrogen flow, fol-

lowing which, the modified slide was immersed into PM suspension

(about 0.5mg/mL bR, pH 9.4) for 5min, rinsed with doubly distilled

water (pH 9.4) for 1min, and then it was dried with nitrogen again.

In this way, we obtained one bilayer of PAH/PM films that was

marked as (PAH/PM)1. This process was repeated until the required

films were obtained. All adsorption steps were carried out at room

temperature.

Photo-electrochemical cell. ITO (indium-tin-oxide) with PAH/PM

films was used as working electrode and platinum wire as a counter

electrode. The distance between the two electrodes in the photo-elec-

trochemical cell was 0.8 cm and 0.5M KCl aqueous solution was used

as the supporting electrolyte, with a pH of 7.3.

Results and discussion

Studies of PAH/PM multilayers

It is well known that purple membrane (PM) frag-

ments have the cytoplasmic and extracellular sides. In

neutral and alkaline environments, the two sides are

both negatively charged, so in this experiment, nega-

tively charged PM fragments can be easily adsorbed
onto the ITO glass surface with positive PAH layer. Fig.

1 shows the UV–Vis absorption spectra of the alterna-

tive PAH/PM multilayers when every bilayer was as-

sembled onto the substrate. From this figure it can be

seen that the bR embedded in the PM fragments is not

denatured during the deposition process because the

characteristic absorption at about 552 nm is still ob-

served distinctly. There is about a 10 nm blue shift
compared with the peak absorption of PM fragment

suspension at 563 nm. The result of blue shift is consis-

tent with bR LB films [17]. This phenomenon was ex-

plained as the dehydration effect on the Schiff base of the

retinal chromophore in bR in the dried PAH/PM films

[18], while in the situation with sufficient water, a red

shift will be observed and the peak absorption can be

recovered to that of PM solution [19]. This figure also
shows that the characteristic absorbance at 552 nm is

increased with the number of PAH/PM bilayers. The

inset of the figure makes it clear that there is a linear

relation between the number of PAH/PM bilayers and

the UV–Vis absorbance. It suggests that each bilayer of

PAH/PM multilayer films has equal thickness at each

deposition step and the transfer amount of bR in PM

fragments is equal. So we can conclude that the PAH/
PM multilayer films are fabricated uniformly that can be

applied to biological devices as a new kind of ultrathin

films.

AFM analysis

The topographies of each bilayer of PAH/PM mul-

tilayers films were investigated by AFM in tapping

mode. Because the mica has a hydrophilic surface with
negative charge, polycation PAH (pH 6.4) can be easily

adsorbed onto it by electrostatic attractive force, and

then at appropriate conditions (concentration, pH, and

ion intensity), electronegative PM fragments can also

be spontaneously deposited onto positively charged

PAH layer sequentially. It can be seen from Fig. 2A

that polycation PAH is uniformly absorbed onto mica

wafer and that the PAH layer surface is extremely
smooth with almost no bulge observed from its three-

dimensional image, which is consistent with that de-

scribed in the literature [20]. Fig. 2B–D shows the

topographical images of two, four, and eight bilayers

of PAH/PM multilayer films (PM is the outer layer). In

general, the multilayer films are fairly uniform and
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smooth, while multitude of small domains can be ob-

served, which are probably due to the different sizes of

PM fragments and measly overlap of PM. Compared

with the surface topography of bR film fabricated by

LB and EPS technique, less aggregates of PM frag-

ments are found by the LBL assembly and uniformity

and the degree of bR orientation are much better

[21,22].

Photoelectric properties

In alkaline environment, the cytoplasmic side is more

negatively charged and is more strongly absorbed onto

the PAH layer. So, for these fabricated PAH/PM films,

the CP side is next to the PAH layer and this structure is

in favor of transferring the proton. Fig. 3 shows a typ-

ical photoelectric response profile of the PAH/PM
multilayer films. Positive and anodic responses are cor-

responding to light-on and light-off photocurrents that

are caused by proton release and uptake, respectively

[23]. It is observed that the signal shape is very similar to

the typical photocurrent of the PM ultrathin films fab-

ricated by LB and EPS technique [22,24,25]. The typical

generated photocurrent indicates that the physiological

activity of bR is preserved after electrostatic deposition.
The observed photocurrent peaks of light-on and light-

off are about 200 and 100 nA/cm2, respectively, and the

decay time is about 300ms that is much faster than those

of LB and EPS fabricated films, which can be explained

for the better uniformity and orientation degree.

Fig. 4 shows the curves of the peak magnitude of

photocurrent versus the number of bilayers in the PAH/

PM assemblies. It is observed that the magnitude of the

photocurrent is increased with the number of PAH/PM

bilayers. Until to 4–6 bilayer, the photocurrent comes up

to the maximum value. When the number of bilayers is

over six, the magnitude of photocurrent is going to be

decreasing with more bilayers absorbed. The probable
reason is that the more bilayers are accumulated, the

bigger the films have resistance. In this technique, (PAH/

PM)6 films are optimal for the measurement of photo-

electric response.

Action spectrum of PAH/PM thin films was investi-

gated in order to verify whether the generated photo-

current was the result of activity of bR or not. The

multilayer PAH/PM films were generated by a series of
monochromatic light with a series of interference filters

that allow different wavelength-light to pass through.

The monochromatic light is nearly constant from 400 to

660 nm. The action spectrum comparing with absorp-

tion spectrum is shown in Fig. 5. It is observed that the

peak of the photocurrent of PAH/PM is consistent with

the absorption spectrum peak in the visible light region.

The optimal generation wavelength is the monochro-
matic light of 560 nm. This result shows that the pho-

tocurrent of PAH/PM films is due to the proton

pumping activity of bR.

In order to compare the different influences between

the cationic polymers, the films containing PDAC/PM

have been prepared for comparison. (PDAC/PM)6 films

Fig. 1. UV–Vis absorption spectrum of PAH/PM multilayer films. The curves, from bottom to top, represent the adsorption of 1–9 bilayer of PAH/

PM multilayers, respectively. The inset indicates the increase of absorbance of 552 nm with the number of bilayers.
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were fabricated with laboratory-cultured material of bR

according to that described in reference, and both of

(PAH/PM)6 and (PDAC/PM)6 films were fabricated in

the same concentration of bR. The photoelectric re-
sponse of six bilayers of PDAC/PM (PDAC/PM)6 is gi-

ven in Fig. 6. Compared with Fig. 3, it is observed that

the (PAH/PM)6 and (PDAC/PM)6 generate substantially

different photocurrents which suggest that the physio-

logical activity of the bR embedded in PM in both sys-

tems was preserved after electrostatic deposition. We can

see that the light-on photocurrent of the (PAH/PM)6
films is enhanced and increased up to 200 nA/cm2, which
is about 30% higher than that of the (PDAC/PM)6 one

under the same irradiation condition. At the same time,

however, the light-off current is lower than that of the

Fig. 2. AFM images of the (PAH/PM)n multilayer films. (A) PAH layer on a mica wafer surface, (B) two bilayers of PAH/PM films, (C) four bilayers

of PAH/PM films, and (D) eight bilayers of PAH/PM films.

Fig. 3. A typical photoelectric response of the (PAH/PM)6 multilayer

films upon the light illumination.
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(PDAC/PM)6 films. From the higher light-on photo-

electric response, we can know that the photoelectric

sensitivity of (PAH/PM)6 films is higher than that of the

(PDAC/PM)6 one. As for the lower light-off photoelec-
tric response, we can not give the exact explanation now,

but we know that the light-off photocurrent of bR cor-

responds to the net proton uptake which is determined

by the decay of the M intermediate. Because the surface

charge densities, steric hindrance of both polycations,

and the electrostatic forces between PM and polycations

are quite different, this may lead to varying degrees of

inhomogeneity in the orientation of both types of mul-
tilayers during the electrostatic layer-by-layer deposition

process. The influences of different polycations on the

performance of bR devices are in progress.

Conclusion

In this work, PAH and PM can be used easily to

fabricate well-oriented thin films with the LBL self-as-

sembly technique. The absorption spectrum and pho-

tocurrent response of PAH/PM multilayer films indicate

that the biological activity of bR is preserved well after

process. The light-on photocurrent is enhanced by about

30% as compared with the PDAC/PM one, showing that

PAH/PM films are a promising combination for the
fabrication of bR molecular devices.
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