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ABSTRACT

The bacteriorhodopsin film in gelatin matrixes which are used as sensitive elements of integrated optic and fibre-optic
sensors of various vapor and gases components will not be able to carry out the chemical control of aqueous solutions. In
the given paper the results of technological development of obtaining the bacteriorhodopsin (bR) films in a sol-gel matrix
are represented. The films are obtained in a broad thickness range (from 0.5 to 20 microns) with various bR
concentrations and photosensitize additives. The optimal technological conditions of obtaining of uniform films with
given optical parameters are defined. The surface morphology and cross section of the obtained films was studied using
an AFM and SEM. The films have a reasonable surface roughness (~ 100 nm) and a uniform distribution of the purple
membrane fragments in the nanostructured sol-gel glass matrix along the films surface and thickness. The transmission
spectrums have the characteristic for bR the absorption band, the value of which depends on bR concentration and
technological features of the films deposition. The investigated photosensitive properties of the obtained films and
influence on them of chemical components of aqueous solutions, allow recommending the thin bR films in sol-gel
matrixes for creation of planar waveguides in the role of components of the chemical sensors of liquid solutions.
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1. INTRODUCTION

In the past few years several biological molecules have been explored for their use in electronics and photonics
applications. Bacteriorhodopsin (bR)," has received the most attention because of its outstanding optical properties and
excellent stability against chemical, thermal and photochemical degradation. bR is a retinal-protein complex; the
absorption of a light quantum by the retinal leads to reversible colour changes from purple to yellow due to protein
conformational changes, the molecule finally returning to the ground state. In other words, a cycle of reactions is
initiated by light, during which the bR molecule passes from one intermediate state to another, the process being
characterizgd by displacements of the optical absorption bands®. Figure 1 shows a simplified model of the bR
photocycle”.
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Figure 1: Photocycle of bR. Direct and back reactions, lifetime parameters of the photocycle intermediates, and the stages of
protonation and deprotonation of the Schiff base are given.
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The influence of the external media on bR leads to reversible changes of his optical characteristics, which allow the
creation of sensitive elements for optical sensor systems on this basis. For practical sensing applications, one can monitor
the spectral and kinetic parameters of films made from bR incorporated into a matrix. Consideration of the question of
external influences (e.g. due to the presence of ambient chemical substances) on the bR photochromic processes is of
prime importance. By changing external conditions (temperature, hydrostatic pressure, electrical field intensity etc.) one
can influence the photoinduced processes of the light-sensitive retinal-protein complex™*. The chemical environment of
bR also influences the photocycle parameters’. For example, humidity® ’, solutions of local anaesthetics®, organic
Vapoursg, ammonium ions and amines'® ', and ammonia'? all have demonstrable effects on the spectral and kinetic
parameters. The effect of pH has also been studied"’.

Inclusion of halogen-, nitrogen-, and sulphur-containing substances (called chemical additives) in various combinations
into the film is a way to permanently modify the photosensitive and temporal characteristics of the photocycle over a
wide range”® ', with the possibility of enhancing the chemical sensitivity and selectivity of the films.

Polymer matrices, due to their simple and well-proven technology, are widely-used for the creation of films based on bR.
They practically do not change the optical parameters and allow the preparion of bR in the form of thin films, which is
convenient for practical applications.

Use of polymer matrices allows the creation of the sensitive elements based on bR for optical vapour sensors'>. The
drawback of the polymer matrix is its solubility, which makes it impossible to use it for the monitoring of aqueous media.
Encapsulation of bR into a transparent, water insoluble matrix may solve this disadvantage, provided a bR-compatible
material of adequate optical quality can be found.

The sol—gel process is a convenient and versatile method of preparing transparent optical and water insoluble matrices at
moderate temperatures'>. Ambient processing conditions enable one to create composite optical materials with numerous
organic, organometallic and biological molecules embedded within a porous matrix of sol-gel glass'®. Most sol-gel
techniques use water and low molecular weight alkoxides such as tetraethoxysilane (TEOS) and tetramethoxysilane
(TMOS) as sol—gel precursors'”.

Hydrolysis and condensation of tetra-alkoxysilanes during the sol-gel process help to form a solid silicate around the
sensing molecule, which is dissolved in the liquid phase'.

bR retains its optical properties when entrapped in silicate glass by the sol-gel process'™ '®, and could therefore be used
for the envisaged biosensor application'’. The preparation of dry films based on bR of high optical quality will
considerably enhance the area of bR applications as sensitive elements of integrated optic and fibre-optic sensors. Here
we present the results from the technological development of preparing bacteriorhodopsin (bR) films in a sol-gel matrix.
The result demonstrated that in water solutions the films based on bR in a sol-gel matrix retained their photoactivity.

2. MATERIALS AND METHODS

2.1 Sample preparation

Bacteriorhodopsin was extracted as purple membrane fragments (pmf) from Halobacterium salinarum, strain S9,
cultured in our laboratory, according to standard procedures'®. Tetracthoxysilane (TEOS) (Fluka Company,
Switzerland) were used as precursors for the sol-gel glass. The sol-gel glass was prepared with slightly modified methods
described earlier'. TEOS (7 ml), 3.0 ml of distilled water and 0.1 ml of 0.04 M HC1 were mixed together and sonicated
for 20 min. The resulting product was diluted with an equal volume of distilled water. The resulting mixture (0.5 ml) was
mixed with 0.25 ml sodium borate buffer solution (pH 9) and (0.1 ml, 0.2 ml) bR solution (14 mg/ml) to create a film-
forming solution with different bR concentrations.

Triethanolamine (TEA) (Sigma) and dodecyltrimethylammonium bromide (DTMAB) (Sigma) were chosen as
sensitizing additives. The concentration of chemical additives was in the range of 0.01-0.4 M. For the preparation of
chemically modified films, bR solution was mixed with TEA and DTMAB, before mixing with the sol mixture, and
afterwards 0.02 ml of the bR-chemical additives mixture was added to 0.12 ml of the sol mixture.

The film-forming mixture (0.1 ml) was deposited onto 5 cm? glass substrates for the creation of thick (20 um) pure sol-
gel films and films of bR in the sol-gel matrix. The films were kept in the refrigerator at 4 °C for 24 hours. Surface
measurements and cross section morphology were carried out using AFM and SEM.

The thin (< 1 pm) films were prepared by spin-coating methods, by deposition of a drop, with a volume of about 5 ul, of
the film-forming mixture onto a rotating (2500 rpm) glass substrate.
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2.2. Film characterization

Surface morphology of the films based on bR in the sol-gel matrix was studied with the help of a Jeol JSPM 5210 atomic
force microscope. Films were deposited onto 5 mm® glass substrates. Measurement was done in non-contact mode.

The morphology of the surface and cross-sections of the bR-based films was studied using a Hitachi S-5200 field
emission scanning electron microscope (FE-SEM) at the Instrumentation Center, the University of Kitakyushu. Before
measurements the films were vacuum dried for 6 hours in order to remove all water from the samples.

The spectral static or temporal characteristics were measured at room temperature using an HR2000 Ocean Optics fibre-
optic spectrophotometer and a double beam Jasco V-550 UV-vis spectrophotometer.

For the measurements of photoinduced absorption changes an Ocean Optics LS-450 Blue LED Pulsed Light Source with
the LED-518 (A =518 nm) was used for photo excitation of the bR photocycle. The light was transported by means of a
single 1000 um optical fiber (Ocean Optics, QP1000-2-UV-VIS) to the film fixed in the spectrophotometer chamber.
The measurement was done at the wavelength 410 and 570 nm, which correspond to the absorption maxima of the main
intermediate My;o of the bR photocycle and the ground state bRs. The optical power density of the actinic light was
unites of mW/cm?. For the differential spectra, the spectrum of the illuminated sample was measured 5 min after the
actinic light started.

The photoinduced absorption changes were calculated as the normalized ratio of the maximum absorbance of the
unbleached Sample (A570max - A570maxblcachcd)/ A570max~

Also measured was the half-time of the M state decay (1)), i.e. the time to achieve a change of absorbance of 0.5 after
turning off the actinic illumination.

3. RESULTS AND DISCUSSION

3.1 Sample morphology and structural characterization

The surface of the TEOS film prepared by layering and drying is uniform and possesses a low roughness (Fig. 2).
Incorporation of bR into the TEOS sol-gel matrix considerably increases the film surface roughness (Fig. 3). We assume
that it is due to aggregation of the fragments of purple membranes and formation of big bR conglomerates. The
deposition of sol-gel films onto the glass substrate by spin-coating can improve the films, optical quality.

The studies of film cross sections showed that films have a uniform nanostructure characterized by purple membrane
fragments with an average diameter of 0.5 um and width 5 nm evenly stacked practically parallel to the substrate surface
in the matrix (Fig. 4 and 5). The films have strongly developed micro- and mesoporosity. This suggests that during the
adsorption of vapours not only surface but the entire film volume is involved, thereby considerably enhancing the
efficiency of sensor operation. The thickness of films deposited by layering and drying was 10-20 pm (Fig. 4 and 5), and
of films deposited by spin-coating < 1 um (not shown).

) ) Figure 3: Surface morphology of films based on
Figure 2: Surface morphology of a TEOS sol-gel matrix, bacteriorhodopsin in a TEOS sol-gel matrix,

prepared by layering and drying. prepared by layering and drying.
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(b)

(a) (b)
Figure 5: Cross section of films based on bR in a TEOS sol-gel matrix, prepared by layering and drying; (a) scale 10 pum; (b) scale 1
pum.

3.2 Spectral measurements of bR film in the sol-gel matrix

bR has a characteristic absorption maximum at 570 nm due to the retinal chromophore, which is covalently bound to the
apoprotein of bR through a protonated Schiff base linkage. The optical absorption spectra of films based on bR in a sol-
gel matrix with bR different concentrations is shown in Figure 6. The characteristic absorption maxima proved that in the
dry sol-gel film bR retains its optical properties and structure and is not denaturated.
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Figure 6: Absorption spectra of films based on bR in sol-gel matrix. 1, mass ratio bR : TEOS = 5,5 % : 94,5 %; 2, bR : TEOS =
2,25 % :97,75 %.
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Preparing films with the higher bR concentration increases the film sensitivity and at the same time the optical quality is
still good and light scattering is relatively low.

3.3 Photoinduced changes of bR optical properties

Absorption of light quanta in the visible spectral range initiated the photochemical cycle in bR, followed by the
photochromic shift with absorption decreasing at 570 nm and a new absorption maximum appearing at 410 nm. The new
maximum at 410 nm indicates the formation of the photointermediate My and proved that bR retains its photoactivity in
the dry sol-gel film (Fig. 7).

The main parameters of the bR photocycle are the formation kinetics and the decay half-time of the My, intermediate.
The photoinduced absorption changes of films based on bR in sol-gel matrix, monitored at 410 nm and 570 nm, which
correspond to the absorption maxima of the M intermediate and the bR ground state, are shown in Figure 8. Inclusion of
the chemical additives into the film composition increases the lifetime of the M intermediate and of the corresponding
photoinduced absorption changes (Fig. 9). The main optical characteristics for the films based on bR in sol-gel matrix
with different chemical additives are summarized in Table 1. The highest photoinduced absorption change and longest
lifetime is seen in films with added TEA.

Table 1. Optical characteristics for the films based on bR in sol-gel matrix with chemical additives.

Film composition A/nm AA Mpax/ A Mnax Tipnls
(%) (x0.1)
bR+TEOS 570 2.9
410 1.9 12
bR+TEOS+TEA 570 4.6
410 32 21
bR+TEOS+TEA+ DTMAB 570 4.2
410 2.7 13
1.00 4 bR in TEOS sol-gel matrix 0.020 4
0.015 4
0.95 4 0.010 4
0.005 -
g 090 1 “g’a 0.000 4
g g -0.005 4
8 0.85 - 8
2 § -0.010 4
2 -0.015 4 1
0.80 ©
-0.020 4
-0.025 4 2
0.75 T T T T T T T T T T
300 400 500 600 700 800 300 400 500 600 700 800

wavelength / nm wavelength / nm

. ) . . Figure 9: Differential absorbance spectra  (light minus
Figure 7: Absorption spectra of films based on bR in a dark) of bR in sol-gel matrix with different chemical

sol-gel matrix; 1 — bR in the ground state; 2 — in the additives: 1- bBR+TEOS: 2 — bR+TEOS+TEA: 3-
presence of actinic light. bR+TEO,S+TEA+DTMAB’. ’
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Figure 8: Time dependence of ph(gt(zinduced absorbance change of bR in sol-gel matrix monitor(ec)l at 410 nm and 570 nm during and
after actinic illumination. (a) 410 nm; (b) 570 nm.
Water plays a very important role in the bR photocycle®” *'. With decreasing relative humidity a blue shift in the
absorbance maximum for the bR film along with a decrease of absorption is observed’. Different matrices possess
different porosities and they will contain different amounts of water around the bR molecule, which will influence the
properties of bR photocycle. In order to check the effect of the matrix materials on the photoinduced bR optical
properties, the parameters of films based on bR in polymeric matrices and in a sol-gel glass matrix were compared. The
differential absorption spectra of the films based on bR in different matrices is shown in Figure 10.
Comparing three different films types: bR in polyvinyl alcohol, in gelatin and in sol-gel glass, it is evident that the
gelatin film contains the largest amount of available water and the polyvinyl alcohol film the least. In the polyvinyl
alcohol water is strong bonded with the polymer chains (via numerous hydrogen bonds with the hydroxyl groups of the
polyvinyl alcohol) and is not accessible to the bR chromophore®'.
These results demonstrate the possibility to control and modify bR photocycle properties by choosing the matrix type.
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Figure 10: Differential absorbance spectra (light minus dark) of films based on bR in different matrices; 1, bR in gelatin; 2, bR in
TEOS; 3, bR in polyvinyl alcohol.

3.4 Performance of bR film in liquid medium

In order to check the performance of bR films in liquid solutions the optical characteristics of films based on bR in the
sol-gel matrix were measured in films immersed into the water. Figure 11 depict the photoinduced absorption changes of
bR films in air and in water. The film based on bR in a sol-gel glass was not dissolved and retained its photoactivity in
the liquid medium. Absorption changes of the film immersed into the water can be due to decreasing of the light
scattering in the bR film in sol-gel glass. Penetration of water into pores displaces the air in the pore, and decreases the
mismatch between refractive indexes of sol-gel matrix and its pores, resulting on decreasing of light scattering.
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Figure 11: Time dependence of photoinduced absorbance change of bR in a sol-gel matrix monitored at 410 nm and 570 nm during
and after actinic illumination, 1, in air; and 2, in a liquid medium (pure water). (a) 570 nm; (b) 410 nm.

The results obtained indicate possible applications of film structures based on bR in a sol-gel matrix as the sensitive
elements of integrated optic and fibre-optic sensors. Films based on bR in sol-gel glass are not dissolved and retain their
photoactivity in the liquid medium, which allow the use of these structures as sensitive elements of sensors in a system
for monitoring the chemical composition of liquid aqueous solutions. A further technological improvement is necessary
in order to obtain bR films in the sol-gel glass with the proper optical quality.
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