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Abstract 

 

   Photonic molecular devices have attracted tremendous interests because of their small size 

and light weight. The biologic protein bacteriorhodopsin (bR) and its derivatives are among 

the most promising candidates for potential applications in biomolecular photonics due to 

their unique properties [5]. In this investigation, film based on bR in Gelatin-polyvinil 

alcohol matrix of 0.001% (w/v) was provided and then it was illuminated by two orthogonal 

beams, green laser (vertical) and red laser (horizontal) for 30 minutes, in what follow, it was 

illuminated by blue laser (vertical) for 30 minutes. Their absorbance spectrums were 

demonstrated. Finaly, the morphology of the surface of the bR films in different polymer 

matrices were considered by using atomic force microscope (AFM). 
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1. Introduction 

 

     One of the more unique photoactive proteins to be investigated in the past 20 yr is 

bacteriorhodopsin (bR). Bacteriorhodopsin is the sole protein component of the purple 

membrane of Halobacterium salinarium. The function of bR in vivo is to convert solar 

energy into a pH gradient across the cell membrane which the organism uses to drive ATP 

synthesis. The bR has a light-driven proton pump which transfers protons from intracellular 

to extracellular by a light irradiation. The bR has also the photochromic reaction that changes  
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the colors of molecules. These features are utilized for image sensors , optical switchers, and 

optical memories [4,14,12].  

The primary light-absorbing moiety in bacteriorhodopsin is an all-trans retinal chromophore 

that is covalently attached to the protein via a protonated Schiff base linkage to Lys-216. 

Upon absorption of light by the retinal chromophore, a photocyclic response is initiated in 

bacteriorhodopsin. Starting at bR570, which is the resting state of the protein, absorption of 

light by the chromophore causes an all-trans to 13-cis isomerization [2]; this transformation is 

referred to as the primary event, and results in the formation of the K-state, the only 

photochemical product in the regular photocycle [11]. All of the remaining intermediates, L, 

M, N, and O [3,13] are formed thermally (Scheme 1). Each intermediate has its own 

absorption spectrum, and thus, intermediates (states) can be optically distinguished from each 

other. One of the unique characteristics of bacteriorhodopsin and its photocycle is its ability 

to enter into a nonphysiologically relevant branched portion of the photocycle, also illustrated 

in Scheme 1. The branched photocycle, has two intermediates, denoted as P and Q, which are 

characterized by a 9-cis configuration of the chromophore. Access to this portion of the 

photocycle is gained by illuminating the protein with red light, once it has cycled into the O 

state. Upon doing so, a small percentage of the molecules will be driven into the P state. This 

state absorbs at about 490 nm, and thermally degrades over a number of hours into the Q380 

state. The importance of the Q380 state to the protein-based three-dimensional memory is 

that the absorption maximum is blue-shifted a fair distance away from the rest of the maxima 

of the various intermediates. The Q-state is stable for up to 7 yr and is easily recycled back to 

the bR resting state via illumination with blue light. It is the unique nature of the branched 

photocycle, and the Q-state in particular, that makes protein-based three-dimensional memory 

storage possible. The optical architectures discussed in this study exploit the branched 

photochemistry of bR for binary photonic and holographic memory storage devices [4,10,6]. 

 

 

                                                                                                                          

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1: Branched photocycle of bacteriorhodopsin . 

 

  

  

BIT

1 

Q  

380nm 
9-cis 

 

bR  

570nm 
all-trans 

 

O 

640nm  

all-

trans  

 

K 
590nm  

13-cis  

P 
490nm  

9-cis  

L 
550nm  

13-cis 

M 
410nm 
13-cis 

N 
550nm  

13-cis 

Blue light (erase)  

Red light  

(write) 

Blue light  

(erase)  

Green 
light  

     

BIT 0 

  



 

Bacteriorhodopsin based films as a nanomemory                                                               209 

 

 

2. Materials and methods 

 

2.1. Materials 

   Bacteriorhodopsin (bR), polyvinyl alcohol (PVA), HCl, sodium borate, boric acid and 

gelatin (GE) were provided from Sigma.Triethanolamine (TEA) and tetraethoxysilane 

(TEOS) were provided from Fluka. The Glassy surface was provided from Sinagen. 

 

2.2. Preparation of bR films 

2.2.1. Preparation of gelatin-polyvinil alcohol matrix 

   Bacteriorhodopsin films in polymer matrices were prepared by using the standard 

procedures [7,8]. One mg of bR was soaked in 1ml tri-distilled water for 20 min. Following, 

0.4 M of triethanolamine (TEA) aqueous solution was added to the bR suspension to give a 

TEA:bR molar ratio of 250:1 (which give maximal photosensitivity). 0.0005 gr of PVA and 

0.0005gr of GE powders were solved in 100ml tri-distilled water for 20 minutes to prepare 

PVA and GE solutions. The resulting solution was heated and stirred at 60 ˚C for 40 min. 

Finally, the appropriate ratio of bR-TEA and GE-PVA solutions were mixed and stirred for 

20–30 minutes to make a film-forming solution [7]. 

 

2.2.2. Preparation of sol-gel matrix 

   Tetraethoxysilane (TEOS) were used as precursors for the sol-gel glass. 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 to create a film-forming solution. Triethanolamine (TEA) was 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, 

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 [7,8]. 

 

2.3. The deposition of the films onto glass substrates 

   After the preparation of a film-forming solution, the different coating techniques were 

employed for the deposition of films onto glass substrates. The casting, formation and spin 

coating methods were used for the deposition of the films onto glass substrates in order to 

obtain films with different thickness and optical properties. The casting method is based on 

the placing of a drop of the film-forming solution onto a horizontally fixed cleaned glass 

substrate. After deposition of a drop of solution the film that was formed was dried through 

evaporation of water for 24 hours using a desiccator to increase the evaporation rate of water 

from the sample. The spin coating method starts with the deposition of a small drop of the 

solution onto the substrate and then the substrate is spun with the solution at a high rate [7,8]. 
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2.4. Photon induction 

   After the preparation of the film based on bR in gelatin-polyvinil alcohol matrix, three 

orthogonal beams, green laser (vertical), red laser (horizontal) and then blue laser (vertical) 

have been used to consider absorbance spectrum of bR  . UV/Vis spectroscopy was used as a 

quantitative determination of bR film.  

 

2.5. Surface measurements morphology 

   Surface measurements morphology were carried out using AFM. The thin films were 

prepared by spin-coating methods, by deposition of a drop, with a volume of about 10 µl, of 

the film-forming mixture onto a rotating glass substrate. 

 

 

3. Results and Discussion  

 

   Bacteriorhodopsin-based volumetric memories are designed to read, write, and erase binary 

data in volumetric cubes of the protein. Bacteriorhodopsin, in the form of PM fragments, is 

suspended in a polymer matrix and positioned between a green, red, and blue laser diode. To 

write data, a single block of the protein matrix is paged with a green laser diode to activate 

the bR photocycle. Access to the branched photocycle (P- and Q-states) is achieved via 

illumination with a high-powered red laser diode after approx 2 ms. Because the branched 

photocycle is only accessed in doubly irradiated pages of the protein matrix, the timing of this 

binary photonic process is critical to the storage of spatial information. To read volumetric 

data, the bR photocycle is once again activated via illumination with a green laser diode. 

After approx 2 ms, the protein matrix is illuminated with a low- power red laser diode. Low-

powered red laser diodes are used so that pages of data stored in the Q-state will transmit the 

light, whereas pages of data in the O-state will preferentially absorb it. The discrepancy in 

light absorption is detected as “0” and “1” bits by charge coupled detectors (CCDs) in the 

memory architecture. Erasing data stored in the Q-state is achieved by illuminating the data 

page with a blue laser diode. Illumination with blue light drives the branched photocycle back 

to the bR resting state. The volumetric memory is designed to accommodate bits stored in 

either P or Q, and fortunately, both can be erased with blue light. This is not an important 

issue for a majority of bR variants, but some modifications with enhanced O to P quantum 

efficiency achieve this increase by decreasing the barrier to all-trans → 9-cis photochemistry. 

This genetic modification invariably decreases the rate of thermal conversion of P to Q, 

because modifications to the binding site decrease the all-trans to 9-cis barrier. This yields a 

binding site that is more compatible to the 9-cis protonated Schiff base P geometry [1,4]. 

   The matrices based on polymer such as GE and PVA are normally used to construct the bR 

film. These types of the matrices mechanically make the stable films with good optical 

quality.  In this investigation, film based on bR in gelatin-polyvinil alcohol matrix of 0.001%  
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(w/v) was illuminated by two orthogonal beams, green laser (vertical) and red laser 

(horizontal) for 30 minutes.  

Fig. 1 shows the P state. Although there is no absorption peak before laser beam, however the 

absorption peak appears at 486-489 nm after radiation. Fig. 2 displays an absorption peak at 

378-381 nm via illumination after laser beam. This peak is corresponding to Q state of the bR 

photocycle. Although there is no absorption peak before laser beam. There is a peak at 406-

410 nm (Fig. 3) which represents M state, respectively. As it shows this peak appears after 

laser beam while there is no absorption peak before radiation.   

 

 

  
 

Fig. 1. Compare of P state in bR film 0.001% ; (a)               Fig. 2. Compare of Q state in bR film 0.001% ; (a)   

after green and red laser; (b) before green and red                after green and red laser; (b) before green and red                                                      

laser.                                                                                       laser.        

 

 

Fig. 4 displays a peak at 568-571 nm which indicates bR state before radiation. Although 

there is no absorption peak after laser beam. 

 

   Altogether, the comparison of absorbance spectrums, before and after lasers, demonstrated 

that the bR photocycle intermediates namely bR, M, P, and Q are existed and they are 

activated after laser irradiation. 
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Fig. 3. Compare of M state in bR film 0.001% ; (a)            Fig. 4. Compare of bR state in bR film 0.001% ; (a) 

 after green and red laser; (b) before green and red              after green and red laser; (b) before green and red  

 laser.                                                                                     Laser.     

 

   In this study, film based on bR in Gelatin-polyvinil alcohol matrix of 0.001% (w/v) was 

illuminated by two orthogonal beams, green laser (vertical) and red laser (horizontal) for 30 

minutes.Thereinafter it was illuminated by blue laser (vertical) for 30 minutes. 

 

  
Fig. 5. Compare of Q state in bR film 0.001% ; (a)        Fig. 6. Compare of P state in bR film 0.001% ; (a) 

 after blue laser; (b) before blue laser.                              after blue laser; (b) before blue laser.  

 

  There is a peak at 371-374 nm (Fig. 5) and 487-490 nm (Fig. 6) which represent Q and P 

states, respectively. As it shows these peaks appear before blue laser beam while there is no 

absorption peak after radiation. Thereby, the comparison of absorbance spectrums, before and  
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after blue laser, demonstrated that the bR branched photocycle intermediates namely P and Q 

are disappeared and illumination with blue light drives the branched photocycle back to the 

bR resting state.           

   Surface morphology of the films based on bR in the sol-gel matrix and gelatin-polyvinil 

alcohol matrix was studied with the help of an atomic force microscope (AFM). The thin 

films were prepared by spin-coating and casting methods (see section 2.3).  

   Employing the casting method of film deposition allows films with uniform thickness 

distributions over the entire area of the samples to be manufactured. Thin bR films prepared 

by the spin-coating method have a slightly greater thickness at the edges of the glass substrate 

[7]. 

 

 
Fig. 7. Surface morphology of films based on bacteriorhodopsin in a gelatin- polyvinyl alcohol matrix, 

prepared by casting method; (a) scale 50µm; (b) scale 10 µm. 

 

 
Fig. 8. Surface morphology of films based on bacteriorhodopsin in a gelatin- polyvinyl alcohol matrix, 

prepared by spin coating method; (a) scale 25µm; (b) scale 10 µm. 

 

However, this thickness heterogeneity can be neglected in the optical measurements because 

the diameters of the probe and actinic light beam were smaller then the area of the thickness 

heterogeneity. The bacteriorhodopsin film in gelatin-polyvinil alcohol matrix obtained by the 

casting method have a uniform structure characterized by purple membrane fragments. 

Incorporation of bR into the Tetraethoxysilane (TEOS) sol-gel matrix considerably increases 

the film surface roughness. It has been assumed that the increase in roughness is due to the  
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aggregation of fragments of bR purple membranes to form bR conglomerates. The deposition 

of sol-gel films onto the glass substrate by the spin-coating method could improve the optical 

quality of the films. The surface roughness is bigger for the films deposited by means of spin 

coating when compared to the films obtained by casting method [7]. 

   Fig. 7a,b and 8a,b show morphology of the bR film in gelatin-polyvinil alcohol matrix 

which was deposited by casting method and spin coating technique. Also morphology of the 

bR film in Tetraethoxysilane (TEOS) sol-gel matrix which was deposited by casting method 

and spin coating technique is shown in Fig. 9a,b and 10a,b. 

 

 

Fig. 9. Surface morphology of films based on bacteriorhodopsin in a Tetraethoxysilane TEOS sol-gel matrix, 

prepared by casting method; (a) scale 50µm; (b) scale 25 µm.  

      

 
 

Fig. 10. Surface morphology of films based on bacteriorhodopsin in a Tetraethoxysilane TEOS sol-gel matrix, 

prepared by spin coating method(a) scale 50µm; (b) scale 25µm. 

 

   Results of the morphological studies of the different materials used as matrices for the 

creation of bR based films showed that: 

1- film prepared from the sol-gel matrix had the highest porosity; 

2- film prepared employing the casting method and gelatin-polyvinil alcohol as a film-

forming material created uniform bR based film of high optical quality; 



 

Bacteriorhodopsin based films as a nanomemory                                                               215 

 

 

3- using the polymer materials (gelatin and polyvinil alcohol) allowed the manufacture of bR 

films with high optical quality to be obtained, on the other hand using the sol-gel matrix due 

to aggregation of the purple membrane fragments with silica particles produced film with 

high light scattering. 

 

 

4. Conclusion 
 

   One of the key goals is to increase the lifetime and yield of the O state so that enhanced 

photochemical conversion into the P state can be realized (Note that the 1 bit is represented 

by both P and Q, but that Q is formed via a thermal relaxation from P). Usage of gelatin and 

polyvinil alcohol  as a matrix to embed bR in film based on bR is one of the agents that 

increase the lifetime and yield of the O state. The amine-containing substance 

triethanolamine (TEA) in combination with halogen containing organic compounds was used 

as photosensitizing chemical additive. Furthermore the chemical additives like 

triethanolamine (TEA) dramatically changed both the absorption changes and the lifetime of 

the intermediate M412. Therefore solution of triethanolamine (TEA) was added to the film-

forming suspension to give maximal photosensitivity. In this paper, we have introduced films 

based on bR in Gelatin-polyvinil alcohol matrix of 0.001% (w/v) to consider bR with 

increasing the lifetime and yield of the O state. We have presented how P, Q, and M states 

exist and have absorption to light after illuminating by two orthogonal beams, green laser 

(vertical) and red laser (horizontal) for 30 minutes. In addition, we have shown that how P 

and Q states have destroyed after using blue laser (vertical). Finally, we have shown the 

morphology of the surface of the bacteriorhodopsin based films in polymer matrices (the 

films based on bR in the sol-gel matrix and gelatin-polyvinil alcohol matrix)  by using atomic 

force microscope (AFM). 
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