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Abstract—The optical absorption properties of biological pro-
tein bacteriorhodopsin (bR) under the illumination of different
intensity and pH environment were investigated. It is observed
that the wild type bR film offers more than 30% effective UV pro-
tection. The UV protection effect can be further enhanced to 90%
in some specific UV region by genetically or chemically modifying
bR molecules or by the illumination of visible wavelengths ranging
from green to red wavelengths. Preliminary results indicate that
bR could be a promising material for UV protection.

Index Terms—Bacteriorhodopsin (bR), optical absorption, ul-
traviolet exposure, ultraviolet protection.

I. INTRODUCTION

U LTRAVIOLET (UV) radiation, including UVA (320–
400 nm) and UVB (280–320 nm), of solar light has been

shown to be the major cause of skin damage such as skin aging,
sunburn, immune suppression, and skin cancer [1], [2]. In ad-
dition, excessive exposure to UV radiation may also cause the
formation of some eye disorders and cataracts [3]. Thus, it is
very important to protect human subjects from UV exposure.
The increased incidence of skin cancer and increased mortality
rate in recent years has attracted great attention to UV protec-
tion.

Several measures, such as sun avoidance, sunglasses, sun-
screens, and clothing, have been advised for UV protection.
Among these methods, sun avoidance is obviously the most tra-
ditional and effective method [4]. However, it is not useful for
those who cannot or will not avoid sun exposure. Sunglasses can
only be used to protect the eyes from UV radiation. Sunscreens
can provide the benefit of protecting against actinic keratoses,
squamous cell, and basal cell carcinomas [5]. However, the use
of sunscreen also has some disadvantages, including discomfort,
the requirement for frequent reapplication, and potential hyper-
sensitivity. In addition, most sunscreens on the market provide
less protection for UVA than for UVB. The use of clothing
for protection against UV radiation may be viewed as feasible
addition or alternative to sunscreens. In fact, physicians have
instructed the public to wear clothing as protection against UV
exposure. So far, however, the present fabrics cannot effectively
block UVA [6], [7].
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Fig. 1. Simplified energy level diagram of the bR molecule.

There is no doubt that UVB comprises the most energetic
wavelengths and is more damaging. This does not mean that
UVA is not hazardous. On the contrary, UVA has been found
to produce skin damage and premature skin photoaging and
wrinkling, as well as eye damage [8], [9]. Since UVA occupies
the major portion (∼ 94%) of the UV radiation reaching the
surface of the earth [7], it is also very important to develop new
materials and approaches for protection against UVA exposure.

In this paper, we studied the optical absorption properties in
bacteriorhodopsin (bR) and found that it may be a promising
material for protection against UV, especially UVA radiation.
bR is a photochromic protein found in the purple membrane of
the halophile bacteria Halobacterium halobium. Without illumi-
nation, bR is in its ground Br state which displays a broadband
absorption with absorption peak at λ-570 nm. Upon illumina-
tion of green-red light, the molecules undergo several struc-
tural transformations corresponding to the intermediate states
K, L, M, N, and O in a well-defined photocycle [10]. With the
formation of each intermediate state, the absorption spectrum
produces obvious shift, especially the absorption spectrum of
the M intermediate state, which significantly shifts ∼160 nm
toward blue with respect to the initial Br state spectrum. Since
M is the most stable intermediate state, bR can be viewed as
exhibiting a bistability between the Br and M states [11], as
shown in Fig. 1. Various applications have been proposed based
on this bistability [12]–[15], including optical limiting, optical
switching, spatial light modulation, image processing, and op-
tical logic gates. In this paper, we, for the first time, investigate
its application for UV protection.

II. EXPERIMENT

Three types of bR samples, including wild type bR aque-
ous solution, wild type bR film, and the bR mutant D96N film,
were used in our experiment. bR molecules were obtained from
Halobacterium halobium cells by the standard procedures de-
scribed in [16]. The concentration of the bR molecules in the
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Fig. 2. Experimental apparatus for studying the absorption spectrum of bR
samples.

aqueous solution was ∼1.72 × 10−7 mol/ml. HC1 and NaOH
were added to the solution to change the pH value of the bR
aqueous solution within the 0–12 pH range. The bR aqueous
solution was filled in a 1 mm thick cuvette for the measurement.
The wild type and D96N bR films with thickness of ∼80 µm,
optical density of 3 and 2 at λ = 570 nm, and thermal relax-
ation time of ∼0.5 s and 60 s, respectively, were purchased from
Munich Innovative Biomaterials GmbH.

Fig. 2 depicts the experimental apparatus. In our experiment,
the pulsed laser beam at λ = 775 nm with 150 fs of full-width
half maximum (FWHM) and 1 kHz repetition rate output from
a Ti:Sapphire femtosecond pulsed laser (CPA2001 from Clark-
MXR company) was split into two beams. One was used to pump
a travel optical parametric amplifier system (TOPAS 4/800) to
produce λ = 600 nm output, which is used as the pump beam.
The other one was used to pump another TOP AS 4/800, from
which the 1300 nm laser output was chosen to pump a piece
of calcium fluoride (CaF2) crystal to obtain a broadband white
light for probing bR’s absorption spectrum. The spectrum of the
white light is shown in Fig. 3. The pulse energy of the white
light was set at ∼1 nJ to avoid unnecessary excitation of the
sample. The white probe beams were focused by a lens. The
red pump beam (diameter ∼3 mm) and the foci of the white
beam (diameter ∼ 100 µm) were overlapped on the bR sample.
A translation stage was used to adjust the optical path of the
white probe beam to make sure that the pump and probe beams
arrive at the sample at the same time. A silicon diode array-
based spectrometer was placed behind the bR sample to detect
the transmission spectrum of the white probe beam.

III. RESULTS AND DISCUSSIONS

First, we investigated the intensity-dependent optical absorp-
tion spectrum of the wild type bR film, as shown in Fig. 4(a).
Without the red pump beam, the bR molecule is on its ini-
tial Br state, which has strong absorption in the green–yellow
region and weak absorption in UV region ranging from 200–
400 nm. The excitation of the red beam makes bR’s absorption
shift from green–yellow toward the blue and UV region. With
the increase of the red pump beam intensity, the absorption of
green-yellow wavelengths decreases, and that of the blue and
UV region increases. The intensity-dependent absorption at 570

Fig. 3. The spectrum of the white light source produced by the femtosecond
pulsed laser.

Fig. 4. (a) Light intensity dependent absorption spectrum of the wild type bR.
(b) Experiment and simulation results at λ = 570 and 410 nm.

and 410 nm extracted from Fig. 4(a) is plotted in Fig. 4(b). This
is easy to understand. Before the illumination, bR molecules
are in the initial state. Therefore, it exhibits a strong absorption
in the green-yellow region and small absorption in the UV re-
gion. After the red light illumination, a portion of bR molecules
are excited to the M state. Since the M state has a strong ab-
sorption peak at λ = 410 nm, the absorption ranging from blue
to UV wavelengths around 410 nm increases, and that of the



904 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 11, NO. 4, JULY/AUGUST 2005

Fig. 5. Light intensity dependent absorption spectrum of mutant D96N bR.

green–yellow region decreases. Higher pumping intensity leads
more bR molecules to the M state. Therefore, the absorption
around 410 nm increases, while that of the green–yellow region
decreases with the increased pumping intensity. Since the time
interval (1 ms) of the femtosecond laser pulses is much shorter
than the thermal relaxation time of the bR sample, the illumina-
tion of the femtosecond pulsed laser is equivalent to a CW laser.
Therefore, the relationship between the population distribution
and the pump beam intensity can be simply written as follows:

dNBr

dt
= −σBrA

Br→M I

hv
NBr +

NM

τM
(1)

NM = N − NBr (2)

where N is the total population density in the bR sample. NBr

and NM are the population density of the Br and M states, re-
spectively; h is Planck’s constant; v = C/λ, is the illuminating
light frequency; AB→M = 0.64 is the quantum efficiency for the
transition from Br state to the excited state [6]; σBr is the absorp-
tion cross section of bR’s Br state at the excitation wavelength.
Using the above equations, we can simulate the experimental
results, as shown by the solid line in Fig. 4(b). In our simu-
lations, we used σBr = 2.4 × 10−16 and σBr = 0.65 × 10−16

cm2 at 570 and 410 nm [12], respectively, and τ = 0.5 s.
From Fig. 4(a), we can see that although the bR sample in the

initial Br state displays smaller absorption in the UV region than
in the green-yellow region, it can still block more than 30% of
UV light in the whole UV region. The most interesting feature
is that the additional illumination of the green–red wavelengths
can further enhance the protection efficiency up to 70% for the
UVA wavelengths. Since the major part of the sunlight is in the
visible wavelengths ranging from 400–700 nm, the illumina-
tion of sunlight will increase bR’s UV protection effect. This
indicates that bR film can be an effective UV protector.

The UV protection effect of bR in some specific region can
be further enhanced by modifying bR molecules genetically or
chemically. Here, we just take the mutant bR D96N and the wild
type bR under different pH environments as examples to show
the UV protection capability. Fig. 5 shows the absorption spec-
trum of a mutant bR D96N under the illumination of different
red beam intensities. The downward pulse around 600 nm is

Fig. 6. pH value dependent absorption spectrum of wild type bR aqueous
solution.

caused by the scattering of D96N bR sample to the red pump
beam. Similar to the wild type bR, the absorption of D96N in
the wavelengths around 410 nm increases with the increase of
the red pump beam intensity. It is noticed that D96N bR exhibits
much stronger absorption in the UVA region than wild type bR.
Overall, the D96N sample can block more than 30% of UVA
wavelengths. In the 355–400 nm spectral range, more than 90%
of light is blocked.

These results indicate that the wild type bR and mutant
D96N bR films can effectively block UV radiation. In addition,
they also block more than 90% visible light. It does not matter
if they are used as clothing or sunscreen for protecting against
UV exposure. However, the visible transmittance is an impor-
tant consideration if we would use bR film as UV protection
sunglasses. Our study of the pH value effect on the absorption
spectrum shown in Fig. 6 illustrates that this can be solved by
choosing a suitable pH environment during the fabrication pro-
cesses. From Fig. 6, the absorption spectrum barely changes
between pH = 3–8. However, in the environment with pH < 3,
the absorption produces a noticeable red shift due to the protona-
tion of counterion Asp 85 [17]. The absorption in the UV region
also increases correspondingly. In the high pH region, especially
when pH > 12, the absorption spectrum shifts toward UV re-
gion because of the deprotonation of the counterion Asp 96 [17].
In this case, the bR film is transparent in the visible region while
its UV blocking efficiency is significantly enhanced. UV pro-
tection sunglasses using bR films therefore become feasible.

IV. CONCLUSION

In conclusion, the absorption spectrum of bR under different
pump beam intensities and pH values was studied. It is observed
that the wild type bR can block a portion (>30%) of UV wave-
lengths. The illumination of an additional beam ranging from
green to red wavelengths will enhance bR’s UV protection effi-
ciency. By genetically mutating or chemically modifying the bR
molecules, the UV protection efficiency can be further enhanced
in some specific region. The results show that bR is a promising
candidate material for UV protection.
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