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An optically transparent biomaterial is produced by encapsulating a light-transducing 
protein, phycoerythrin, in a sol-gel matrix. Absorption and fluorescence measurements 
indicate that the protein not only retains its native optical properties in the sol-gel matrix 
but also shows an  enhanced stability toward photodegradation. Two-photon induced 
fluorescence is observed from phycoerythrin in both solution and sol-gel matrices. The 
potential application of this biomaterial in biosensors, three-dimensional biomolecular 
imaging, and three-dimensional optical storage is discussed. 

Introduction 

Materials based on biological macromolecules have 
received considerable attention for potential application 
in optical information processing and biosensor devi~es.l-~ 
Examples are the light-harvesting light-transducing 
proteins, such as bacteriorhodopsin (bR) and phycobili- 
proteins. Although photoactive biological proteins have 
been extensively investigated for their light-transducing 
properties, only recently has the possibility of using such 
proteins as active components of photonic devices been 
explored. Bacteriorhodopsin has already demonstrated 
great promise as a potential optical material in dynamic 
holograms for pattern re~ognition,~ artificial photore- 
ceptors for image p r o ~ e s s i n g , ~ , ~ , ~  bipolar artificial neu- 
rons for neural  network^,^ and storage medium for 3-D 
optical memory.lXs Phycobiliproteins represent another 
important class of light-transducing proteins that may 
support applications similar to those already demon- 
strated with ba~teriorhodopsin.~ 

Phycobiliproteins are biomolecular assemblies located 
on the outer thylakoid membranes of marine algae. 
They are light-transducing proteins that harvest and 
funnel ambient light into the photoreactive center to  
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drive photosynthesis.1° The phycobiliproteins (phyco- 
erythrin, phycocyanin, and allophycocyanin) are orga- 
nized as stacked disks in the phycobilisome, each with 
a region of maximum and relatively narrow wavelength 
of absorption in the visible spectrum. In this unique 
arrangement phycobiliproteins are able to efficiently 
absorb and transfer light energy at low intensity levels 
via a Forster mechanism to chlorophyll for photosyn- 
thesis with greater than 90% efficiency.ll 

The individual phycobiliproteins possess very inter- 
esting optical properties and are widely used today as 
fluorescent markers in biochemical and biomedical 
research.12 We will focus on the outermost phycobilip- 
rotein from the thylakoid membrane, phycoerythrin 
(PE). Phycoerythrin is a bulky, water-soluble protein 
that displays very intense fluorescence (more than 20 
times larger than fluorescein) with high quantum yields 
and a large Stokes shift (a factor of 2.7 larger than 
fluorescein).12 In dried thin-film form, phycoerythrin 
has demonstrated the ability to retain these optical 
properties as well as exhibit some interesting photovol- 
taic and photoconducting behavior.le These interesting 
optical and optoelectronic properties make phycoeryth- 
rin a promising candidate for signal transduction and 
biosensor applications. 

However, t o  demonstrate the feasibility of phycobili- 
proteins for optical devices, PE-based biomaterials with 
high optical quality and good thermal and mechanical 
stability first have to be developed. A number of 
approaches have been attempted to manipulate these 
biomaterials into useful architectures while still main- 
taining the desired optoelectronic properties of the 
protein. These include both the application of the 
Langmuir-Blodgett (LB) technique and the incorpora- 
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tion of protein into water-soluble polymers such as poly- 
(vinyl alcoh01).~~~J~ In our previous studies, we have 
designed a generic “cassette” system that can incorpo- 
rate biotinylated phycobiliprotein into a conducting 
polymer LB film matrix using the streptavidin-biotin 
intera~tion.~ This system may be applied to any host 
of biomolecules that can be biotinylated. However, 
many applications require thick films with high optical 
quality and good thermal and mechanical stability. 
Recently, several groups have reported the incorporation 
of biological molecules into inorganic transparent glass 
using the sol-gel technique.’”-” The encapsulation of 
bR in a transparent sol-gel glass has also been reported 
by Wu et al. and Weetall et al.laJ9 The sol-gel 
technique involves the hydrolysis and polycondensation 
of alkoxides to produce transparent glass without high- 
temperature processing. The resulting transparent 
glass has superior optical, mechanical, and thermal 
properties. In this paper, we describe the encapsulation 
of phycoerythrin into an optically transparent sol-gel 
matrix. Absorption and fluorescence measurements 
indicate that the protein retains its native activity in 
the sol-gel matrix. The effect of the sol-gel on the 
stability of the protein is determined through photo- 
degradation experiments. In addition, we report the 
observation of a large two-photon induced fluorescence 
from PE in both solution and sol-gel glass. The 
potential applications of PE for two-photon-based three- 
dimensional scanning of biological fluorescence images 
and two-photon three-dimensional optical memory are 
discussed. 

Methods 
R-Phycoerythrin was purchased from Molecular h b e s  

(Eugene, Oregon) without further purification. A tetramethoxy- 
silane (TMOS, Aldrich) based sol-gel system was used for the 
protein encapsulation. The TMOS silica sol was prepared by 
mixing 0.1 mol of TMOS with 3.6 mL of 2.5 mM HCI. After 
sonicating for 25 min at 4 “C, the silica sol (1 mL) was mixed 
with 2 mL of phycoerythrin (50 pg/mL) in 0.01 M sodium 
phosphate buffer (pH 7). The PE-doped sol was then trans- 
ferred to a cuvette. The sample gelled in about 2 min and 
was then stored at room temperature for aging and drying. 
During the aging process of 2 weeks, the PE-doped sol-gel 
sample was washed with deionized water three times to 
prevent the denaturation of protein due to the accumulation 
of alcohol. The aged gel was then exposed to ambient air for 
drying for about 2 weeks until about 70% (by weight) of the 
solvent had evaporated. The final PE concentration in sol- 
gel matrix is approximately 2.5 x 10l4 molecules/cm5. 

The absorption spectra were taken using a spectrophotom- 
eter (Perkin-Elmer Lambda 9). The one-photon induced 
fluorescence spectra of PE in bulk sol-gel glass were taken 
with a fluorescence spectrophotometer (SLM 80QOC, SLM Inc., 
NJ). The excitation wavelength was set at 490 nm. 

Stability of the sol-gel sample was determined by measur- 
ing the photodegradation of the PE sol-gel samples using an  
argon ion laser as the light source for the photodegradation. 
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Figure 1. Schematic of the experimental setup for measuring 
the two-photon induced fluorescence spectrum of phycoeryth- 
rin. 

The 514 nm laser beam was expanded to cover the entire 
sample, and the intensity of the laser beam was adjusted with 
a neutral density filter to about 30 mW/cm2. The stability of 
PE in sol-gel glass was compared to that of PE in solution 
(100 mM NaCI, 100 mM sodium phosphate buffer). The 
photodegradation was carried out by illuminating both samples 
with the laser beam for about 30 min. The absorption spectra 
of these samples were then measured to determine the activity 
of the protein. 

The experimental setup for the two-photon induced fluo- 
rescence measurement is shown in Figure 1. A Q-switched 
Nd:YAG laser with a 30-Hz repetition rate and 10-ns pulse 
width was used a s  the light source. The 1.06 pm IR beam 
with pulse energy of 10 mJ from the Nd:YAG laser was passed 
through the sample cell, and the two-photon induced fluores- 
cence was collected with a focusing mirror and a condenser. 
The two-photon induced fluorescence passed through a mono- 
chromator and was measured by a photomultiplier tube. The 
scattering IR laser beam was blocked by a KG 3 filter, and 
the signal was averaged with a boxcar integrator and collected 
with a PC. 

Results and Discussion 
PE has a characteristic absorption band around 550 

nm for light harvesting and a characteristic fluorescence 
band around 575 nm for energy transfer.2Q The light 
receptor portions of these proteins are open-chain tet- 
rapyrroles that are coupled to the protein residues 
through thioether linkages. When this protein dena- 
tures, due to heat or other environmental changes, the 
absorption characteristics change and its fluorescence 
capability vanishes.2o Absorption and fluorescence 
spectroscopy are therefore useful probes to monitor the 
effect of the encapsulation on the activity of the protein 
throughout the sol-gel process. 

Figure 2 shows absorption spectra of PE at different 
stages of the sol-gel process, where Figure 2A is the 
absorption spectrum from PE-doped sol-gel measured 
1 h a b r  the sol-gel solution became gel; 2B is from 
aged gel; 2C is from dried gel. For comparison, the 
absorption spectrum of R-PE in solution is also shown 
(Figure 2D). The PE has two characteristic absorption 
peaks at 495 and 565 nm. Peak positions of the 
absorption spectra of PE in sol-gel glass and in solution 
are identical. This indicates that the absorption char- 
acteristics of the protein are preserved during the sol- 
gel process. However, there is a small change in the 
relative absorbance of the bands at 565 and 495 nm 
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Figure 2. Absorption spectrum of PE in sol-gel matrix a t  
different stages of sol-gel process (A-C) and in solution (D). 

between PE in solution and in sol-gels. The absorbance 
at 565 nm diminished compared to the peak at 495 nm. 
Although part of this change can be attributed to the 
increased scattering in the sol-gel samples, the dried 
gel shows a decrease in the 565 nm band even after 
correction for scattering. It has been known that 
spectroscopic properties of PE are very sensitive to the 
aggregate state and conformation changes.ll The study 
of biliprotein subunits, monomers, and higher ag- 
gregates has shown that interactions between bilipro- 
teins and their surrounding environment can induce 
conformation changes, which result in changes in the 
intensity of the long-wavelength absorption band.ll The 
change in the relative intensity of the two bands can 
be attributed t o  possible conformation change due to the 
rigid sol-gel matrices. 

Figure 3 shows the fluorescence spectra of PE at 
different stages of the sol-gel process. Figure 3A 
represents the fluorescence spectrum for PE doped sol- 
gel 1 h after gelation, Figure 3B for aged gel, and Figure 
3C for aged and dried gel. For comparison, the fluo- 
rescence spectrum of phycoerythrin in solution is shown 
in Figure 3D. Because PE is known to lose its fluores- 
cence capability upon degradation, the strong fluores- 
cence signal observed is a clear indication that immo- 
bilized PE is active in the sol-gel matrix. The 
fluorescence emission spectrum of PE in solution peaks 
at 575 nm, while the spectrum of PE in sol gel is 2 nm 
red-shifted as compared to that in solution. It has been 
known that local environments surrounding the chro- 
mophore of the protein have a strong effect on the 
fluorescence spectrum.21 The spectrum of PE is strongly 
influenced by the nearest-neighbor interactions, ag- 
gregation state, and conformation of the protein. The 
small red shifts of the fluorescence spectrum probably 
result from the protein conformational change due t o  
the sol-gel matrix. Change in aggregation state and 
the polarization of the medium can also account for such 
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Figure 4. Photograph of sol-gel doped phycoerythrin and its fluorescence. 
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Figure 5. Absorbance at maxima of PE in solution (solid 
circle) and in sol-gel (open circle) as a function of the time 
that samples are illuminated with a 514 nm argon ion laser 
beam. 

bances at the peak of the absorption band were mea- 
sured as a hnction of the illumination time. The results 
of the studies are shown in Figure 5. The open circles 
represent the normalized absorbance as a function of 
illumination time for sol-gel encapsulated PE, and the 
solid circles represent PE in solution. The denaturation 
process was fitted by a linear curve, where the degrada- 
tion rate was calculated from the slope of the curve. It 
was found that PE in solution degrades approximately 
60% faster than that of the PE encapsulated in sol- 
gel. These results suggest that the sol-gel matrix not 
only retains the native activity of the PE but also 
enhances the stability of the protein toward photodeg- 
radation. 

Phycobiliproteins are widely used as fluorescent tags 
in fluorescence immunoassay12 because of their ex- 
tremely high absorbance coefficients, intense fluores- 
cence emission, and large Stokes shift. Although PE 
itself does not have molecular recognition capability, 
phycobiliprotein conjugates have been widely used in 
homogeneous energy-transfer immunoassays. For ex- 
ample, Kronick and Grossman have developed an im- 

munoassay to determine the concentration of human 
IgG by using the energy transfer between the fluorescein- 
labeled human IgG and phycoerythrin-labeled anti- 
body.24 They have demonstrated that energy-transfer 
efficiency as high as 80% can be achieved. Sol-gel 
encapsulated PE conjugates may be used for energy- 
transfer immunoassay. A number of biosensors using 
sol-gel encapsulated biomolecules have already been 
reported. 17325 The simplicity of sol-gel encapsulation 
together with the high stability of PE in sol-gel glass 
suggests that PE doped sol-gel glass is a promising 
material for biosensors. 

Three-dimensional imaging of biological samples plays 
a crucial role in biomedical and biochemical research. 
Currently, confocal microscopy has been widely used for 
fluorescence imaging of biological samples with three- 
dimensional resolution. However, one problem encoun- 
tered with the fluorescence image using the confocal 
technique is the photobleaching of the fluorescent 
probes. Recently, several groups have reported the use 
of two-photon induced fluorescence for the imaging of 
biological  sample^.^^?^^ Two-photon induced fluores- 
cence is a nonlinear process where the fluorescence 
signal depends quadratically on the excitation intensity 
and the emission is dominated by the most intense 
region of the excitation beam. This provides an optical 
sectioning effect which allows for fluorescence imaging 
with 3-D resolution without using the confocal config- 
uration. Besides the inherent 3-D resolution obtained, 
two-photon fluorescence imaging is background free, 
and the photobleaching of the fluorescent molecules is 
minimized. However, the limitation to using such a 
technique for imaging is the necessity for the fluores- 
cence tag to exhibit a large two-photon induced fluo- 
rescence. In addition, the fluorescent molecules must 
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Figure 6. Fluorescence signal of PE as a function of the 
square of the 1.06 ,um laser intensity. 

remain relatively stable and exhibit minimum interfer- 
ence with the biological system to  be imaged. PE is 
already widely used as a single-photon fluorescence tag 
for bimolecular research. However, to date no studies 
involving two-photon induced fluorescence from phyco- 
biliprotein have been reported. We report the first 
measured two-photon fluorescence spectrum of PE in 
sol-gel using a 1.06 pm laser beam as excitation light 
(the results from PE in solution as well as from other 
phycobiliproteins will be published separately). A strong 
two-photon induced fluorescence is observed. Figure 6 
shows the intensity dependence of the fluorescence 
signal, where the relative fluorescence intensity is 
plotted as a function of the square of the 1.06 pm laser 
intensity. The open circles are the measured fluores- 
cence data, and the solid line is a linear fit. The linear 
fit of the data in Figure 6 shows that the fluorescence 
signal is proportional to the square of the laser intensity, 
which supports the proposed two-photon excitation 
mechanism. The two-photon induced fluorescence spec- 
trum from PE in sol-gel is shown in Figure 7. It has 
an almost identical emission peak compared with that 
from one-photon induced fluorescence, with the excep- 
tion that the shoulder at  long wavelength is diminished 
in the two-phase case. The large observed two-photon 
induced fluorescence suggests that phycobiliproteins 
may find applications as fluorescence tags for two- 
photon fluorescence 3-D imaging. 

Another potential application of the two-photon in- 
duced fluorescence from PE doped sol-gel glass is for 
three-dimensional optical memory. Three-dimensional 
optical memories that employ two-photon processes with 
two intersecting beams for writing and reading have 
already been p r o p ~ s e d . ~ , ~ ~ ~ ~ ~ ~ ~  Two-photon fluorescence 
is one of the methods used to access data in a three- 
dimensional optical memory. Although a number of 
organic molecules have been proposed for such applica- 
tion,28 materials based on biological molecules offer the 
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Figure 7. Two-photon induced fluorescence spectrum of PE- 
doped sol-gel glass. 

advantage of tailoring and optimizing these properties 
through genetic engineering.30 This has been illustrated 
by Hamp et al. with bacteriorhodopsin-based biomate- 
rials where specifically designed mutants were found 
to improve the device pe r fo rman~e .~~  The large ob- 
served two-photon induced fluorescence, enhanced sta- 
bility, and the ability to specifically tailor the properties 
of PE, make sol-gel doped phycobiliprotein a potential 
material for 3-D optical memory. 

Summary 

We have developed a biomaterial by encapsulating PE 
in an optically transparent sol-gel glass. The absorp- 
tion and fluorescence spectra indicate that protein 
activity is retained throughout the sol-gel process. In 
addition, the photodegradation experiment indicates 
that the encapsulated light-transducing protein is more 
stable against photobleaching than that in solution. For 
the first time the two-photon induced fluorescence of PE 
is reported. This observed two-photon induced fluores- 
cence, coupled with the protein's inherent photochemical 
properties, relatively high stability, and its ability to be 
tailored through genetic engineering, make this mate- 
rial a promising system for potential applications in 
biomolecular sensing, imaging and information process- 
ing, and storage. 
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