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The emission of fluorescent proteins inside photonic crystals is studied. It is

demonstrated that the apparent emission color of the fluorescent protein can

be controlled externally by the photonic crystal. With increasing crystal

lattice parameter, the appearance of the proteins turns from orange to red,

and suddenly to green. The dramatic color changes agree with the theor-

etically expected redistribution of light escaping around the stop band of the

photonic crystal. Our experiments show the potential of combining bio-

logical systems with nanophotonics. This ‘‘biophotonic engineering’’ may

be extended to control emission rates and complex Förster energy-transfer

systems obtained by protein engineering.
1. Introduction

The discovery of genetically encodable fluorescent pro-

teins has revolutionized cell biology by enabling the direct

visualization of the distribution of macromolecules and their

mutual interactions in living cells.[1–3] Protein engineering has

been used to tune the color of fluorescent protein emission,

thus resulting in a palette of fluorescent proteins emitting from

blue to red.[4–7] These proteins should be even more useful for

photobiological research if their emission properties could be
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controlled externally. The progress achieved in harnessing

light emission by photonic nanostructures[8–11] suggests an

elegant control parameter. While intricate natural photonic

nanostructures have been identified,[12–14] to date no natural

emitters have been discovered whose emission properties are

controlled by photonic materials, nor have these systems been

realized artificially. Herein, we present the first study of the

emission of fluorescent proteins inside photonic crystals. With

increasing crystal lattice parameter, the fluorescence of the

reef coral fluorescent protein DsRed2 turns from orange to

red, and suddenly to green. The dramatic color changes are

due to a photonic stop band that shifts through the protein’s

broad emission spectrum.[15] Our approach enables the

combination of the possibilities of protein engineering with

the expanding toolbox of nanophotonics.

The unique structure of visible fluorescent proteins and the

ability to engineer their photophysical properties has the

potential to open new horizons at the interface between

biology and the nanosciences. All known fluorescent proteins

of this class share the same basic structure of interleaved beta

sheets capped by helices and loops to form a cylinder with a

diameter of 2.4 nm and a height of 4.2 nm, as in the first

discovered green fluorescent protein.[16] The fluorescent

chromophore forms in the center of the protein in an

autocatalytic process after transcription and folding of the

protein. The encapsulation of the chromophore within a

cylindrical protein scaffold (Figure 1, left) shields the

chromophore from chemical interaction with the protein

environment. Thus, collisional quenching and electron
Co. KGaA, Weinheim small 2008, 4, No. 4, 492–496
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Figure 1. Fluorescent proteins as internal light source in a photonic crystal. Left: Structure of

tetrameric red fluorescent protein DsRed2. Each of the four cylindrical monomers forming

the tetramer contains one chromophore. The fluorescing chromophore is encapsulated within

the cylinder formed by the protein backbone, and is thus shielded from the protein

environment. DsRed2 was infiltrated into titania inverse opals. Right: Scanning electron

microscopy image of the (111) face of a three-dimensional (3D) titania inverse opal with

lattice parameter a¼460 nm. The orange stars symbolize infiltrated fluorescent protein.

The small black holes in each air sphere are windows connecting to the next layer of

air spheres below. This ensures a 3D connectivity, which is favorable to infiltrate solutions of

fluorescent proteins. The titania backbone material is biocompatible.
transfer to the conduction band of the nanostructure are

prevented, and the source remains active in environments

where other emitters are quenched.

Photonic crystals are currently the subject of intensive

theoretical and experimental research as vehicles to manip-

ulate the interaction between light and matter. Such synthetic

materials are periodic dielectric composites with spacings

comparable to the wavelength of light (Figure 1, right). All

photonic crystals control light propagation in particular

crystallographic directions by means of Bragg interference,

which results in wavelength ranges—called stop bands—for

which light is reflected. The appearance of stop bands modifies

the emission spectra of embedded light sources and gives rise

to directional enhancements or attenuations, in analogy to a

lighthouse effect.[17] Photonic crystals also control the density

of optical states, which determines the lifetime of excited light

sources. In the extreme case of a photonic bandgap where a

range of wavelengths is forbidden from propagation in all

directions simultaneously, spontaneous emission is completely

inhibited, which corresponds to infinite lifetimes. Finally, at

the edges of photonic gaps, light propagates with a reduced

group velocity, which can stimulate emission[18] and has been

reported to enhance the absorption of light in dye-sensitized

photovoltaic cells, [19,20] which is relevant to (artificial)

photosynthesis. It is thus clear that photonic crystals have

interesting prospects to control photobiology.

2. Results and Discussion

To explore the interactions between biological macro-

molecules and artificial photonic nanostructures, we studied

the emission color and emission spectra of fluorescent proteins

as a function of the lattice parameter of the photonic crystals.

We used the DsRed2 variant (Figure 1, left) of the fluorescent

protein DsRed isolated from the Discosoma reef coral.[7]
small 2008, 4, No. 4, 492–496 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinhe
Proteins from the DsRed group form

tetramers in which four cylindrical

monomers form a dimer of dimers

arranged in two layers.[21] We infiltrated

DsRed2 into titania inverse opals, which

are strongly photonic 3D crystals of air

spheres in titanium dioxide (Figure 1).

2.1. Reflectivity and Emission
Imaging

The top row of Figure 2 shows true

color images of inverse opals with lattice

parameters increasing from left to right.

The colorful appearance for each lattice

parameter is iridescence, that is, a

reflection of the first-order stop bands

caused by Bragg diffraction on the

(111) crystal planes.[15] With increasing

lattice parameter, the crystal appear-

ance changes from blue via green to

orange and red, as the stop band shifts

from short to longer wavelengths. The

middle row of Figure 2 shows true color
emission images of fluorescent proteins infiltrated in the same

inverse opals. For a small lattice parameter a¼ 355 nm, the

emission reveals a yellow-orange color. This case defines a

reference, where the emission spectrum of the proteins is

unaffected by the photonic gaps. In this reference crystal, the

gaps are at a shorter wavelength (�485 nm) than the emission

of the proteins. For the a¼ 390 nm crystal, the protein shows a

redder emission for spatial regions that reveal a green

iridescence. Conversely, the spatial regions where little or

no iridescence occurs emit a yellow-orange color, similar to the

reference. The a¼ 400 nm crystal also reveals clear red

emission from the spatial regions where bright green

iridescence occurs. In the a¼ 445 nm crystal, the protein

emission color has strikingly changed to green, congruent with

regions where an orange iridescence is observed. At the left of

the image, a reddish emission patch occurs that corresponds to

a green iridescence, most likely due to an oblique orientation

of the crystal planes in this region. Finally, the a¼ 460 nm

crystal reveals a bright green emission from the same region as

the red iridescence, while noniridescent regions (where

crystalline disorder occurs[22]) again display yellow-orange

emission as in the reference. The dramatic changes of the

emission colors of the fluorescent protein are controlled by the

lattice parameter of the photonic crystals.

2.2. Emission Spectra

The bottom row of Figure 2 shows emission spectra from

DsRed2 infiltrated in the corresponding photonic crystals. The

emission spectrum from the reference crystal (a¼ 355 nm)

shows that the peak emission wavelength of the protein in the

inverse opal is hardly different from that of isolated protein in

solution (583 nm[23]). The emission spectrum in the crystal has

a full width at half maximum of 85 nm, compared to 50 nm in

solution. We attribute this slight broadening to the loss of
im www.small-journal.com 493
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Figure 2. Color appearance of fluorescent protein DsRed2 inside photonic crystals. Top row: Reflection microscopy of titania inverse opal photonic

crystals with increasing lattice parameters, as indicated above. Image dimensions are 550� 725 mm. With increasing lattice parameter, the color

of the crystals changes from blue via green to orange and red, in qualitative agreement with Bragg’s law. Middle row: Fluorescence microscopy

of DsRed2 embedded in the same titania inverse opals as the top row. The emission appearance dramatically changes from yellow-orange at

a¼ 355 nm to red at a¼ 390 and 400 nm, to green at a¼445 and 460 nm. Bottom row: Emission spectra of fluorescent protein DsRed2 embedded

in the same titania inverse opals as above. Bars indicate the photonic stop bands. Solid arrows indicate spectral areas where the emission is

enhanced (up) and attenuated (down). Dashed arrows point to the locations (in the fluorescence images) where the spectra were acquired.
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water embedded within the protein and possibly to the

presence of titania in the close vicinity of the chromophore. As

a result, the visible emission from DsRed2 adsorbed and dried

on the titania surface appears more yellow-orange than

DsRed2 in solution. The detected emission is intense and

commensurate with expectations based on the protein

concentration. This finding confirms that the DsRed2 protein

barrel protecting the chromophore is still intact even when

adsorbed on the inner surface of the inverse opals, since it is

known that disturbing the protein cylinder leads to total

quenching of fluorescent protein emission.[24] Under identical

experimental conditions, undoped crystals reveal a faint

emission, which agrees well with the anatase TiO2 lumines-

cence.[25] We find that this contribution of the backbone to the

overall detected emission of protein-doped crystals is minor.

Therefore, we conclude that the emission spectra represent

intact fluorescent protein in photonic crystals.

The emission spectrum for the a¼ 390 nm crystal in Figure

2 reveals a trough near 537 nm, which is the result of a

wide photonic stop band.[17] Such a broad attenuation of the

intensity at the blue side of the emission spectrum results in the

red emission color that is indeed observed. The spectrum for

the a¼ 400 nm crystal reveals an even more pronounced stop

band at a wavelength of about 548 nm, closer to the emission

peak, and hence the emission color is even more red. For the

a¼ 445 nm crystal, the spectrum reveals a clear stop band at a

much longer wavelength of 612 nm. The red part of the

emission spectrum is blocked over a wide range while

the green part of the spectrum is enhanced. As a result the

emission appears deep green. The green emission color is

brighter for the a¼ 460 nm crystal, where the stop band has
www.small-journal.com � 2008 Wiley-VCH Verlag Gm
shifted to 630 nm, and the enhancement is more pronounced.

These results confirm that the systematic shift of the photonic

stop band through the emission spectrum explains the

dramatic color changes of the fluorescent protein. The

phenomena shown in Figure 2 represent a purely nanopho-

tonic control of the coloration of natural light sources.

2.3. Quantification of the Modified Emission

To quantify the effects of the photonic crystals on the

emission spectrum of fluorescent proteins, we take the ratio of

the emission spectra at selected lattice parameters to the

spectrum recorded from the reference sample. We thus obtain

a relative intensity spectrum that clearly highlights any

attenuation or enhancement of emission relative to the

photonically undisturbed spectrum (Figure 3). The data show

strong attenuation of 80% in the photonic stop band as well as

a 50% enhanced emission on the blue side of the stop band, in

excellent agreement with the model curve discussed below.

The simultaneous observation of attenuation and enhance-

ment means that the effect of the photonic crystals is not a

simple filter action; it is the appearance of both attenuation

and enhancement within the same spectrum that acts as a

photonic contrast enhancement and leads to the remarkably

strong emission color changes in Figure 2.

The observed attenuation and enhancement of the

DsRed2 emission spectrum (Figure 3) can be quantitatively

interpreted with a model for the photon escape probability,

which combines diffuse light transport and photonic band

structures.[26] The strong attenuation of the spectrum results

from Bragg diffraction of light of appropriate wavelength in
bH & Co. KGaA, Weinheim small 2008, 4, No. 4, 492–496
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Figure 3. Photonically enhanced and attenuated emission of fluor-

escent protein DsRed2. Emission spectrum of fluorescent protein in a

photonic crystal (a¼ 430 nm) divided by the emission from a reference

crystal. The angle of observation was 0 8 relative to the (111) face. An

attenuation of 80% (downward arrow) is apparent in the photonic stop

band between 555 and 625 nm. An enhancement of 50% (upward

arrow) occurs on the short-wavelength side of the stop band, as a result

of Bragg diffraction in oblique directions. Both effects are quantitatively

explained by the escape function model (solid curve). The depth of the

stop band (Tmin¼20%) is the only adjustable parameter in our model.
the direction of the detector. This attenuation in the stop band

is determined by the ratio of the Bragg attenuation length LB

and the transport mean free path l, which is the average

distance that light propagates before losing its initial direction

due to scattering by disorder. Most photons in the photonic

crystals are emitted by proteins at depths z greater than l and

are therefore multiply scattered. The effects of Bragg

diffraction can be measured only after the last scattering

event, after which the photons emanate from the photonic

crystal. The last scattering events most likely occur at z< l.

Light scattered at z<LB is hardly Bragg attenuated, while

light scattered at LB< z< l cannot escape in the stopgap

direction, so that the depth of the stop band agrees well with

our estimate Tmin¼ 1� (LB/l).

Thus, the depth of the stop band directly reflects the

amount of disorder in the sampled crystal position. The

enhancement of the escape probability on the blue side of the

stop band can be explained in a similar way: this effect is also

caused by Bragg diffraction, but in other directions.[26] The

measured relative intensity and the calculated escape prob-

ability shown in Figure 3 are in excellent agreement. The

observation of stop bands in the emission spectrum verifies the

successful infiltration of fluorescent proteins into the photonic

crystal. Furthermore, the intense emission confirms that the

DsRed2 protein cylinders (Figure 1) are still intact after

infiltration into the crystal.

3. Conclusions

We have shown that the emission properties of fluorescent

proteins can be effectively controlled by changing their

photonic environment. The color appearance of the fluor-

escent protein DsRed2 inside photonic crystals changed

dramatically with increasing lattice parameter of the crystals,
small 2008, 4, No. 4, 492–496 � 2008 Wiley-VCH Verlag
from orange-yellow to red and finally to bright green. The

change in color results from the redistribution of light emission

around the stop band of the photonic crystal.

The observed colors of the fluorescent proteins are a novel

kind of coloring that is caused by a combination of emission

colors and interference from the photonic crystals’ nano-

structure. In comparison, pigment colors are due to selective

absorption of light. Structural colors, such as iridescence, are

also the result of interference from nanostructures, but

they arise in reflection from an external light beam. It is

intriguing to speculate on the role of intrinsic nanophotonic

structures in the coral backbone in modulating the color of

embedded fluorescent proteins and their effect on the color

appearance of corals.

We believe that there is a bright future for ‘‘biophotonic

engineering’’ whereby fluorescent proteins are used as internal

emitters in photonic structures. On the one hand, fluorescent

proteins are convenient and efficient probes for fundamental

studies of the properties of photonic structures. On the other

hand, photobiological processes can be manipulated and

enhanced by using the fast-growing toolbox provided by

nanophotonics.[8,9] In addition to the inverse opals studied

here, versatile one-, two-, and three-dimensional structures

can be tailored to accommodate various biological systems.

An important future perspective would be the tuning of energy

trapping in photosynthesis[27] through the manipulation of the

competition between spontaneous emission and Förster

energy transfer.[28]
4. Experimental Section

Titania inverse opals with cubic lattice parameters a between

270 and 620 nm were made following Ref. [22]. Titania is a

biocompatible material—as is illustrated by its everyday use in

toothpaste—with a high refractive index and essentially no

absorption of visible light. A total of ten sets of crystals with

nine different lattice parameters were studied. The uncertainty in

the lattice parameter is estimated to range between 10 and 20 nm.

The DsRed2 mutant of the reef coral fluorescent protein DsRed

was obtained as reported in Ref. [23]. To infiltrate the fluorescent

protein into the photonic crystals, the protein solution was first

desalted to prevent salt crystallization upon drying and then

mixed with ethanol to enhance the capability of the solution to

penetrate the photonic crystal. Infiltration of DsRed2 into the

inverse opals was achieved by soaking the crystals in the DsRed2

water/ethanol solution. Finally, the crystals were washed with

demineralized water to remove fluorescent proteins from the

surface of the crystal, and dried in a constant air flow.

To characterize the emission from the fluorescent protein and

the reflectivity of the photonic crystals, we used a custom-built

setup capable of wide-field reflectivity and fluorescence imaging

as well as scanning-stage confocal microscopy. The light sources

used were a halogen lamp for reflectivity imaging, a mercury lamp

for wide-field fluorescence imaging, and a laser diode emitting at

469 nm for local excitation when recording emission spectra. The

sample was illuminated using a 10� objective (0.3 numerical
GmbH & Co. KGaA, Weinheim www.small-journal.com 495
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aperture, Olympus), and the emission from the sample was

collected by the same objective. Wide-field images were recorded

with a color camera (AxioCam HRc, Zeiss). For the emission

images, a standard blue filter cube (U-MWB2, Olympus) was used.

White balance was optimized for a halogen light temperature of

3200 K, in accordance with the manufacturer’s recommendation

for fluorescence imaging. We verified the consistency between the

color camera image and the coloring visible in the eyepiece of the

microscope. Contrast, brightness, and gamma were globally

optimized for the whole images, and no digital color-changing

filters were applied. To record local emission spectra, the emitted

light was imaged by a prism spectrometer onto a cooled CCD

camera (Newton EMCCD, Andor). We estimated the area sampled

when recording emission spectra to be less than 3 mm in

diameter. All pictures and spectra were recorded normal to the

hkl¼111 planes of the crystal.
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