
P
d

N
M

C
L
C

R
M

C
C

T
B
M

C

M
C

K
M

C
C

V
M

C
L
C

T

I
M

1

T
t
m
v
F
t
m
p
v

A
O
c
C
n

Journal of Biomedical Optics 13�4�, 044008 �July/August 2008�

J

erformance of the red-shifted fluorescent proteins in
eep-tissue molecular imaging applications

ikolaos C. Deliolanis
assachusetts General Hospital and Harvard

Medical School
enter for Molecular Imaging Research
aboratory for Bio-Optics and Molecular Imaging
harlestown, Massachusetts 02139

anda Kasmieh
assachusetts General Hospital and Harvard

Medical School
enter for Molecular Imaging Research
harlestown, Massachusetts 02139

homas Wurdinger
akhos A. Tannous
assachusetts General Hospital and Harvard

Medical School
enter for Molecular Imaging Research

and
olecular Neurogenics Unit
harlestown, Massachusetts 02139

halid Shah
assachusetts General Hospital and Harvard

Medical School
enter for Molecular Imaging Research
harlestown, Massachusetts 02139

asilis Ntziachristos
assachusetts General Hospital and Harvard

Medical School
enter for Molecular Imaging Research
aboratory for Bio-Optics and Molecular Imaging
harlestown, Massachusetts 02139

and
echnical University of Munich and Helmholtz

Center Munich
nstitute for Biological and Medical Imaging

unich, Germany

Abstract. The discovery of new fluorescent proteins �FPs� that emit in
the far-red part of the spectrum, where light absorption from tissue is
significantly lower than in the visible, offers the possibility for nonin-
vasive biological interrogation at the entire organ or small animal
level in vivo. The performance of FPs in deep-tissue imaging depends
not only on their optical characteristics, but also on the wavelength-
dependent tissue absorption and the depth of the fluorescence activ-
ity. To determine the optimal choice of FP and illumination wave-
length, we compared the performance of five of the most promising
FPs: tdTomato, mCherry, mRaspberry, mPlum, and Katushka. We ex-
perimentally measured the signal strength through mice and em-
ployed theoretical predictions to obtain an understanding of the per-
formance of different illumination scenarios, especially as they pertain
to tomographic imaging. It was found that the appropriate combina-
tion of red-shifted proteins and illumination wavelengths can improve
detection sensitivity in small animals by at least two orders of magni-
tude compared with green FP. It is also shown that the steep attenua-
tion change of the hemoglobin spectrum around the 600-nm range
may significantly affect the detection sensitivity and, therefore, neces-
sitates the careful selection of illumination wavelengths for optimal
imaging performance. © 2008 Society of Photo-Optical Instrumentation Engineers.
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Introduction

he introduction of transgenes that express fluorescent pro-
eins �FPs� into cells has revolutionized the ability to visualize
any cellular and subcellular processes that are otherwise in-

isible with traditional means of optical imaging.1 Therefore,
Ps have become important tools in biomedical research and

heir use spans many application areas, including the assess-
ent of cell biodistribution and cell mobility, the study of

rotein activity and protein interactions in vivo or the dynamic
isualization of transcription. Similarly, many application

ddress all correspondence to: Nikolaos C. Deliolanis, Laboratory for Bio-
ptics and Molecular Imaging, Center for Molecular Imaging Research, Massa-

husetts General Hospital and Harvard Medical School, 149 13th Street,
harlestown, MA 02139; Tel: 617-726-5788; Fax: 617-726-5708; E-mail:
deliolanis@yahoo.com
ournal of Biomedical Optics 044008-
fields benefit from this technology, including cancer
research,2,3 immunology,4 stem cell research,5 and others.

Ex vivo and intravital microscopies of FPs at the cellular
level have led to unparalleled biological insights.6,7 Micro-
scopic fluorescence imaging is generally performed on ex-
cised thin tissue slices or in vivo at penetration depths typi-
cally of the order of 200 to 500 �m. For imaging deeper
seated FP activity at the organ and whole animal level, mac-
roscopic imaging has been considered2 to study, for example,
cancer metastasis8,9 and angiogenesis10 and to monitor cancer
progression and treatment efficiency.11 In these studies, imag-
ing is performed using a charge-coupled device �CCD� cam-
era in epi-illumination mode, that is, by capturing fluores-
cence images from the animal side that is illuminated by the

1083-3668/2008/13�4�/044008/9/$25.00 © 2008 SPIE
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xcitation light. Epi-illumination imaging can image deeper
han microscopy, reaching depths of a few millimeters, but the
mages obtained are of significantly reduced resolution com-
ared with that of microscopy due to tissue scattering. In ad-
ition, signals that come from deep-seated regions are highly
ttenuated compared with signals from more superficial activ-
ty and skin autofluorescence. This reduces the contrast
chieved in epi-illumination mode, when imaging activity that
eats deeper than a few millimeters, which makes whole-body
nimal imaging challenging.

An alternative imaging geometry is transillumination,
hich illuminates the object of interest using one or multiple

ources on one side and collects the emitted fluorescence from
he opposite side. The signal attenuation is better balanced
etween deep and superficially seated fluorescence activity,
ecause the combined excitation and emission light pathways
re similar for all depths sampled. Transillumination data
ave been used in planar or three-dimensional tomographic
maging for imaging deep-seated fluorescence biodistribution
ith increased sensitivity and resolution compared with epi-

llumination imaging in phantoms and in vivo.12–14 Imaging of
uorescence proteins has been similarly showcased.13,15 How-
ver, conventional FPs emit in the visible range, where light
bsorption by tissue is strong. Therefore, sensitive detection
hrough entire animals has been challenging when imaging,
or example, variants of the green or red FPs at spectral win-
ows in the 400 to 600-nm range.

The recent evolution of red-shifted FPs16–18 that emit be-
ond the 600-nm barrier, where light absorption by tissue is
onsiderably reduced, can enable sensitive in vivo detection of
uorescence proteins through entire animals using three-
imensional tomographic methods, in analogy to fluorescence
omography in the near-infrared range.19,20 The performance
f these proteins in whole-body imaging depends not only on
he FP brightness, expression efficiency, and toxicity but also
n the particular attenuation of each protein by the
avelength-dependent tissue absorption. Because tissue ab-

orption and scattering result in a nonlinear attenuation of
hoton signal as a function of depth and optical properties,
revious observations of FP-expressing cells implanted at a
hallow depth21 do not reflect the overall performance of each
f the proteins when considering whole-body imaging.

In this paper, we examine, therefore, the performance char-
cteristics of promising new red-shifted FPs for whole-body
maging �i.e., tdTomato, mCherry, mRaspberry, mPlum, Ka-
ushka� and contrast these findings with imaging enhanced
reen FP �GFP�. These FPs were selected to include FPs of
igh brightness �i.e., tdTomato� or near-infrared-shifted emis-
ion spectra �i.e., mCherry, mRaspberry, mPlum, Katushka�.
xperimental measurements from cells expressing tdTomato
nd mCherry were translated with appropriate theoretical
odels to obtain performance predictions for whole-body im-

ging. Overall red-shifted FPs were found to improve detec-
ion sensitivity in whole-body imaging applications by at least
wo orders of magnitude over GFP. In addition, the steep drop
f the absorption coefficient of tissue at the �590 to 630-nm
pectral region makes the performance sensitive to the selec-
ion of illumination parameters. Overall it is showcased that
arnesyl-protein tranferase of red-shifted FPs can lead to an
mportant biomedical imaging approach for the noninvasive
ssessment of cellular and subcellular function in vivo.
ournal of Biomedical Optics 044008-
2 Methods
2.1 Cell Lines, Sample Preparation, and Surgical

Procedures
Lentivirus vectors bearing GFP �Clontech�, mCherry, or td-
Tomato �from Dr. Roger Tsien, University of California San
Diego� in front of the cytomegatovirus promoter were con-
structed based on the lentivirus �LV� cloning vector CSCGW
�Ref. 22� thus resulting in LV-GFP, LV-mCherry, and LV-
tdTomato. Lentivirus vector preparation was previously de-
scribed in Ref. 22. In brief, 293T human embryonic kidney
fibroblasts cells were cotransfected with the LV-GFP, the LV-
mCherry, or the LV-tdTomato plasmids, with the lentivirus
packaging genome CMVR�8.91 �from Dr. Didier Trono,
University of Geneva, Switzerland� and with the envelope-
coding plasmid pVSV-G �provided by Dr. Miguel Sena-
Esteves, Massachusetts General Hospital, Charlestown, Mas-
sachusetts�. After 72 hrs, lentivirus vector supernatant was
harvested, concentrated by ultracentrifugation and titrated as
transducing units �t.u.�/ml on 293T cells in the presence of
10 �g /mL polybrene �Sigma� by counting the fluorescent-
positive cells 48-h after infection. Human glioma cells trans-
duced with the LV-GFP or LV-mCherry or LV-tdTomato were
sorted by the FacsCalibur Cell sorter �BD Biosciences, San
Jose, California�. The corresponding wild-type �WT� cells
were also employed for control measurements.

To experimentally measure the relative intensity imparted
by the different FPs examined, we prepared small volumes of
the cells placed inside thin transparent glass capillary tubes of
0.9-mm inner diameter. The cells were suspended in phos-
phate buffer solution and were slightly centrifuged to create a
pellet of virtually constant cell density at the bottom of each
tube. This procedure resulted in approximately 1 million
glioma-36 cells occupying 3 �L, and correspondingly 0.5
million U87 cells in 3 �L, the U87 cells being slightly bigger
in size.

Human glioma cells expressing GFP and tdTomato were
harvested by trypsinization and stereotactically implanted into
the right frontal lobe of nude �nu/nu� athymic mice �500 000
cells/mouse, in 4 �L phosphate buffered solution� �from
bregma, anteroposterior: −2 mm, mediolateral: 1.5 mm V;
from dura: 2 mm�. The study was performed according to the
procedures approved by the Massachusetts General Hospital.

2.2 Imaging System
The experimental setup used for epi-illumination and for tran-
sillumination imaging is similar to the one described in Refs.
12 and 14. The object �mouse� is placed in a water-tight
chamber slightly compressed between two glass plates. The
chamber is filled with a fluid that approximates the optical
properties of the tissue for reducing stray light propagating
through the sides of the mouse and simplifying the theoretical
model required for quantitative measurements. Two
continuous-wave excitation sources were used, an argon-ion
laser tuned at 488 and 514 nm �Melles Griot, Carlsbad, Cali-
fornia� and a frequency doubled neodymium yttrium alumi-
num garnet laser at 532 nm �B&W Tek, Newark, Delaware�.
For epi-illumination imaging, the excitation light is spatially
expanded to uniformly illuminate the object or mouse imaged.
In transillumination mode, light is delivered through a
July/August 2008 � Vol. 13�4�2
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alvanometer-controlled set of two mirrors �Nutfield Technol-
gy, Inc., Windham, New Hampshire� that can x-y translate a
.5-mm diameter spot on one side of the object imaged. Pho-
ons propagating through tissues are captured on the other
ide of the object using a Princeton Instruments Inc. �Trenton,
ew Jersey� VersArray CCD camera with 10242 pixel CCD

rray cooled to −70 °C, through a 50-mm f /1.2 photo-
raphic lens �Nikon Corp., Japan�. Multiple fluorescence
ands were captured using three-cavity bandpass interference
lters �Andover Corp., New Hampshire Salem, and Omega
ptical, Inc., Brattleboro, Vermont�, placed in front of the

ens at 513�5 nm, 610�10 nm, 630�10 nm, and
70�30 nm.

.3 Spectrally Dependent Tissue Attenuation
he fluorescence strength collected at different spectral bands
epends on tissue attenuation characteristics for each of these
ands. To determine this spectrally dependent tissue attenua-
ion, as it relates to the spectral bands selected for fluores-
ence measurements, we used a fiber-based spectrometer. The
xperimental setup consisted of a tungsten halogen lamp
oupled to a multimode fiber to guide light onto the mouse
issue, acting as a point source. The light propagated inside
he tissue and was collected by a second fiber, which was in
ontact with tissue on the opposite side of the source fiber,
nd delivered to a CCD spectrophotometer �Ocean Optics
nc., Dunedin, Florida� to measure the intensity of the trans-
itted light It, which is proportional to the relative transmis-

ion T. The measured spectrum of the transmitted light was
ormalized by dividing with the reference spectrum of the
lluminating source. The measurements were taken through
he upper thoracic area along the dorsal-ventral direction both
n vivo and postmortem as a function of time after overdose
njection with ketamine-xylazine. Figure 1 depicts the relative
pectral attenuation ln�1 / It� as measured in vivo and postmor-
em for two different tissue thicknesses �i.e., 0.4 and 0.8 cm�.
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ig. 1 Spectral attenuation ln�1/ It� of light transmitted through mouse
horacic area along the dorsal-ventral direction. Lower bundle of
urves is a series of measurements for 0.4-cm tissue thickness as re-
orded in vivo �top line� and for consecutively in postmortem period
ver 0 to 97 min. Here, 0 min marks the administration of the
etamine-xylazine overdose. The higher set of two curves is for
.8-cm thickness and for in vivo �solid-curve� and ex vivo �dashed
urve�.
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It can be seen that the in vivo spectral curve is similar to the
absorption curve of oxygenated hemoglobin, but the postmor-
tem spectra are gradually becoming similar to the absorption
spectrum of deoxygenated hemoglobin.23

2.4 Epi-Illumination Imaging of FPs in Tubes
The relative brightness Br of the FPs examined is defined as
the peak fluorescence emission intensity of the FP-expressing
cells at optimum excitation wavelength, normalized to the
peak emission of the reference FP �here GFP� for the same
excitation intensity. Although the values of the relative emis-
sion efficiency of the red-shifted FPs are reported in the
literature,16,24 they were experimentally determined herein to
account for possible experimental uncertainties, such as the
variable cell density of the cells in the pellet or the level of
expression.

A series of epi-illumination images of GFP-, tdTomato-,
and mCherry-expressing cells and WT cells in tubes excited
with 488- and 532-nm laser lines were captured using the
610-, 630-, and 670-nm bandpass filters. The tubes were
closely placed on a flat black absorbing surface and excited
with an off-axis slightly diverging p-polarized illuminating
field. The fluorescent field was captured using a crossed po-
larizer to eliminate the reflections from the surface of the
glass tubes. The intensity of the excitation field incident on
the tubes was 50 and 70 �W /cm2 for the 488- and the
532-nm laser illumination, respectively, and correspondingly,
the exposure times were set to 0.3 and 0.1 s. The raw images
were normalized for the exposure time and the interference
filter bandwidth and were also corrected for the slight inho-
mogeneity of the illuminating field by dividing with the image
of the illuminating field on a white flat diffusive surface in the
absence of the tubes.

2.5 Transillumination Imaging of FPs Inside Tissue
Two different experiments were performed to measure the
intensity of fluorescence signals emanating from deep-tissue
in transillumination mode: �a� with cells in tubes inserted
postmortem into the esophagus of nude mice and �b� using
cells implanted in the brain to form a tumor. In both experi-
ments, mice were euthanized by carbon dioxide prior to the
experiment to allow for flexibility in setting up the measure-
ments without the need for prolonged anesthesia. Imaging
was performed under consecutive illumination of the laser
beam scanned at the 488- and 532-nm excitation wave-
lengths. All raw images were normalized for the exposure
time, filter bandwidth, and number of cells and signals are
reported as counts /s /nm /106 cells.

In the implanted tube experiment, a mouse was euthanized
and placed inside the chamber with the dorsal side toward the
sources and the ventral toward the camera and was illumi-
nated consecutively at two points on the dorsal side of its
upper thorax. The four tubes were consecutively inserted and
removed from the esophagus of the same mouse ensuring that
the bottom of each tube was reaching the same location in the
upper thoracic area, just above the heart. The tube in the
esophagus was located 8 mm from the dorsal glass plate
�source-tube distance rst=0.8 cm� and 4 mm from the ventral
glass plate �tube-detector distance rtd=0.4 cm�. Accurate and
repeatable positioning of the tubes was critical to achieve
July/August 2008 � Vol. 13�4�3
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dentical geometry and imaging conditions and, therefore, to
llow for the direct comparison between the FP protein sig-
als. Fluorescence images were acquired at the 488- and
32-nm illumination laser lines and for 513- and 610-nm
andpass filters for GFP-, tdTomato-, and mCherry-
xpressing cell lines, as well as for the WT cells that served as
ontrols to independently record tissue and cell autofluores-
ence.

In the brain imaging experiments, two mice were im-
lanted with GFP- and tdTomato-expressing cells to form tu-
ors in the brain and were imaged 3 days after implantation.
he brain was illuminated at 488, 514, and 532 nm with two
0-mW sources. Illumination was incident on the ventral
ide, and light was collected from the dorsal side. The other
maging parameters were kept the same as in the implanted
ube experiments. Images of the head were captured at several
xcitation �488, 514, and 532 nm� and fluorescence
610�10, 630�10, and 670�30 nm� wavelengths. The
uorescent images were post-processed by applying a thresh-
ld to reject background noise.12 A portion of the image re-
orded in the excitation wavelength was subtracted from the
uorescence image to correct for tissue autofluorescence.

.6 Calculation of Light Attenuation in Tissue
uantification of the relative intensity of fluorescent signals
ue to deep-seated FP activity was based on a diffusion-
quation–based model for photon propagation in tissue. The
se of solutions of the diffusion equation for modeling photon
ropagation in tissues in the visible range were shown to be
alid when using a modified diffusion coefficient.25 To model
he particular experimental geometry used herein, we assumed
xcitation light from a point source, with intensity Io, that is
ncident on the mouse surface and propagates for 0.8 cm in-
ide tissue. At 0.8 cm, the excitation light reaches and excites
he tubes of FP with intensity Ix=T0.8Io, where T0.8 is the
elative spectral transmittance for 0.8 cm as calculated from
he tissue spectral measurements described in Sec. 2.3 �see
lso Fig. 1� obtained also for a point source. The relative
mitted intensity then is Im�emBr�Ix, where em is the spectral
mission of the FP and B� is the measured relative brightness

able 1 Optical characteristics of the red-shifted FPs compared with

Peak
Exciation

�ex
max

�nm�

MolarExtinction
Coefficient

�
�M−1 cm−1�

Peak Emi-
ssion

�em �nm�

Quant.
Yield

q

FP 489 53 000 509 0.60

dTomato 554 138 000 581 0.69

Cherry 587 72 000 610 0.22

Raspb. 598 86 000 625 0.15

RFP 584 50 000 607 0.25

Plum 590 41 000 649 0.10

atushka 588 65 000 635 0.34
r

ournal of Biomedical Optics 044008-
of the FP-expressing cells. Finally, the emitted fluorescence
propagates to the boundary of the tissue and the intensity that
reaches the detector is Id�T0.4Ix, where T0.4 is the relative
spectral transmittance of the remaining distance, or equiva-
lently,

Id � T0.4emBr�T0.8Io. �1�

The accuracy of this simplified propagation model is initially
tested by fitting the experimental data from the GFP-
tdTomato-mCherry mouse-tube experiment �Sec. 2.5� and
then applied to predict the intensity emission for new FPs that
attain good performance characteristics for in vivo applica-
tions.

3 Results
3.1 Relative Brightness of the FPs
In the literature, the relative brightness of the FPs is reported
when excited at the optimum wavelength �see Table 1 for a
summary of the optical properties of the most interesting
FPs�. However, in practical applications the optimum excita-
tion wavelength might not be available, and the actual relative
brightness values can be different when exciting the proteins
with the commercially available laser lines. Here we present
the results of our experiments to determine the relative bright-
ness for these wavelengths. In Fig. 2, we present the
normalized images of the FPs in tubes acquired as described
in Sec. 2.4. The intensity signal of the GFP was
4371 counts /s /nm /106 cells when excited at 488 nm, for the
tdTomato it was 5572 and 14 488 counts /s /nm /106 cells
when excited at 488 and 532 nm, respectively, and for the
mCherry it was 1447 counts /s /nm /106 cells when excited at
532 nm. Taking into account the mismatch in the intensities
of the excitation fields �50 and 70 �W /cm2 at 488 and
532 nm, respectively�, the calculated relative brightness of
the cells over GFP was 0.91 and 1.87 for tdTomato excited at
488 and 532 nm, respectively, and 0.23 for mCherry excited
at 532 nm. In Fig. 3, the data from the fluorescence epi-
illumination images of Fig. 2 are plotted versus emission
wavelength together with the relative emission spectra of the

tive
tness
r

Excitation
�ex

�nm�

Excitation
Mismatch
Coefficient

Reduced Rel.
Brightness

Br� Ref.

488 0.98 0.98 24

9 488/532 0.28/0.63 0.83/1.88 16

9 532/594 0.08/0.37 0.18/0.40 16

0 594 0.98 0.39 17

9 594 0.94 0.37 16

2 594 0.92 0.12 17

7 594 0.92 0.62 18
GFP.

Rela
Brigh

B

1

2.9

0.4

0.4

0.3

0.1

0.6
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Ps as published in the literature.16,17,24 The results show that
dTomato is the brightest FP when excited at 532 nm; how-
ver, its emission in 610 nm is only twice as bright compared
ith GFP fluorescence at 514 nm. The signal from the WT

ells marks the background/noise level.
These results do not coincide with the values as reported in

he literature because of the different excitation and emission
avelengths. Here, we introduce a model that accounts for the
ifference due to the wavelength mismatch that will be used
o predict the reduced relative brightness values for every FP.
he brightness B is proportional to the quantum yield q and

he molar extinction coefficient �ex
max.

B � q�ex
max, �2�

easured at the peak absorption/excitation wavelength �ex
max

nd the relative brightness Br is normalized to the GFP value.

ig. 2 Images of the protein pellets inside the capillary tubes are show
xposure time, and the emission bandwidth and are plotted versus e
ubes. In all pictures, the tubes from left to right contain glioma cell
ttrium aluminum garnet laser 532 nm �first row� and argon-ion las
olumn�, 610 �second column�, 630 �third column�, and 670 nm �fou

ig. 3 Fluorescent protein brightness is plotted. Discrete points are the
ompiled measurements from the normalized images in Fig. 2. Open
white� symbols—excitation at 488 nm, solid �black� symbols—
xcitation at 532 nm. Continuous lines are the emission spectra of the
P scaled to fit the experimental data.
ournal of Biomedical Optics 044008-
According to Kasha-Vavilov rule, the quantum yield is inde-
pendent of the excitation wavelength, so the brightness de-
pends only on the molar extinction coefficient at the wave-
length of interest �ex and is a fraction of the maximum
brightness. The excitation mismatch factor is calculated by the
spectral absorption data of the FPs as given in the literature
and is given in Table 1 under the excitation mismatch coeffi-
cient column. Assuming that the B�q�ex relation holds true
for adjacent wavelengths, we calculate the reduced relative
brightness Br�. The calculated values are 0.98 for GFP excited
at 488 nm, 0.83 and 1.88 for tdTomato excited at 488 and
532 nm, respectively, and 0.18 for mCherry excited at
532 nm, which are consistent with our measurements as pre-
sented in Fig. 3. These values serve as the actual relative FP
brightness and are used as a reference in the calculation of the
relative fluorescence intensity through deep tissue.

3.2 Fluorescence Intensity from Activity Located Deep
Inside Tissue

Here, we present the transillumination images of the fluores-
cence from the proteins located inside deep tissue from two
experiments �Sec. 2.5�: With the tubes inside the esophagus
�Figs. 4�a�–4�d�� and with the brain tumors �Figs. 4�e� and
4�f��. The tubes with GFP, tdTomato, mCherry, and control
cells that were placed into the esophagus were excited with
two illumination sources �the geometry is shown in Fig. 4�a��.
Representative images of the fluorescent signals of the tdTo-
mato and WT-control cells excited at 488 nm and imaged
with the 610 nm filter are illustrated in Figs. 4�b� and 4�c�,
respectively. Examination of the raw data shows that the
fluorescence signal measured from the tdTomato cells
�maximum: 2.2 counts /s /nm /106 cells� is comparable to the
signal from the WT cells’ fluorescence image �maximum:
1.3 counts /s /nm /106 cells�. This signal is actually attributed
to the autofluorescence from the tissue, because the fluores-
cence from the WT cells is negligible �Fig. 3�. Observation of
the WT cell images for all wavelengths reveals that the autof-
luorescence signal intensity �a� was lower for the 488-nm
excitation compared with the 532-nm excitation and �b� was

images are normalized for the illuminating field inhomogeneity, the
n and emission wavelengths. Top left is a white light picture of the
GFP, tdTomato, mCherry, and WT. Excitation radiation: neodymium
nm �second row�. Emission bandwidth filters centered at 514 �first

lumn�.
n. The
xcitatio
s with
er 488
rth co
July/August 2008 � Vol. 13�4�5
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ncreasing for higher wavelengths �filters at 610, 630, and
70 nm�. These observations seem to contradict the notion
hat autofluorescence is decreasing with increasing excitation
nd emission wavelength.26,27 However, light absorption by
issue is higher at 532 nm in comparison with 488 nm �Fig.
�; therefore, more tissue molecules are excited at 532 nm to
mit autofluorescence.

To accurately calculate the actual fluorescent signal of each
P, we subtracted the corresponding autofluorescence images
WT cells� from all FP fluorescence images. For example, in
ig. 4�d�, we present the net fluorescence image of tdTomato
ells excited at 488 nm, as calculated by subtraction of the
orresponding autofluorescence image �Fig. 4�c�� from the
riginal image �Fig. 4�b��; all images were similarly pro-
essed. The emanating intensity of GFP �excitation wave-
ength �ex.�: 488 nm, emission wavelength �em.�: 514 nm�
as 0.49 counts /s /nm /106 cells, of tdTomato excitation

ex.: 488 and 532 nm, em.: 610 nm� was 1.53 and
.25 counts /s /nm /106 cells, respectively, but mCherry �ex.:
32 nm, em.: 610 nm� is slightly above detection level with
.025 counts /s /nm /106 cells. Although in epi-illumination
ode, tdTomato was excited more efficiently at 532 nm com-

ared with 488 nm �see Fig. 3�, in deep tissue imaging, it was
ound to be more sensitive for the 488-nm excitation instead
f the 532-nm excitation. This is because the relative trans-
itted intensity for 0.8-cm thick ex vivo tissue is significantly

igher at 488 nm �i.e., It
�532� / It

�488��0.07� as seen in Fig. 1.
his is also an advantage for GFP excited at 488 nm and
ollected at 514 nm �which emits 0.49 counts /s /nm /106

ells�.
Finally, we imaged the two mice with brain tumors ex-

ressing GFP and tdTomato in transillumination mode. The
FP tumor was excited at 488 nm; fluorescence was collected

t 513 nm; and the tdTomato tumor was excited at 488, 514,

ig. 4 Normalized images of the fluorescence emission of GFP and
dTomato are shown. The two crosses indicate the position of the
ources illuminating the mouse. Panels �a� to �d� show capillary tubes
nserted in the esophagus excited with an argon-ion laser at 488-nm
adiation and imaged in the 600 to 620-nm spectral window. The
apillary tube is physically located between the projections of the
ources. Panel �a� shows the plain reflectance image at excitation
avelength. Panel �b� shows the raw image of the fluorescence emis-

ion of the inserted tdTomato tube. Panel �c� shows the autofluores-
ence emission when the tdTomato tube is replaced with the WT
onfluorescing cells. Panel �d� shows the net tdTomato fluorescence
s calculated when subtracting image �c� from �b�. Panels �e� and �f�
re images of the fluorescence emission of 5�105 glioma-36 cells
mplanted in the brain expressing GFP and tdTomato, respectively. All
mages are normalized to the same units �counts/ s /nm/106 cells� for
irect comparison.
ournal of Biomedical Optics 044008-
and 532 nm and was collected at 610 nm. For example, in
Figs. 4�e� and 4�f�, we present the fluorescence transillumina-
tion fluorescence images of GFP and tdTomato tumors �ex.:
488 nm, em.: 610 nm� overlaid on the corresponding reflec-
tance images of the heads. The peak fluorescence signals for
GFP and tdTomato are 2 and 3 counts /s /nm /106 cells, re-
spectively, and are both located at the right hemisphere of the
brain, which is congruent with the implantation position. It is
evident that the intensity of the FPs from the tumors is higher
compared with the signal coming from the tubes, and this can
be probably attributed to �a� the lower light absorption of the
tissue in the head area, �b� the different tissue and tumor “ge-
ometry,” and/or �c� the fast growth of the tumor over the
3 days between implantation and imaging. In Fig. 5, all the
previously discussed results from the tube and tumor imaging
experiments are summarized in a plot of intensity versus
emission wavelength �closed black symbols—inserted tubes,
open white symbols—brain tumors�.

3.3 Theoretical Calculation of the Transmitted
Fluorescent Signal

To evaluate the theoretical model in Eq. �1�, we examined the
ability to predict the experimental measurements presented in
Sec. 3.2. Spectrally dependent intensity profiles of the fluo-
rescence from deep tissue were calculated using together �a�
the spectral emission curves em reported in the
literature,16,17,24 �b� the previously measured relative bright-
ness Br� from Sec. 3.1 and �c� the ex vivo transmission T0.8,0.4
from Fig. 1. The resulting profile �shown in Fig. 5—lines�
demonstrates a good match between the experimental data
and the theoretical approximation in the 514- and 610-nm
centered bandpass emission windows.

Using this model, we then predicted the performance of

Fig. 5 Normalized fluorescence intensity of GFP and tdTomato emit-
ted from the FPs cells inside tubes inserted into the esophagus and
cells implanted in the brain as compiled from the images as in Fig. 4.
Fluorescent proteins are excited at 488, 514, and 532 nm. Symbols:
solid—fluorescence from cells in tubes, open—fluorescence from
brain tumors, lines—theoretical fitting for the intensity of the FPs in
inserted tubes. Solid line—GFP excited at 488 nm, dashed lines—
tdTomato excited at 488 and 532 nm, and dotted line—mCherry ex-
cited at 532 nm. All experimental data are normalized to the same
units �counts/ s /nm/106 cells� for direct comparison.
July/August 2008 � Vol. 13�4�6
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he new red-shifted FPs �RFP� for in vivo applications, in
articular, mRFP, mPlum, mRaspberry, and Katushka. For this
alculation, we used the in vivo relative attenuation curves
rom Fig. 1 and the calculated reduced relative brightness
rom Table 1. Although a wide range of illumination wave-
engths can be studied, we opted for examining the perfor-

ance of laser lines that are generally available in a cost-
fficient from: the well-established laser lines at 488 and
32 nm using argon-ion or doubled-frequency neodymium yt-
rium aluminum garnet lasers and the newly developed
94-nm continuous-wave diode-pumped solid state laser line.

Figure 6 depicts a comparative plot of the 4-mm deep-
issue fluorescent signal from the different FPs placed 8 mm
way from the sources �see location details in Sec. 2.6�. The
aximum signal achieved for each FP is tabulated in Table 2.
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ig. 6 Relative fluorescence intensity of various FPs located inside the
ody of a mouse 8 mm from the sources and 4 mm from the detector
osition. The FPs are excited with the optimal laser choices; all of

hem were assumed to have the same light output power. The GFP
aximum intensity is normalized to 1.

Table 2 Maximum intensity of the red-shifted F

Excitation
�ex

�nm�

Peak Emi-
ssion

�em �nm� I

GFP 488 505

tdTomato 488/532 630 6.36

mCherry 532 625 1

mRaspb. 594 630 2

mRFP 594 625 1

mPlum 594 650 8

Katushka 594 645 4
ournal of Biomedical Optics 044008-
Except for GFP that emits in the green area of the spectrum,
the detected fluorescence from the other FPs is above 600 nm
because it is “shaped” by the spectral profile of the tissue
absorption. For the particular depth where the tubes contain-
ing the fluorescence protein–expressing cells were placed, the
maximum signal from Katushka excited at 594 nm was cal-
culated to be 46 times stronger than GFP. Respectively,
mRaspberry, mCherry, and mRFP were found to be 24, 18,
and 17 times brighter than GFP. The mPlum maximum signal
was 8.5 times brighter than GFP, but its spectral profile is
smoother and shifted further in the red spectral region, with
its peak at 650 nm, similar to Katushka. Finally, although
tdTomato is the brightest protein in epi-illumination mode, it
is by far outperformed in deep-tissue imaging applications by
the other proteins.

The signal strength from the FPs shown in Fig. 6 is sensi-
tive to the wavelength used for illumination, because the op-
tical properties change rapidly in the area around 600 nm, as
shown in Fig. 1. Therefore, the calculations herein as well as
the overall performance achieved are highly dependent on the
exact excitation wavelength employed. To demonstrate this,
the relative fluorescence intensities are calculated for two ad-
ditional cases: when the 593-nm excitation wavelength is
shifted by −2 nm �toward the UV� and by +2 nm �toward
IR�. The results are presented in Table 2 and deviations be-
tween 50% and 200% may be present; for example, the Ka-
tushka fluorescent signal can be 26 to 75 times higher than
GFP.

4 Discussion and Conclusions
The ability to select optimal red-shifted FPs for whole-body
applications becomes an involved task due to the availability
of a large number of potent FPs and the steep change in the
absorption spectrum of tissue around the 600-nm wavelength.
In addition, the limited availability of economically available
laser lines to appropriately excite these proteins in tomogra-
phic mode �i.e., using point illumination� further complicates
the FP selection. This work, therefore, studied the relative

pared with GFP inside tissue.

Maximum
Signal

−2 nm +2 nm
Reverse

Geometry

1 1 1

6.02/2.64 6.68/1.24 129/105

9.98 31.3 207

13.7 40.9 318

9.81 30.6 206

4.85 14.0 141

26.03 75.61 732
Ps com

d
max

1

/1.82

8.2

4.3

7.9

.49

5.7
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erformance of red-shifted FPs assuming whole-body imag-
ng and realistic experimental considerations that relate to to-

ographic setups.
Two different experimental approaches were presented to

easure the intensity of the FP signals emerging from deep
reas: �a� using tubes containing FP-expressing cells im-
lanted into mice postmortem and �b� direct implantation of
ells in mouse brains. Although the latter is directly related to
ealistic biomedical applications, the implanted tube approach
ffered many advantages:

1. Because a single mouse cadaver was employed, the
ody size, positioning, and “geometry” remained the same in
ll the measurements so that accurate comparisons could be
erformed between the different FPs through tissue. In con-
rast, tumor cell implantation in different mice may result in
ifferences in implantation site �depth� and overall geometry,
hich presents particular challenges in accurately accounting

or accurate one-to-one comparison, due to the strong nonlin-
ar dependence of optical signal intensity to depth.

2. The concentration �number per volume� of the cells in-
ide the tubes is measured in advance; on the other hand,
umor growth rate is not the same between different mice.

3. The implantable tube approach offers accurate control
easurements when the WT cells were employed, enabling

he direct measurement of tissue autofluorescence, in the same
eometry as the one used for the FP signal measurement. This
easurement can be directly subtracted from the other mea-

urements to offer accurate measurements of FP-related fluo-
escence only.

The obvious disadvantage is that these measurements do
ot directly relate to in vivo measurements because in vivo
nd postmortem tissue spectra have significant differences, as
hown in Fig. 1. However, the use of the spectra in Fig. 1
llows for calculations of in vivo–related values from the ones
chieved postmortem by taking into account the relative at-
enuation differences in each spectral region examined.

As demonstrated in Sec. 3.3, a small deviation in the ex-
itation wavelength may yield a significant deviation in sen-
itivity performance; therefore, further red-shifting the excita-
ion wavelength may yield significant sensitivity gains. In
ddition, the relative fluorescence intensity gain of the red-
hifted FPs compared with GFP depends on the position of
he FPs inside the body. Herein, the geometry examined as-
umed that the source-protein and the protein-detector dis-
ances are 0.8 and 0.4 cm, respectively. This was selected as a
ypical worst-case scenario approach, where the highly attenu-
ted excitation wavelength ��600 nm� propagates for a
onger distance compared with the emission light. Other com-
inations where the fluorescence activity is deeper in the tis-
ue �closer to the source plane� will yield higher signal inten-
ity and sensitivity. For example, we have calculated the
ntensities in the “reverse geometry” where the source-protein
nd the protein-detector distances were 0.4 and 0.8 cm, re-
pectively, with the detected fluorescence from Katushka be-
ng more than 700 times higher than the fluorescence of GFP
see reverse geometry column in Table 2�. Finally, more su-
erficial activity �closer to the CCD camera plane� can be
etected also in epi-illumination mode.

As a conclusion, the new FPs emitting in the red to near-
nfrared part of the spectrum are expected to boost whole-
ody imaging due to the high intensity fluorescent signals
ournal of Biomedical Optics 044008-
when properly excited. The maximum signals coming from
red-shifted FPs located deep inside tissue are stronger than the
signals from GFP in every case examined experimentally and
theoretically. The improvement in signal would be even
higher if appropriate light sources at 600 to 610 nm were
available. From our calculations, the highest emission inten-
sity signal is expected from Katushka when excited with
594-nm laser radiation, although these values may be modi-
fied by certain biological parameters such as expression levels
and expression sustainability, the pH of the microenviron-
ment, and the detection system used. However, Katushka,
mRaspberry, and mCherry appear to be the most suitable
choices for whole-body FP imaging applications.
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