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A method to visualize and quantify fluorescence resonance energy transfer (FRET) in scattering media is
proposed. It combines the ratiometric FRET method with fluorescence molecular tomography (FMT) in
continuous wave (CW) mode. To evaluate the performance of the proposed method, experiments on a
tissue-mimicking phantom are carried out. The results demonstrate that the proposed approach is cap-
able of visualizing and quantifying the FRET distribution in scattering media, which implies the further
application of the ratiometric assay in in vivo studies. © 2012 Optical Society of America
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1. Introduction

In recent years, more and more attention has been
focused on fluorescence resonance energy transfer
(FRET). FRET is a near-field mechanism by which
nonradiative energy is transferred from an excited
molecular fluorophore (donor) to the adjacent
chromophore (acceptor) via dipole—dipole coupling
[1-4]. Because the degree of the FRET strongly
depends on the distance between donor and acceptor,
this technology can be used to reveal the spatial
proximity relationship between the two fluorescence-
labeled sites [2]. With the development of the FRET
pair proteins, at present, FRET has been widely ap-
plied to study the biological processes, for example,
protein—protein interactions [5-7], protein—DNA in-
teractions [8], intracellular calcium dynamics [9-12],
and protease activities [13,14].

Generally, the measurement of FRET is mainly
based on two methods, namely fluorescence lifetime
imaging microscopy (FLIM) [15,16] and ratiometric
microscopy. Although FLIM is more accurate and
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insensitive to artifacts, it requires specialized light
sources and detectors, which complicate the experi-
mental measurements [4,7]. In contrast, the ratio-
metric method is simpler and easier to use. As one
of the ratiometric methods, the three-cube FRET
method [9-12,17] has been widely used to evaluate
the FRET. In this method, the fluorescence images
are firstly acquired using three sets of filters, namely
the donor channel, the acceptor channel, and the
FRET channel. Then, based on these acquired
images, the FRET ratio (FR) is calculated, which is
used as an indicator to evaluate the degree of FRET.
As demonstrated in [9,17], the three-cube FRET
method can not only avoid sophisticated fluorophore
concentration measurements but is also fast and
nondestructive. In spite of these advantages, cur-
rently, the three-cube method is only applied to
the microscopic level due to the high degree of light
scattering in scattering media.

In this paper, we extend the three-cube FRET
method from the microscopic to macroscopic level
by combining the technology of fluorescence molecu-
lar tomography (FMT) [18-20]. Similar to [9], the
intensities of the fluorescent proteins are first
measured and reconstructed in the three channels



(the donor channel, the acceptor channel, and the
FRET channel). Second, using the reconstructed in-
tensities of the proteins, the FR is calculated to eval-
uate the degree of FRET. With the generated FR, we
image the three-dimensional (3D) distribution of
FRET at the macroscopic level. To demonstrate the
capacity of the proposed method, phantom experi-
ments are performed on a free-space FMT imaging
system. The experimental results demonstrate that
FRET distribution in the phantom can be localized
and quantified with this approach.

This paper is organized as follows. The proposed
method is presented in Section 2. In Section 3,
experiments on the tissue-mimicking phantom are
conducted to evaluate the proposed method. In
Section 4, phantom results are shown. Finally, we
make some discussions about this study in Section 5.

2. Methods

A. Fluorescence Reconstruction

The fluorescence tomography images are obtained
by using the FMT algorithm in continuous wave
(CW) mode [18-20]. In a highly scattering medium,
the photon propagation can be modeled using the
diffusion equation coupled with the Robin-type
condition [21]:
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where Q denotes the domain of the problem, 0Q de-
notes the boundary, D(r) is the diffusion coefficient,
Ug (r) is the absorption coefficient, g is a constant de-
pending upon the optical reflective index mismatch
at the boundary, and 7 denotes the outward normal
vector to the boundary. For FMT with point illumina-
tion, a point source is usually modeled as an isotropic
source S(r —r,), where r, is the point-one transport
mean free path into the medium from the illumina-
tion spot. The diffusion equation is solved by the
finite element method. After obtaining the Green’s
functions, the forward model of FMT can be written
as a linear system [19,22]:

¢ﬂ = WI’L, (2)

where ¢4 is the measured fluorescence signal by the
detectors, W is the weight matrix, and n is the fluor-
escence yielded to be reconstructed. The unknown n
is obtained by solving Eq. (2) using algebraic re-

construction technique (ART) [23] with nonnegative
constraints.

B. Three-Cube Method

The three-cube method is used to correct for the spec-
tral cross talk of the donor and acceptor by employing
three different sets of filters, namely the donor chan-
nel, the acceptor channel, and the FRET channel

Table 1. Three Channels and Corresponding Filters

Channel

Excitation Filter Emission Filter

CFP (Donor) 440 + 5 nm 480 + 5 nm
YFP (Acceptor) 500 + 5 nm 530 + 5 nm
FRET 440 + 5 nm 530 = 5 nm

(Table 1). In this paper, the used donor and acceptor
are respectively cyan fluorescent protein (CFP) and
yellow fluorescent protein (YFP).

To further understand the principle of the three-
cube method, the spectrum of the dimer of CFP
and YFP (referred to as the C-Y dimer) is shown
in Fig. 1(a), which is the superposition of the CFP
and YFP spectra. The C-Y dimer representing a
CFP-YFP concatemer, in which CFP and YFP are
held within 100 A, shows FRET [right panel in
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Fig. 1. (Color online) Illustration of the principle of the three-
cube method. (a) Fluorescence emission spectrum with the excita-
tion light at 440 nm. Emission at 530 nm (dimer curve) is the sum
of CFP emission (CFP curve) and YFP emission (YFP total curve).
A portion of its YFP emission is due to FRET, and the rest is due to
direct excitation. Similarly, for the mixture, the emission at
530 nm is the sum of CFP emission (CFP curve) and YFP emission
(YFP direct curve). Its YFP emission (YFP direct curve) is due only
to direct excitation. The spectra are adapted from [9]; (b) compar-
ison between the two used samples. The length of the arrow repre-
sents the relative intensity of emission fluorescence for particular
wavelength. CFP and YFP in the mixture are held outside of 100 A.
CFP and YFP in the C-Y dimer are held within 100 A. The two
samples are illuminated by the same excitation light with a wave-
length of 440 nm.
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Fig. 1(b)]. Because of FRET, the YFP emission Fy,

[YFP total curve in Flg 1(a)] in the C-Y dimer en-
counters an emission increase compared with that
of the direct YFP emission F'y [YFP direct curve in
Fig. 1(a)] near 530 nm. On the contrary, the mixture
of CFP and YFP (referred to as the mixture), ob-
tained from blending the CFP sample with the
YFP sample, shows no FRET as the distance between
CFP and YFP is more than 100 A [left panel in
Fig. 1(b)]. Thus its YFP emission F, [YFP direct
curve in Fig. 1(a)] is only the result of direct excita-
tion, leading to a lower spectrum near 530 nm
compared with that of the dimer F,,. Thus FRET
can be then quantified by the FR, which is a unitless
index equal to the fractional increase in YFP
emission due to FRET, expressed as [9]

Fap _ _ Srrer(DA) - Rp, - Scrp(DA)
Fj Ry - [Syrp(DA) — Rpy - Scrp(DA)]

FR = 3)

where Rpi, Rpy, and R4; are constants obtained
from the calibration samples (CFP, YFP) for sys-
tem correction with RDl = SFRET(D)/SCFP(D), RD2 =
Syrp(D)/Scrp(D), and Rj; = Sprer(A)/Syrp(A).
Scrp(D), Sypp(D), and Sprrr(D) are the recon-
structed intensities of the CFP sample (donor) in
the CFP, YFP, and FRET channels (Table 1), respec-
tively. Sypp(A) and Sprrr(A) are the reconstructed
intensities of the YFP sample (acceptor) in the YFP
and FRET channels, respectively. When the FR
of the mixture is calculated, Scpp(DA), Sypp(DA),
and Sggrer(DA) in Eq. (3) denote the reconstructed
intensities of the mixture in the CFP, YFP, and FRET
channels, respectively. When the FR of the dimer is
calculated, SCFP (DA), SYFP (DA), and SFRET (DA) indi-
cate the reconstructed intensities of the C-Y dimer in
the three channels, respectively.

When the FR equals 1, there is no FRET. When the
FR is above 1, there is FRET, and the FR bears a lin-
ear relation to the degree of FRET [9-12,17]. With
higher degree of FRET, higher FR can be obtained.
After the reconstructions of fluorescence intensities
in the three channels, the distribution of the FRET
in scattering media is obtained by calculating the
FR pixel by pixel using Eq. (3).

Based on Eq. (3) and [9], in the calculation of FR,
the experimental factors, such as the concentrations
of donor and acceptor, the excitation power, the char-
acteristics of the optical filters, the fluorescence
intensity, and the autofluorescence, have been con-
sidered. That is, the above experimental factors
could not affect the evaluation of FRET.

3. Phantom Experiments

A. Sample Preparation

Cultures of transformed HEK 293 T cells were
maintained in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum
in a humidified atmosphere containing 5% CO, at
37 °C. HEK 293 T cells were transfected respectively
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with the CFP, YFP, and C-Y dimer ¢cDNA plasmids
by Lipofectamine 2000 (Invitrogen, California, USA).
The transfection methods yielded transfection
efficiency greater than 80%. Briefly, HEK 293 T cells
were plated at a density of 2 x 106 cells per 100 mm
Corning dish and transfected the following day. For
Lipofectamine 2000 transfections, HEK 293 T cells
were transfected with 8 ug of CFP, YFP, and C-Y
dimer plasmid cDNA, respectively, and 20 ul. of
Lipofectamine per plasmid in 500 L of Optimem™!
per dish for 6 h according to the manufacturer’s spe-
cifications. After transfection with Lipofectamine,
the cells were washed and maintained in DMEM
supplemented with 10% fetal bovine serum. After
48 h of transfection, HEK293 T cells were lysed using
phenylmethylsulfonyl fluoride (PMSF) and protei-
nase inhibitors. The cell lysates were centrifugalized
to remove the membrane fragments and were finally
assessed with a Zeiss confocal microscope (LSM-710,
Zeiss, Oberkochen, Germany) at excitation light of
440 nm and emission light of 530 nm. After the above
procedures, the CFP sample, YFP sample, and C-Y
dimer sample were obtained.

In the paper, two different samples, namely the
mixture and the C-Y dimer, were tested in the ex-
periments to evaluate the proposed method. The
mixture was obtained from blending the CFP sample
with the YFP sample and was used as a control
assessment for the C-Y dimer. In contrast, the
C-Y dimer, representing a CFP-YFP concatemer,
was obtained from the cell transfection and lysate
as described above. In the C-Y dimer [right panel
in Fig. 1(b)], as the distance of CFP and YFP is less
than 100 A the energy is transferred from the
excited CFP to the nearby YFP via dipole—dipole cou-
pling. In the mixture [left panel in Fig. 1(b)], as the
CFP is more than 100 A away from the YFP, almost
no energy will be transferred between CFP and YFP.
Thus the relative YFP emission in the C-Y dimer is
larger than that in the mixture, which is due to the
FRET [17,24].

B. Experimental Setup

The overview of the noncontact, free-space FMT sys-
tem is illustrated in Fig. 2, similar to our previously
developed system [25]. It consisted of a 300 W xenon
lamp (Max-302, Asahi Spectra, CA, USA), a fiber, a
rotation stage, a 512 x 512 pixel electron-multiplying
charge-coupled device (EMCCD) camera (iXon DU-
897, Andor Technologies, Belfast, Northern Ireland),
a 35 mm f/1.6D lens (C3514-M, PENTAX, Tokyo,
Japan) coupled to the EMCCD camera, and a filter
wheel with emission filters fixed on it.

The excitation and emission filters used in the do-
nor (CFP), acceptor (YFP), and FRET channels are
listed in Table 1. The xenon lamp, containing a filter
wheel itself, tunable from 200 to 1200 nm, was em-
ployed as the excitation light source (see excitation
filters in Table 1). The fiber attached to the lamp
was employed to generate a light spot, which was
focused onto the surface of the imaged object. The
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Fig. 2. (Color online) Experimental setup. The setup consists of a
xenon lamp as the excitation light, a fiber coupled to the lamp, a
stage to perform the rotation of the imaged object, a CCD camera,
and a filter wheel containing the filters to capture the correspond-
ing images. The CCD camera and the rotation stage are under the
control of a personal computer.

(

rotation stage was designed for rotating the imaged
object around its z axis over 360° at a speed of 6°/s.
The photons transmitting through the imaged object
were detected by the EMCCD camera, which was
cooled to -70°C to reduce dark noise. The filter
wheel, placed in front of the EMCCD, was utilized
in the light path to collect images with different
emission filters (see emission filters in Table 1).
The selection of the bandpass excitation/emission fil-
ters was based on the spectral properties of the used
FRET pair proteins. Control of the rotation stage and
acquisition of data were manipulated by customized
software written in LabWindows (National Instru-
ments, Austin, TX, USA).

C. Phantom Experiments

In order to verify the capability of the proposed meth-
od in imaging FRET in scattering media, phantom
experiments were performed on the FMT imaging
system. A glass cylinder (outer diameter ~3.0 cm)
containing 1% intralipid was employed to mimic
scattering properties of tissue, with an absorption
coefficient u, of 0.022 cm™! and a reduced scattering
coefficient u, of 17.0 cm™! when using blue excita-
tion light [26,27]. A transparent glass tube (outer
diameter ~0.4 cm) was immersed in the tissue-
mimicking phantom [Fig. 3(a)l, approximately
1.0 cm to the boundary of the phantom [Fig. 3(b)].
The glass tube was alternatively filled with the same
dose (50 uL) of the tested samples, that is, the mix-
ture and the C-Y dimer. The excitation light and the
center of the imaged proteins were at the same
height, approximately 2.6 cm from the bottom of
the phantom [Fig. 3(b)].

To eliminate the background noise, endogenous
protein obtained from lysates of the nonfluorescent
cells was first imaged in the experiment. CFP and
YFP samples were also imaged in the experiment
as the calibration samples for system correction.
For each sample (endogenous protein, CFP, YFP,
mixture, and C-Y dimer), fluorescence images were
collected in the CFP, YFP, and FRET channels, re-
spectively (Table 1), typically utilizing 24 projections
with an angular increment of 15°. For each

Vertical section at the yellow line
depicted in (a)
L @ 3.0cm |

Cross section of the phantom

-1.0 cm _

2.6 cm

(@ (b)

Fig. 3. (Color online) Illustration of the tissue-mimicking phan-
tom. (a) Cross section of the phantom; (b) Vertical section at the
yellow dashed line depicted in (a). The employed phantom is a
glass cylinder (outer diameter ~3.0 cm) containing 1% intralipid
(4g = 0.022 ecm™1,4;, = 17.0 cm~! when using blue excitation light).
A transparent glass tube (outer diameter ~0.4 cm) alternatively
filled with 50 uL. endogenous protein sample, CFP sample, YFP
sample, mixture sample, and C-Y dimer sample is immersed at
the position about 1.0 cm to the boundary of the phantom.

projection, an image of 512 x 512 pixels was obtained
with an exposure time of 0.3 s and a CCD gain of 5.
All fluorescence images of the four samples, that is,
CFP, YFP, mixture, and C-Y dimer, were background
corrected by subtracting the images of the endogen-
ous protein pixel by pixel in the corresponding three
channels. To recover the 3D surface of the phantom,
72 white-light images were captured with an angular
increment of 5°.

4. Results

A. Reconstruction of Fluorescent Proteins

Reconstructed images (Fig. 4) show the distribution
of the CFP sample, the YFP sample, the mixture
sample, and the C-Y dimer sample in the CFP,
YFP, and FRET channels, respectively, in which
the CFP and YFP samples are used for system cali-
bration. All the tomographic images (Fig. 4) are in
the same slice of the phantom where the red, outer
circle depicts the boundary of the phantom and the
blue, inner circle depicts the actual positions of the
proteins. The reconstructed position of each protein
matches its actual position well. These results are
shown in the same color scale, facilitating the com-
parison of each sample in the three channels. It is
evident that the fluorescence intensities of YFP
(the second row in Fig. 4) differ from channel to chan-
nel. Signal in the YFP channel is much stronger
than that in the other two channels, in good
agreement with the assessment of living cells by mi-
croscopy (not shown). All the samples share a simil-
arity in that their relative reconstructed fluorescence
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Fig. 4. (Color online) Results of the fluorescence reconstruction.
(a)—(c) Tomographic images of CFP sample in (a) CFP channel,
(b) YFP channel, and (¢c) FRET channel; (d)—(f) tomographic images
of YFP sample in the three channels; (g)—(i) tomographic images of
the mixture sample in the three channels. (j)—(1) Tomographic
images of C—Y dimer sample in the three channels. All the images,
depicted in the same color scale, are taken from the same slice of
the phantom. The red, outer circle depicts the boundary of the
phantom, and the blue, inner circle depicts the actual position
of the proteins.

Dimer

intensities in the three channels correlate well with
the assessment by microscopy (not shown).

B. Reconstruction of the FRET

In a manner analogous to the microscopic imaging,
the degree of FRET was quantified by the FR, a ratio
between total YFP emission and direct YFP emission
[Eq. (3)]. After the reconstructions of fluorescence in-
tensities in the three channels, the FR of each tested
sample (the mixture and the C-Y dimer) was calcu-
lated pixel by pixel using Eq. (3). The 3D FRET
distributions of the mixture and the dimer are pre-
sented in Fig. 5, demonstrating the capacity of the
proposed method to image FRET distribution in
the phantom. The two-dimensional (2D) tomographic
images (right panel in Fig. 5) are taken at the slices
depicted in the 3D images (red circle in left panel of
Fig. 5). The FR of the mixture [Fig. 5(a)] appears to be
~1, suggesting no FRET, as the distance between
CFP and YFP in the mixture is greater than
100 A. As expected, because of the proximity of
CFP to YFP in the dimer (<100A), the FR of the
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Fig. 5. (Color online) Reconstruction results of the FRET distri-
bution. (a) 3D (left panel) and 2D (right panel) FRET distribution
of the mixture; (b) 3D (left panel) and 2D (right panel) FRET dis-
tribution of the dimer. The FR of the mixture (~1) is much smaller
than that of the dimer (~7).

dimer [Fig. 5(b)] shows a much higher value than
that of the mixture, yielding ~7. In addition, the re-
constructed position of each sample agrees well with
its actual position (blue, inner circle in Fig. 5). The
procedures and results in this paper are similar to
those obtained from the microscopic three-cube
method [9,17].

5. Discussion

The development of FRET provides researchers with
crucial insights into biological mechanisms and
physiological functions of cells. With regard to the
importance of FRET in biological studies, it is urgent
to obtain the distribution of FRET at the macro-
scopic level.

In this paper, we proposed a method combining the
ratiometric three-cube assay with the FMT in CW
mode. To evaluate the capability of this proposed
method, phantom experiments were performed on
the FMT imaging system. After reconstructing the
fluorescence intensities in the three channels
(Table 1), the FRET distributions were obtained by
calculating the FR, which represented the fractional
enhancement of YFP due to FRET. The results show
that the combination of the ratiometric three-cube
method with the technology of FMT in CW mode
can offer an approach to localizing and quantifying
FRET in scattering media.

There are several limitations in this study. First, it
should be pointed out that in this paper, the FR is
utilized as an indicator to evaluate the degree of



FRET. Several experimental factors (e.g., the concen-
trations of donor and acceptor, the excitation power,
the characteristics of the optical filters, the fluores-
cence intensity, the autofluorescence), have been
considered in the calculation of FR [9]. In other
words, using the three-cube method, the above ex-
perimental factors could not affect the evaluation
of FRET. Nevertheless, when the FRET pair (CFP/
YFP pair) is applied to the in vivo study, if the above
factors (e.g., the autofluorescence) are corrected
using proper correction techniques, it would improve
the FMT reconstruction quality, which could be help-
ful to the calculation of FR. In addition, considering
the penetration of light in biological tissues, the
FRET pair used in the study may have limitations
in the in vivo study. This problem, to some extent,
can be improved by some techniques such as the
use of optical clearing agents [28]. Also, the FRET
pairs of longer wavelengths may be helpful to the
in vivo study, for the penetration into tissues would
be deeper and the autofluorescence in tissues would
be lower. Finally, only tissue-mimicking phantoms
were employed in the experiments to verify the fea-
sibility of the proposed method. In vivo experiment
should be considered in future work.

To sum up, by combining the three-cube FRET
method with the technology of FMT, we resolve the 3D
distribution of FRET at the macroscopic level. Future
work will be focused on its in vivo applications.
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