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Abstract The objective of this study is to characterize
arterial tissue with and without atherosclerosis by fluores-
cence lifetime imaging microscopy (FLIM) using Europium
Chlortetracycline complex (EuCTc) as fluorescent marker.
For this study, twelve rabbits were randomly divided into
a control group (CG) and an experimental group (EG),
where they were fed a normal and hypercholesterolemic
diet, respectively, and were treated for 60 days. Cryosec-
tions of the aortic arch specimens were cut in a vertical
plane, mounted on glass slides, and stained with Europium
(Eu), Chlortetracycline (CTc), Europium Chlortetracycline
(EuCTc), and Europium Chlortetracycline Magnesium
(EuCTcMg) solutions. FLIM images were obtained with
excitation at 405 nm. The average autofluorescence life-
time within plaque depositions was ~1.36 ns. Reduced
plaque autofluorescence lifetimes of 0.23 and 0.31 ns were
observed on incubation with EuCTc and EuCTcMg respec-
tively. It was observed a quenching of collagen, cholesterol
and TG emission spectra increasing EuCTc concentration.
The drastic reduction in fluorescence lifetimes is due to
a resonant energy transfer between collagen, triglycer-
ides, cholesterol and europium complexes, quenching
fluorescence.
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Introduction

Atherosclerosis is a form of arteriosclerosis characterized
by the presence of the atheroma plaque, an accumulation
of degenerative material in the intima layer of artery walls
[1]. The plaque contains macrophage cells, lipids, calcium,
and a variable amount of fibrous connective tissue [2]. The
accumulated material narrows the artery walls and restricts
blood flow [3]. Despite medical advances, atheroma rupture
events continue to be major contributors to the cardiovascu-
lar death toll every year.

As a result of technological advances, the number of
available non-invasive cardiovascular imaging techniques
have increased substantially over the last decade [4]. Vari-
ous non-invasive imaging cardiac tests can be listed includ-
ing computer tomography (CT) [5], magnetic resonance
imaging (MRI) [6], positron emission tomography (PET)
[7], nuclear single-photon emission computed tomography
(SPECT), echocardiography and intravascular ultrasound
(IVUS) [8], among others. Some of these imaging exami-
nations require the use of intravenous contrast adminis-
tration, that should be avoided in patients with abnormal
kidney function [9]. Besides, overweight patients may pres-
ent lower image quality for tests as stress echocardiogram,
SPECT and PET [10].

Several new optical imaging techniques do not require
any kind of contrast and are being developed for the identi-
fication of plaques that have a high-risk of rupture [11-15].
Fluorescence lifetime imaging microscopy (FLIM) has been
developed as an extension of the time-resolved fluorescence
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spectroscopy (TRFS) technique to provide images of time-
resolved properties that map the biochemical composition
of regions of arteries with high spatial resolution. Fluores-
cence has been used to study the biochemical composition
of arteries since the 1960s. TRFS techniques are sensitive
in detecting collagen cross-links, as well as identifying
macrophages and lipid-rich content [16—19]. A few studies
have successfully demonstrated a plaque characterization
technique with FLIM images of the human aorta (collagen,
lipid, and elastin content) [11, 16, 20, 21].

There are several types of autofluorescent lipids, lipo-
proteins, and lipopigments present in plaque. Elastin has
an average fluorescence lifetime of 1.9 ns at 380 nm [22].
Collagen I has longer lifetimes of 5.2 ns at its emission
peak of 390 nm, and 4.5 ns at 460 nm [23]. Lipids have
short lifetimes (<1.8 ns) across the emission spectrum [24].
Lipid-laden macrophages (foam cells) exhibit short average
fluorescence lifetimes based on lipid content [24]. Some
plaque fluorophores fluoresce at emission wavelengths sim-
ilar to collagen and elastin, such as low-density lipoproteins
(LDL) and very low-density lipoproteins (VLDL), shorten-
ing the average fluorescence lifetimes at these wavelength
bands, but others, such as ceroid, have a fluorescence emis-
sion peak at longer wavelengths [25, 26].

Lindgren and Raekallioll [27] observed that tetracycline
binds selectively to atheroma when administered orally
in therapeutic concentrations. Moreover, tetracycline was
located in the same area of the atheroma as the phospho-
lipid stains, suggesting that it is lipophilic. Golub et al. [28]
observed that the non-antibacterial properties of Tetracy-
clines (TCs), could have therapeutic potential in cardiovas-
cular diseases.

Chlortetracycline is a member of the tetracycline group
of broad-spectrum antimicrobial drugs used to treat bac-
terial infections in animals [29-31]. The tetracyclines are
strong chelating agents. Europium trivalent ions can form
complexes with tetracyclines [32-38]. When Europium
tetracycline is excited in a wavelength resonant with the
tetracyclines absorption band, europium ion luminescence
can be observed due to the ligand large absorption and
an antenna-effect [35] that transfers the absorbed energy
to the europium through an intramolecular process. The
ion luminescence is also enhanced by the isolation that
the ligand provides from the water molecules, prevent-
ing energy transfer to them. The Europium-Chlortetracy-
cline complex (EuCTc) has an absorption band centered
at 400 nm, emission at ~617 nm and a large Stokes-shift
(approximately 210 nm). Europium-Chlortetracycline
complex was used to mark the formation of atheroscle-
rotic plaque induced on rabbits fed with 1% cholesterol
[39, 40]. In this study, aortas stained with Europium (Eu),
Chlortetracycline (CTc), the EuCTc complex and EuCTc
in the presence of Magnesium (EuCTcMg) were studied
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by FLIM in an attempt to characterize a new marker for
atherosclerosis.

Materials and methods
Animal experimentation

Twelve New Zealand rabbits were divided in two groups:
(a) experimental group (EG) with nine animals and (b) a
control group (CG) with three animals.

The animals in the EG received a diet with 1 % of choles-
terol (Sigma) and the animals of the CG received a normal
diet. The growth of atherosclerotic plaque was accompanied
during 60 days [41]. The protocol was approved by the Eth-
ics Committee of UNIFESP (Protocol n® 0327/12).

After 60 days, the aortic arch of the animals from both CG
and EG groups was cut in the vertical plane at 6 um thick-
ness on a cryostat, then mounted on glass slides and stained
with Oil Red, Europium (Eu), Chlortetracycline (CTc),
Europium-Chlortetracycline (EuCTc) and EuCTcMg.

Solutions

The CTc solution was prepared in milliQ water with 21 pM,
and the Europium solution with 31.5 pM.

The EuCTc complex was prepared in 10 mmol/L
3-(N-Morpholino) propanesulfonic acid (Mops, from Carl
Roth) of pH 6.9, with the molar ratio 1.5 Eu:1.0 CTec, and
the EuCTcMg was prepared with the molar ratio 1.5 Eu:1.0
CTc and Magnesium with 0.75 mM. The ratio of EuCTc:Mg
was 1:1. It was observed that EuCTcMg present higher
emission intensity in the presence of oxidized low density
lipoprotein (LDL) as compared to the emission of EuCTc
(data not published).

Collagen solution was prepared with hydrolyzed colla-
gen (Stem Pharmaceuticals) dissolved in milliQ water in a
concentration of 1 g/L. Triglycerides (TG) solution (TGML-
5515) and Cholesterol solution (CHSL-5710) were obtained
from Elitech Clinical Systems.

Instrumentation

The absorption spectra were obtained using a Shimadzu
MultiSpec-1500 spectrophotometer. The emission spectra
were obtained by exciting the samples at 400 nm using a
1 mm optical path cuvette (Hellma). The sample fluores-
cence was measured in the range 415-780 nm using a
RF-5301 (Shimadzu Scientific Instruments).

The fluorescence lifetimes were obtained with a pulsed
diode laser (A=403 nm) and driver (PDL 800-B) from Pico-
quant, with a repetition rate of 8 MHz. Detection was per-
formed by a photomultiplier (Hamamatsu PMA 182-PM)
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and a long-pass colored glass filter RG495 and a reflec-
tive ND filter ND30A. Data were processed by PicoQuant
PicoHarp 300 and then analyzed using OriginLab Software.
For the FLIM images the samples were investigated in the
National Institute of Science and Technology on Photonics
Applied to Cell Biology (INFABIC), at the State Univer-
sity of Campinas. It was used a 40x/1.3 NA oil immersion
EC Plan-Neofluar objective on a Confocal Upright LSM780
NLO device (Carl Zeiss AG, Germany) equipped with a
Becker—Hickl TCSPC FLIM system. FLIM was excited
with a 405 nm diode laser (BDL-405-SMC, Becker & Hickl)
with 65 ps pulses and 80 MHz repetition rate, the emission
was collected above 415 nm using a filter FF02-409/LP-25.
Each region with 177x177 pm (256x256 pixels) was
excited for 120 s at a rate of =1 x 10° ph/s and detected with
the Becker & Hickl, PMH-100 detector. The images were
analyzed with the software SPCImage5.0 and the quality fits
were chosen based on the reduced Chi square statistic. The
distributions of lifetimes were analyzed from the images
and the best fit was obtained with two-exponentials, and the
average lifetime was obtained with the following formula:

A,

= Z,.Ai

where t; and A, are lifetime and pre-exponential factor of the
i-esime decay component.

T

Results

FLIM images for aorta stained with Eu, CTc, EuCTc
and EuCTcMg

The aorta slices obtained for the animals from the control
and experimental groups were stained with Oil red, Eu, CTc,
EuCTc and EuCTcMg, and both media and intima layers
images were obtained by the FLIM technique and compared
with the aortas that were not stained. The images are shown
in Fig. 1.

Figure 2a, shows the lifetime histograms correspondent
to each image shown in Fig. 1b, for media and intima lay-
ers autofluorescence lifetimes and fluorescence lifetimes
obtained in slices of media and intima layers stained with
Eu, CTc, EuCTc and EuCTcMg. The normalized FLIM-
derived fits are shown in the Fig. 2b.

Average FLIM-derived parameters are provided in
Table 1. For control group aortas, media layer autofluo-
rescences were identified by longer lifetimes compared to
intima layer regions 1.52 ns versus 1.31 ns, respectively.
The lifetime reduces from 1.46 to 1.25 by staining the media
layer with Eu. For experimental group aortas as well, the

media layer autofluorescences were identified by longer
lifetimes compared to intima layer regions 1.62 and 1.36 ns,
respectively. The lifetimes are similar in media layer stained
with Eu or CTc. The lifetimes are shorter in the case of
intima layers stained with Eu (1.08 ns) and CTc (1.13 ns).

The incubation with EuCTc and EuCTcMg promotes a
decrease in the lifetimes in both media and intima layer for
control groups 1.24 ns media and 1.02 ns intima (EuCTc)
and 1.47 ns media and 1.20 ns intima (EuCTcMg), respec-
tively. A drastic decrease in fluorescence lifetimes for
experimental groups media and intima layers was observed
0.86 ns media and 0.23 ns intima (EuCTc) and 0.71 ns media
and 0.31 ns intima (EuCTcMg) respectively. Table 2 enlists
the fit parameters obtained for aleatory points taken in each
image shown in Fig. 1.

Spectral and temporal profile of tissue fluorophores in
the presence of EuCTc

To understand the differences in FLIM parameter obtained
in slices of media and intima layers stained with EuCTc,
shown in “FLIM images for aorta stained with Eu, CTc,
EuCTc and EuCTcMg”, some aorta fluorophores spectro-
scopic properties were studied in the presence of EuCTec.

Figure 3a shows absorption spectra of CTc, EuCTc and
the media and intima layers of the atherosclerotic aorta [42].
It is observed that EuCTc has a large absorption band cen-
tered at 400 nm, resonant with the main aorta absorption
peak. This absorption band is due to the presence of the
chlortetracycline ligand, which in its uncomplexed form has
a slightly blue shifted absorption spectrum.

Figure 3b shows the emission of CTc, EuCTc, collagen,
cholesterol and triglycerides (TG), obtained with excitation
at 400 nm. The emission spectrum of EuCTc shows evident
Eu(III) characteristic peaks at 580, 591, 617 and assignable
to °Dy—F; (j=0-2), respectively. Collagen and cholesterol
present large emission bands around 460 nm and TG pres-
ents emission band at 530 nm coincident with CTc emission.

The changes in the spectral and temporal evolutions of
collagen, cholesterol and TG solutions emission bands,
excited at 400 nm, in the presence of variable amounts of
EuCTc (added from 100 to 900 puL in 1 mL of each solu-
tion), were measured and results are shown in Fig. 4.

In Fig. 4a it is possible to see a decrease in the collagen
emission band around 462 nm with a raise in the EuCTc
concentration and simultaneously an enhancement in the Eu
emission band around 617 nm, indicating an energy trans-
fer process between collagen and EuCTc. Blue emission
of collagen was attributed to tyrosine and dityrosine while
the yellow-green fluorescence was assigned to pentosidine,
formed in vivo via a Maillard reaction involving pentose
lysine and arginine [43]. In Fig. 4b it is observed a decrease
in the collagen emission lifetime in the presence of EuCTec.
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Fig. 1 a Cross section of artery of animal of 60 days diet stained with Oil red: Control Group and Experimental Group. b Images of media and
intima layers autofluorescence not stained and stained with Eu, CTc, EuCTc and EuCTcMg, and both media and intima layers
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Fig. 2 a Lifetime histograms correspondent to each image shown in Fig. 1, the y axis represents the frequency. b Normalized FLIM-derived fits
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Table 1 Fitting parameters for the media and intima fluorescence life-
time decays obtained with a two-exponential function: average life-
times (ps) and reliability range (a) given by the program ranging over
all the image

Media Intima
CG Not stained: 1.52 (1.32-1.70)  Not stained: 1.31
(0.80-1.68)
EuCTcMg: 1.47 (1.27-1.67) EuCTcMg: 1.20
(0.41-1.50)

EuCTc: 1.24 (0.70-1.62)
CTe: 1.61 (1.37-1.74)
Bu: 1.46 (1.32-1.58)

EuCTc: 1.02 (0.37-1.55)
CTe: 1.60 (1.37-1.84)
Eu: 1.25 (0.81-1.51)

EG Not stained: 1.62 (1.44-1.76)  Not stained: 1.36
(1.25-1.52)
EuCTcMg: 0.71 (0.44-1.00) EuCTcMg: 0.31
(0.20-0.45)

EuCTec: 0.86 (0.46-1.23)
CTe: 1.47 (1.23-1.65)
Eu: 1.51 (1.18-1.75)

EuCTec: 0.23 (0.15-0.35)
CTe: 1.13 (1.05-1.23)
Eu: 1.08 (1.01-1.15)

The cholesterol emission band at 470 nm was obtained
upon excitation at 400 nm as seen in Fig. 4c. With increase
in concentrations of EuCTc, a large band around 524 nm,
corresponding to CTc emission, is observed concomitantly
with an increase in the Europium emission band. This fact
indicates a strong energy transfer between cholesterol and
CTec. In the Fig. 4d it is observed a decrease in cholesterol
emission lifetime with increase of EuCTc concentration in
the solution.

Apparently TG emission bands show less changes in
the presence of EuCTc as shown in Fig. 4e. But important
changes in TG decay kinetics in the presence of EuCTc are
observed in Fig. 4f.

Figure 4g shows the evolution of the averaged lifetimes
(the best fits were obtained by two-exponential functions)
of collagen, cholesterol and TG in function of the presence
of variable amounts of EuCTc. Comparing collagen, choles-
terol ant TG lifetimes without EuCTc and with the addition
0of 900 pl of EuCTec, collagen lifetime decreases 42 %, cho-
lesterol 39% and TG 60 %.

Discussion

Here we studied the FLIM images obtained with excita-
tion at 405 nm of aortas stained with Eu, CTc, EuCTc and
EuCTcMg. An important difference between the intima
fluorescence lifetime of normal aorta (1.02 ns) and athero-
sclerotic aorta (0.23 ns) can be noted in aortas stained with
EuCTec.

The influence of the presence of EuCTc in the aorta
fluorophores collagen, cholesterol and TG solutions was
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examined. It was observed a quenching of collagen, cho-
lesterol and TG emission spectra increasing EuCTc
concentration.

It was identified a Forster resonance energy trans-
fer (FRET) between collagen, and Europium complexes,
quenching residual collagen fluorescence. In addition,
cholesterol and TG emissions are transferred to the EuCTc
complex. Other fluorophores not identified in this paper, as
vitamins, beta-carotene, lipoproteins, etc, can also transfer
energy to EuCTc. These fluorophores (donors) must exhibit
a significant emission spectrum overlap with the acceptor’s
excitation spectrum (EuCTc or EuCTcMg).

FRET is a process by which a fluorophore (the donor,
here collagen, cholesterol or TG) in an excited state trans-
fers its energy to a neighboring molecule (the acceptor,
here EuCTc) by nonradiative dipole—dipole interaction.
When FRET occurs, the donor emission is decreased and
the acceptor emission is increased [44]. In the presence of
FRET, the donor average lifetime decreases as the fast-act-
ing energy transfer siphons off photonic energy [45].

Since several fluorophores, such as cholesterol and TG,
are present in higher concentrations in the intima layer, the
energy transfer effect to EuCTc in this layer is more impor-
tant than in the media layer.

With the addition of EuCTc to TG, collagen and choles-
terol solutions it is observed a decrease of these molecules
emission lifetimes, and this effect is more pronounced in TG.
This can be seen in Fig. 4g. This result shows that the great-
est energy transfer occurs from TG to the EuCTc complex.

It is known that in rabbits very low density lipoproteins
(VLDL) present an important role in the formation of the
plaque [46]. Triglyceride is transported by the plasma in
(VLDL) and secreted from the liver and intestine. Most of
these triglycerides is rapidly and irreversibly removed from
the VLDL, but a small amount also appears in the plasma
low density lipoproteins (LDL) as a consequence of the cat-
abolic conversion of VLDL to LDL. The VLDL is the lipo-
protein with the highest TG concentration. Therefore, the
detection of TG in atherosclerotic lesions is important for
understanding the mechanisms of atherogenesis and growth
of atherosclerotic lesions [47].

We observed also a strong energy transfer mechanism
between cholesterol and EuCTc, the main constituent of low
density lipoprotein (LDL), that can result in the reduction
of emission lifetime in the intima layer compared with the
media layer.

In the human aorta, interstitial collagen type I is abun-
dant in the intima and the proportion of type I to type III
tends to increase with atheromatous changes [43]. Collagen
is the most abundant protein in animals and its function is to
hold different organs in place and together [48]. Our results
shows that the Europium Chlortetracycline complex has a
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Table 2 Fitting parameters for the media and intima fluorescence lifetime decays obtained taking a specified point in the image: lifetimes (t; in
ns), normalized pre-exponential factors (A;) and average lifetimes (t in ns) for autofluorescence, Eu, CTc, EuCTc and EuCTcMg

Not stained CG media EG media CG INTIMA EG INTIMA
Al 0.33+0.04 0.33+0.02 0.36+0.02 0.61+0.01
t1 [ns] 0.38+0.06 0.29+0.02 0.32+0.03 1.76+0.05
A2 0.63+0.03 0.61+0.01 0.54+0.02 0.31+0.02
2 [ns] 2.32+0.20 2.19 2.10+£0.12 0.22+0.02
T [ns] 1.64 1.52 1.39 1.24
R2 0.98 0.99 0.99 0.99
Eu CGMEDIA EG MEDIA CG INTIMA EG INTIMA CTe CG MEDIA EG MEDIA CGINTIMA EG INTIMA
Al 0.51+0.03 0.37+0.03 0.40+0.03 0.52+0.01 A, 0.23+0.03  0.51+0.03 0.55+0.03 0.60+0.01
t1 [ns] 2.21+0.20 0.44+0.05 2.33+0.23 0.31+£0.01 t; [ns] 0.32+£0.07 2.67+0.27 1.99+0.14 0.28+0.01
A2 0.43+0.03 0.55+0.03 0.53+0.03 0.47+0.01 A, 0.63+£0.03  0.41+0.04 0.41+0.03 0.42+0.01
t2 [ns] 0.39+0.04 2.46+0.20 0.44+0.03 1.75+0.06 t, [ns] 1.92+0.13  0.49+0.05 0.31+0.04 1.55+0.04
T [ns] 1.38 1.65 1.24 1.00 T [ns] 1.48 1.71 1.27 0.81
R2 0.99 0.99 0.99 0.99 R? 0.98 0.99 0.99 0.99
EuCTc CG MEDIA EG MEDIA CG INTIMA EG INTIMA EuCTcMg CG MEDIA EG MEDIA CG INTIMA  EG INTIMA
Al 0.57+0.02 0.67+0.01 0.42+0.02 0.87+0.01 A, 0.61+£0.02  0.34+0.01 0.35+0.02 0.764+0.009
t1 [ns] 1.98+0.10 0.143+0.006 0.28+0.03 0.087+0.001 t, [ns] 249+0.19 1.53+0.07 0.28+0.02 0.141+0.009
A2 0.34+0.02 0.325+0.009 0.64+0.02 0.135+0.001 A, 0.32+£0.03  0.66+0.01 0.61+0.02 0.245+0.009
2 [ns] 0.22+0.03 1.70+0.08 2.17+0.11 0.87+0.05 t, [ns] 0.38+0.05 0.134+0.006  1.65+0.05 0.87+0.05
[ns] 1.33 0.65 142 0.19 7 [ns] 1.77 0.65 115 0.39
R2 0.99 0.99 0.99 0.99 R? 0.99 0.99 1.00 0.99
Bold values represent tunica intima and tunica media: the innermost two layers of the wall of an artery
(a) (b) exc=400 nm
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Fig. 3 a Absorption emission spectra of media and intima of an ath-
erosclerotic aorta, and the Chlorotetracycline (CTc) and Europium
Chlorotetracycline complex (EuCTc) (b) the emission of Europium

huge energy transfer with collagen indicating that the prop-
erties of many tissues can be investigated using EuCTc as a
fluorescent marker.

Previous studies have shown an interaction of tetra-
cycline with the phospholipid [49]. This effect indicates
that Europium Chlortetracycline could be retained in the
artery walls facilitating the optical diagnosis. Europium

T
540
Wavelength (nm)

Chlorotetracycline (EuCTc) complex, Chlorotetracycline (CTc) and
cholesterol, TG and collagen obtained with excitation at 400 nm in
function of the EuCTc concentration in each solution

complexes may offer new possibilities for target recogni-
tion and feedback-controlled safe tissue of coronary arter-
ies. The emission peak of EuCTc is separated by enough
spectral distance from the endogenous fluorophores. This
feature can be applied to avoid the overlap between excita-
tion and emission spectra of fluorophore itself or emission
from biological matrix. Here measurements at 400 nm are
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superficial, and just report on the immediate few hundred
microns. The two-photon excitation of ultrashort pulse
lasers (Ti: Sapphire) could improve investigation in very
thick and large tissues.

Here we prepared EuCTc complex but Europium Tet-
racycline complex is currently commercialized (Sigma-
02816), facilitating new studies and applications.

Conclusions

Atherosclerotic aortas stained with EuCTc and EuCTcMg
showed significantly shorter emission lifetimes than normal
aortas due to FRET between aorta fluorophores—mainly
collagen, cholesterol and TG and Europium complexes.
These results and the aforementioned studies provide
encouraging data to support the concept that FLIM analysis
using 405 nm excitation and EuCTc administration can sen-
sitively identify atheroma.
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