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A B S T R A C T

In this work, fluorescence lifetime has been used to analyze protoporphyrin IX (PPIX) extracted from blood for
diagnosing atherosclerosis. A total of 10 adult white male rabbits (New Zealand) were divided into the control
group (CG), with a normal diet, and the experimental group (EG), subjected to a diet containing 1% cholesterol.
Blood samples were collected from the animals, and protoporphyrin IX was extracted from the blood using
acetone. The PPIX fluorescence lifetime (PPIXFL) was measured using time-correlated single photon counting,
after excitation at 403 nm from a pulsed laser diode. It was found that the PPIX emission intensity was enhanced
in the animals that had received a hypercholesterolemic diet. The CG and EG animal's fluorescence decays were
fitted by three exponentials and the mean lifetimes were 4.0 ns and 9.5 ns, respectively. This lifetime depen-
dence resulted in a calibration curve that allows the determination of the PPIX concentration with a temporal
measurement. The obtained results show that fluorescence lifetime can potentially be used as a noninvasive,
simple, rapid, and sensitive tool in atherosclerosis diagnosis.

1. Introduction

Atherosclerosis is characterized as a progressive disease in which
the arterial wall thickens through a process of inflammation [1], oxi-
dative stress [2] and flow restriction. The arterial plaques may also
rupture leading to thrombosis and occlusion of the vessel, causing
myocardial infarction, angina, ischemic stroke and some manifestations
of peripheral arterial disease, such as acute limb ischemia [3].

The association between LDL (low density lipoprotein), HDL (high
density lipoprotein) and total cholesterol levels with cardiovascular
disease risk is well known [4]. However, the weak capacity to distin-
guish between patients who will and those who will not develop car-
diovascular disease has prompted the search for further refinement of
these traditional measures [5].

Existing screening and diagnostic methods are insufficient in iden-
tifying the disease before an event occurs. Diagnostic methods, in-
cluding catheter-based techniques, can localize and characterize vul-
nerable plaques, but are invasive and require hospitalization [6].

Several optical spectroscopy techniques have previously been used
in atherosclerosis characterization; these include fluorescence spectro-
scopy [7], optical coherence tomography, near-infrared absorption,
Raman and diffuse reflectance spectroscopy [8–11].

Many authors have reported on the use of autofluorescence

spectroscopy of tissues for distinguishing atherosclerotic plaques from
normal tissue [12–14].

Time-Correlated Single Photon Counting (TCSPC) has usually been
used to characterize biological tissue [15]. TCPSC generates decay
curves by measuring single photons that are emitted from an excited
fluorescent molecule, and creating a photon-intensity histogram
[16,17]. The instrument registers the time between an excitation source
pulse and the emitted photons, and after collecting a significant number
of photons, a decay curve emerges from this data. The photon count is
used because the emission intensity is directly proportional to the
probability that a photon will be detected at a given time.

The lifetime of each fluorophore present in the tissue is highly
sensitive to micro environmental changes. The decay dynamics are
sensitive to intermolecular interactions and changes in the micro-
environment, but are relatively independent of the artifacts existing in
steady-state measurements. Several studies have shown that the tech-
niques of time-resolved laser induced fluorescence [12] and fluores-
cence lifetime imaging microscopy [18] show potential for the char-
acterization of the composition of atherosclerotic plaques, and to detect
markers associated with plaque instability and rupture.

A potential marker for atherosclerosis in tissue and blood is proto-
porphyrin IX (PPIX). Spears et al. were the first to describe the accu-
mulation of porphyrins in atheromatous lesions [19]. Peng et al.
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previously detected PPIX in atheromatous plaques, after an intravenous
administration of δ-aminolevulinic acid (ALA), in rabbits subjected to a
hypercholesterolemic diet [20]. Silva et al. observed that PPIX that
accumulates in atheromatous plaques transfers to the blood and can be
analyzed by extracting porphyrin from total blood [21].

In the present study, we used the TCPSC technique to analyze blood
PPIX for atherosclerosis diagnosis. Our work shows sufficient sensitivity
and specificity to distinguish subjects with and without plaques, sug-
gesting a new and noninvasive diagnostic method.

2. Materials and methods

2.1. Animal testing

A total of 10 adult white male rabbits (New Zealand species
Orytolagus cuniculus, approximately 2.3± 0.1 kg, and ∼3.5 months
old) were divided into two experimental groups as shown in Table 1.

The animals were individually housed in a controlled environment
that was maintained at 19 °C, and food and water were provided ad
libitum. The Ethics Committee of UNIFESP approved the protocol of this
study (Protocol no. 0374/12).

All 10 rabbits completed the experimental process. Ninety days after
the start of the experiment, the animals were euthanized according to
the American Veterinary Medical Association guidelines for euthanasia.

2.2. Porphyrin extraction

The animals’ blood samples were collected 90 days from the start of
the experiment. Three parts by volume of analytical grade acetone
(P.A.-A.C.S. 790 g, 100% - SYNTH) were mixed with one part of the
total blood collected. The mixture was centrifuged at 4000 rpm for
15 min. The clear supernatant of the mixture was stored in a clean tube
and kept refrigerated, in the dark, until spectroscopic characterization
was performed.

2.3. Fluorescence analyses

The emission spectra were obtained under excitation at 405 nm
using a 1 mm optical path cuvette (Hellma). The sample fluorescence
was measured from 550 to 750 nm using a Horiba Jobin Yvon Fluorolog
3 Fluorimeter.

The PPIX fluorescence lifetimes were obtained using a homemade
system equipped with a pulsed diode laser (PDL 800-B, PicoQuant) that
provides 45 ps pulses, centered at λexc = 403 nm, in an 8 MHz re-
petition rate pulse train. This yields a temporal instrument response
function of, typically, (248± 1) ps FWHM, obtained by measuring the
excitation light scattered by the cuvette. The average power was fixed
at 0.1 mW. Detection was performed using a photomultiplier
(Hamamatsu PMA 182-PM) and a RG610 longpass colored glass filter. A
reflective ND filter ND30A (ThorLabs) was used to reduce the back-
ground noise. The obtained data was processed using PicoQuant
PicoHarp 300 (TCSPC system connected to a PC through a USB 2.0
interface), and then analyzed using Mathematica 10.

The data are expressed as mean± standard error of the mean
(S.E.M.).

2.4. Artery excision and histological analysis

At the end of the experiment, the arteries were excised and washed
with phosphate-buffered saline (PBS). Cryosections of the aortic arch
specimens were cut in the vertical plane to a 10 µm thickness on a
cryostat, and then mounted on glass slides and stained with Oil Red O
(O0625 SIGMA-ALDRICH). Since lipids are soluble in the solvents used
in standard histological tissue processing, fresh or fixed tissues were
used for the cryostat sections. Oil-soluble dyes were used to stain and
visualize the lipids in the sample sections, since the dyes have a greater
solubility in the lipids than in their original solvents. Images were ob-
tained using a Leica DMI6000 CS fluorescence microscope, a Leica
DFC450FX digital video camera and Leica AF6000 software.

2.5. PPIX lifetime calibration curve

Protoporphyrin IX (Sigma CAS Number 553-12) was dissolved in
acetone P.A. (Synth) and solutions containing concentrations ranging
from 0 to 100 µg/L were prepared. Fluorescence lifetimes were ob-
tained by the system already described.

3. Results and discussion

It was observed that within the 90-days duration of the experiment,
atherosclerotic plaques were deposited in the arteries of rabbits fed the
experimental diet containing 1% cholesterol. The images obtained from
aortas stained with Oil Red are shown in Fig. 1, indicating a type IV, in

Table 1
Experimental Groups.

Groups Number of
Animals

Procedures

Control Group: CG 4 Commercial diet washed with
chloroform

Experimental Group:
EG

6 Diet containing 1% cholesterol
(Sigma Aldrich) diluted in
chloroform

Fig. 1. Cross section of thoracic aortas from the
control group (CG) and experimental group (EG)
stained with Oil Red, indicating a type IV athero-
sclerotic plaque.
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a scale that runs up to VI, atheroma lesion. For the experimental group
rabbits (high cholesterol diet), the intima layer was thickened and a
considerable foamy cell infiltration and extracellular lipid accumula-
tion was present. The aortas of the control group rabbits (fed a regular
diet) had a normal thickness, and no lipid was present in the intima
layer.

3.1. Blood fluorescence spectra

PPIX was extracted from the blood of the animals and emission
spectra were obtained using excitation at 405 nm. Fig. 2 shows the
resulting averaged spectra with two fluorescence bands, at 635 and
700 nm. The averaged PPIX emission intensity of the experimental
group is higher than that of the control group. The mean± SEM are
significantly different between the two groups (p< 0.05).

The results shown in Fig. 2 indicate that porphyrin has accumulated
in the blood of the experimental group animals. Previous studies have
indicated that several types of porphyrins, including PPIX, accumulate
in significant amounts in rapidly growing tissues such as atheromatous
plaques [20,22]. The increase in blood PPIX emission follows the same
trend as the growth of the plaques [7].

PPIX interacts with atherosclerotic plaques via low-density lipo-
protein (LDL) receptors [21] in acidic environments [22]. In athero-
sclerotic lesions, the oxidized form of LDL, an important carrier of
cholesterol, is uptaken by macrophages that accumulate progressively
in the expanding arterial wall during the inflammatory response that
drives atherogenesis. It is hypothesized that elevated PPIX accumula-
tion in atherosclerotic tissues is due to higher concentration of LDL
receptors compared to normal tissue. Actually, Guo et al. [20] showed
that PPIX fluorescence was observed in macrophages. The ruptured
erythrocytes release greater amounts of PPIX into the hyperlipidemic
blood, resulting in an observed increase in the emission signal [23].

Several factors can explain the increase in the emission signal of
PPIX extracted from the blood of animals with atherosclerotic plaques.

3.2. Blood fluorescence decay

The fluorescence decays of PPIX extracted from the blood of animals
in the CG and EG groups using acetone were studied using excitation at
403 nm. Fig. 3 shows the normalized intensity fluorescence decay
curves obtained. The time t = 0 is the moment at which the laser pulse
finishes. All normalized intensity emission profiles, I(t), were fitted by a
triple-exponential decay curve:
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where bg is the background noise, and the τi and Ai are the components
lifetimes and their relative weights (amplitudes), respectively.

The quality of the fit was judged by the reduced-χ2 value and in-
spection of the residuals distribution. The amplitude-weighted
lifetime< τ>was calculated according to:
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Observing Fig. 3 and Table 2 is clear that the EG animals exhibit
longer weighted lifetime emissions by a factor over two, providing a
parameter to quantify the PPIX concentration on the blood. All samples
exhibited a short lifetime, around 0.2 ns, attributed to the acetone, a
decay time around 1 ns attributed to other proteins in the blood that
contribute with additional decay processes (not discussed here), and a
longer decay time, rising from 6 to 11 ns with the increasing PPIX
concentration. According to Brancaleon et al. [24], the fluorescence
lifetime of PPIX depends on the solvent and the emission wavelength.
Brancaleon's values for PPIX in acetone have a long lifetime around
12.0±0.8 ns and a short lifetime at 1.4± 0.3 ns, in the spectral region
between 650 and 680 nm.

3.3. PPIX calibration curve

The concentrations of the PPIX in each sample, were estimated from
a PPIX calibration curve. For this study a commercial PPIX solution
from Sigma was diluted in P.A. acetone, and emission decay profiles
were obtained as a function of the PPIX concentration ranging from 0
(acetone) to 100 µg/L. The results are shown in Fig. 4a. Differently from
the analysis adopted for the animal samples, the emission curves were
fitted by double-exponential decays. This treatment was used because
only two lifetimes were expected here, one for the acetone and other for
the PPIX, differently from the animal samples solutions. The amplitude-
weighted lifetimes,< τ> , were also calculated according to Eq. (2),
and are shown as a function of the PPIX concentration in Fig. 4b. The
amplitude-weighted lifetimes increase as the PPIX concentration rises,
until saturation is reached around 11 ns for ~ 30 µg/L. In the solutions
with PPIX concentrations above 30 µg/L, the longer lifetime pre-
dominates; for lower concentrations, where both short and long life-
times contribute, the weighted lifetimes show a strong dependence on
the PPIX quantity, enabling the solution concentration to be determined
from temporal measurements. These results agree with studies reported
previously [25] that describe a lifetime around 11 ns for highly con-
centrated PPIX acetone solutions. The differences observed between
low and high concentration PPIX decay profiles can be explained by the
presence of aggregated forms of PPIX at higher concentrations [26],
since monomeric PPIX is preferentially formed at low concentrations,
while planar aggregates tend to form at higher concentrations.

A saturation curve for the weighted lifetime, given by:

Fig. 2. Differences observed in the fluorescence signal of PPIX extracted from the blood of
animals in the CG and EG groups. The curves represent an average of four spectra for the
CG group and six spectra for the EG group.
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Fig. 3. Emission curves for the Control (CG) and Experimental (EG) groups, fitted by
triple-exponential decay functions. The dashed curve, SR, is the measurement system
response function.
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was fitted to the data, where τ0 is the shortest lifetime and C is the PPIX
concentration in µg/L, and the fit parameters are a = (3.07±0.43) ns/
(µg/L), b = (0.353± 0.52) L/µg and τ0 = (2.31±0.18) ns. To de-
termine the PPIX concentration in an acetone solution from its mea-
sured weighted decay time, the inverse of Eq. (3) must be used with the
fitted parameters:
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From Eq. (4), the PPIX blood concentrations for CG and EG animals
were found to be (0.66±0.02) µg/L and (13.40± 0.33) µg/L, respec-
tively.

Fluorescence lifetime is the time it takes for the number of excited
PPIX molecules to decay to 1/e (36%) of the original population.
Artifacts which are generated by diffused light propagation and by
detection geometries do not affect fluorescence lifetime since this
characteristic does not depend on the light path [27]. One of the major
advantages of the fluorescence lifetime technique is the fact that it is
independent of concentration. However, this is only true for a certain

range of concentrations, in which fluorophores do not interact chemi-
cally or photonically [28]. At high concentrations, the fluorescence
lifetime can increase due to a trivial process of photon re-absorption. In
a re-absorption process, the fluorescence lifetime remains unchanged
and only the measurable lifetime value is affected, often significantly.
For example, in highly concentrated solution, the lifetime of Rhoda-
mine 6G changes from ∼ 4 ns to ∼ 11 ns [29]. Similarly, DBPI in-
creases from 3.7ns to 8.5 ns [30]. In the present study, PPIX exhibits a
similar trend, with an exponential increase in fluorescence lifetime at
high concentrations.

In the case of our work with PPIX, the fluorescence lifetime obtained
for PPIX extracted from animals from the CG and EG groups, we ob-
served a triple-exponential decay with averaged lifetime of 9.5 ns for
EG, and 4 ns for CG.

Plasma extracted PPIXFL detection for diagnosis of atherosclerosis
has several advantages. Firstly, PPIXFL is more specific for athero-
sclerosis than inflammatory or coagulation biomarkers [31]. Secondly,
even though atherosclerotic plaque imaging can be a much more pre-
cise predictor of destabilization, its employment can be costly and is not
as practical as the measurement of PPIX fluorescent lifetime. PPIXFL is
simple, rapid, and economical.

Using a simple TCSPC fluorescence lifetime setup is possible to
determine the PPIX concentration in the blood of animals, indicating
the presence of atherosclerosis. This technique can potentially be ex-
tended for humans, presenting the advantages of being minimally in-
vasive and faster than traditional ones to detect atherosclerotic plaques.
These are great benefits for patients when compared to conventional
plaque diagnosis methods that use contrast agents, and require hospi-
talization or specialized and expensive instrumentations and techni-
cians, and take at least a few hours to deliver results. More studies and
trials are needed before turning this technique into a clinical method.

4. Conclusions

The results obtained show that it is possible to differentiate the
presence of atherosclerotic plaques by lifetime fluorescence analysis of
PPIX extracted from the blood. We have shown that a weighted lifetime
around 9.5 ns indicate the presence of a type IV atheroma lesion,
opening the possibility of detecting earlier stages for shorter weighted
lifetimes. The values found for animals with normal arteries are ap-
proximately 4 ns.

By an obtained PPIX calibration curve it was possible to determine
the PPIX blood concentrations. The values found were (0.66± 0.02)
µg/L and (13.40± 0.33) µg/L for CG and EG animals, respectively.

For humans, larger individual variation is expected for non-ather-
osclerotic samples, thereby reducing the diagnostic accuracy of PPIX

Table 2
Amplitude-weighted lifetimes obtained from the fitting parameters for the control and experimental groups and components times (τi). The last line shows the mean lifetime for each
group.

Animal CG EG

τi (ns) < τ>(ns) τi (ns) < τ>(ns)

1 τ1 = 0.199± 0.001 3.65± 0.07 τ1 = 0.184± 0.002 8.93±0.07
τ2 = 6.02± 0.09 τ2 = 10.03± 0.08
τ3 = 0.91± 0.01 τ3 = 0.93± 0.01

2 τ1 = 0.175± 0.001 4.17± 0.05 τ1 = 0.198± 0.002 9.39±0.08
τ2 = 6.22± 0.06 τ2 = 10.42± 0.08
τ3 = 0.88± 0.01 τ3 = 0.99± 0.01

3 τ1 = 0.185± 0.003 9.71±0.09
τ2 = 10.62± 0.09
τ3 = 0.98± 0.01

4 τ1 = 0.215± 0.003 10.17± 0.09
τ2 = 11.06± 0.09
τ3 = 1.02± 0.01

Mean lifetime 3.96±0.04 9.49±0.04

Fig. 4. a) Decay profiles of PPIX acetone solutions – only a few representative measured
curves are shown to avoid cluttering – with fitted double exponentials (continuous black
lines). The dashed curve, SR, is the measurement system response function. b) amplitude-
weighted lifetimes,< τ> , obtained for the curves shown in a) as a function of the PPIX
concentration, along with a fitted saturation curve (continuous red line).
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fluorescence and affecting its use as a screening tool. Nevertheless,
PPIXFL should be a useful biomarker tool for diagnosing initial ather-
omatous plaque formation.
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