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Abstract. Activatable fluorescent molecular probes are predominantly nonfluorescent in their inactivated state due
to intramolecular quenching, but increase fluorescence yield significantly after enzyme-mediated hydrolysis of
peptides. Continuous wave in vivo detection of these protease-activatable fluorophores in the heart, however,
is limited by the inability to differentiate between activated and nonactivated fractions of the probe and is frequently
complicated by large background signal from probe accumulation in the liver. Using a cathepsin-activatable near-
infrared probe (PGC-800), we demonstrate here that fluorescence lifetime (FL) significantly increases in infarcted
murine myocardial tissue (0.67 ns) when compared with healthy myocardium (0.59 ns) after 24 h. Furthermore, we
show that lifetime contrast can be used to distinguish in vivo cardiac fluorescence from background nonspecific
liver signal. The results of this study show that lifetime contrast is a helpful addition to preclinical imaging of acti-
vatable fluorophores in the myocardium by reporting molecular activity in vivo due to changes in intramolecular
quenching. This characterization of FL from activatable molecular probes will be helpful for advancing in vivo
imaging of enzyme activity. © 2072 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1JBO.17.5.056001]

Keywords: near-infrared fluorescence; lifetime; myocardium; protease.

Paper 12016 received Jan. 6, 2012; revised manuscript received Mar. 2, 2012; accepted for publication Mar. 5, 2012; published online

Apr. 20, 2012.

1 Introduction

Fluorescence imaging of mice has many advantages over tech-
niques such as magnetic resonance imaging (MRI) and positron
emission tomography (PET).! Fluorescence imaging is rapid,
high-throughput, and does not involve ionizing radiation.? In
addition, fluorescence imaging is ideally suited for the imaging
of enzyme-activatable fluorophore-labeled probes, such as those
activated by proteases.3 Traditional continuous wave (CW)
fluorescence excitation techniques have been used to image cya-
nine fluorophores in the heart.*> A drawback in CW imaging is
the inability to separate probe concentration from lifetime, since
both the amount of probe and lifetime of the fluorophore signal
independently contribute the measured CW intensity.® When
imaging activatable probes where nonradiative quenching
could be an underlying mechanism, this implies an inability
to separate the contribution of probe uptake (concentration)
from that of probe activation (lifetime) to the total fluorescence
intensity.® In addition, the inactivated fluorophore-labeled probe
is usually not completely optically silent (i.e., 100% quenched).
If both unactivated and activated states have distinct lifetimes
and contribute to overall fluorescence intensity, then lifetime
imaging would be needed to decouple these factors. When
injected in vivo, probe activation (and hence an increase in inten-
sity) can also occur due to enzyme cleavage within internal
organs such as the liver.” These effects result in significant
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background (or nonspecific) fluorescent signal. Given the
limited spatial resolution and diffuse nature of fluorescence
imaging, the large background from both the inactivated
probe and the probe accumulation in the liver can significantly
compromise the accuracy of fluorescence imaging in the heart.*
While fluorescence CW intensity reflects both probe concen-
tration and lifetime, time domain (TD) fluorescence can separate
the two quantities and allow an improved localization of multiple
lifetime components in vivo.® Previous applications of TD life-
time imaging have largely been restricted to microscopy techni-
ques.” Whole-body TD molecular imaging of lifetime contrast is,
however, relatively recent.'®" The use of fluorescence lifetime
(FL) as a contrast mechanism may be particularly relevant to acti-
vatable probe measurements, where fluorescence lifetime (FL)
could serve as a functional reporter of probe environment
independent of fluorophore concentration.'® While lifetime-
based whole-body imaging of targeted '*'*!7 and intrinsic'® fluor-
escence has already been reported, lifetime imaging has not been
previously employed to image activatable probes in the heart.
Whole-body small animal imaging with protease-activatable
probes has previously been performed with CW detection from a
steady state, or nonpulsed, light source.” Originally developed
for tumor imaging,' these probes are composed of a long-
circulating copolymer backbone with self-quenched fluoro-
phores in the inactive state.® Activation of these probes can
be specific for a single enzyme, such as cathepsin-D,?! or a
group of enzymes, such as matrix metalloproteinases.”> These
studies demonstrate that near-infrared fluorescence (NIRF) is
generated when lysosomal proteases cleave the probe, releasing
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previously quenched fluorochromes.” Others using models of
ischemic myocardial injury in mice* have shown that infiltration
of inflammatory cells into injured areas generates large amounts
of proteases and a significant increase in fluorescent signal in
both in vivo and ex-vivo images.” This leukocyte infiltration
occurs within 24 to 48 h of injury and persists for up to 10
days, generating large amounts of proteases, such as cathepsins,
which can be detected with cathepsin-activatable near-infrared
fluorochromes.

We hypothesized that 1) cleavage would increase the FL of
a cathepsin-activatable molecular probe and 2) there would be
significant variation in probe lifetime between the liver and
infarcted myocardium. In order to test these, we performed
TD fluorescence measurements of probe lifetime in vitro
after activation with cathepsin and in vivo in mice post-coronary
ligation. The purpose of this study was to determine if TD mea-
surements with lifetime-sensitive detection could be used to
improve in vivo imaging of protease activation in inflamed
cardiac tissue, with the hope of aiding in the detection and char-
acterization of myocardial infarctions.

2 Methods

2.1 Probe Synthesis and Trypsin Activation

The macromolecular probe, a graft copolymer of poly-I-lysine
and methoxy polyethylene glycol, was prepared as described
in reference’®??*?* with some modifications. Briefly, PGC
[a graft copolymer backbone of O-methoxypoly(ethylene gly-
col)-]O’-succinate with a m.w. ~5 kD and poly-I-lysine (degree
of polymerization: 225, mass = 52700 by viscosity; Mw/Mn =
1.15, 25% amino groups grafted with MPEG-succinate) was
dissolved at the concentration of 10 mg/ml 0.1 M sodium
bicarbonate (pH 8.5) and stored frozen in aliquots. To synthesize
the probe, 800CW hydoxysuccinimide ester (§00CW-HSE, cat-
alog number 929 to 70020, Li-COR) was dissolved at
25 mg/ml (21.4 mM) in dry DMSO. A 2.8 ul aliquot of
800CW-HSE was added to 50 ul of PGC solution (PGC con-
centration 32 uM) while mixing with a Vortex and kept in
the dark for 3 h. The final ratio was 14 mol 800 CW /mol
PGC. The conjugate was purified by performing two consecu-
tive spin-centrifugations using Bio-Spin P30 microcolumns
(catalog number 732 to 6006, Bio-Rad) equilibrated with
1xSSC. The 800CW dye coupling efficiency to PGC was
98%. Activation of the probe by pancreatic trypsin (a model ser-
ine protease) was achieved by incubating the synthesized macro-
molecular probe, PGC-800, at 13 uM of 800CW in PBS in the
presence of 0.3 mg/ml trypsin for 2 h at room temperature.

2.2  Animal Model

All procedures were performed with local Institutional Animal
Care and Use Committee approval. The C57BL/6 mice used in
this study were between eight and 12 weeks old and anesthe-
tized with 1 to 3% isoflurane in 2 L/ min O, during the surgical
and in vivo imaging procedures. We used a murine left coronary
artery permanent occlusion model to determine if FL. changes
would be present in vivo.”> With this model, inflammatory
cells are recruited into the ischemic area and contribute to
the remodeling of the left ventricle through production and
activation of a wide variety of proteases.’ A total of six mice
underwent ligation surgery and received a dose of PGC-800
(2 nmol 800 CW/150 pL diluted in PBS via intravenous tail
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vein injection) 24 h before sacrifice. A second control group
of three additional mice did not undergo surgery, but were
dosed with PGC-800 at the same concentration.

2.3 Fluorescence Lifetime Imaging System

A detailed description of the TD imaging system used here has
been described previously.® The primary excitation source was
a Ti:Sapphire laser with a 100-fs pulse width, 40/80-MHz repe-
tition rate, and 690 to 1020 nm tuning range (Mai Tai, Newport-
Spectra Physics, Mountain View, CA). A gated intensified
charge-coupled device (CCD) camera (Lavision, Goettingen,
Germany) provided noncontact reflectance fluorescence detec-
tion with 200-ps time resolution. The light output from the Ti:
Sapph was launched into a 200-um core SMA connectorized
fiber using a fiber collimation package. The light at the output
end of the fiber was expanded to cover an area 2 X 2 cm?. All
imaging done in this study was with 750-nm excitation and
800-nm longpass emission. Anesthetized animals were placed
in a supine position four to five days post surgery, with a
large ventral region illuminated for reflectance TD imaging.
Body temperature was maintained with a heating pad placed
underneath each animal.

2.4 Image Analysis

Lifetime analysis was performed using both single and bi-
exponential analysis. The single exponential analysis is per-
formed by fitting the asymptotic portion of the TD data with
a simple exponential:

U(r,1) = a(r) exp[—t/z(r)], (1)

where 7 is the FL and r is the location of an image pixel.® Life-
time maps were created by calculating the fluorescent lifetime
decay at each pixel. The single exponential is used for the
ex-vivo images, where it can be assumed that each pixel is a
mono-exponential. The single exponential analysis also used
to obtain a visual representation of the mean surface lifetimes
for the in vivo measurements.

The lifetimes obtained from single exponential analysis of
the ex-vivo images of the dissected myocardium and liver are
next used as a priori lifetimes in a linear bi-exponential fit to
the following function:

U(r, 1) = ap(r) exp(—t/7y) + ap(r) exp(=t/z,),  (2)

where 7, and 7, are a priori lifetimes of the thoracic and back-
ground components, respectively. This “channel” analysis
allows the separation of the thoracic and background compo-
nents in vivo. Furthermore, the pixel-wise decay amplitudes
ay, can subsequently be used in tomography algorithms to obtain
quantitative three-dimensional (3-D) distributions of fluores-
cence from the thoracic region alone.®

2.5 In Situ Imaging and Tissue Preparation

After sacrifice, in situ fluorescence imaging with the removal of
ventral skin, muscle, and ribs was performed. The hearts were
dissected, sliced axially, and stained with 1% triphenyltetrazo-
lium chloride (TTC) at room temperature for 20 to 25 min. The
tissue was then washed in PBS and imaged with the TD system.
Both infarcted and remote regions of interests were manually
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defined with guidance from the TTC staining for each animal at
one axial slice midway through the ventricle.

2.6 Statistics

Data are presented as mean £ SD, and statistical significance
was determined with a student’s z-test followed by a Bonferroni
correction for multiple comparisons.
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Fig. 1 PGC-800 continuous wave (CW) in grayscale and fluorescence
lifetime (FL) time domain images in a pseudo-color scale before and
after incubation with trypsin (13 uM of 800CW in PBS, 0.3 mg/ml tryp-
sin, 2 h at room temperature). CW increased from 50 + 4.7 arbitrary
units (au) to 1185 & 196 au after trypsin cleavage. FL also increased
from the unactivated state (0.29 4 0.01 ns) to the activated state
(0.47 £0.01 ns).

Myocardial Infarction

C))

3 Results

3.1 Probe Activation Increases Lifetime in Vitro

Both the CW intensity and FL increased substantially for
PGC-800 after cleavage with pancreatic trypsin (Fig. 1).
The CW intensity increased by over 20-fold after trypsin clea-
vage (from 50 4.7 to 1185 % 196 arbitrary units after activa-
tion), while the lifetime increased from 0.29 + 0.01 ns to
0.47 £0.01 ns.

3.2 Lifetime Contrast Improves Detection of Protease
Activation in Vivo

CW images from in vivo fluorescence measurements show a
large signal in the hepatic region over the liver (Fig. 2). The
corresponding lifetime images for the infarcted animal show
significantly longer lifetimes in the thoracic region (0.70+
0.03 ns) than the hepatic (0.53 +0.04 ns; p <0.05). The
lifetime in the hepatic region of control animals was
0.48 £0.01 ns.

3.3 Dual Lifetime “Channel” Analysis Separates
Thoracic and Background Signal

The dual “channel” analysis of the in vivo TD images (Fig. 3)
was performed using Eq. (2), with the thoracic lifetime (zg,) and
background lifetime (z,) set to the values determined from
ex-vivo heart and liver images (zy, = 0.67 ns; 7, = 0.51 ns;
see Figs. 4, and 5). The thoracic and background amplitudes
were merged into a single RGB image, with the amplitude of
the thoracic channel (ay,) assigned to the red component and
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Fig. 2 Lifetime contrast improved in vivo detection of protease activation in infarcted myocardium. CW images of both infarcted (a) and control (b)
animals showed a large signal from the liver (L), making signal from the heart (H) difficult to quantify. However, lifetimes from the heart and liver regions
in the infarcted mouse (c) showed a 32% difference (0.70 £ 0.03 vs. 0.53 + 0.04 ns). The control mouse (d) showed a more uniform lifetime near
0.48 £ 0.01 ns. The region imaged and location of the closing sutures are highlighted in the schematic (e). The increased lifetime in the thoracic region
in animals undergoing coronary ligation (f) was significant compared to the hepatic region in both infarcted and control animals (p < 0.05).
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1

Fig. 3 Lifetime “channel” analysis using a bi-exponential fit with a priori
lifetimes of 0.67 and 0.51 ns of both infarcted (a) and control (b) animals
clearly delineated the thoracic (red—ay,) and background (green—ay,)
regions.

1600
1400
1200
1000
800
600

(au)

. (d)

I * p<0.05

050 b |
Infarct Remote Control
0.67£0.04  0.59%0.05 0.590.03

(ns)

(c)

0.75

0.70

0.65

0.60

Lifetime (ns)

0.55

Fig. 4 Lifetime and probe concentration increased within ischemic
areas of a myocardial infarction. CW (a) and lifetime images (b) of
an axial slice from a mouse four days after coronary ligation and
dosed with PGC-800 24 h before euthanasia. Probe accumulation
was clearly seen in the area of ischemic injury and lifetime also
increased within infarcted regions when compared to remote areas
and control hearts (c). TTC staining of the same infarcted heart
confirmed the location of the ischemic injury (d).

the amplitude of the background channel (a,) assigned to the
green component. The fold change (or ratio) of thoracic to hepa-
tic regions was 0.22 4+ 0.06 for the CW image (representing a
larger liver signal), while it was 3.13 4= 0.46 for the lifetime-
unmixed thoracic channel amplitude image (ay,), thereby result-
ing in a greater than 10-fold increase in contrast for separating
the thoracic signal.

3.4 In Situ Imaging Confirms Location of
Fluorescence Signal

From the in situ images (Fig. 5), we observed high fluorescent
signal from the liver in CW images of both infarcted and control
animals. However, the corresponding lifetime images reveal
a significant increase in cardiac lifetime from ischemic myocar-
dium (0.72 £ 0.06 ns) when compared with the liver (0.51+
0.02 ns, p <0.05) that is not seen in the thoracic regions of
control mice. The lifetime from the liver in control animals
(0.51 £ 0.03 ns) compared well with that observed in infarcted
mice, but the large liver signal made lifetime measurements of
the heart impossible.

Journal of Biomedical Optics

056001-4

3.5 Ex-Vivo Images Demonstrate That Lifetime
Increases in Ischemic Myocardium

There was an increase in CW fluorescence within the infarcted
region, resulting in part from increased probe accumulation
(Fig. 4). Lifetimes were calculated in both infarcted and remote
regions (infarcts were typically confined to the anterolateral wall
while the remote area was defined as a region in the septum).
The FL results revealed a modest but significant increase in
infarct lifetime when compared with remote areas of the myo-
cardium (infarct—0.67 & 0.04 ns; remote—0.59 + 0.05 ns;
p <0.05). Note that the lifetime measured in the infarct ex-
vivo and the lifetime measured in the thoracic region in vivo
(0.70 £ 0.03 ns Fig. 2) are within reasonable levels of uncer-
tainty for lifetime estimation.'* Substantial heterogeneous
probe accumulation was not observed in the control mice
that did not undergo surgery (0.59 £ 0.03 ns). TTC staining
confirmed that the location of the infarct correlated with the
region of increased lifetime.

4 Discussion

Although, previous studies have applied the CW fluorescence
approach to image fluorescent probes in the heart,* a limitation
of this approach is the inability to separate probe concentration
from lifetime. Both concentration and FL independently affect
the measured CW intensity.> When imaging activatable probes,
this translates to an inability to separate the contribution of probe
uptake from that of pure activation, especially for probes where
nonradiative quenching, such as fluorescence resonance energy
transfer (FRET®) or ground state complex formation, is the
underlying mechanism. Furthermore, activatable probes, known
to be less than 100% quenched in the inactive state, are activated
due to enzyme cleavage within the liver.* Thus the measured
signal is mixed with a large nonspecific signal from surrounding
tissue. While previous work has shown that cleavage of FRET
pairs can increase lifetime,*2° this has not yet been quantified in
infarcted myocardium.

The purpose of this study was to determine if lifetime-
sensitive detection could be used to improve imaging of protease
activation. Using TD imaging, we have observed that the PGC-
800 probe used in this study showed a lifetime shift both in vitro,
due to pancreatic trypsin cleavage, and in vivo, due to inflam-
mation in ischemic regions of the myocardium in mice after cor-
onary ligation. This lifetime shift improves the contrast needed
to separate thoracic signal from nonspecific background signal,
most of which is emitted from the liver. While the CW intensity
increase can be attributed to several factors (including probe
uptake or concentration and laser excitation intensity), a lifetime
increase is a direct indication of probe cleavage due to a decrease
in nonradiative quenching upon activation. Indeed, variations in
excitation laser intensity and exposure time likely explain the
differences in scale of the arbitrary CW fluorescence units
between animals, while lifetime values imaging did not vary
with these factors. It is noteworthy that trypsin activation
increased fluorescent intensity more than 23-fold, but probe life-
time only increased 1.6-fold. Previous publications using acti-
vatable probes have also observed a similar difference in lifetime
versus intensity ratios.> We believe this difference between
intensity and lifetime ratios is likely due to the multiple under-
lying quenching mechanisms.®?” The focus of this paper was to
demonstrate the use of lifetime contrast as a feasible approach
for in vivo imaging in the myocardium. Identifying the origin of
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Fig. 5 In situ imaging confirmed origin of fluorescence signal. CW images show large liver signal for both infarcted (a) and control mice (b). Lifetime
maps confirmed that longer lifetime fluorescence comes only from infarcted myocardium (c) and is not seen in control animals (d). This increase in
lifetime (e) from infarcted mice was significant (p < 0.05). The in situ fluorescent signal from the heart in control mice was not measurable due to the
large liver signal, but the liver lifetimes compared well with the measurements from infarcted animals. H = heart, L = liver.

quenching in activatable probes and corresponding changes in
lifetime will require careful further study.

Since intramolecular quenching can occur by several
mechanisms® care must be taken when linking probe activation
to an increase in FL.> We have also imaged a commercially
available cathepsin-activatable probe (ProSense® 750, Perkin
Elmer, Inc., Boston, MA) and found that trypsin cleavage
does not significantly increase FL. In vivo images, however,
do reveal a lifetime increase in infarcted myocardium when
compared with signal from the liver. Unfortunately, this shift
is significantly less than that observed with PGC-800, making
the ability to deconvolve multiple lifetime components consid-
erably more difficult. This underscores the importance of devel-
oping probes specifically tailored for lifetime imaging.

We have also observed that probe lifetime is influenced by
the local environment, as the FL in vivo is longer than that mea-
sured in vitro due to trypsin activation. Specifically, the lifetime
of activated PGC-800 due to trypsin was 0.47 +0.01 ns but
increased to 0.70 £ 0.03 ns and 0.67 &= 0.04 ns when measured
in myocardial infarcts from either in vivo or ex-vivo images,
respectively. This observation suggests that, in addition to
pure probe activation, local tissue factors also affect FL.!%?
Previous work has shown that pH''"* and the internalization
of target-specific activatable antibody-fluorophore conjugates®
can influence the lifetime of some fluorescent probes. These
environmental effects likely influenced the FL. measurements
reported here, as the heart and liver are very different microen-
vironments.?! Separation of the pure activation contribution
from environmental effects would require additional measure-
ments of carefully designed control probes with varying dis-
tances between 800CW fluorophores. Future work will be

needed for further characterization of environmental effects
on both in vivo and ex-vivo lifetime behavior.

The bi-exponential mapping, where two lifetimes were
defined a priori, clearly separated infarcted myocardial signal
from background fluorescence. While this dual “channel”
analysis is an appropriate model for in vivo images where two
lifetime components dominate, a single exponential fit is still
needed to determine lifetime values on a pixel-by-pixel basis.
This mono-exponential analysis fits the exponential decay
curves well for each pixel and was used to determine the
best lifetime values for the bi-exponential mapping. The longer
thoracic amplitude component ay, from the bi-exponential ana-
lysis can, in fact, also be directly used in tomography algorithms
to further localize activatable fluorophores within a 3-D
volume.® Tomography could aid in the localization of ischemic
regions and may even provide high enough resolution to mea-
sure the amount of cardiac inflammation. This would be helpful
in future longitudinal studies designed to quantify the myocar-
dial response to ischemia, where significant macrophage infil-
tration (persisting for seven to 10 days after coronary ligation)
follows an initial invasion of neutrophils.’

In summary, the results of this study suggest that FL of the
cathepsin-activatable probes increases significantly in infarcted
myocardial tissue. In addition, lifetime contrast allows fluores-
cence due to protease activation in the heart to be distinguished
from background signal. The increase in the ratio between the
thoracic and hepatic regions with the TD analysis suggests that
lifetime contrast can significantly improve the imaging of acti-
vatable fluorophores in the myocardium. Additional work will
be needed to further quantify the lifetime increase due to probe
activation and local environment, with the ultimate goal of
enhancing 3-D tomographic imaging of the myocardium.
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