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Abstract: Photoacoustic tomography is a rapidly growing imaging modality that can provide images of
high spatial resolution and high contrast at depths up to 5 cm. We report here the design, synthesis, and
evaluation of an activatable probe that shows great promise for enabling detection of the cleaved probe in
the presence of high levels of nonactivated, uncleaved probe, a difficult task to attain in absorbance-based
modality. Before the cleavage by its target, proteolytic enzyme MMP-2, the probe, an activatable cell-
penetrating peptide, Ceeee[Ahx]PLGLAGrrrrrK, labeled with two chromophores, BHQ3 and Alexa750, shows
photoacoustic signals of similar intensity at the two wavelengths corresponding to the absorption maxima
of the chromophores, 675 and 750 nm. Subtraction of the images taken at these two wavelengths makes
the probe effectively photoacoustically silent, as the signals at these two wavelengths essentially cancel
out. After the cleavage, the dye associated with the cell-penetrating part of the probe, BHQ3, accumulates
in the cells, while the other dye diffuses away, resulting in photoacoustic signal seen at only one of the
wavelengths, 675 nm. Subtraction of the photoacoustic images at two wavelengths reveals the location of
the cleaved (activated) probe. In the search for the chromophores that are best suited for photoacoustic
imaging, we have investigated the photoacoustic signals of five chromophores absorbing in the near-infrared
region. We have found that the photoacoustic signal did not correlate with the absorbance and fluorescence
of the molecules, as the highest photoacoustic signal arose from the least absorbing quenchers, BHQ3
and QXL 680.

Introduction

Biomedical imaging has been revolutionized by the field of
molecular imaging that offers the possibility of understanding
diseases at the molecular level.1,2 Photoacoustic tomography, a
rapidly growing imaging technique, combines optical and
ultrasound imaging in such a way that the result is a modality
with characteristics superior to each of the component imaging
techniques.3,4 As a molecular imaging modality that offers both
high spatial resolution and high contrast, photoacoustic tomog-
raphy utilizes endogenous4,5 as well as exogenous6-8 light

absorbers as entities providing the optical contrast in biological
tissues. However, probes that show signal only in the presence
of a specific target, so-called activatable or smart probes, have
not yet been reported for photoacoustic imaging. Activatable
probes for optical and magnetic resonance imaging have been
extensively studied and applied for in ViVo imaging.9-14 They
show specificity and sensitivity superior to that of the probes
that provide signal regardless of interaction of probe with the
target. Here, we report the design and evaluation of a photoa-
coustic smart probe that provides a target-dependent photoa-
coustic signal and enables visualization of the signal only in
the presence of the target of interest.† Canary Center at Stanford for Cancer Early Detection.
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Dual-wavelength and multiwavelength photoacoustic imaging
have been employed in acquiring impressive images with clearly
distinguished molecule-specific signals.15-18 We designed our
probes wanting to take advantage of dual-wavelength imaging
(Figure 1). In the intact state, the probe should show photoa-
coustic signal at the two wavelengths that correspond to the
absorption maxima of the two chromophores within the probe.
When the probe is cleaved by the appropriate enzyme, the dye
associated with the cell-penetrating peptide (CPP) part of the
probe accumulates in nearby cells, while the other dye com-
ponent diffuses away. Photoacoustic signal is thus expected only
at the absorption wavelength of the dye accumulated in the cells.
The main criteria for choosing the chromophores were high
absorption in the near-infrared (NIR) region and well-separated,
mutually nonoverlapping absorption spectra. The probes were
designed to be specific for an extensively studied target, matrix
metalloprotease 2 (MMP-2), a protease found to be overex-
pressed in many cancers and associated with tumor aggressive-
ness.19,20 Activatable cell-penetrating peptide (ACPP) was
selected as the probes’ peptide platform because of its proven
efficacy in detecting MMP-2, both in Vitro and in mouse
models.21,22 ACPP has the MMP-2 cleavable amino acid
sequence between polyarginine-based cationic (CPP) and polya-
nionic domains. We hypothesized that the hairpin structure22

of ACPPs would allow interaction between the two dyes,
resulting in either resonance energy transfer or static quenching,
both of which could lead to a target-dependent photoacoustic
probe. The peptide sequence used in our study, Ceeee[Ahx]-
PLGLAGrrrrrK, differs from the one reported by Jiang et al.22

in the number of arginine and glutamic acid residues. The
number of these amino acids is important for the transduction
efficiency of the polyarginine sequence.23,24 We have chosen
the shortest polyarginine sequence shown to provide efficient
cargo delivery to facilitate the separation of the charged parts
of the peptide after enzymatic cleavage.

Results and Discussion

Chromophore Selection. We investigated the photoacoustic
signal intensity for the five chromophores that met the criteria
of high NIR absorption and mutually nonoverlapping absorption
spectra. Two of those were quenchers, BHQ3 and QXL680,
and three were fluorophores, Cy5.5, Alexa750, and Hilyte750.
As seen in Figure 2, the strongest signal was observed for the
two quenchers, QXL680 and BHQ3. Taking into account only
extinction coefficients and quantum yields of the chromophores
(Table 1), one would predict that all three fluorescent molecules
would give stronger photoacoustic signal than the less absorbing
quenchers. However, this result indicates that, besides absor-
bance and fluorescence, there are other processes that contribute
to and affect the photoacoustic signal of a molecule. Kinetics
of nonradiative deactivation, triplet state contribution, and
photobleaching are only some of the processes that need to be
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Figure 1. Scheme illustrating probe design. In its intact state, the probe
produces a photoacoustic signal at two wavelengths, λC1 and λC2, corre-
sponding to the absorption maxima of the two chromophores, C1 and C2.
When cleaved by the appropriate enzyme, the cell-penetrating peptide (CPP)
portion of the probe, carrying one of the chromophores, accumulates in
cells and results in a photoacoustic signal at only one of the two wavelengths.

Figure 2. Photoacoustic imaging of the chromophores. Polyethylene
capillaries were filled with 10 µM solution of various dyes and imaged at
675 (a) and 750 nm (b). The samples were done in duplicate. The first two
dyes are quenchers, BHQ3 (λabs ) 672 nm) and QXL680 (λabs ) 679 nm),
while the other three are fluorophores, Cy5.5 (λabs/em ) 675/694 nm),
Alexa750 (λabs/em ) 749/775 nm), and Hilyte750 (λabs/em ) 754/778
nm). The color bar on the right represents relative photoacoustic signal
and corresponds to both (a) and (b). x and y represent the vertical and
horizontal lengths of the area of the agar that was scanned.

Table 1. Manufacturer-Reported Values for Extinction Coefficients
(ε), Fluorescence Quantum Yields (Φ), and Maximum Extinction/
Emission Wavelengths for the Chromophores Tested in This
Study28

chromophore λex/em (nm) ε (mol/cm · g) Φ (%)

BHQ3 672 42 700
QXL680 679 110 000
Cy5.5 675/695 250 000 0.23
Alexa750 749/775 290 000 0.12
Hilyte750 754/778 275 000 0.12
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considered when determining a molecule’s ability to convert
light energy into heat and thus its photoacoustic signal.25,26 The
parameter that describes proportionality between absorbed light
energy and photoacoutic pressure, called the Grüneisen coef-
ficient,27 could also be used to explain the photoacoustic
behavior of different molecules. Although studies investigating
the Grüneisen coefficients of tissues and certain materials have
been published, no such studies have been reported for
molecules such as chromophores. For a majority of the
molecules, the parameters determining the photoacoustic proper-
ties are not known or are not readily accessible, and the
molecules’ photoacoustic behavior likely needs to be determined
empirically.

Synthesis of the Probes and Their Spectral Characterization.
For a probe to produce a strong photoacoustic signal in the
cleaved state, the part of the probe that is able to penetrate the
cell wall and accumulate in the cells after the cleavage needed
to be labeled with a chromophore that shows the greatest
photoacoustic signal. Therefore, we designed our probes to have
the two quenchers found to have the strongest photoacoustic
signal attached to the cell-penetrating part of the probe, and
the fluorophores conjugated to the opposite end of the peptide
chain. The dyes were conjugated to the peptide in one step
through lysine and cysteine (Figure 3). Four dual-labeled probes
were synthesized. Two probes that were designed to be
activatable photoacoustic probes (APPs), BHQ3-APP-Alexa750
(B-APP-A) and QXL680-APP-Hilyte750 (Q-APP-H), each have
an ACPP platform and are expected to show MMP-2-specific
accumulation (Figure 3a). To demonstrate the capability of our
two-wavelength approach in distinguishing between specific and
high nonspecific accumulation of the probe, we have synthesized
two photoacoustic probes (PPs), BHQ3-PP-Alexa750 (B-PP-
A) and QXL680-PP-Hilyte750 (Q-PP-H), designed to ac-
cumulate in the cells independent of the presence of MMP-2.
These two probes lack the polyanionic domain of the APP and
are expected to enable the delivery of both chromophores into

the cell (Figure 3b), thus describing the situation of nonspecific
uptake and lack of clearance of the intact probe in eventual in
ViVo application.

All dual-labeled probes showed absorbance spectra suggestive
of intramolecular chromophore dimerization (Figure 4a,c).
Dimerization of the chromophores is known to lead to probes
with absorption spectra that are not a sum of the components’
absorption spectra, as observed in Föster resonance energy
transfer (FRET), but rather a nonlinear spectral combination of
the two dyes, as seen in static quenching.29-31 Static quenching
was proposed as a dominant interaction for certain chromophore
pairs, characterized by the formation of the ground-state complex
with a distinct absorption spectrum, not reflective of the
extinction coefficients of the component chromophores. Fluo-
rescence measurements offered further evidence for static
quenching through formation of dimers. Despite the lack of
spectral overlap between the fluorophores and the quenchers,
the emission intensity of the probes was drastically decreased
compared to those of the fluorophores (Figure 4b,d). The dimer
formation and properties of the choromophores capable of
forming them have been the subject of many studies.29,30,32,33

Electronic and steric factors, symmetry, and hydrophobicity are
some of the characteristics that are important for the chromo-
fores’ tendency to dimerize. Although the hairpin structure of
the ACPPs brings chromophores at a close distance and can
contribute to their dimerization, we believe that it was not a
determining factor in these probes. This is evident from the
absorbance spectra of the probes lacking the hairpin structure
(Figure 4a,c, dashed lines). In these probes, too, dimerization
led to the formation of ground-state complexes with distinct
spectral properties.
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Figure 3. One-step synthesis of the photoacoustic probes. (a) Two probes
were synthesized with the ACPP platform, Ceeee[Ahx]PLGLAGrrrrrK: one
where C1 ) BHQ3 and C2 ) Alexa750 (B-APP-A), and the other where
C1 ) QXL680 and C2 ) Hilyte750 (Q-APP-H). Two other probes, B-PP-A
and Q-PP-H, had the same combination of the dyes but a different peptide
platform, CGVRPLKrrrrr (b). The small letters signify D-amino acids.

Figure 4. (a) Normalized absorbance spectra for B-APP-A (solid line) and
B-PP-A (dashed line). (b) Fluorescence spectra (λex ) 745 nm) for 0.7 µM
PBS solutions of Alexa750 (solid line), B-APP-A (dashed line), and B-PP-A
(dotted line). The absorbance intensity at 750 nm was the same for all three
probes. (c) Normalized absorbance spectra for Q-APP-H (solid line) and
Q-PP-H (dashed line). (d) Fluorescence spectra (λex ) 745 nm) for 0.6 µM
PBS solutions of Hilyte750 (solid line), Q-APP-H (dashed line), and Q-PP-H
(dotted line). The absorbance intensity at 750 nm was the same for all three
probes. Note that, due to the overlap of dashed and dotted lines, the dotted
line cannot always be seen.
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Photoacoustic Imaging of the Enzymatic Cleavage. The in
Vitro cleavage of the B-APP-A probe by MMP-2 led to the
separation of the chromophores and consequently to the change
in the absorption (Figure 5a) and fluorescence spectra (Sup-
porting Information). While the absorption corresponding to
Alexa750 remained the same, a significant decrease in absorp-
tion was observed in the blue-shifted region. On the other hand,
the photoacoustic signal detected at 675 nm (Figure 5b) after
the cleavage was slightly higher than the one observed at 750
nm (Figure 5c). These results can be explained by the difference
in properties between the heterodimer that exists before the
cleavage and the monomeric chromophores after the cleavage.
As mentioned earlier, the probe in its intact state shows
properties indicative of the heterodimer with spectral and
photoacoustic properties that do not represent a linear combina-
tion of the component chromophores (Figure 4). After the
cleavage, the dimer is separated into the individual chro-
mophores, and the absorption as well as the photoacoustic signal
are reflective of the properties of the individual chromphores
(Table 1, Figure 2).

The in Vitro cleavage results do not provide a proper test of
the probe’s ability to provide target-specific signal, as they do
not take into account the accumulation of one chromophore and
diffusion of the other after enzyme-mediated cleavage. The full
potential of the probes in combination with the two-wavelength
approach was revealed by comparing the photoacoustic signal
of the intact probe to the photoacoustic signal of the cell-
penetrating part of the cleaved probe carrying one of the
chromophores (Figure 6). Of the two probes, B-APP-A showed
superior characteristics for dual-wavelength imaging. A high
photoacoustic signal for the uncleaved probe was observed at
both 675 and 750 nm, while cleaved probe showed signal
exclusively at 675 nm. What makes this probe especially useful
is the fact that the signals observed for the intact probe at two
wavelengths are of comparable intensities. Normalized subtrac-
tion of the two images led to a new image that shows signal
only for the cleaved probe (Figure 6c). The other probe, Q-APP-
H, showed signal at both wavelengths as well, but the two
signals were not of similar intensities. Consequently, subtraction
of the images led to an image that shows a drop in the
photoacoustic signal for the cleaved probe (Figure 5f). Clearly,
of the two probes, B-APP-A shows greater potential as an
activatable photoacoustic probe.

Photoacoustic Imaging of the Probes’ Accumulation in
Cells. To further demonstrate the value of our approach toward
smart photoacoustic probes, we incubated fibrosarcoma cells,

HT1080, with three probes: uncleaved, MMP-2 specific probe,
B-APP-A; uncleaved, MMP-2 nonspecific probe, B-PP-A; and
cleaved probe (CP), BHQ3-CP. MMP-2 is an extracellular
enzyme, and its secretion by HT1080 cells has been determined
in the concentrated growth medium by zymography (Supporting
Information). However, we expected only negligible cleavage
to occur in cell culture due to the dilution of the enzyme in the
medium.34 To the best of our knowledge, cleavage of any probe
by MMP-2 in cell culture has not been reported to date. The
use of purified MMP-2 enzyme in Vitro requires the activation
of the enzyme by (4-aminophenyl)mercuric acetate (APMA).35

It is thought that APMA disrupts the complex between Cys73

in the propeptide domain and the zinc atom in the active site of
the enzyme. The disruption of this complex leads to autolytic
cleavage of the propeptide domain and activation of the
enzyme.36 Instead of precleaving the probe with the activated
MMP-2 in Vitro, which requires the use of a mercuric compound
that would be toxic to the cells, we have synthesized the
expected product of the cleavage reaction (see Supporting
Information), B-CP, and used it for cell incubation.

As mentioned earlier, because it has a polyanionic domain
that prevents the entrance of the probe, B-APP-A is expected
to show low cell accumulation, while B-PP-A and B-CP probes,
lacking the polyanionic counterpart to the CPP, are anticipated
to accumulate in cells to a much larger extent. As expected, no
photoacoustic signal was observed at either wavelength for cells
exposed to B-APP-A probe. A control fluorescence image
confirmed a low level of accumulation of the probe (Figure 7a).
The nonspecific accumulation, illustrated by using B-PP-A, in
contrast, showed high signal at both wavelengths (Figure 7b,c).
Because the signals at these two wavelengths are of similar

(34) Aguilera, T. A.; Olson, E. S.; Timmers, M. M.; Jiang, T.; Tsien, R. Y.
Integr. Biol. (Camb.) 2009, 1, 371.

(35) Stetler-Stevenson, W. G.; Krutzsch, H. C.; Wacher, M. P.; Margulies,
I. M.; Liotta, L. A. J. Biol. Chem. 1989, 264, 1353.

(36) Springman, E. B.; Angleton, E. L.; Birkedal-Hansen, H.; Van Wart,
H. E. Proc. Natl. Acad. Sci. U.S.A. 1990, 87, 364.

Figure 5. Enzymatic cleavage of the photoacoustic smart probes. (a)
Absorbance spectra of B-APP-A before (solid line) and after cleavage
(dashed line) by the MMP-2 enzyme. Photoacoustic imaging of the probe
before and after enzymatic cleavage was performed at two wavelengths,
675 (b) and 750 nm (c). The color bar at the right represents relative
photoacoustic signal intensity. x and y represent the vertical and horizontal
lengths of the area of the agar that was scanned. Fluorescence measurements
before and after the cleavage are available in the Supporting Information.

Figure 6. Two-wavelength photoacoustic imaging of the smart probes.
Photoacoustic images of 1 µM solutions of B-APP-A and B-CP (BHQ3-
K-rrrrr-LAG) at 675 (a) and 750 nm (b). Subtraction of the normalized
images taken at 675 and 750 nm shows a clear signal for the cleaved probe
(c). Photoacoustic images for 8 µM solution of Q-APP-H and Q-CP
(QXL680-K-rrrrr-LAG) taken at 675 (d) and 750 nm (e). Subtraction of
the images shows a drop in the signal for the Q-CP probe (f). The color
bars at the right represent relative photoacoustic signal intensity. x and y
represent the vertical and horizontal lengths of the area of the agar that
was scanned.
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intensities, the subtraction image (Figure 7d) shows minimal
signal coming from the accumulation of B-PP-A. In other words,
subtraction of the images makes the uncleaved probe effectively
photoacoustically silent. Because the signals at two wavelengths
for nonactivated, uncleaved probe cancel out, the decrease in
signal after cleavage of the probe, as observed in Figure 5,
should not pose a problem in identifying the location of MMP-2
activity. Importantly, the uptake of the cleaved probe indicated
by photoacoustic signal at 675 nm was clearly distinguished
from the uptake of both intact probes by subtraction of the
images at two wavelengths (Figure 7d). Taken together, these
results indicate that, by using dual-wavelength imaging in
combination with our activatable photoacoustic probe, B-APP-
A, it is possible to isolate low levels of target-specific signal
from even high levels of nonactivated probe, a challenging task
to attain in an absorbance-based modality.

In this study we used a limited number of chromophores and
chromophore combinations suitable for use in activatable
photoacoustic probes. In future studies we plan to explore other
combinations as well as to investigate the optimal number of
arginines for the most efficient MMP-2-specific delivery of the
chromophores.

Conclusion

We report here an activatable photoacoustic probe visualized
by utilizing two-wavelength imaging. The combination of the
intramolecular dimer as a probe and dual-wavelength imaging
offers a versatile, generalizable approach to a target-dependent
photoacoustic probe. By changing chromophores and peptide
backbone, the probe can be tailored to the target protease as

well as to the imaging window. In addition, this method is
adaptable to applications in living subjects, as probes carry
chromophores that can be clearly distinguished from highly
absorbing biomolecules, such as hemoglobin, using newly
developed techniques and instruments.37,38 Because it offers
highly specific photoacoustic images, this method could prove
useful in preclinical models, photoacoustic-guided surgical
interventions, diagnostics, treatment efficacy evaluations, and
many other applications.

Experimental Section

Probe Synthesis and Characterization. About 300 µg of
peptides was dissolved in 200 µL of PBS (pH 7.4). To that solution
was added 300 µL of N-hydroxysuccimide ester dye (1 mg/1 mL
of DMF solution), followed by 300 µL of maleimide dye (1 mg/1
mL of DMF solution). After 2 h, the reaction mixture was
centrifuged to remove any insoluble materials, and the supernatant
was injected onto the HPLC column. Products were collected,
lyophilized, and characterized by MALDI or ESI. Peptides used
for conjugation had the following sequences: Ac-CeeeeXPLGLAGr-
rrrrKCONH2 (abbreviated as APP), Ac-CGVRPLKrrrrr (abbrevi-
ated as PP), and Ac-LAGrrrrrK (abbreviated as CP). Small letters
denote D-amino acids, and X signifies 6-aminohexanoyl acid. BHQ3
and QXL680 were in the form of the NHS ester and Alexa750,
and Hilyte750 had maleimide as a functional group. Four dual-
labeled probes were synthesized: B-APP-A (Alexa750-Ceeee[Ahx]-

(37) Ma, R.; Taruttis, A.; Ntziachristos, V.; Razansky, D. Opt. Exp. 2009,
17, 21414.

(38) Razansky, D.; Vinegoni, C.; Ntziachristos, V. Opt. Lett. 2007, 32,
2891.

Figure 7. Photoacoustic imaging of the smart probe accumulation in cells. HT1080 cells were incubated with 150 µL of 10 µM solution of B-PP-A,
B-APP-A, or B-CP for 10 min and embedded in triplicate in an agar phantom. Fluorescence image (λex ) 675 nm, ICG emission filter) of the agar phantom
shows location of the cells as well as the uptake of B-PP-A and B-APP-A (a). The uptake of B-PP-A is higher than that of B-APP-A, because B-PP-A lacks
the polyglutamic acid part that diminishes the cell membrane transduction efficiency of the polyarginine chain. Photoacoustic images of the agar phantom
with embedded cells taken at two wavelengths: 675 (b) and 750 nm (c). Subtraction of the images taken at 675 and 750 nm resulted in an image with distinct
signal coming from the cells incubated with the cleaved probe (d). The accumulation of different probes in the cells was quantified from the subtraction
image using mean photoacoustic values for each well (e). Error bars represent the standard error of the mean of triplicates. Accumulation of the BHQ3-CPP
probe was significantly different (p < 0.05) from the accumulation of both B-APP-A and B-PP-A. The color bars represent relative photoacoustic signal
intensity. x and y represent the vertical and horizontal lengths of the area of the agar that was scanned.
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PLGLAGrrrrrK, BHQ3), retention time 16.7 min, ESI+ 3787.0;
B-PP-A (Alexa750-CGVRPLK-BHQ3rrrrr), retention time 16.4
min, ESI+ 3173.0; Q-APP-H (Hilyte750-Ceeee[Ahx]PLGLAGr-
rrrrK-QXL680), retention time 24.42 min, ESI+ 4120.0; Q-PP-H
(Hilyte750-CGVRPLK-QXL680rrrrr), retention time 23.59 min,
ESI+ 3505.0. In addition, we have synthesized cleaved probes B-CP
(BHQ3-K-rrrrr-LAG), retention time 18.5 min, m/z 1873.5, and
Q-CP (QXL680-K-rrrrr-LAG), retention time 24.5 min, m/z 2010.5.

Spectral Measurements. Absorbance was measured using a
Cary 50 instrument (Varian Inc., Walnut Creek, CA). Fluorescence
measurements were done using a FluoroMax4 spectrofluorometer
(Horiba Jobin Yvon, Edison, NJ). Fluorescent images were acquired
using an IVIS Lumina II instrument (Caliper Life Sciences,
Mountain View, CA) with an excitation wavelength of 675 nm and
ICG emission filter set.

MMP-2 Cleavage. The probes were cleaved using a standard
procedure described in the literature.22 Briefly, to the solution of 5
µg of MMP-2 in 80 µL of 50 mM Tris-HCl was added 8 µL of 2.5
mM (p-aminophenyl)mercury acetate (APMA) in NaOH. The
enzyme was activated for 2 h at 37 °C, after which time 10 µL of
0.35 mM B-APP-A was added. Absorbance and fluorescence
measurements were done after 1 h of incubation of the probe with
the enzyme at room temperature.

Cell Studies. The human fibrosarcoma cell line HT1080 was
purchased from ATCC and maintained in culture according to the
instructions. For the uptake study, 2 million cells were collected
and incubated with 150 µL of 10 µM solution of probe in HBSS
for 10 min. After being washed with cold PBS twice, the cells were
suspended in 100 µL of warm water. To the suspension was added
100 µL of the 1.5% agar solution, and the resulting mixture was
maintained in liquid form until its use in an agar phantom for
photoacoustic imaging. A 50 µL portion of the agar cell suspension
was added to each phantom well.

Phantom Preparation. For the dye studies, polyethylene capil-
laries were filled with dyes and embedded in the 0.75% agar gel.
For the cell studies, wells of approximately 100 µL volume were
made in the gel and filled with prepared agar cell suspension.
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