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Abstract. Activatable photoacoustic probes efficiently combine the high spatial resolution and penetration depth of
ultrasound with the high optical contrast and versatility of molecular imaging agents. Our approach is based on
photoacoustic probing of the excited-state lifetime of methylene blue (MB), a fluorophore widely used in clinical
therapeutic and diagnostic applications. Upon aggregation, static quenching between the bound molecules dra-
matically shortens their lifetime by three orders of magnitude. We present preliminary results demonstrating the
ability of photoacoustic imaging to probe the lifetime contrast between monomers and dimers with high sensitivity
in cylindrical phantoms. Gradual dimerization enhancement, driven by the addition of increasing concentrations of
sodium sulfate to a MB solution, showed that lifetime-based photoacoustic probing decreases linearly with mono-
mer concentration. Similarly, the addition of 4 mM sodium dodecyl sulfate, a concentration that amplifies MB
aggregation and reduces the monomer concentration by more than 20-fold, led to a signal decrease of more
than 20 dB compared to a solution free of surfactant. These results suggest that photoacoustic imaging can be
used to selectively detect the presence of monomers. We conclude by discussing the implementation of the mono-
mer—dimer contrast mechanism for the development of an enzyme-specific activatable probe. © 2013 society of Photo-
Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.18.5.056004]
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1 Introduction shortens their excited-state lifetime by 2 to 3 orders of mag-

. 7 . . . ..
Photoacoustic molecular imaging is a nonionizing modality that nitude.” This forms the basis of a highly sensitive contrast

provides high penetration depth and high spatial resolution meclk.lantl.sm bett\gee(ril MF mon(zmef:rs ?\r/l[(]igcilrgef s(.lA pr(imlSlEg
information on the functional and metabolic status of diseases apphication 1s the development oF & -abeled smart probe

at greater depths than other optical imaging techniques.' activated by enzymatic cleavage. The probe’s signal is highly

.. .. . . suppressed in the bound state, however, it recovers its lon
Traditionally, photoacoustic imaging has been used with both pp o o Do &
. . excited-state lifetime after activation which is then detectable
endogenous contrast agents, such as hemoglobin and melanin,

NS . by phot tic lifeti trast imaging (PLCI) (Fig. 1).
and exogenous contrast agents that exhibit higher optical y photoacoustic lifetime contrast imaging ( ) (Fig. 1)

absorption than normal tissue. Targeting molecular markers

using exogenous smart probes can potentially reap valuable 1.1 Activatable Probes for Molecular Imaging
information about biological processes occurring at different

stages of various diseases. As a result, photoacoustic molecular Activatable probes are a class of contrast agents that identify
imaging could substantially aid the diagnosis of cancer by selective enzyme activity by switching from an inactive state to
detecting subtle abnormalities at the molecular level well before an active state upon interaction with a target enzyme.” Originally

developed for fluorescence imaging, the probes contained a
fluorophore-quencher pair coupled to a peptide linker bearing
an enzymatic site.” Upon cleavage of the linker, the pair is sep-
arated and fluorescence is restored. This approach provides high
contrast because of the low fluorescence background of the
uncleaved, inactive form. Additionally, the fluorescence signal
is further amplified due to the activation of multiple probes by a
single enzyme.'°

Activatable fluorescent probes have been successfully used
in a wide range of small-animal imaging studies. However, the
short penetration depth of light in tissue resulting from strong
optical attenuation and scattering limits their translation to

the appearance of anatomical changes.* This capability would
also allow for personalized treatment planning and step-by-
step evaluation of treatment efficacy.?

Our research focuses on the development of a new photo-
acoustic contrast agent based on the lifetime sensing of methyl-
ene blue (MB) dye. MB monomers present a high quantum
yield of intersystem crossing (®gc > 0.50)° and a long triplet
excited-state lifetime (z > 70 us).® Upon aggregation, static
quenching between strongly bonded molecules dramatically
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Fig. 1 Schematic representation of proposed MB dual-labeled activat-
able probe containing a specific enzymatic site. The intact probe has a
short lifetime of a few tens of nanoseconds. Enzymatic cleavage sepa-
rates the chromophores thereby permitting them to recover their long
excited-state lifetime (tens of microseconds).

clinical applications and leads to poor spatial resolution beyond
a few millimeters.!! Photoacoustic imaging has emerged, in the
last two decades, as an alternative optical modality offering sig-
nificantly improved resolution (up to 0.02 mm) and penetration
depth (up to 5 cm) in tissue imaging.' Its application has been
demonstrated in clinical studies for breast cancer screening'?
and skin cancer diagnosis.'?

Activatable photoacoustic probes have recently been pro-
posed and studied by several groups.>® They rely on a change
in the absorption spectrum upon activation to selectively detect
the activated probe signal. This method requires multiwave-
length illumination to resolve the spectral contribution of
each chromophore by linear fitting and also assumes that the
spectral distribution of probes and tissue absorbers is known.
In practice, nonuniform light distribution, due to wavelength-de-
pendent attenuation, and heterogeneous optical properties of tis-
sue may hamper accurate spectral identification and background
signal suppression.

In this work, we propose a new photoacoustic contrast
mechanism that is based on switching the excited-state lifetime
of the probe from short (<100 ns) to long (>2 us). PLCI, a
pump-probe approach that eliminates the need for spectral
deconvolution by measuring lifetime contrast using only two
illumination wavelengths, is applied for the first time to selec-
tively detect the signal from activated probes.

1.2 Photoacoustic Lifetime Contrast Imaging

MB is a planar cationic dye of the phenothiazine family with an
absorption peak at 664 nm in its monomer form (Fig. 2). It is
commonly used, or under study, in several therapeutic and diag-
nostic applications.'*!> Both orally and intravenously admin-
istered MB is excreted by the kidneys either unchanged or
reduced to leucomethylene blue by the enzyme methemoglobin
reductase present in red blood cells.!®!” Following optical
absorption, the ground state molecule (S,) is excited into a sin-
glet state (S;), and then undergoes intersystem crossing (ISC)
to a metastable triplet state (7;) with high quantum yield
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Fig. 2 Absorption spectra of MB in water (2 to 200 uM). The absorption
maximum shifts from 665 to 608 nm with increasing [MB] indicating an
increase in the dimer-to-monomer molar ratio. The isosbestic point at
625 nm is shifted towards the blue wavelengths for [MB] >100 uM due
to the formation of higher order aggregates.

(®gc = 0.50)° (Fig. 3). The excited triplet state lifetime is
typically tens of microseconds in an oxygen-free environment
because of the spin-forbidden nature of the 7| — S, transition.
Collisional quenching by oxygen, however, decreases this life-
time to approximately 2 us in aerated solutions at atmospheric
pressure.'®

Molecular association between monomers occurs spontane-

ously in water due to a combination of hydrophobic interactions,
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Fig. 3 Energy diagram of MB monomer and dimer. Plain lines represent
radiative transitions. Small downward dashed lines represent nonradia-
tive processes. The energy of the T, :T, absorption is converted into a
photoacoustic relaxation signal. The double bar indicates a discontinu-
ity in the transition diagram: the dimer triplet undergoes electron trans-
fer (~40 ns) which leads to the formation of oppositely charged radicals
that relax to the ground state via charge recombination (~107® to
107 5). Sy: ground state, S;: singlet excited state, T;: primary triplet
excited state, T;: secondary triplet excited state, S{ and S;’: split exciton
states, ISC: intersystem crossing, IC: internal conversion. Bottom: pos-
sible configurations of MB monomer and H-type dimer.
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hydrogen bonding, and Van der Waals forces.'*** The coupling
between monomers results in a splitting of the singlet excited
state into two states, of lower and upper energies, which man-
ifests by a splitting of the absorption band of the monomer
(Fig. 3).!%2'"2 Figure 2 shows a shift in the absorption peak
from 665 to 608 nm with increasing MB concentrations. This
corresponds to the preferential transition to a higher energy
state which results in a dominant blue-shifted peak specific
of H-type (or face-to-face) dimers. If a dimer is excited to
the upper state S, it undergoes very fast (107!2 s) internal con-
version to the lower state S| and, because transitions from S 1’
to S, are forbidden, ISC is enhanced. If the coupling between
monomers is strong, electron transfer is expected to occur
between the pair which results in triplet lifetime quenching and
formation of transient radical ion pairs.>** Excitation of an
aqueous MB solution revealed the existence of a fast transient
derived from the dimer, allegedly a triplet state, which decays
into a slow transient pair formulated as a charge-transfer.”® In an
experiment mixing MB with sodium dodecyl sulfate (SDS), a
compound that promotes MB dimerization at specific concentra-
tions, Junqueira et al. reported lifetimes of 40 ns, 1.6 and 300 us
for the triplet, radical anion and radical cation, respectively.?’

PLCI is a pump-probe approach that consists of applying an
initial laser pulse (pump) to excite the dye to the 7’| state and a
secondary pulse (probe) to excite 7| to a T, state resulting in
ultrasound waves generated during the 7, — T'; photoacoustic
relaxation (Fig. 3). With this technique, the amplitude of the
measured photoacoustic signal corresponds to the sum of the
lifetime-dependent photoacoustic relaxation, a quantity pro-
portional to the optical absorption of the T state, and the life-
time-independent background photoacoustic signal due to the
excitation of the background environment by the probe pulse.
By repeating a sequence of pulse pairs with different time delays
between pump (dye excitation) and probe (photoacoustic wave
generation) pulses, we can measure the decay dynamics of the
triplet state and extract the excitation lifetime by exponential
fitting. This technique has been recently demonstrated for quan-
titative measurement of dissolved oxygen levels in phantom
objects by our research group.'®

There exists a distinct separation of lifetimes between
MB monomers, MB dimers, and main biological components,
such as hemoglobin, albumin and melanin,?®>' that can be
exploited to efficiently suppress all photoacoustic signals arising
from absorbers having lifetimes shorter than a set threshold.
Figure 4 shows the normalized photoacoustic signal of hemo-
globin, MB dimers, and MB monomers in low oxygen environ-
ment measured after probe excitation in a uniformly illuminated
sample. Since MB monomers and dimers do not absorb at the
probe wavelength (800 to 850 nm),*? the background photo-
acoustic signal is constant and equal to the value after complete
relaxation of the chromophores, i.e., PA o . It can be seen that,
by subtracting two photoacoustic signals taken with a pump-
probe delay of 1 and 100 us, the only contribution comes
from monomers. Additionally, dividing the difference signal by
PA g 4s normalizes the monomer signal to the probe laser
energy which corrects for energy deposition fluctuations within
the illuminated sample. A photoacoustic contrast parameter, as
defined in Eq. (1), is proportional to the monomer concentration:

PA] Hs _PAIO() us
PA 100 s

PAmonomer

PAbackground

CpLcr = o [monomer]. (1)
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Fig. 4 Normalized transient photoacoustic signal for MB monomer
(t = 4 ps), dimer (zr = 40 ns), and hemoglobin (z = 0.22 ns).

1.3 Study Goal

The goal of this study was to investigate two dimerization
models to validate the contrast mechanism between MB mono-
mers (activated probes) and dimers (inactive probes). The first
system involves sodium-sulfate-driven dimerization caused by
the increase of hydrophobic interactions with ionic strength.
The second system incorporates dimerization induced by SDS
premicellar aggregates. We have used these two systems to
switch between high dimer concentration and high monomer
concentration and to demonstrate that PLCI can achieve an
efficient suppression of the dimer signal relative to that of the
monomer.

2 Materials and Methods

2.1 Materials

Methylene Blue hydrate (purum > 97%), and SDS (> 99.0%)
were acquired from Sigma-Aldrich (St. Louis, Missouri)
and sodium sulfate anhydrous (ACS) was acquired from
Mallinckrodt Chemicals (Phillipsburg, New Jersey). All chem-
icals were dissolved without further purification in distilled
water. Absorption and flash-photolysis measurements involv-
ing SDS were completed within 3 min after MB dilution.
Experiments were performed at 22 + 1°C, and the pH of the
solutions was measured to be within 6.7 £ 0.9. Changes in tem-
perature and pH level, in these ranges, do not have a significant
effect on MB dimerization.

2.2 Absorption Measurements

Absorption spectra were recorded on a UV/Vis CaryUV Varian
spectrophotometer using glass and plastic cuvettes of 0.1, 0.5
and 1 cm thickness. Triplet transient absorption was measured,
independently from PA experiments, at fixed wavelengths
by laser flash photolysis. The pump pulses were generated
by an optical parametric oscillator (OPO, Opotek MagicPrism,
Califonia) pumped by a tripled Nd:YAG pulsed laser (Surelite
I-10, Continuum, Califonia, f = 10 Hz, pulse width =5 ns).
The solution-filled cuvettes were probed by a laser diode
(4 =808 nm, P = 150 mW) emitting continuously at a right
angle with respect to the pump laser beam. The probe beam,
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once transmitted through the sample, is bandpass filtered
(FB810-10, Thorlabs, Pennsylvania, central frequency =
810 nm) and measured by a Si photodetector (DET10A,
Thorlabs, Pennsylvania). The signal is recorded by a digital
oscilloscope (Lecroy, Wavejet 354) and transferred to a com-
puter for processing. All the experimental data were processed
and analyzed with MATLAB.

2.3 Photoacoustic Experimental Setup

A PLCI experimental setup was used to probe the photoacoustic
signal of plastic tubes filled with dye, mixed salt/dye, or SDS/
dye solutions as illustrated in Fig. 5. Two tunable Nd:YAG
pulsed-laser systems (Surelite I-10, Continuum and Quantel,
Brilliant both having f = 10 Hz, pulse width =5 ns), each
coupled to an OPO (Opotek MagicPrism, Califonia), delivered
the pump and probe pulses (6 and 8 mlJ, respectively). The
output of both OPO systems was coupled to a bifurcated
light guide (Dolan-Jenner, EE436, nonrandomized for salt
experiment or Moritex, MWG-1000S-SD, randomized for
SDS experiment) to ensure uniform illumination of the plastic
tubes. The tubes were immersed in a water tank and a focused
ultrasound transducer (Panametrics, V382, 3.5 MHz for salt
experiment or V311, 10 MHz for SDS experiment) aligned
with the incident laser beams detected the photoacoustic signals
generated in the samples. Laser firing and ultrasound acqui-
sition were synchronized by a field-programmable gate array
(FPGA, KNJN, FX2 Saxo). Signals were amplified by 50 dB
(Panametrics, 5072PR), recorded by a digital oscilloscope
(Lecroy Wavejet 354), and transferred to a computer for pro-
cessing. B-mode images were acquired by scanning the tubes,
perpendicular to their long axis, using a motorized actuator
(T-LA28A, Zaber) mounted on a translation stage. In order
to maximize contrast, the wavelengths of both beams were

Tunable laser system

Bifurcated (Nd:YAG lasers + OPOs)

light guide

1. Pump (660 nm)

FPGA

2. Probe (840 nm)

Sync
out

Samples

US transducer

» ))) )
7

4 Water tank

Receiver
amplifier

PC: data acquisition,
processing and display

l

Fig. 5 PLCI experimental setup. Pulsed outputs of the excitation laser
(660 nm) and photoacoustic laser (840 nm) were combined with a bifur-
cated light guide and illuminate the target. The time delay between the
excitation and probe pulses was controlled by an electronic synchro-
nization circuit. The solutions were placed in two plastic tubes and
scanned horizontally. The generated acoustic waves were detected
by a focused ultrasound transducer. Sync out: synchronization output.

Oscilloscope [&—
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independently tuned near the maximum of absorption for the
monomer and triplet species, and within the range of maximal
output energy for the OPOs.

2.4 Calculation of Monomer and Dimer
Concentrations

The individual monomer and dimer spectra were obtained using
a two-state model analysis of the spectral data in the concen-
tration region where the monomer—dimer equilibrium is domi-
nant (2 to 50 uM), as indicated by a stable isosbestic point at
625 nm (Fig. 2). For concentrations greater than 50 uM, we
observed a progressive blue shift of the isosbestic point that
can be attributed to the formation of a small amount of trimers
(with absorption maximum at 580 nm).** In this model (adapted
from Patil et al.zo), the dimer dissociation constant K, is defined
as Eq. (2):

_MP - 2xg,C
Ko ="o] “ = .

where C is the total concentration of the dye, C = [M] + 2[D],
and x, is the monomer molar fraction, x, = [M]/C. If we
assume that we have only two species in solution, then the Beer—
Lambert law is applicable to those species as depicted in Eq. (3):

A =¢.1-C, 3)

where the observable molar absorption coefficient &* can be
expressed as a function of the individual rncg!ar absorption coef-
ficient of the monomer efw and the dimer 2 Eq. (4):

e =xyet + (1 —xy)eh/2, “4)
also written in the linear form as depicted in Eq. (5):
et =xy x (b, — €h/2) + &} /2. )

We computed a linear regression to model the relationship
between the molar absorption coefficient &*, measured for differ-
ent concentrations, and the monomer molar fraction at those
concentrations in order to calculate the value of the dissociation
constant K, that minimizes the sum-of-squared residuals over
several wavelengths. We found a K, value of 2.6 x 107* M
which is in good agreement with the value reported by Patil
et al? (29x10™* M, at 27°C) and by Rabinowitch and
Epstein® (2.8 x 10~* M, at 26.7°C).

The ¢y, and ep/2 values, at different wavelengths, were
extracted from the slope and origin of the linear fit and used
to generate the individual monomer and dimer spectra [dashed
lines in Fig. 6(a)]. Assuming that we have a two-component
system, we can use a rearranged form of Eq. (4) to establish a
concentration-independent relationship between the dimer-to-
monomer absorption peak ratio and the true monomer molar
fraction, as shown in Eq. (6):

B sggax/Z—R*eg‘?’ax/Z ©)
- j{zﬂx /‘{nﬂj’ax ABBX ”bmx .
Rx (e —ep' /2)— (e —ep /2)
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Fig. 6 (a) Solid lines: absorption spectrum of a solution of MB 80 uM for four different salt concentrations. Dashed lines: individual MB monomer
(black) and dimer (gray) spectra in water. (b) Transient absorption (TA) of a solution of MB 80 uM with (orange/gray) and without Na,SO, 0.8 M (blue/
black) measured by flash photolysis. Top: Aexc = 660 nm. Bottom: e, = 625 nm. (c) Transient photoacoustic signal amplitude as a function of pump-
probe delay time acquired at four different Na,SO,4 concentrations, 0 M (A), 0.25 M (CJ), 0.5 M (O), and 0.75 M (). Inset: the photoacoustic contrast
parameter was observed to be linearly dependent on the estimated monomer concentration (R? = 0.9980).

3 Results and Discussion

3.1 Dimerization in Sodium Sulfate

MB dimerization can be enhanced by increasing the ionic
strength of the solution which can be accomplished by adding
salts such as sodium sulfate.>> Figure 6(a) represents the absorp-
tion spectra of MB 80 uM, for increasing Na,SO, concentra-
tions, along with the individual monomer and dimer spectra
calculated by applying a two-state model analysis to the data
obtained in water. The spectra have been normalized to the iso-
sbestic point in order to compensate for small concentration var-
iations due to dilution uncertainty and a correction factor was
calculated. The blue shift of the absorption maximum, from
665 to 608 nm, indicates that dimerization is enhanced with
increasing salt concentration. The dimer peak does not exhibit
a significant blue shift compared to the sole dimer spectrum
(<1 nm for [Na,SO4] = 0.75 M), therefore, we conclude that
trimerization does not significantly perturb the monomer—dimer
equilibrium and we adopt the two-state model for the evaluation
of the monomer fraction in each case.

We measured the triplet transient absorption of a solution of
MB 80 uM, with and without Na,SO, 0.8 M, using flash-
photolysis for 4., = 660 nm [Fig. 6(b), top] and observed
that the amplitude of the signal decreases with the addition of
salt while the lifetime remains unchanged. To ensure that this
decrease is not due to a difference in absorption at the excitation
wavelength, the experiment was repeated for A, = 625 nm
[Fig. 6(b), bottom] and yielded the same qualitative results.
This indicates that MB dimers are statically quenched and
that their triplet excited-state lifetime is short.

Finally, photoacoustic probing of the MB/salt solutions was
performed in a single tube. MB monomers were excited at
660 nm and the triplet decay was probed at 800 nm for increas-
ing pump-probe delay times. Figure 6(c) shows that the
amplitude of the photoacoustic signal decreases with the salt
concentration which is in agreement with the flash-photolysis
results. The photoacoustic contrast parameter was calculated,
between 1 and 100 us, and plotted against the estimated mono-
mer concentration [inset, Fig. 6(c)] which was obtained by
multiplying the monomer molar fraction by the total MB con-
centration adjusted by the correction factor found from the
absorption spectra. Cpy ¢y at the plastic-wall interface is in linear
relationship with the monomer concentration (R? = 0.9980).
We believe that the nonzero origin may be explained by an
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overestimation of the monomer concentration or a difference
in local light distribution between 1 and 100 us.

3.2 Dimerization in Sodium Dodecyl Sulfate

Despite their ability to increase dimer formation, salts have a
limited power to overcome strong repulsive forces between MB
molecules and do not induce full dimerization even at concen-
trations close to the solubility limit. SDS, on the contrary, is an
anionic surfactant that binds MB due its opposite charge and
provides a hydrophobic microenvironment that promotes dye
aggregation on a larger scale. SDS concentrations as low as
1 mM have been shown to significantly increase MB dimeriza-
tion.”?7 The following experiments were realized within 3 min
after MB dilution to ensure that the solutions remained stable
over time.

Absorption measurements [Fig. 7(a)] revealed that the
progressive addition of SDS to a 100 uM MB solution shifts
the absorption maximum from 665 to 595 nm, thereby revealing
the formation of H-type dimers (4, = 608 nm) and even
higher order aggregates with lower absorption maxima. This
is paralleled by a decrease in the triplet transient absorption mea-
sured by flash photolysis for 4., = 660 nm [Fig. 7(c)]. A maxi-
mum of polymerization occurs for [SDS] ~ 4 mM [Fig. 7(b)]
which corresponds to a minimum and a 25-fold decrease in
the triplet transient absorption signal [Fig. 7(c)]. The same
experiment conducted for A.,. = 600 nm, a wavelength for
which the extinction coefficient of dimers is twice the extinction
coefficient of monomers, led to the same trend and a maximum
of polymerization at 4 mM as well. Finally, we observed that the
maximum of polymerization is invariant with respect to MB
concentration by repeating the experiment for MB = 40 yM
and for MB = 200 uM.

Junqueira et al. showed that the presence of increasing
amounts of MB in SDS solutions decreases the critical micelle
concentration (CMC) below the known CMC in water (7 to
8 mM).?® Carroll et al. demonstrated that the scattering signal
from a 1 uM MB solution exhibits a strong signal for [SDS] =
1.5 to 4.5 mM, suggesting the presence of a large aggregate in
that range.*® Those results indicate the formation of MB—SDS
clusters or premicellar aggregates before the CMC is reached.
We suggest that these premicelles are formed by strong electro-
static interactions between anionic SDS and cationic MB with
the surfactant possibly intercalating its hydrophobic tail between
adjacent MB molecules [Fig. 7(d)]. Water molecules might also
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Fig. 7 (a) Solid lines: absorption spectrum of a solution of MB 100 uM (xy, = 0.65) for six different SDS concentrations. Dashed lines: individual MB
monomer (black) and dimer (gray) spectra in water. (b) Dimer-to-monomer absorption peak ratio versus SDS concentration. (c) Triplet transient absorp-
tion measured at t = 0" after excitation (660 nm) versus SDS concentration. (d) Schematic representation of MB/SDS interactions at different SDS
concentrations. The data points in (b) and (c) were obtained by averaging three independent measurements and normalizing to the signal measured

in the absence of SDS.

help stabilize the MB/SDS complex by forming a hydrogen-
bonded, shell-like structure called an “iceberg structure.”’
The distance between MB molecules, inside the premicelles, are
short (corresponding to high local concentration) which pro-
motes dimer formation.

At intermediate surfactant concentrations (4.5 < [SDS] <
7 mM), the monomer fraction increases progressively while the
triplet transient absorption remains low. Previous groups attrib-
uted this behavior to the reorganization of MB/SDS clusters as a
prelude to the formation of normal micelles. During this stage,
premicelles may be disaggregating with MB molecules released
as MB/SDS quenched ion pairs.”-*

Finally, at SDS concentrations greater than 7 mM, the triplet
transient absorption increases logarithmically until reaching a
plateau corresponding to full monomerization. Concurrently,
the absorption maximum at 665 nm is blue-shifted compared
to the monomer spectrum signifying that the monomers are
surrounded by a more polar environment than in water without
SDS (most likely the negatively charged surface of the micelle)
[Fig. 7(d)]. Therefore, the increase in monomer fraction can be
explained by the increase of available sites for MB molecules to
bind as the number of micelles increases.

In conclusion, an SDS concentration of 4 mM effectively
promotes MB polymerization by playing a crossbinding role
between the dye molecules. The large extent of polymerization
(more than 95% of the initial monomers were transformed)
makes this system a valuable tool for modeling the activation
of a cleavable probe by photoacoustic contrast imaging.

3.3 PLCI Imaging Between MB Monomers and
Dimers in SDS

Two plastic tubes, respectively containing 200 yM MB + 4 mM
SDS (top) and 200 uM MB (bottom) solutions, were scanned by
the PLCI system [Fig. 8(a)]. We estimated that the samples con-
tained 5 and 110 uM monomer concentrations, respectively. For

Journal of Biomedical Optics

056004-6

=) A840
1us

MB/SDS 5uM

MB 110 uM
Q 1 mm
(a) —
840 840 840
I:>A1oous PA1 ps PA1oous,

dB

-5 0

Fig. 8 (a) Schematic representation of the position and size of the
plastic tubes. Monomer concentrations are given in each case.
(b) Photoacoustic amplitude image at 840 nm recorded 1 us after
the excitation pulse shows the signal generated at the plastic wall-sol-
ution interfaces. (b) Photoacoustic amplitude image at 840 nm recorded
100 ps after the excitation pulse. (d) Difference between photoacoustic
amplitude images at 1 and 100 us. There is a 21.5 dB suppression of the
background signal due to the short lifetime of MB dimers. The numbers
represent the value of the contrast parameter Cp ¢ at the front wall of
the tubes.
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this estimation, we first determined the monomer concentration
in absence of SDS by applying the methodology described
in 2.4 to the absorption spectrum of the MB-only sample.
Because the addition of SDS induces the formation of a nonne-
gligible amount of trimers, we cannot use Eq. (6) to evaluate the
monomer concentration of the second sample from the absorp-
tion spectrum. Alternatively, we determined this concentration
by multiplying the monomer concentration in the absence of
SDS by a proportionality factor corresponding to the difference
in transient absorption between the two samples obtained by
flash photolysis.

The samples were probed by a 10 MHz ultrasound transducer
scanned perpendicularly to the tube axis within a range of § mm
and with step size 0.2 mm. The signals were averaged over
32 measurements to compensate for pulse-by-pulse energy var-
iations. The scanning time was relatively short (40 min) such
that a majority of dimers (90%) remained stable during the
experiment. At each step, we calculated the photoacoustic
probe signal by subtracting the signal generated without the
probe (excitation only) to the signal recorded with both beams
(CXCitatiOn + probe): PA840(1:T> = (PA660+84O - PA660)1:1' As
ground state MB molecules do not absorb at the probe wave-
length (840 nm),*? the signals measured at 100 us correspond
to the photoacoustic energy generated by the static background.
The difference between the signal at 1 us and the signal at 100 us
was computed to suppress the contribution of the background
signal. The signals were processed with a Wiener filter followed
by a low-pass filter (Butterworth, 6th order, cut off frequency at
6 MHz). The envelope was detected by the Hilbert transform
method.

Photoacoustic images corresponding to 1 pus (PAgsg(i—1 4s))
and 100 us (PAgso(—100 us)) are displayed in Fig. 8 on a 20 dB
scale as well as their difference. The circles correspond to the
location and size of the plastic tubes. Dimer and background
signals are efficiently suppressed by —21.5 dB in the differential
image with a noise level of —59 dB [Fig. 8(d)]. The contrast
parameter, calculated for the front wall of each tube, decreases
by an average factor of 10 for the MB/SDS solution. Although
Cpcy 1s no longer proportional to the monomer concentration,
possibly due to significant scattering in the MB/SDS solution,
these results indicate that PLCI efficiently detects the monomer
signal in a phantom object.

4 Conclusion

Here, we present a new contrast mechanism for photoacoustic
imaging based on the difference in excited-state lifetime
between monomer and dimer forms of a chromophore. We
have studied two model systems to demonstrate the sensitivity
of the PLCI method to aggregation states of MB dye. The addi-
tion of salt (sodium sulfate) provides a simple and direct way to
change the self-association constant of MB solution and, there-
fore, the equilibrium dimer-to-monomer ratio. We have shown
that the PLCI signal depends linearly on the monomer concen-
tration as measured by analysis of optical absorption spectra. A
second model system makes use of a surfactant (SDS) to induce
MB dimerization. After careful study of the system, an optimal
SDS concentration was identified that results in maximal dime-
rization of MB. This concentration is lower than the CMC of
SDS in aqueous solution which implies that MB—-SDS aggre-
gates form premicellar structures. The PLCI imaging experi-
ment reveals a contrast of more than 20 dB between two
samples of equal MB concentration, one containing free MB
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solution and the other containing SDS-MB for maximal MB
dimerization.

Activatable smart probes have been developed as research
tools for studying protein conformational dynamics,*®* for
detecting nucleic acid hybridization,”* and for sensing enzy-
matic activity of disease biomarkers.*'** Based on the previous
measurements, we propose a new mechanism for an activatable
photoacoustic probe. In its simplest form, the probe relies on a
custom-made peptide linker bearing a specific enzymatic site
and confining two MB molecules to a dimer configuration. This
configuration results in an intact, quenched probe of short
lifetime. Reaction with endogenous enzymes cleaves the linker
and separates the probe into MB monomers. The PLCI system
would be used to selectively detect the long-lifetime signal from
activated probes (monomers) which would provide a map of
both enzyme location and activity. The lack of other long-life-
time molecules in the body empowers the sensitivity of this
approach. We believe that PLCI probes could be implemented
to investigate the role of specific enzymes in disease initiation
and progression in animal models and establish preclinical data
for translational research. Ultimately, PLCI probes could be
developed as an early diagnosis tool and to monitor treatment
efficacy.
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