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Frequency-domain photothermoacoustic and
ultrasonic imaging of blood and opto-thermal
effects of plasmonic nanoparticle concentrations
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Abstract. We describe the use of combined ultrasonic imaging (USI) and photoacoustic radar imaging (PARI)
with linear chirp laser modulation to provide visualization of blood with and without the use of gold nanoparticles.
A blood vessel simulating sample (S1) containing pure sheep blood was shown to be an optically weak absorb-
ing medium which satisfies thermal but not acoustic confinement. On the contrary, the blood-gold combinations
(S2) using 10% and S3 (20%) Au concentrations behaved as optically strongly absorbing media. A heating
efficiency of 0.54 to 8.60 x 10% Kcm? J-' was determined for Au NPs. The optimal optical power modulation
spectral density was determined to be in the range of 0.5 to 0.8 MHz and 0.3 to 1.0 MHz for USI and
PARI, respectively. USI produced a better structural image while PARI produced a better functional image
of the simulated blood vessel in the order of S2 > S3 > S1 due to enhanced signal-to-noise ratio. Two-dimen-
sional images of the simulated blood vessel were also obtained. In summary, the PA signal does not increase
linearly with Au NP concentration and the change of blood osmolarity due to temperature increase can cause
thermo-hemolysis of red blood cells which in turn degrades the PA signal and thus the blood imaging quality. On
the other hand, USI produced the best structural image, S4, due to the strong US reflection response from Au
NPs and its insensitivity to the presence of blood. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1
.JB0.20.7.076009]
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1 Introduction their short penetration depth in tissue, their major benefit is
their sensitivity to tissue composition. For example, optical
absorption generates endogenous contrast by blood constituents
such as deoxyhemoglobin (Hb), oxyhemoglobin (HbO,), lipids,
water, and intrinsic chromophores with distinct fluorescent
properties. It is known that when a laser light interacts with a
turbid medium such as biological tissue, photons can be both
absorbed and scattered. Some of the scattered photons, which
are called “ballistic” photons, travel a straight distance through
the medium, while others deviate. It is the ballistic photons
which define the degree of resolution, therefore, the higher
the degree of scattering or deviation, the more the resolution
degrades with depth. In other words, the efficiency of high-
coherent resolution medical imaging relies on the degree of
detected ballistic photons. US can provide better resolution
than optical probes at greater depths, but with much compro-
mised contrast. Thus, the combination of high-optical absorp-
tion contrast and high-ultrasonic spatial resolution (low
scattering), a feature of biomedical PAI, constitutes a very useful

Medical imaging plays a crucial role in tumor blood vessel and
cancer diagnosis, treatment and research. There are a number of
imaging modalities which can be employed to visualize tissue at
cellular and molecular levels including nuclear imaging (posi-
tron emission tomography), single photon emission computed
tomography, x-ray computed tomography, magnetic resonance
imaging, optical imaging, ultrasound imaging (USI), and photo-
acoustic imaging (PAI). It is well-known that growing cancer
cells need an additional blood supply and gradually develop
dense microvascular networks inside or around tumors.
Angiogenesis appears to be a marker for breast cancer growth
and may have clinical implications in diagnosis and treatment.'
The interaction of light and ultrasound (US) with blood plays an
important role in diagnostics and therapeutics, for instance, for
the noninvasive assessment of blood composition. It is equally
important to emphasize that the interaction process and its bio-
effects are governed by the biophysical properties of whole

blood. imaging technique.

The optical properties (absorption and scattering) of biologi- Briefly, the pulsed photoacoustic (PA) effect is based on the
cal tissues in the visible (400 to 750 nm) and near-IR (750 to absorption of pulsed laser energy by a material creating tran-
1300 nm) spectral ranges are fundamentally related to the sient, localized heating. The increase in temperature leads to
molecular constituents of tissues and their vibrational/electronic rapid thermal expansion which, in turn, generates thermoelastic
structures. Although optical methods are severely limited by stress waves. In recent years, wide interest has been shown in

PA imaging of blood vessels and cancer.> Optical® and PA
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spectroscopic studies’® of blood containing structures in tissues
can measure Hb and HbO, concentrations mainly due to the fact
that Hb and HbO, have different wavelength-dependent optical
absorption properties which allow signal differentiation between
arteries and veins. Normal whole blood consists of about 55
vol% plasma and 45 vol% cells. A normal red blood cell
(RBC) is mainly characterized by a flat bioconcave shape with
volume, surface area and diameter ranging from 80 to 108 ym?>,
119 to 151 um?, and 7 to 8 um, respectively.” The RBC mem-
brane contains proteins and glycoproteins embedded in, or
attached to, a fluid lipid bilayer that gives it a viscoelastic
behavior.

RBCs are by far the most dominant absorbing element in
blood in the wavelength range between 250 and 1100 nm,
mainly due to the presence of hemoglobin, beyond which water
becomes the main absorber.'® This difference in light scattering
between RBCs and other blood constituents arises from the dif-
ferent refractive indices between RBCs and the surrounding
blood plasma.!! Because RBCs are acoustically weak scatterers
(impedance contrast between RBCs and plasma is only about
13%),'> multiple scattering can be neglected. Light scattering
by a single RBC depends on its disk-type shape, volume, refrac-
tive index, and orientation. Blood vessels usually exhibit orders
of magnitude larger absorption than surrounding tissues depend-
ing on the Vis to NIR range which implies a drastic blood/tissue
change. However, there is enough contrast for PAI to visualize
blood vessels or abnormal angiogenesis for imaging in vivo sub-
cutaneous vasculature for a variety of applications. The use of a
variety of nanostructures in medicine and biomedical engineer-
ing has also been growing in recent years. For example,
plasmonic nanoparticles exhibit unique optical properties.
Specifically, the major advantages due to the photophysical
properties of gold nanoparticles are: strong localized surface
plasmon resonance (SPR), surface-enhanced scattering, nonlin-
ear optical properties, tunable resonance across the Vis-NIR due
to adjustable nanoparticle size and shape,'*™!® biocompatibility
due to their inert surface, nontoxicity, surface conjugation chem-
istry, i.e., they can be linked to specific ligands for tumor target-
ing, imaging and therapies, lack of photobleaching or blinking
as with quantum dots, and very low oxidation.'”!® As a result,
Au nanoparticles have been extensively used in applications like
bioimaging'®2* mainly due to their ability to convert absorbed
light into heat (i.e., photothermal efficiency), but also due to
their drug delivery properties,”> >’ cancer cell diagnostics and
therapeutics,®** laser tissue welding and soldering.***

In this work, we use linear frequency modulation waveforms
and cross-correlation processing similar to radar technology [the
photoacoustic radar (PAR)] with modulated or coded optical
excitation to provide both high-axial resolution and signal-to-
noise ratio (SNR) by using a matched filter at the signal process-
ing stage.*® The SNR of frequency domain photoacoustics (FD-
PA) can be similar or higher only in very specific cases and that
depends on the transducer bandwidth and other technical issues
such as maximum available laser power. The main advantages of
FD-PA over pulsed-laser excitation besides being compact and
less expensive are: its ability to control and manipulate instru-
mentation system parameters, no jitter noise, low fluence of the
frequency-chirped laser modulation, depth profiling over a wide
range of frequencies, high-spatial resolution, possible parallel
multichannel lock-in-signal processing, and wide signal
dynamic range using lock-in filtering and much higher duty
cycle (=50%) than pulsed-laser PAs (%1074% to 10°%).%
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On the other hand, the main advantages of pulsed PAI include
higher efficiency of PA signal generation due to high energy per
pulse, hence, giving a strong SNR. But there is a trade-off
between the amount of pulse energy, pulse repetition frequency
and a fast acquisition system. Other advantages include less
accumulated thermal effect which may occur with continuous
wave (CW) and modulated laser source, providing axial resolu-
tion along the ultrasonic propagation direction and a difference
in the time of flight of PA waves which reduces signal clutter-
ing.3® Also, in a theoretical study, it was shown that the SNR of
PAI systems based on CW lasers with a chirped modulation fre-
quency are about 20 to 30 dB worse than systems based on
pulsed lasers.” However, this was based on the assumptions
of a top hat 1 to 5 MHz transducer and a matched filtering
in the FD-PA.

Following our previous work we employ frequency
domain PAR (FD-PAR) imaging to extend our investigation
to studies of the effects of Au NPs concentration on imaging
blood vessels using a chirped diode laser and a US transducer.

40-43
>

2 Theory
2.1 Au NP Properties

The importance of metallic nanostructures originates in their
ability to absorb and scatter the incident light in both the visible
and infrared regions. The interaction of an electromagnetic field
E(r,t) = [Ey(t)e'*=")] of a laser with gold nanoparticles
causes the dielectric polarization, u, of surface charges as a
result of which charges oscillates like simple dipole moment
nanoparticles where w is the angular frequency of light traveling
in the z-direction and k is the wave number. The oscillating
dipole radiates electromagnetic waves with a large enhancement
of the local electric field at the NP surface and polarization pro-
portional to the incident field. This electric field leads to strong
absorption and scattering at the SPR frequency by the particle
which consequently damps the oscillations, causing the dis-
placement to become out of phase, ¢, with the varying field
and requiring an input of energy to sustain the oscillation.

The SPR absorption in Au NPs is followed by energy relax-
ation through nonradiative decay channels. This results in an
increase in kinetic energy, leading to overheating of the local
environment around the light-absorbing species. The complex
refractive index is defined as

fi(w) = ny(o) + ik (@). (1)

According to the principle of causality, the real and imagi-
nary parts of the complex refractive index are connected through
Kramers—Kronig relations. The real part, n;,(w), is the refractive
index of blood and the imaginary part, k, (@) = Au,/4r, is the
extinction coefficient, 4 is the laser wavelength, and u, is the
absorption coefficient. 7i(w) of the metal (gold) nanoparticle
is related to the frequency dependent NP complex dielectric per-
mittivity e, = &, + ig; through &, = #* = (n, + ik,)* where
n, = kA/2x is the real part of the refractive index indicating
the phase velocity. Substituting (n, + ik,) in the plane wave
expression, it gives

E(Z, t) _ e—2nkz//1R€[Eoei(kz—wt)}. ()

The real part, &, = (n] — k), determines the degree to which
the metal polarizes in response to an applied external electric
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field and determines the SPR spectral peak position. The imagi-
nary part, ie; = 2nyk,, quantifies the relative phase shift,
Ag = A2z (n,, ik, )/A] 2R, of the induced polarization
with respect to the external field, i.e., it determines the band-
width and includes losses such as ohmic heat loss.

The extinction coefficient is maximum when g+ 2¢,, =0,
where ¢, represents the Au particle giving rise to the SPR
band.** According to Mie theory, the absorption cross section,
O aps Of a particle embedded in a medium, ¢,, % —¢,/2, is given
by15
3)

Oabs — 8_71-2 R?] {459(60) ~ Em :|»
A g,(w) + 2,

where R, is the radius of a gold particle. Similarly the scattering
cross section is

4
= RE|ul?, )

1287° RS { g4(w) —
3

Em } 8rk
Osca =

8 gy () + 26,
where p is the polarizability of a metallic sphere. The extinction
cross section, ., of a spherical particle iS 6. = Oups + Ogca-
The extinction efficiency, 7.y, of a particle is the normalized
extinction cross section of an area

Mext = Gext/ﬂ-Rév )]
and 7, is the particle absorption efficiency
Mabs = Gabs/ﬂR_rz]' (6)

Using &, = (n2 — k%) ~ =7.6 and &; = 2n 4k, ~ 1.56 yields
e,~—6 and g, = ¢,/2~—3. Substituting these values in
Eq. (3) yields oy, ~ 1.35%x 10715 m?, which is comparable
with the values obtained by Jain et al.* and Pustovalov et al.*
Furthermore, using 4 =810 nm and Rg =50 nm, Eq. (6)

yields, 7,5 & 17 X 1072,

2.2 Optical and PA Interaction with (B-Au NP)
Medium

A schematic diagram representing the interaction and propaga-
tion of a laser beam and US with a blood-gold (B-Au) NP

Diode laser
—a

(-\ .
% s
= . Lo
US 1 (03) \Transmltter Z. |
3, o
g
-
Au NPs 35833353
~-Plasma Time (ps)
4 RBC

Fig. 1 Schematic diagram of laser interaction with a (B-Au NPs) tube.
The inset shows an example of a PA signal generated by a local B-Au
NP volume when crossed by the laser beam. R: radius of Au-NP, R,:
radius of irradiated blood element, h: height of the container, and US:
ultrasound.
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ensemble is illustrated in Fig. 1, where the direction of the
laser beam is perpendicular to the surface of the medium and
the US incidence is oblique. It is seen that RBCs can be oriented
in random directions with a different number density causing a
different amount of backscattering, while agglomeration (e.g., in
static mode) can change the spatial configuration of the cells
which can also affect optical and US backscattering.

When light passes through a suspension of an absorbing
medium such as blood, photons that do not encounter RBCs
are not absorbed. This is called the “absorption flattening
effect”*® As a consequence, the transmitted light intensity is
higher than it would be if all hemoglobin were uniformly dis-
persed in the solution. When a beam of light interacts with a
blood volume element, the first event taking place between
the RBC and the surrounding medium (plasma) is Fresnel reflec-
tion, F, defined by

F = [(ny —ny)/(ny + ny)?, (7

where n,, = 1.33 and n;, = 1.42 are the refractive indices of
plasma and RBC, respectively. If X (X) represents the cross-sec-
tional area of RBCs per unit volume which, in fact, indicages the
geometric attenuation coefficient in the beam direction X then
this parameter can be resolved into two different components
given as an integral over all possible orientations of the
RBCs in the blood volume*’

T.(X) = / n(it)o, (i, X)di. (8)

u

Here n(ut) indicates the number of RBCs per unit volume
with orientation u and o, (i, X) corresponds to the cross-sec-
tional area of an RBC with an orientation # when exposed to
light in the X direction. The value of ¢, (u, X) mainly depends
on the shape of the cells interacting with light, i.e., the shape or
structure factor S(g) which quantifies the effect of the spatial
random organization of the scatterers on the backscattering coef-
ficient where the scattering vector, § = —k. Here, |k| =k =
2xf /c, is the acoustic wavenumber, f is the acoustic frequency
and ¢, ~ 1570 ms~! is the speed of sound in blood.*® The ability
of a tissue to generate acoustic echoes is often quantified by the
frequency-dependent backscattering coefficient, 7, which for a
heterogeneous material such as blood composed of weakly
scattering particles is given as*

p' = n()S(q)op. ©)

where oy is the backscattering cross-section of a single scat-
terer. In addition, there is a refractive index mismatch between
the cell membrane and the surrounding plasma medium which
results in light scattering by RBCs. Also, a RBC is an orienta-
tion-dependent structure and the scattering intensity distribution
will, therefore, depend on the angle of incidence. For large par-
ticle sizes (i.e., 2zr, /A > 1) where r, is the radius of the par-
ticle, the intensity distribution of light increases in the forward
direction and the cosine of the scattering phase function for
small angles is much higher than for all other angles.
However, the optical mean free path (d) within the medium
is limited by the scatterer density, ®, and by the effective scat-
tering cross section, o, i.e., (d) = 1/®0,.

The PAR technique involves light that is intensity modulated
at high frequencies which, when propagating through a scatter-
ing medium, exhibits amplitude and phase variations. However,
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if the distance between NPs is larger than their size, the NPs act
as discrete thermal point sources and the temperature should be
a sum over all the sources provided there is no clustering. Then
the heat source becomes>’

Q(r,1) = > _qu(1)8(r = r,), (10)

where the coefficients g, (¢) describe the heat produced by the
n’th Au NP at location rn. Assuming, the light absorption domi-
nates the scattering, then the sinusoidally varying irradiance at
modulation angular frequency, w,,, which illuminates the cross-
sectional area of the sample is

Hw,) = 1/2Iy(w)(1 4 e@n"). (11)

The spectral component Q,(z,w,,) at any value of w,, is
given by

Oy(z. @) = p loerahta)tiont (12)

where 7 is the thickness of the B-Au NP container and z is depth
so that —h <z <0.

3 Materials and Methods

3.1 Preparation

A 25 mL 100-nm diameter gold nanoparticle source with a con-
centration of 3.8 x 10° particles/mL stabilized as a suspension
in a citrate buffer was purchased from Sigma—Aldrich. Sheep
whole blood was kept in a refrigerator before each experiment.
Prior to each test, the blood was anticoagulated with ethylene
diamine tetraacetic acid (EDTA). Initially, 30 mL of blood were
mixed with 3 mL of EDTA (i.e., 10:1) giving a total blood source
volume of 33 mL. For a sample labeled S2 (10% ratio of
0.05:0.5 mL of NPs: blood) was used and for a sample labeled
S3 (20%) the amount of NPs was doubled. The number of NPs
and the corresponding concentration for S2 using 0.05 mL of Au
were calculated as 196 x 10° and 345 x 10% mL~!, respectively.
Similarly, for S3 using 0.55 mL of B-Au, the values of 380 x 10°
and 633 x 10® mL~! were obtained. A total of four samples were
prepared using the aforementioned labeling: S1(blood only),
S2 [blood + 10%(3.8 pg/mL) Au NPs], S3[blood +20%
(7.6 pg/mL) AuNPs], S4(Au NPs only). All samples were safely
mounted next to each other with a 5-mm separation inside a saline
solution container 50 mm below the water surface and were
irradiated with laser light in the transverse and longitudinal

directions. In the former (latter) case, the direction of scanning
was perpendicular (parallel) to the sample surface.

3.2 Experimental Setup

As shown in Fig. 2, the intensity modulated output of a CW 800-
nm diode laser (Jenoptik AG, Germany) with a chirp duration,
7., of 1 ms was used as an excitation source for PA generation at
a 1.6-W peak power.

The laser driver was controlled by a software function gen-
erator to sweep the laser power modulation frequency range
between 0.3 and 2.6 MHz. A collimator was used to produce
a collimated laser beam with a 2 to 3 mm spot size on the sam-
ple. A focused ultrasonic transducer (V382, Olympus NDT Inc.,
Panametrics) with a FWHM bandwidth of 65% at 3.95 MHz,
12.5 mm diameter, a focal length of 25 mm, and an estimated
lateral resolution of 0.87 mm was used for transmitting the US
signal. The sensitivity of this transducer was measured to be
31.8 pV /Pa using a calibrated hydrophone. The back scattered
pressure waves were detected by a focused transducer (V305,
Olympus NDT Inc., Panametrics) with a FWHM bandwidth
of 64.4% at 2.25 MHz, 18.8 mm diameter, a focal length of
25 mm, and a beam width of approximately 0.9 mm. The dis-
tance between the samples and the transducer immersed in water
was kept at about 25 mm. The setup was designed for a back-
scattering mode operation and the angle between the laser beam
and the center axis of each transducer was about 27 deg. A 3-
mm diameter silicone rubber tube was used to simulate a blood
vessel in a physiological saline container. The tube was linearly
scanned with a 0.5-mm step. The scanned distance was shorter
than the tube length. In the NIR (>700 nm) region, blood has an
absorption coefficient s, = 7 cm™! corresponding to an optical
penetration depth of about 1.4 mm. Depending on the type of
silicone rubber, the acoustic impedance, Z, ranges between
(1.1t0 1.5) x 10 kgm=2s~!. Blood has an acoustic impedance
of about 1.60 x 10° kgm=2 s~!. Therefore, the amplitude reflec-
tion at the tube wall-blood interface varies between 0.1 and
3.4%. Data acquisition and signal processing were performed
using Lab View software. Linear frequency modulation and
matched filtering were used to generate A-scans with the
PAR system. The similarity between two waveforms as a func-
tion of delay time is defined by the cross-correlation function
where time delay is equivalent to a phase shift in the frequency
domain. In our experiments, over 80 detected signals of 16 trains
of 1-ms long chirps (i.e., one package consisting of four 1-ms
chirps which was repeated four times: 4 ms X 4 ms) with a 1-s
delay between them were averaged by software processing the
collected data at each point, thereby giving a total of 1280

/=810 nm
- Vwaw  Optical fiber
l_ CWlaser ) Collimator
7
( Pre-Amp -p-
Y ‘\ /"(.
Acquisit \ '%) A
Acquisition B . o
s‘i'stem US transmitter \\\\ //['S reciever
— pac | o TJ»— . &
- Cross correlation .
w R signal e Silicone tube:
Monitor Water (Blood+Au NPs)

Fig. 2 The experimental setup.
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chirps. The chirp bandwidth was adjusted to simultaneously
maximize the PAR and US SNRs.

3.3 Results

The results are based on the backscattered signals using a
volume fraction, Vs, in calculations related to S1 and S2

(FyxV,)+ (F, x V)

V= ' , (13)
! Vg+ vV,

where F, and F, represent the corresponding applied parameters
for Au NP and blood, respectively, and V, and V,, are the cor-
responding volumes of a gold solution and blood, respectively.
The acoustic parameters for all different cases are given
in Table 1.

An example of a PA pulsed signal (A-line) is shown in the
inset of Fig. 1, where the time represents the depth location of
NPs. This is an important example because the imaging contrast
depends on physical processes such as the scattering mechanism
which is also a size-dependent factor, the particle distribution
density, orientation, and the shape factor of RBCs as described
by Eq. (8). One such situation is the mismatch between the
hemoglobin solution inside the cell and the surrounding plasma.
Figure 3 indicates the US and PA cross correlations for 10% Au
NPs (a) and 20% (b), respectively, generated by a 3.95-MHz
transducer. The PA signals are very similar. The oscillations
are mainly due to reflections of ultrasonic waves from the
walls of the silicone rubber tube and transducer. The cross-cor-
relation peak position on the PA delay time axis is related to the
depth of the signal source (e.g., RBC or NPs).

Figure 4(a) shows the envelope for the US cross correlation
where the amplitudes decrease in the order S4(Auonly) >
S3(20%) > S2(10%) > S1(blood only). The area under the
curve of each envelope represents the total output energy of
the matched filter at constant input energy. The profile ampli-
tude provides a better SNR than the in-phase correlation alone.
The noise level is similar in both the in-phase and envelope
signals. However, the peak amplitude increases in the envelope
signal due to the vectorial summation of the in-phase and quad-
rature signals. In general, envelope detection is a standard US
practice to detect objects or layers and generate an image.

Although the US cross correlation produces a better SNR, its
absorption is insensitive to material composition, but the degree
of reflection depends on the acoustic impedance of the medium.
Since S4 contains Au NPs only, it exhibits the highest reflection,

Table 1 Acoustic characteristics of blood, Au and B-Au NPs [for S2
(10%) and S3 (20%)].

Reflection
c, (ms™) A (mm) amplitude %
Blood 1570 5.2(f;) 0.59(f) 0.08
Au 3200 10.6(f;) 1.2(f,) 34.70
(Au + Blood) 1718 S2 (10%) 5.7(f;) 0.65(f,) 1.38
1842 S3 (20%) 6.4(f;) 0.69(f2) 4.40

Note: c,, speed of sound and 4,, acoustic wavelength, f; = 300 kHz,
fo=2.66 MHz.
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Fig. 3 Normalized cross-correlation amplitude of US and photo-
acoustic (PA) for (a) S2 (10%) and (b) S3 (20%).

in other words, by decreasing the NPs concentration in S3, S2,
and S1, blood plays a more effective role in producing the fric-
tional forces which consequently reduce the amplitude of acous-
tic reflection. On the contrary, the PA correlation amplitudes,
Fig. 4(b), decrease in the order S2 > S3 > S1 > S4. Despite
its lower SNR, the PAR response is superior to US due to its
specificity, as the results are based on the NP material optical
absorption, concentration and also on the blood absorption coef-
ficient. The fact that RBCs are very deformable and their shapes
vary in response to thermal and mechanical stresses®’ which
may damage their membrane may be a reason for S2 > S3.
Acoustic attenuation in whole blood can be attributed to
a number of different mechanisms: (1) at the cellular level
due to the cell membrane separating different intracellular and
extracellular fluids; and at the molecular level within the (2)
intracellular and (3) extracellular fluids. Molecular level absorp-
tion mechanisms include viscosity, thermal relaxation time and
structural processes. The longer the relaxation time of a
medium, the higher the absorption of US is. Another factor
to be considered in US interaction with RBC cells is the attenu-
ation linearity where the scattering component is mainly due to a
mismatched acoustic impedance between the encapsulated
proteins by RBC membrane and the surrounding fluid. How-
ever, according to Zinin’%, for suspended erythrocytes the
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contribution of scattering to attenuation in the frequency range
of 0.2 to 10 MHz may be neglected. By far the most dominant
contribution of US absorption by biological tissues is due to
relaxation processes among potential, chemical and structural
forms of energy. There are frequency ranges over which
some energy can transform to another state during ultrasonic
compression, but with insufficient time for the process to com-
pletely reverse itself during rarefaction. Therefore, there will be
a net energy transfer and hence absorption. As a result, quanti-
tative US techniques are based on the frequency analysis of
backscattered signals by biological tissues.

Power spectral density (PSD) is the frequency response of a
random or periodic signal x(7) indicating the average power dis-
tribution as a function of frequency

T
(P) = lim 1/2T/ x(1)2de. 14)
T-o0 -T

Figure 5(a) shows the corresponding US-PSD for S1 with
a peak maximum at about 500 kHz followed by decreasing
amplitudes due to higher attenuation in the B-Au NP medium.
However, when 10% Au NPs were added (S2), Fig. 5(b), the
amplitude increased significantly between 300 and 800 kHz.
In addition, an increased distribution between 1.4 and 3.0 MHz
was observed, indicating that a possible effect of Au NP
agglomeration is the result of modification in the spatial con-
figuration of the cells, producing increased US backscattering.
At 20%, Fig. 5(c), the power spectrum amplitude decreased by
almost 37% compared with Fig. 5(b) in the same frequency
range, leading to a lower SNR and indicating a nonlinear behav-
ior possibly due to additional structural and thermal relaxation
processes at the cellular level. Again, there is an increased fre-
quency distribution between 1.5 and 2.5 MHz. This will be
discussed in detail in Sec. 4. The US response exhibits more
peaks with relatively higher side lobes which may be due to
its stronger interaction with the medium followed by more
pronounced reflections from the tube walls and the blood.
Secondary features like oscillations at higher frequencies are
likely due to reflections of signals from particles closer to the
surface of the tube. This is because the diffusion length
depends on the modulation frequency as w~'/2, and a higher
frequency corresponds to probing the sample closer to the sur-
face. Figures 5(b) and 5(c) clearly show the peaks in the 1.5 to
2.5 MHz range which are not observed in Fig. 5(a) correspond-
ing to blood without Au NPs. Also, high-frequency oscillations
can be partly attributed to agglomeration of Au NPs causing
these high frequency US oscillations.

Figure 6 shows the corresponding PAR-PSD results for S1
(a), S2(b), and S3(c), respectively. Inspection of the spectra
of two signals [Figs. 6(b) and 6(c)], shows that the PA signal
is dominated by low-frequency components with the amplitudes
in the order S2 > S3 > S1. In the low-frequency range, the PA
response is affected only by the mixture of blood and NPs, so it
does not reflect the signature of each individual component. The
possible reasons to explain S3 < S1 are primarily due to the
lower optical absorption saturation of S3 than S1, and second,
because of thermal-induced damage which will be discussed in
Sec. 4. The higher resolution of the US cross-correlation signals
is mainly due to the thermoelastic energy conversion effect of
the PA phenomenon which affects the spectrum like a low-pass
filter, thereby limiting spatial resolution.

Furthermore, the PAR-PSD exhibits a nonlinear behavior
consistent with the US results which can be related to the ther-
mal effects of Au NPs on the RBC biomechanical properties and
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Fig. 5 Variation of power spectral density of US with frequency for (a) S1 (blood only), (b) S2 (10%), and
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(c) S3 (20%).

structure.” The main feature in the case of PAR, unlike US, is
that there is little frequency content above the main peak fre-
quency and the information is completely concentrated within
the 300 to 800 kHz range, particularly for S2, which exhibits
the strongest power spectrum. Physically, this implies that
light does not penetrate as much as US, as expected, and
thus does not interact with the Au NPs which are situated deeper
than the optical penetration depth in the blood sample. A two-
dimensional image (scan direction versus depth) was produced
by plotting all one-dimensional (1-D) depth images (time traces)
next to each other. Figure 7 illustrates the images obtained by
scanning along the length of each tube using US (a) and PAR
(b). Clearly, the best images correspond to S2 for PAR and S4
for US, which is consistent with Figs. 4(a) and 4(b) and is further
discussed in Sec. 4. This confirms the well-known fact that the
US reflection amplitude, [(Z, —Z,)/(Z; + Z,)]?, increases
with the concentration of Au NP whereas in the PAR case, it
is the absorption coefficient of the medium which is the deter-
mining parameter. Transversely scanned (cross-sectional) PAR
images of S2 and S3 artificial blood vessel tubes are illustrated
in Fig. 8. They, too, are indicative of the higher intensity distri-
bution produced by 10% than that with 20% Au NPs.

4 Discussion

4.1

Initially, the absorption of pulsed or modulated laser energy by
NPs produces a heating effect which is quickly equilibrated

1

!
I
S

S1 S2 S3 S4

Heat Generation and Transfer by Au NPs

X (mm)
w o B W

10

(a)
.I
' Tube wall
S2 S3 S|4
(b)

Silicone tube

Blood + Au NPs (10%)

Fig. 7 Two-dimensional (2-D) longitudinal image of the blood vessel
simulating tube: (a) ultrasonic imaging and (b) photoacoustic imaging.
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Fig. 8 2-D transverse images along a cross-section of the blood
vessel.

within the NP ensemble. Subsequently, the heat is transferred
from the NPs to the surrounding medium or matrix (blood)
via nonradiative relaxation within a few ps. In the absence of
phase transformations, heat transfer in a system with NP thermal
sources is described by the heat conduction equation

oT(r, 1)

0~ KT () + (1),

as)

p(r)Cy(r)

where T(r,t) is the temperature, Q is the heating source,
p(r)and C/(r) are the density and specific heat of an Au NP,
respectively, and K, is the thermal conductivity of the surround-
ing medium.

The total amount of heat produced is Oy = Q,, + Q,4, where
O, and Q, represent the components produced by blood
and gold NPs, respectively. In our case, the approximation
27R,/A(~0.4) < 1 holds, so it is assumed that each NP is qua-
sitransparent to the incident light and Q, is constant across each
nanoparticle. For a single Au NP exposed to a laser beam, the
generated power is P = Iyo,,,(W) where oy, is defined by
Eq. (4) and Q, = P/V,(Wcm™) where V,, is the volume of
the NP. The heat source is derived from the heat power density
h,(r) = [,h,(r)dr, where the integral is over the NP volume
V,. To calculate Q (r,7), we assume the size of an Au NP is
smaller than the laser wavelength so that electrons inside the
NPs respond collectively to the applied electric field of the
laser radiation, E(r,t) = [3e,/2e, + £,]E), where g, is the
blood permittivity. It is found that'®
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(16)

Q,(r,1) =< j(r,1).E(r, 1) >= % E(r,1)PPIme,,
where j(r,t) is the current density inside the metallic NP. The
heat generated is thus directly proportional to the square modu-
lus of the NP electric field.>* The temperature field induced by
chirped-laser heating can be modeled via conductive heat trans-
fer, assuming that the laser energy absorption in the B-Au
medium is quantified by the volumetric heat generation which
decays exponentially from the point of absorption defined by
Eq. (12). Since the laser beam spot size, ¢, ~ 2 mm, is larger
than both the optical penetration depth, 6, ~ 1.4 mm and the
thermal diffusion length, X7, the temperature field T(r,¢) of
a single nanoparticle can be obtained using the 1-D heat con-
duction equation. If all the absorbed optical energy is converted
to nanoparticle heating, the temperature increase can be evalu-
ated using Eq. (17) where F is the laser fluence and m,, is the
mass of a gold particle®

a7

The maximum temperature change of blood volume element,
Tmax /e> is

Rg
ATmax/e =N R_ATI max» (18)

g/e

where N/, is the number of Au NPs per unit element and R, is
the radius of the irradiated element. The maximum temperature
occurs at the surface of the NP, r = R,. Thus, the larger the NP
sphere, the longer it takes for heat to diffuse or transfer to the
surrounding medium (i.e., it cools down more slowly). On the
microscale it can be assumed that NPs are totally embedded
within the blood matrix and are small enough to have a uniform
steady-state temperature equal to the surrounding blood temper-
ature, T, owing to fast heat transfer and thermalization time.
However, on a larger scale, for example after some agglomer-
ation, the blood temperature of a spatially localized element may
be different due to the possible thermal overlapping of a larger
fraction of NPs and clustering at that element. It is interesting to
note that because NPs are dispersed inside a static colloidal
medium, their distribution within the tube can be considered
as Brownian motion.

Normally, in soft matter physics, the Brownian motion of
colloidal dispersions (as in this case) results in a Lorentzian
distribution. Therefore, assuming, ¥(r’) = d*r'Np(r') where
¥(r’) is the probability of finding an NP at a distance r/ in
a volume d*r’, and Np(r') is the density distribution of NPs,
a function which decays according to the spatially damped
radial function®

_NGRy 1 e

No(r) === R r

, 19)
where R, is the blood vessel radius.

4.2 PA Generation and its Transfer by B-Au NP

While PA signal generation is mainly based on the illuminated
material optical absorption properties, the subsequent US propa-
gation within the medium is directly conditioned by the proper-
ties of the surrounding medium such as the acoustic matching
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impedance, the absorption coefficient which is affected by the
viscosity and the relaxation time of the medium, the scattering
coefficient which depends on the particle number density, and
the size and level of the spatial distribution of the scatterers. The
transducer properties and the signal processing instrumentation
can also affect the sensitively of the PA signal. The interaction of
a laser pulse with a relatively weakly absorbing heterogeneous
medium, such as blood containing a suspension of strongly
absorbing nanoparticles, generates a PA signal enhancement
effect. While the absorbers are the NPs, the signal propagates
in the surrounding fluid and heat transfer defines the signal gen-
eration process. Therefore, the produced acoustic signal is pro-
portional to the amount of energy deposited into the NPs and
the thermoelastic properties of the surrounding environment.
Absorption of optical chirp energy by the medium results in
the generation of similar-frequency-modulated acoustic waves
propagating within the medium. Quantitative PAI in the pres-
ence of nanoparticles is a function of the PA response signal
(maximum signal voltage, V,..). The amplitude is given as a
function of independent responses from single particles, the
wavelength-dependent optical o, the number of nanoparticles
(Nnp), and the deposited energy (o, F). The PA signal is given
as®’

Vinax = Vo & Lo NnpFs (20)

where Iy = fc,2 /C,, is the effective Griineisen constant for a
given NP type, § is the volume thermal expansion, C,, is the
specific heat of the surrounding medium, and V, is the PA signal
from any endogenous absorbers such as whole blood defined
by the product of the blood absorption coefficient, u,;,, and
the optical fluence, F>*

VO = Feff ﬂabFeXp[_(”abcat)]' (21)

Here, p,;, = ey (A)[Hb] + empo, (4)[HDO,], Hb, and HbO,
are the relative hemoglobin and oxyhemoglobin concentrations.
emp and ey, are the corresponding molar extinction coeffi-
cients.” If, however, V, is negligible, then V., is due to NPs
only. Equation (20) holds as long as the NP absorption cross-
section and environment are constant, and particle-to-particle
thermal and electromagnetic coupling can be neglected. The
propagating spherical pressure field detected by a transducer
at a distance, r, has a spatial profile*!

p(r.1) = PPUS O ioiiryr, s cve, 22)
47[‘rd - r.v|

where r, is the distance from the laser to the object or heat
source within the tissue, |p(r,®)| is the pressure amplitude
and @ is a phase constant due to thermoelastic conversion. At
low frequencies, (a few MHz), and for weakly scattering NPs,
the relation between the backscattering cross section and the
RBC acoustic properties is simple and is described by Rayleigh
scattering. In the case of RBCs with radius R, ~ 3 um this is
valid up to ~27 MHz,% that is, within the range kR, < 1.
Although the PA signal is produced by the absorbed fraction
of the incident optical energy that is converted to heat, the pho-
ton density distribution in a turbid medium changes when it scat-
ters. This causes a change in the heated region and in the shape
of the PA sound source. Since the optical penetration depth
in blood, Jy (1.4 mm at 800 nm) =¢, where ¢, = 1 mm is
the beam radius, and X; <« 2¢,, where Xy is the thermal
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diffusion length in blood, X; = (4D,z.)'/?, where 7, is the
chirp duration and D, is the thermal diffusivity of blood, it
follows that the PA source in blood can be assumed to be spheri-
cal and a 1-D model can be used. Using® D, ~1.38x
1073 cm?s~!, one finds X7~ 23 ym and ~47 um for 7, = 1
and 4 ms, respectively. The latter is the minimum irradiation
time followed by a 1s delay time before the next 4-ms chirp.
Also, the values for the blood thermal relaxation time are 7, ~
33/4D, ~3.6 s and for the acoustic transient time
7, = 0g/c, ~ 890 ns, respectively. Based on the results
shown in Table 2, since p,c, < w;, and wy,,, p, X7 < 1 and
7, L 1,, and 7, > 7, where w;,, and wy, are the initial and
final angular modulation frequencies, it can be deduced that
S1 is effectively weakly absorbing (i.e., a thermally thick and
optically transparent medium, X < uz') which satisfies ther-
mal but not acoustic confinement. However, when Au NPs
are added to blood, the situation begins to reverse and the
medium becomes strongly absorbing (i.e., u,c, > w;, and
@ ¢ X7 > 1, a thermally thin and optically opaque medium).
The relation &; = 2n.k, =~ 1.56, gives a value of k, ~2.78
for gold at 800 nm which is comparable with that obtained
by Etchegoin et al.®* Also, one obtains u, = 47k, /A~ 4.3 X
10° cm™! for gold. By substituting the values of yu, (blood)
and y, (Au) for F}, and F, in Eq. (13), the corresponding value
of the volume fraction absorption coefficient can be determined.
Despite the fact that the B-Au NP medium is a stronger absorber
than pure blood, nevertheless, 7. > 7, and 7. > 7, and neither
the thermal nor the acoustic confinement condition is met.

Figure (9) shows the X (f) values for a 0.3 to 2.6-MHz chirp
using X7 ~ (2D, /w,,)'/?, where D, is the combined, or volume
fraction, value of thermal diffusivity of the B-Au NP medium.
One key result is that almost 75% of the total thermal-wave pen-
etrates the medium within 0.3 to 1 MHz and correspondingly
19% between 1 and 2 MHz and 6% between 2 and 3 M Hz.
Figure 10 indicates that not only does X; increase with chirp
duration, but after 8 ms, the curves show a sublinear increase.
Two biophysical reasons can be invoked for interpreting this
finding. First, the depth of diffusive laser-induced heating occurs
within a given time and possible implications regarding the
breakdown of blood tissue integrity within that depth must be
considered. Next, the laser-tissue interaction process may be
nonlinear. Therefore, identifying that process might be crucial
in further understanding its bioclinical consequences.

Figure 11 shows further analysis of thermal diffusion length
distribution for different frequency ranges during a given chirp
duration, i.e., a thermal diffusion length breakdown in terms of
frequency. It is interesting to note that not only does the thermal
diffusion length increase with chirp duration as expected from
photothermal-wave behavior, but the energy content of thermal
diffusion for a given chirp duration also takes place at lower
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Fig. 10 Variation of diffusion length with chirp duration for S2 (10%)
and S3 (20%).

frequencies as expected from the low-pass filtering nature of
PA signals.*

It can be seen from Eq. (16) that the amount of heat generated
is directly proportional to modulation angular frequency and
Eq. (18) states that the larger the number of NPs and the higher
the laser fluence, the higher the temperature in each volume
element of a blood-vessel simulating tube during irradiation.
Consequently, for contrast-enhanced PAI of a given blood con-
taining tissue volume, not only the laser parameters, but also the
NP concentration should be carefully optimized. Furthermore,
according to Eq. (19), it is expected that temperature changes
for each volume element with the density distribution function
of NPs. This is then followed by a corresponding PA signal

Table2 Calculated thermo-acoustic properties of B-Au N Ps for S2 (10%) and S3 (20%). The subscript ¢ indicates the value of a parameter based

on the combined volume fraction.

Blood + Au pc (kg - m3) C.,(J-kg7'C) D, (m?s?) Ks; (WmK™") 7, (ns) 7, (pS) ac, (s7) aXr
S2 (10%) 2.66 x 108 3830 1.1x10™* 27.8 7.60 58 69 x 10° 26.5 to 150
S3 (20%) 4x10° 3520 2x10™* 50.20 4.20 54 133 x 1068 64 to 374

Note: p, density; C, heat capacity; D, thermal diffusivity; K, thermal conductivity; z,, thermal relaxation time; z,, acoustic transient time; y,, absorp-

tion coefficient; and X7, thermal diffusion depth.
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voltage generation according to Eq. (20). This PA pressure
increase is described by Eq. (22). Therefore, it appears that
both the temperature increase due to a higher number of NPs
and their density variation within each volume element and
on the entire volume can increase the PA signal and the imaging
SNR. It is well known that any modification of cellular plasma
membrane or even the cytoplasm contents including proteins
will affect the absorption and scattering behavior of RBC.
Therefore, it is expected that a better image contrast should
be obtained with S2 compared with S3, as observed in
Figs. 8 and 4(b). In fact, it has been suggested > that the change
of the optothermal properties of blood due to the decrease of
osmolarity changes the shape of the erythrocytes due to higher
optical absorption. Based on this fact and on the fact that the
cross-sectional area of an RBC, o.(#,X), depends on the
shape of the cells interacting with light and the shape factor
(S(q)), see Eq. (9), the lower PA amplitude of S3 than S2,
Fig. 4(b), can be better understood: i.e., higher rates of optical
absorption and heat transfer to the surrounding medium may
have a direct impact on the structural integrity and the optical
properties of RBCs. The basis of this fact goes back to 1865
when Scultz®® reported for the first time the morphological
changes induced by heating cells when microspherocytosis
and fragmentation were observed. Since then much research
has confirmed this thermo-biological effect. One related issue
of interest is the deformation of RBCs irradiated with laser
power and the consequences of laser irradiation in biomedical
applications.**% Thus, the number of Au NPs which can be
used to enhance the PA signal is a decisive factor and must
be optimized. In our case, this is clearly shown by the higher
Au NP concentration (S3) which generated a lower PA signal
due to probably irreversible cellular thermal damage. The heat-
ing efficiency of Au NPs is defined as**
$n = AT/ F, (23)
where ATy = Tyu —T; and Ty = P/47R/K,,. In fact, &y
determines the increase in particle temperature under the action
of laser irradiation and depends on the NP density, the thermal
properties of the surrounding medium (in this case, blood) and
chirp duration. Using the laser power, P = 1.6 W in our experi-
ment, Eq. (23) yields, &y ~ 4.39 x 10°/Iz, ~ 8.78 /7, where I ~
500 k W cm™2 for a 2-mm laser spot size. Figure 12 shows the
variation of heating efficiency with chirp duration, which is

Journal of Biomedical Optics

076009-10

found to decrease rapidly for chirp durations longer than 1 ms.
For durations 7, > r,(zRécgpg /3K,,), the heat loss from NPs
via heat conduction during the time 7, is rate limiting to
the attainment of the maximum temperature in the blood-NP
mixture.

The maximum efficiency of heat transformation into acoustic
pressure is given by**
ga = P(t)/F = (nabsRépmﬂg/“'r/}gchp)af(t)/atv (24)
where p,, is the density of the surrounding medium, f, is the
effective thermal expansion coefficient of the Au NP material,
r is the distance of the observation point from the source, and
f(t) is a function defining the time dependence of the laser radi-
ation intensity. Equation (21) shows that the pulsed PA signal at
the onset t = 0 will increase by increasing the Au NP concen-
tration, but it is also possible that agglomeration and cluster for-
mation affects the interaction which effectively increases the
attenuation at later times r > 0. Indeed, it has been shown
that the PA signal increase with NP concentration may be
explained in terms of clustering due to thermal overlapping
which is greater than when the NPs are monodispersed or are
less clustered.®®®” However, Roper et al.%® have shown that
modulating the incident laser irradiation increases the NP effi-
ciency of acoustic transduction in an aqueous solution more than
two orders of magnitude compared with an unmodulated cw
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argon laser and that modulation can decrease NP-NP aggrega-
tion: decreasing the chopping frequency lowers the efficiency
&,. Therefore, the rate of modulation should be much higher
than the NP-NP interaction frequency in order to increase the
efficiency, £,. Bear in mind that the diffusion time constant
for coagulative interactions between neighboring Au NPs using
the Stokes-Einstein diffusivity is ~0.35 ms (i.e., ~2.8 kHz.
Between consecutive chopped pulses, NP temperatures relax
rapidly within 227 to 79 ps. Therefore, when laser light is
chopped, NP-NP interactions are less likely to cause aggrega-
tion. As a result, decreasing the chopping frequency decreases
the transduction efficiency.®®

5 Conclusions

The effect of Au NP concentration on the PAR signal based on
SPR and hence the quality of PAR blood imaging was studied. It
was shown that the combination of PARI with an optimized 100-
nm diameter Au NP concentration is a promising technique to
visualize absorbing media such as blood vessels while USI can
provide better structural information. Sample S1 was shown to
be an optically thin medium which met the thermal but not the
acoustic confinement condition, whereas samples S2 and S3
both proved to be optically thick and absorbing without satisty-
ing either the thermal or the acoustic confinement condition.
The PA cross-correlation peak amplitude was measured in the
order of S2 > S3 > S1 > S4. Adding 10% Au increased the
PSD amplitude in both US and PAR with the highest distribution
between 1.4 and 3.0 MHz in the former case. Maximum thermal
diffusion length occurred between 0.3 and 1 MHz for every
chirp duration, beyond which frequency it decreased rapidly.
Also, the diffusion length for S3 at constant modulation fre-
quency and chirp duration was found to be longer than S2. The
best PAR imaging contrast was achieved with S2 which exhib-
ited the highest PA signal in this study at 10% concentration. In
order to avoid cellular thermal damage and low quality imaging,
not only the laser parameters but also the contrast agents such as
Au NPs, which can be used to enhance the PA signal, must be
carefully optimized in terms of size, shape and concentration.
These factors directly affect the amount of heat produced and
the PA backscattering flux due to the thermally induced changes
of RBCs’ shape and orientation.
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