
Photoacoustics 7 (2017) 36–46
Research article

Temperature-dependent optoacoustic response and transient through
zero Grüneisen parameter in optically contrasted media

Elena Petrova*, Anton Liopo, Alexander A. Oraevsky, Sergey A. Ermilov
Tomowave Laboratories Inc, 6550 Mapleridge St, Ste 124, Houston, TX 77081, United States

A R T I C L E I N F O

Article history:
Received 31 December 2016
Received in revised form 11 June 2017
Accepted 21 June 2017
Available online 23 June 2017

Keywords:
Photoacoustic
Optical contrast agents
Temperature monitoring
Optoacoustic imaging

A B S T R A C T

Non-invasive optoacoustic mapping of temperature in tissues with low blood content can be enabled by
administering external contrast agents. Some important clinical applications of such approach include
temperature mapping during thermal therapies in a prostate or a mammary gland. However, the
technique would require a calibration that establishes functional relationship between the measured
normalized optoacoustic response and local tissue temperature. In this work, we investigate how a key
calibration parameter – the temperature of zero optoacoustic response (T0) – behaves in different
environments simulating biological tissues augmented with either dissolved or particulate (nano-
particles) contrast agents. The observed behavior of T0 in ionic and molecular solutions suggests that in-
vivo temperature mapping is feasible for contrast agents of this type, but requires knowledge of local
concentrations. Oppositely, particulate contrast agents (plasmonic or carbon nanoparticles) demon-
strated concentration-independent thermal behavior of optoacoustic response with T0 defined by the
thermoelastic properties of the local environment.
© 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The manipulation of tissue temperature has been used for many
years for clinical applications that benefit patients with a variety of
diseases, including cancer [1,2]. Thermal therapy is a promising
way to improve cancer treatment, but it is largely an experimental
technique with few clinically approved applications [3–6]. High-
efficacy thermal therapy would provide destruction of the targeted
lesion, while preventing damage to adjacent healthy tissues.
Therefore, significant research efforts are aimed at developing a
more effective and safe thermal therapeutic equipment enhanced
with temperature image guidance.

The ideal image-guiding system for a thermal therapy should
provide real-time visualization of the temperature changes in the
target tissue, be compatible with the used therapeutic equipment,
convenient in operation, and should not drive the cost of the entire
instrument prohibiting its commercialization. Optoacoustic (OA)
Abbreviations: GNR, Gold nanorods; NIR, Near-infrared; NP, Nanoparticles; MRI,
Magnetic resonance imaging; OA, Optoacoustic; ROI, Region of interest; SNR,
Signal-to-noise ratio; SOS, Speed of sound; ThOR, Thermal (temperature-depen-
dent) optoacoustic response; USI, Ultrasound imaging.
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thermometry demonstrated feasibility for those required
characteristics by providing real-time noninvasive imaging of
temperature distribution in vascularized tissue-mimicking
phantoms with high spatial (<1 mm) resolution [7–9]. The OA
thermometry also benefits from relatively low cost as compared to
magnetic resonance imaging (MRI), which was also attempted for
temperature monitoring [10,11], and its compatibility with
ultrasound imaging (USI), which is a current clinical standard
for real-time monitoring of thermal ablative therapies [12,13].

Optoacoustic effect, also known as photoacoustic effect, is
generated in biological tissues upon absorption of short pulses of
optical energy. Typically, nanosecond-range pulses produced by a
Q-switched laser and surface fluence on the order of mJ/cm2 are
required to generate detectable OA pressure waves in deep
biological tissues [14,15]. OA detection could be performed by a
clinical ultrasound probe modified for a triggered receive mode, or,
more optimally, by using dedicated ultra-wideband optoacoustic
sensors and electronics [16].

The amplitude of a generated OA pressure wave, p, can be
expressed as [14,15]:

p ¼ maFG ¼ maF
bV2
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with the local optical fluence F, optical absorption coefficient ma,
and the dimensionless Grüneisen parameter G representing
thermoelastic efficiency of the medium. Grüneisen is a multicom-
ponent parameter that gets contributions from the volumetric
thermal expansion coefficient (b), the speed of sound (SOS) for
longitudinal waves (Vl), and the specific (per mass) heat capacity at
constant pressure (Cp). The change of Grüneisen parameter on
temperature may be presented as:

@G Tð Þ
@T

¼ V2
l

Cp

@b Tð Þ
@T

þ 2
bVl

Cp

@Vl Tð Þ
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� bV2
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Water is a ubiquitous component of a live organism. In humans
it constitutes up to 50–75% of body mass [17]. Thermodynamic
characteristics contributing to Grüneisen parameter of water were
well studied for the physiological range of temperatures [0,40] �C.
The contribution of each thermodynamic characteristic to the rate
of change of Grüneisen parameter of water per degree of
Fig. 1. A. Schematics of the experimental setup. Latched light bar illuminators, ultrasoun
imaging plane, all are placed inside a thermostat filled with a coupling liquid. B. TEM ima
and their normalized UV–Vis spectra.
temperature in the physiological range can be summarized as
following [18]:
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d probe, and multi-tube phantom frame with sample tubes oriented orthogonally to
ges of GNRs before (suspension of GNRs in 10 mM CTAB) and after pegylation (PEG)
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The first number in parenthesis corresponds to T � 0 �C, just
prior to freezing. The last number in parenthesis corresponds to
T = 40 �C. In water, changes of Vl and Cp with temperature are
negligible as compared to the temperature-dependent behavior of
b. Therefore, it is widely considered that linear thermal behavior of
optoacoustic response, which is observed in aqueous solutions
within the physiologic range of temperatures, follows the
temperature dependence of the thermal expansion coefficient
[19,20]. Consequently, the amplitude of a measured OA signal
replicates the temperature-dependent behavior of the local
thermal expansion coefficient, which constitutes the fundamental
concept of OA temperature monitoring [21,22]. Recently, the
phenomenon was studied extensively using inorganic compounds
[23], tissue simulating phantoms [7,8,24,25], and biological
samples [26–31]. OA thermometry was also attempted on single
cells in a microscopy mode [32,33] and some nonlinear effects
were investigated [34,35].

Our group showed images of transition through zero
optoacoustic response in samples of mammalian blood [30].
Those studies also demonstrated that the temperature of zero
optoacoustic response (T0) is invariant with dilution of blood, but
decreases linearly as a function of concentration in control
hemoglobin solutions as it was also found for ionic salts [23].
The phenomenon was explained by a unique compartmentaliza-
tion of hemoglobin inside a stable cytoplasmic environment of
erythrocytes and allowed for establishing accurate hematocrit-
independent calibration of normalized optoacoustic response in
vascularized tissues. The proposed optoacoustic temperature
mapping technique included two steps: (1) obtain the OA reference
frame including the region of interest at a known temperature, (2)
normalize a subsequent OA frame to the reference frame and use
the calibration OA(T) equation to convert the normalized frame to
the temperature map. The method showed accuracy as high as
�1 �C for temperatures below 0 �C and average accuracy of �3 �C
for the entire interrogated range of temperatures between 40 �C
and �16 �C [7].

However, in vivo applicability of the temperature mapping
technique, which is based on the optical absorption of red blood
cells, is limited to highly vascularized biological tissues [9]. The
technique cannot be efficiently used for monitoring thermal
therapies in most of the glandular, adipose, and other tissues with
reduced blood perfusion. Significant recent advancements in
development of biocompatible OA contrast agents [36,37] may
help to solve that problem. There are OA contrast agents that have
been selectively tailored for enhanced temperature-dependent OA
response [33,38]. There are also biocompatible dyes, like the FDA
approved indocyanine green (ICG), which may be injected into a
body either as an aqueous solution or being encapsulated into
liposomes and erythrocyte ghosts creating sensitive OA contrast
agents [33,39,40]. Upon delivery of such constructs to tissues,
which normally do not absorb well near-infrared (NIR) light, the
OA temperature monitoring may become enabled.

However, there is still a major problem related to the fact that
the calibration for temperature monitoring is heavily dependent
on the medium that generates OA response. The OA contrast agents
loaded to different types of tissue with significant variations in
local concentrations will likely behave very differently from the
invariant relationship demonstrated by blood. In this work we
study various scenarios by using different types of contrast agents
to enable OA temperature monitoring in media that naturally do
not absorb light. Ionic solutions and suspensions of nanoparticles
with various compositions and concentrations are experimentally
investigated for the produced temperature-dependent OA
response. We focus on the analysis of T0, which is a key calibration
parameter contributing to the accuracy of the temperature
mapping technique.
2. Materials and methods

OA imaging provides a handy visual tool for determination of
the temperature of zero optoacoustic response (T0), when the OA
effect in a studied sample switches from optically induced thermal
expansion to compression. OA imaging also enables efficient
parallel testing of multiple samples, which can be simultaneously
imaged and analyzed without any crosstalk.

The detailed description of the experimental setup (Fig. 1A) can
be found in Ref. [23,41]. It utilizes a real-time two-dimensional
laser optoacoustic imaging system (LOIS-2D, TomoWave Labora-
tories, Houston, TX) with a 5-MHz central frequency 128-channel
linear ultrasound probe (L5, Acuson, CA). The Ti-Sapphire laser unit
produced NIR pulses with duration of 6 ns and energy of 16 mJ at a
pulse repetition rate of 10 Hz. Two laser emitting bars attached on
both sides of the ultrasound probe had rectangular output
apertures of 1.5 mm � 50 mm each with the long sides oriented
parallel to the linear array of ultrasound transducers. The laser bars
were tilted to converge the output laser radiation within the
interrogated region of the imaging plane. Laser fluence of 2 mJ/cm2

was measured at a distance of 20 mm from the ultrasound detector.
The laser output was tuned to the wavelength of either 800 nm or
760 nm in order to obtain sufficient optical absorption in the
aqueous solutions and adequate signal-to-noise ratio (SNR) on the
OA images [42,43]. Optoacoustic imaging was performed in the
backward mode [44] and reconstructed using the filtered back
projection algorithm [45,46]. Plastic tubes with thin optically
transparent walls were filled with optically absorbing samples and
placed orthogonally to the imaging plane at two levels: 15 mm and
22 mm from the optoacoustic probe such that cross-sections of the
tubes were observed on the images. Optoacoustic data were
acquired with 30 s or 120 s intervals and averaged over 64 laser
pulses. The detailed description of the signal processing can be
found in Ref. [23]. Automatic adjustment of SOS was implemented
to minimize defocusing of the OA image caused by the thermal
changes in the coupling medium [42,47]. A linear grayscale palette
was used for display of all optoacoustic images. The palette was
autoscaled for the first frame acquired at 20 �C and the limits were
fixed for all the subsequent frames. To obtain a quantitative metric
of the OA response (local pressure generated from the absorption
of laser pulses), the statistical median of the reconstructed OA
image matrix was evaluated inside the region of interest (ROI),
which was selected manually and contained one of the studied
samples. Using a median estimate of the OA image matrix allowed
a 6-fold reduction in the root-mean-square noise (RMSN) as
compared to an OA sensing technique [23]. A thermostat provided
cooling up to �21 �C at a rate of 0.1–0.2 �C/min. Temperature was
measured at 5-s intervals using fine-gauge thermocouples placed
inside and outside the tubes and logged by the data acquisition
module (OM-DAQ-USB-2401, Omega, Stamford, CT) with precision
of 0.01 �C. Aqueous solution of NaCl 23 wt% (freezing temperature
about �21 �C) or 40% Ethanol (freezing temperature about �29 �C)
were employed as acoustic coupling media in experiments below
the freezing point of water.

Thin-walled (0.051 mm) polytetrafluoroethylene (PTFE) tubes
(Sub-Lite-Wall Tubing, Zeus, Orangeburg, SC) with the inner
diameter of 0.635 mm were filled with the studied liquid samples.
Aqueous solutions were prepared using salts of CuSO4*5H2O,
NiSO4*6H2O, and NaCl (Sigma Aldrich, St Louis, MO) in distilled
water. Custom-made aqueous suspensions of pegylated gold
nanorods (GNR) were utilized as contrast agents for OA imaging
of non-absorbing aqueous media. Powdered carbon black – low-
structured hydrophobic particles with mean size of 25 nm and
ratio of external surface area to the total surface area as
206/270 m2/g (Raven 2500, Columbian Chemicals, Centerville,
LA) – were used as contrast agents for OA imaging of non-
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absorbing non-aqueous media such as mineral oil (Aegis Sciences
Co., Nashville, TN). Surface modified ink carbon particles
suspended in water (Higgins Eternal, Chartpak Inc, Leeds, MA)
were used in control experiments.

Previously, we described the general strategy for synthesis of
GNR and their stabilization with thiol-terminal PEG [48–50]. Using
Fig. 2. Optoacoustic images of four tubes (cross-sectional views) filled by CuSO4*5H2O s
0.48 M. Acoustic coupling medium is NaCl 23 wt% solutions with freezing point of �21
(reflection mode) and are shown by an open arrow (A). OA response was estimated for e
samples decreases for lower temperatures [23]. At the point of zero OA response (maxi
background (as indicated by solid arrows). Change of OA image contrast corresponds to t
the first frame acquired at 20 �C and the limits were fixed for all the subsequent frame
the same protocol we synthesized pegylated GNR with maximum
of the localized surface plasmon resonance (LSPR) near 800 nm
(Fig. 1B). GNR were characterized by UV–vis spectra, which were
obtained using poly(methylmethacrylate) cuvettes (1 cm optical
path) on a Thermo Scientific Evolution 201 spectrophotometer.
Transmission electron microscopy (TEM) was performed with a
olutions with the following concentrations: 1–0.06 M; 2–0.24 M; 3–0.36 M; and 4–
�C. Directions of optical illumination and detection of optoacoustic waves coincide
ach sample in the selected ROI, marked by dashed circles (B-F). Image intensity of
mum density) for a particular sample, the image of that sample disappeared in the
he change of the Grüneisen parameter. A linear grayscale palette was autoscaled for
s. Video is provided.
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JEOL-1230 (JEOL) instrument operating at 80 kV. Evaluation of GNR
size distribution was performed by analysis of TEM images using
ImageJ software (National Institutes of Health). The concentration
of GNR in the tested solutions was controlled by measuring optical
absorbance at the wavelength of 800 nm. We used 3 different
concentrations of GNR in water, which resulted in the measured
OD 0.5, 1.0, and 1.5 cm�1 at 800 nm. Mineral oil samples contrasted
by carbon particles had OD 0.2 cm�1 and 0.6 cm�1 at 800 nm.

3. Results and discussion

It is considered that T0 measured with the OA imaging
technique for an optically absorbing aqueous solution coincides
with the temperature of maximum density of that solution � a
point at which the thermal expansion coefficient becomes nil [51]
and, therefore, no stress can be generated from the absorbed
electromagnetic energy. Most substances typically increase their
density with decreasing temperature. Water, however, is a unique
matter with its density gradually increasing while temperature is
decreasing, then reaching the point of maximum density and
reversing the trend. The water anomaly appears as the maximum
density at 3.98 �C [52], and results in a negative thermal expansion
coefficient for the range between the temperature of maximum
density and the freezing point at 0 �C. Experimental and theoretical
results indicate that the explanation of the maximum density
phenomenon in water is related to hydrogen-bond interaction
between water molecules [53–56]. The basic assumption is the
existence of local structural fluctuations in the tetrahedrally-
coordinated hydrogen-bond network. Some of those fluctuations
produce domains with thermodynamic behavior of high density
liquid, which predominates at higher temperatures. Other
fluctuations produce domains with thermodynamic behavior of
low density liquid, in which hydrogen-bonds cluster and form a
more open, “ice-like” structure. Competition between these two
local forms of hydrogen-bond network is manifested as the
thermodynamic anomaly of water [51].

The majority of dissolved substances depress the temperature
of maximum density of water, obeying the Despretz law [57,58]:

T0 Cð Þ ¼ T0H2O � KDC ð7Þ
where T0 is the temperature of maximum density of an aqueous
solution, T0H2O ¼ 3:98 �C is the temperature of maximum density
of pure water, KD is the Despretz constant that depends on the
additive’s thermodynamic properties, and C is the concentration of
additive. The shift DQD= T0H2O�T0 in the temperature of maximum
density is frequently expressed as DQD= KDmm, where m is the
molality of the dissolved substance [58]. For diluted aqueous
Fig. 3. Optoacoustic phenomenon for positive and negative Grüneisen parameters (G). It d
and fluence (F), and can be observed during both expansion (positive b) and compress
medium to instant heating, a pressure wave will be generated in its positive or negati
solutions, molality (m) can be numerically approximated by molar
concentration (CM) expressed in moles/liter; therefore,
DuD�KDM�CM. For blood, DuD is almost 18 �C and is determined
by the intracellular concentration of hemoglobin (about 5.3 mM),
resulting in the Despretz constant of KDM(Hb) � 3.4 �103 �C/M
[30].

Transition of a sample through the point of maximum density is
manifested by the change of polarity for measured OA signals, as
depicted in Fig. 2 and explained in Fig. 3. The OA signals measured
by all transducers of the ultrasound probe are used in the
tomographic reconstruction, producing an image of the sample’s
cross-section with a contrast defined by the magnitude and
polarity of individual coherently added OA signals. At first, the
deposited laser energy produces a quick increase of temperature
inside an absorbing sample. If the thermal expansion coefficient
(b) and by extension Grüneisen parameter (G ) of the sample are
positive, the temperature increase results in expansion of the
constitutive substance. In that case, the optoacoustic pressure
wave generated by adiabatic expansion of the medium propagates
and is being detected with a rising front (top panel of Fig. 3). Such
signals produce OA images of the samples with positive contrast
(e.g. Sample 2 in Fig. 3A and B). When b is negative, deposition of
the optical energy leads to adiabatic compression, and the
propagating pressure wave is registered with a falling front
(bottom panel of Fig. 3). Such signals produce OA images of the
samples with negative contrast (e.g. Sample 2 in Fig. 2D–F). If the
thermal expansion coefficient b = 0, the OA effect is not produced
(e.g. Sample 2 in Fig. 2C), as the laser energy deposition into the
optically absorbing material does not result in any detectable
generation of stress. At this point, the excessive thermal energy is
spend on rearrangement of the unique hydrogen-bond network
found in water and water-based solutions (high density liquid and
low density “ice-like” liquid) and does not produce any mechanical
work required for generation of OA waves.

First, we investigated temperature-dependent OA response
near the point of maximum density in ionic aqueous solutions.
Fig. 2 demonstrates a series of OA images acquired from the cupric
sulfate samples of four different concentrations while temperature
was systematically decreased. The laser fluence in our setup was
decreasing in the direction from the top to the bottom of each
presented image due to natural divergence out of the fiber bundle
termini. At the wavelength of 800 nm, cupric sulfate solution
absorbs laser light, and the OA response increases proportionally to
the concentration and the local fluence (white circles on a gray
background in Fig. 2A). About 350 OA frames were acquired and
automatically analyzed during the gradual temperature decrease
from +20 to �10 �C. Fig. 2B presents the frame acquired at the
epends on the thermal expansion coefficient (b), optical absorption coefficient (ma),
ion (negative b) of the optically absorbing medium. According to response of the
ve phase.
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temperature of 2.7 �C showing that the Sample 1 of cupric sulfate
solution with molar concentration CM = 0.06 M became completely
indistinguishable from the background. It can be seen on Fig. 2C
that the vanished Sample 1 re-appears again, but its contrast is
now reversed (sample image changes from white to black)
indicating that Grüneisen parameter has switched from a positive
to a negative value. The other three images of the samples pass
through the same sequence of contrast transformations, but at
Fig. 4. A. Temperature dependence of the normalized OA response for optically absorbing
water [17]. Dash-dotted line shows the level of zero OA response. B. Temperatures of max
zero, as a function of concentration; measurements were performed using various acous
temperature [30] for 0.24 M solution of cupric sulfate (closed circles) and water (open circ
relative density (RDmax) as indicated by the red arrows. D. T0 and RD max and the freezin
dependence of the normalized OA response for optically absorbing solutions of nickel sulf
(T0) as a function of nickel sulfate concentration; data are shown for two different lase
different temperatures corresponding to the zero of thermal
expansion in each sample solution.

As any other imaging modality, optoacoustic imaging is not free
of effects of noise, limited detection characteristics of the
hardware, and image artifacts. Signal processing that is typically
applied in optoacoustic tomography is designed to improve
contrast-to-noise ratio. However, it also may create some
overshoot artifacts at the sharp boundaries of the samples revealed
 CuSO4*5H2O solutions and calculated normalized Grüneisen parameter (G ) of pure
imum density for the studied cupric sulfate samples, where OA response is equal to
tic coupling media; C. Relative density measured with a hydrometer as a function of
les); Data were fit with a parabolic function to obtain the temperatures of maximum
g temperature measured for different concentrations of CuSO4 [17]. E. Temperature
ate. F. The temperature of maximum density measured by the OA imaging technique
r wavelengths utilized for OA excitation.
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as a narrow opposite-contrast ring (or an arc) around the sample
image (Fig. 2). Limited bandwidth and directivity of ultrasound
transducers distort the received pressure signals, which are
naturally ultrawide-band [16]. Reconstruction of the distorted
pressure signals may produce small areas of erroneous contrast
around the samples. Finally, limited view aperture of the linear
probe provides incomplete tomographic data. Reconstruction of
such data results in image artifacts, including distortions of the
contrast at the boundary of the sample. Our estimates of the OA
response were limited to the interior portion of the sample image
at all times. Therefore, the potential boundary artifacts, mentioned
above, did not propagate to the analyzed median values.

To evaluate the decrease in the value of temperature of
maximum density in samples of cupric sulfate solutions, the
estimated OA response was normalized at the initial temperature
(19 �C) and plotted as a function of temperature (Fig. 4A). For
comparison, the normalized value of the Grüneisen parameter for
Fig. 5. A. Temperature dependence of the OA response for pure water contrasted by GNR c
800 nm: 0.5 cm�1, 1.0 cm�1, and 1.5 cm�1. B. The normalized OA response of GNR suspensi
water. The inlet shows the measured T0 as a function of GNR optical density. C. Optoacou
particles: left – mineral oil, right – pure water. Acoustic coupling was provided by wate
contrasted by carbon particles. Mineral oil results are depicted by open circles, pure w
pure water was calculated from the data of the thermal expansion
coefficient, SOS, and specific heat capacity [18] and provided on the
same graph. The graph clearly shows that addition of cupric sulfate
salt causes depression in the measured T0. Linear fit of the OA
response versus temperature profiles for each sample provides
accurate estimates for the temperatures of maximum density of
the cupric sulfate solutions at different concentrations. Our
experiments confirmed that the same T0 is observed during both
cooling and heating of samples without any hysteresis. Linear fit
for DuD vs CM results in the Despretz constant of KDM(Cu-
SO4*5H2O) = 20.3 � 0.3 �C/M (R2 = 0.997).

We also validated that the medium used to enable propagation
of OA waves from the studied samples to the ultrasound probe did
not affect the measurements of T0. Three different types of acoustic
coupling medium including deionized (DI) water, ethanol, and
NaCl (23 wt%) solution were employed. SOS increases with
temperature in NaCl solution as well as in pure DI-water [18].
oated with PEG. Three concentrations of GNR presented with optical density (OD) at
ons as compared to the calculated and normalized Grüneisen parameter (G ) of pure
stic images show cross sections of two tubes filled with liquids contrasted by carbon
r. D. Normalized (19 �C) OA response as a function of temperature for oil and water
ater – solid squares.
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On the contrary, in ethanol solution SOS decreases with tempera-
ture [18]. Our SOS automatic adjustment procedure, that involves
finding maximum of the correlation function for the reconstructed
image and the template sub-image of a sample in a frame-by-
frame sequence, worked well to accurately capture those signifi-
cant SOS differences and allowed for reconstruction of the sample
images without visible distortions. The values of T0 were found to
be consistent for all the tested acoustic coupling media (Fig. 4B).

In the control experiment, we directly measured the tempera-
ture of maximum relative density for cupric sulfate solutions, using
a hydrometer [30]. The relative density data was fit with a
parabolic function, providing maxima that coincided with T0,
evaluated by the analysis of optoacoustic images (Fig. 4C and D).

Next, we evaluated T0 as a function of concentration for an
aqueous ionic solution of nickel sulfate. Optoacoustic waves were
induced in the samples using laser irradiation at 800 nm, the same
wavelength that was used in the experiments on CuSO4 solutions.
The molar extinction of NiSO4*6H2O in water was measured
e800nm = 1.02 � 0.04 M�1cm�1, R2 = 0.993. To increase the experi-
mental sensitivity and decrease susceptibility to fluctuations of
laser fluence [42] we also measured temperature-dependent OA
response using a different optical excitation wavelength of 760 nm
where e760nm= 1.83 � 0.09 M�1cm�1, R2 = 0.991. The normalized OA
response versus temperature graphs are presented in Fig. 4E, and
the relationship of the estimated T0 with respect to the salt
concentration is shown in Fig. 4F. The results are consistent for
both excitation wavelengths with the measurement errors
confined within 10–15%. Similar to the cupric sulfate solutions,
the temperature T0 of maximum density for the nickel sulfate
solutions decreases with increasing concentration of the salt.
Linear fit for DuD vs CM results in the Despretz constant of
KDM(NiSO4*6H2O) = 19.5 � 0.8 �C/M (R2 = 0.989). The Despretz con-
stants KDM for cupric sulfate and nickel sulfate were found almost
equal (different by about 4% and within the margins of
experimental error). On the other hand, Despretz constants for
the sulfate salts are about 170 times smaller than the Despretz
constant of hemoglobin evaluated from the T0 of whole blood. The
interpretation of the Despretz constant is not straightforward and
known to be dependent on charge, size and shape of ions [58,59].
At low concentrations (0–0.3 mol/kg) of ions, the Despretz
constant can be rationalized through the linear dependence of
KDM on the ionic radii. In water, molecules of nickel sulfate and
cupric sulfate dissociate into identical anions with radii
r(SO4

2�) = 170 pm and cations of comparable radii: r(Ni2+) = 69
pm, r(Cu2+) = 73 pm. Therefore, it is expected that both salts will
produce similar effects on the hydrogen-bond network in aqueous
solutions, resulting in a similar thermodynamic behavior and
Despretz constants. The molecule of hemoglobin has a tetrameric
structure, which contains 574 amino acid residues, and the radius
of the molecule is equal to 2.5 nm (or 2500 pm). This molecule is
about 35 times bigger than the ions of nickel (2+) and copper (2+)
and 15 times bigger than the sulfate ions. However, the
relationship between KDM and ionic radii cannot be extrapolated
to multi-domain protein molecules of hemoglobin, which are
packed inside erythrocytes at extreme concentrations. The
hemoglobin molecule has a complex distribution of surface
electrical charge and thermodynamic macro effects contributing
to the Despretz constant should be considered through the entire
prism of hydrophobic, electrostatic and hydrogen-bond interac-
tions [59].

OA response can be efficiently induced in weekly-absorbing
media using contrast agents, such as plasmonic metal nano-
particles (NPs) or carbon black particles [19,37,60]. Those particles
do not dissolve in water, but can form a highly-dispersed
suspension. Following the absorption of optical energy, NPs
rapidly transfer heat to the surrounding medium generating OA
waves [60]. In the next set of experiments we studied the effects of
NP concentration on the temperature of maximum density T0.

Fig. 5A shows OA response as a function of temperature for
different concentrations of GNR suspended in water (concen-
trations are expressed in terms of measured optical density, OD).
Fig. 5B demonstrates that the normalized temperature-dependent
OA response is identical for all the concentrations of GNR and
replicates the relationship for the Grüneisen of water. The data
analysis shows that the temperature of maximum density (T0) in a
suspension of GNR does not vary with concentration and is equal to
that of pure water (inset graph on Fig. 5B). OA measurements of T0
in aqueous solutions all demonstrated linear dependence for a
wide range of concentrations following well the Despretz’s law
(Figs. 4 B, F, and 6 B). On the other hand, temperature dependent
OA response in aqueous suspensions of NPs represented the
temperature function of the Grüneisen of water, independent of NP
concentration.

Prost et al. [35] theoretically predicted and Simandoux et al.
[34] observed peculiar nonlinearity of OA response in aqueous
suspensions of plasmonic nanoparticles, which showed a non-zero
OA response detected in the high-frequency range (using a
photoacoustic microscope equipped with a 20 MHz transducer)
while the bulk suspension was at the equilibrium temperature of
maximum density. Our setup was equipped with an ultrasound
detector with a 5-MHz central frequency, which could be too low to
observe any nonlinear deviation in the signals from the suspen-
sions of GNRs as predicted [35].

We also investigated temperature dependent OA response of a
non-aqueous liquid enhanced with suspension of optically
absorbing NPs. Fig. 5C and D, demonstrate OA images and a graph
showing behavior of mineral oil samples enhanced with carbon
black particles vs. another sample with optically contrasted water.
The normalized OA response of oil samples with two different
concentrations of carbon nanoparticles show identical behavior in
the interrogated range of temperatures (Fig. 5D). While contrast of
the OA images of the oil sample remain independent of the local
temperature, contrast of the OA image of the water sample
decreases until the sample completely vanishes into the back-
ground (Fig. 5C). It is known that mineral oil and other types of oil
are characterized by weak dependence of thermal expansion
coefficient on temperature. Recent meticulous measurements in
silicone oil demonstrated that the thermal expansion coefficient
increased only by 6.3% when the temperature increased from 20 to
90 �C [61].

Previously, Chen et al. [19] analytically estimated that at 20 �C,
up to 99% of OA pressure generated by a gold nanosphere inside the
aqueous medium would be defined by the thermoelastic character-
istics of the medium, and only about 1% by those of the
nanoparticle. They also provided qualitative experimental demon-
stration that OA response of particulate contrast agents frequently
depends on the thermodynamic characteristics of the immediate
nanoparticle environment. The authors of [19] reported good
qualitative resemblance of the relationships between the mea-
sured amplitudes of OA signals and temperature for the samples of
pure silicon oil and silicon oil enhanced with gold nanospheres,
indirectly supporting the original hypothesis. Our current results
provided additional evidence that different types (gold and
carbon) and concentrations of nanoparticles would not change
temperature dependent behavior of the OA response of their
colloids (see Fig. 5B and D).

The fact that suspensions of NPs maintain the temperature
dependent OA response of a pure medium independent on the
concentration of NPs has far going consequences for contrasted OA
monitoring of temperature. It’s true that NPs used as temperature
sensors in biological tissues which otherwise weakly absorb
optical radiation, will require the environment-dependent



Fig. 6. A. Temperature dependence of the normalized OA response for non-absorbing NaCl solutions augmented by plasmonic nanoparticles (NPs) and DI-water contrasted
with carbon NPs. B. The temperature of G = 0 for the sodium chloride as a function of concentration; the temperature of RDmax according to seawater data; and the freezing
temperature for sodium chloride solutions [18].
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calibration. Furthermore, it seems that reliable temperature
monitoring is only possible in the water-rich tissues, which
provide significant sensitivity for the technique. However, a big
advantage of such contrasted temperature mapping approach
would be in fact that the calibration will remain valid invariably
with the local concentration of such NPs as long as it does not
significantly change in a time course of temperature monitoring.

The fact that suspensions of NPs demonstrate temperature-
dependent OA response of the medium itself could be further
utilized to study transparent media other than water. To exemplify
this statement, solutions of NaCl that do not absorb electromag-
netic radiation in the near-infrared (NIR) optical range were
optically contrasted with GNR. The graphs of temperature
dependence of OA response for sodium chloride samples and DI
water are presented in Fig. 6A. The temperature function of OA
response measured in water contrasted with NPs coincides with
the calculated Grüneisen parameter G (T). The accuracy of the
temperature of maximum density estimated using the OA imaging
technique was �0.2 �C (Fig. 6B). The shift in the temperature of
maximum density with respect to the concentration of NaCl
solution measured by OA imaging technique (Fig. 6B) is consistent
with the published data for seawater [18]. Linear fit for DuD vs CM
results in the Despretz constant of KDM(NaCl) = 14.4 � 0.5 �C/M
(R2 = 0.994), consistent with the previously reported data [58]. The
ionic radii r(Na+) = 97 pm and r(Cl�) = 181 pm. However, KDM of
NaCl solution cannot be directly compared to the estimated KDM of
sulfates, since the dissociated ions of those two salts have different
ionic charges.

In addition to non-invasive temperature mapping, the OA
imaging technique can be also conveniently used to measure the
temperature of maximum density in optically transparent or
opaque aqueous solutions. Due to low probability of heteroge-
neous ice nucleation in a small volume of each experimental
sample, the OA imaging technique allows interrogation of T0 even
below the freezing point of the studied solution (Figs. 4 D and 6 B).

4. Conclusion

In this work we demonstrated feasibility of OA temperature
monitoring in tissue with low blood content exploiting exogenous
contrast agent and the calibration method based on relationship
between the measured temperature of zero Gruneisen parameter
and soluble content of water-rich tissue. The calibration might vary
depending on the type and local concentration of the contrast
agent. In experiments on ionic solutions, we rigorously demon-
strated that the relationship describing normalized OA response as
a function of temperature depends on the concentration of
electrolyte. The shift in the temperature of zero Grüneisen
parameter in aqueous solutions is consistent with the shift in
the temperature of maximum density and obeys the Despretz law
for maximum density. However, using this type of contrast agents
in vivo requires knowledge of local concentration of the adminis-
tered contrast agent. On contrary, the normalized optoacoustic
response of particulate contrast agents such as plasmonic or
carbon nanoparticles does not depend on its local concentration
and represents temperature-dependent optoacoustic response of
the tissue itself. Particulate contrast agents suspended in mineral
oil did not reveal detectable change in optoacoustic response as a
function of temperature, suggesting that the current technique of
the optoacoustic temperature mapping may not be applicable for
adipose and other types of tissue with low water content. However,
in water-rich soft tissue, optically contrasted nanoparticles should
be more accurate temperature sensors as compared to water
soluble chemicals and macromolecules. These findings provide an
important step towards future non-invasive temperature monitor-
ing in variety of low absorbing water-based biological tissues.
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