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Abstract—In nanoparticle-augmented photothermal thera-
py, evaluating the delivery and spatial distribution of nanopar-
ticles, followed by remote temperature mapping and monitor-
ing, is essential to ensure the optimal therapeutic outcome. 
The utility of ultrasound and photoacoustic imaging to as-
sist photothermal therapy has been previously demonstrated. 
Here, using a mouse xenograft tumor model, it is demonstrated 
in vivo that ultrasound-guided photoacoustic imaging can be 
used to plan the treatment and to guide the therapy. To evalu-
ate nanoparticle delivery and spatial distribution, three-dimen-
sional ultrasound and spectroscopic photoacoustic imaging of 
a mouse with a tumor was performed before and after intra-
venous injection of silica-coated gold nanorods. After injec-
tion and sufficient circulation of nanoparticles, photothermal 
therapy was performed for 5 min using an 808-nm continuous-
wave laser. During the photothermal therapy, photoacoustic 
images were acquired continuously and used to measure the 
temperature changes within tissue. A heterogeneous distribu-
tion of temperature, which was spatially correlated with the 
measured distribution of nanoparticles, indicated that peak 
temperatures of 53°C were achieved in the tumor. An Ar-
rhenius thermal damage model determined that this thermal 
deposition would result in significant cell death. The results of 
this study suggest that ultrasound and photoacoustic imaging 
can effectively guide photothermal therapy to achieve the de-
sired thermal treatment.

I. Introduction

Photothermal therapy is a noninvasive cancer treat-
ment method that utilizes the energy of light to pro-

duce heat energy that results in cancer cell death [1]. In 
nanoparticle-mediated photothermal therapy, near-infra-
red-absorbing nanoparticles (nPs) are introduced to tu-
mors by intravenous injection. The nanoparticles circulate 
through the bloodstream and are delivered to the tumor 
site by several mechanisms, including the enhanced perme-
ability and retention (EPr) effect and specific molecular 

targeting to the cancer cells based on cell proliferation or 
angiogenesis biomarkers [2]. after the nanoparticles have 
accumulated in the tumor, a continuous-wave (cW) laser 
(with its wavelength typically matched to the absorption 
peak of the injected nanoparticles) irradiates the tissue 
for localized thermal therapy. continuous-wave lasers are 
used in photothermal therapy because the continuous de-
position of energy enables faster, more uniform heating 
than a pulsed laser. Metallic nanoparticles, such as gold or 
silver, have been shown to effectively facilitate photother-
mal therapy performance because of their high optical ab-
sorption resulting from the surface plasmon resonance ef-
fect [3]–[9]. Furthermore, we have shown that coating gold 
nanoparticles with a thin layer of silica can even further 
enhance image-guided photothermal therapy performance 
because of increased thermal stability and photoacoustic 
signal amplification [10], [11].

To optimize therapeutic outcomes (i.e., to maximize 
thermal ablation of the cancerous tissue and to minimize 
damage to healthy tissue), the nanoparticle delivery and 
distribution must be confirmed before therapy and the 
temperature distribution must be monitored during ther-
apy. Photoacoustic imaging is a versatile tool that can 
address both of these needs. First, spectroscopic photo-
acoustic imaging can be used to differentiate nanopar-
ticles from biological tissue components such as oxygen-
ated and deoxygenated hemoglobin [12]. This technique 
is based on the unique wavelength-dependent optical ab-
sorption properties of each tissue component. Because the 
photoacoustic signal amplitude can be correlated with the 
highly tissue-dependent optical absorption coefficient, it is 
possible to analyze the distribution of tissue components 
and nanoparticles. Therefore, spectroscopic photoacoustic 
imaging can be used for the confirmation of nanoparticle 
deposition in the tumor before therapy. second, photo-
acoustic imaging can be used to estimate the temperature 
distribution during photothermal therapy [7], [13], [14]. 
Because photoacoustic pressure is a function of tempera-
ture, it is possible to correlate photoacoustic signal ampli-
tude changes with temperature changes. This noninvasive 
and real-time temperature imaging method can provide 
enough information to estimate the thermal dose.

Photothermal therapy and photoacoustic imaging are 
complementary technologies in which nanoparticles act as 
either a therapeutic or an imaging agent. although a cW 
laser is used in photothermal therapy, and photoacoustic 
imaging utilizes a nanosecond pulsed laser, both meth-
ods can use the same light delivery system. absorption 
of the short laser pulse leads to a transient local pres-
sure increase and the generation of a broadband pressure 
wave centered at the optical absorber, but the heating of 
the tissue is negligible. In turn, therapeutic cW laser ir-
radiation does not significantly affect the photoacoustic 
signal generation, thus allowing photoacoustic imaging to 
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be used during the therapy. overall, there is a synergy be-
tween photothermal therapy and photoacoustic imaging.

In this paper, we demonstrate ultrasound and photo-
acoustic image-guided photothermal therapy using an in 
vivo mouse model of cancer in which spectroscopic photo-
acoustic imaging was used to monitor nanoparticle deliv-
ery and photoacoustic-based thermal imaging was used to 
monitor the temperature during therapy.

II. Materials and Methods

A. In Vivo Mouse Model of Cancer

a 3-month-old immunodeficient nude mouse (nu/nu, 
charles river) weighing 18 g was used for this study. Hu-
man epithelial cancer cells (a431 cell line) were subcuta-
neously injected on the right flank of the mouse to initiate 
tumor growth. The tumor grew for 20 d to a size of 10 mm 
in diameter. Prior to injection of nanoparticles (nPs), an 
imaging session was performed to acquire a baseline spec-
troscopic photoacoustic image of the endogenous tissue 
in the tumor region. a 200-μl silica-coated gold nanorod 
solution containing 400 μg of gold was then injected in-
travenously via the tail vein. spectroscopic photoacoustic 
imaging of the tumor was repeated 63 h after nanoparticle 
injection. This time point has been shown to result in 
significant accumulation of nanorods in tumors with very 
few remaining in circulation [15]. during the imaging ses-
sions, the mouse was anesthetized with a combination of 
isoflurane (0.5 to 2.0%) and oxygen (0.5 l/min). after 
the second imaging session, the mouse was euthanized by 
carbon dioxide asphyxiation and cervical dislocation. all 
procedures were performed following an animal protocol 
approved by the Institutional animal care and Use com-
mittee (IacUc) at The University of Texas at austin.

B. Silica-Coated Gold Nanorods

silica-coated gold nanorods were used in this study be-
cause of their enhanced thermal stability and photoacous-
tic signal response [16]. The silica-coated gold nanorods 
were produced from cTaB-stabilized gold nanorods [17] 
by exchanging cTaB with the biocompatible mPEG-thi-
ol, and then using the mPEG polymer as a silane cou-
pling agent for silica coating. The optical properties of 
gold nanorods were characterized by UV-visible (UV-Vis) 
extinction spectroscopy (synergy HT, BioTek Instru-
ments Inc., Winooski, VT). The shape and morphology 
of the gold nanorods are monitored by transmission elec-
tron microscopy (TEM) imaging using a Hitachi s-5500 
field-emission scanning electron microscope (Hitachi 
High-Technologies corp., Tokyo, Japan) equipped with a 
field-emission electron source operating at 30 kV. Fig. 1 
shows the TEM image and the UV-Vis spectrum of the 
silica-coated gold nanorods used in this study. The aver-
age length and the width of the gold nanorods without 

silica coating were 39 ± 3 nm, and 9 ± 1 nm, respectively. 
after deposition of approximately 25 nm of silica coating, 
the average size of the rods grew to 63 ± 7 nm by 35 ± 
5 nm. The UV-Vis spectrum indicates an optical absorp-
tion peak of silica-coated gold nanorods was centered at 
805 nm. The silica layer caused a 20-nm redshift in the 
optical absorption peak.

C. Mouse Imaging Setup and Data Acquisition

The 3-d ultrasound (Us) and photoacoustic (Pa) im-
aging setup for the in vivo mouse experiment is shown in 
Fig. 2. an optical parametric oscillator (oPo) tunable la-
ser (spectra-Physics, santa clara, ca), producing a 5 ns 
laser pulse in the wavelength range of 400 to 2300 nm 
operating at 10 Hz was used as a radiation source. For 
this study, we used 8 wavelengths ranging from 740 to 
840 nm in 20 nm increments. The average laser fluence 
at the surface of mouse skin was approximately 16 mJ/
cm2, satisfying the american national standard Institute 
(ansI) limit for human skin exposure [18] (~30 mJ/cm2 
for the wavelengths used in these studies). The pulsed 
laser was delivered to the tumor through an optical win-
dow attached to one side of a water tank. The water tank 
provided acoustic coupling between the array transducer 
(128 elements, 9 MHz center frequency, 5.8 MHz band-
width, la12/128, Vermon sa, Tours, France) and the 
mouse skin. Furthermore, the temperature in the water 
tank was held at a constant 37°c with a water circulation 
system (Isotemp 3013H, Fisher scientific, Hampton, nH) 
during imaging to regulate the mouse body temperature. 
To keep both the transducer-cable connection and the 
head of the mouse above the water, the mouse bed was 
tilted at 45°. The bed was connected to 1-d motorized 
system (national Instruments corp., austin, TX) to scan 
a 3-d volume of the mouse.

Fig. 1. Transmission electron micrograph (inset) and UV-visible spectra 
of the silica-coated gold nanorods. 
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The array transducer was connected to either a sonix 
rP ultrasound system (Ultrasonix Medical corp., rich-
mond, Bc, canada) or a WP32 system (Winprobe corp., 
north Palm Beach, Fl) to collect either pulse–echo Us or 
Pa signals. The sonix rP system was chosen for Us imag-
ing because of its ability to quickly capture high-quality 
Us images with multiple focal zones, whereas the WP32 
system allowed simultaneous access to 32 data channels 
needed for Pa imaging. For one 2-d Us image, 128 beams 
of rF signals (i.e., beamformed Us data) were collected 
using 64 transmit and 32 receive channels, requiring an 
acquisition time of about 0.025 s. In Pa imaging mode, 4 
laser pulses were required for one full data set of 128 rF 
signals (i.e., pre-beamformed Pa signals). Moreover, to 
enhance the snr needed for reliable spectroscopic pho-
toacoustic imaging and photoacoustic temperature map-
ping, 32 Pa pre-beamformed rF signals were averaged, 
requiring 128 laser pulses for each Pa image. The acquisi-
tion time for one frame of Pa image was 12.8 s. The Pa 
image reconstruction, spectroscopic analysis, and thermal 
imaging calculations were performed offline.

For photothermal therapy, an 808-nm, 1-W cW laser 
(Power Technology Inc., little rock, ar) was used to 
deliver light through a 600-μm-diameter optical fiber, ir-
radiating the mouse skin and underlying tumor (Fig. 2). 
Ultrasound images were collected before and immediately 
following 5 min of cW laser irradiation. Photoacoustic 
signals were recorded during the cW laser irradiation.

D. Spectroscopic Photoacoustic Imaging

assuming both the stress and the thermal confinements 
are satisfied, the photoacoustic maximum pressure, p0, at 
the pressure source can be expressed by

 p F0 = Γµa , (1a)

where Γ is Grüneisen parameter, μa is the absorption co-
efficient of the medium, and F is the laser fluence. The 
Grüneisen parameter, Γ,

 Γ =
βv
C
s

p

2
, (1b)

is defined by the volume expansion coefficient, β, the 
speed of sound, vs, and the heat capacity at constant pres-
sure, Cp.

at a constant temperature, the Grüneisen parameter 
at the same position (i.e., same type of tissue) can be as-
sumed as a constant value. In addition, compensating for 
the fluence at different wavelengths [18], multi-wavelength 
photoacoustic pressures can be correlated with the optical 
absorption coefficient of the various types of tissues and 
the injected nanoparticles.

Because there are three major components (i.e., ox-
ygenated hemoglobin, deoxygenated hemoglobin, and 
nanoparticles) that dominantly absorb the light energy 
(i.e., produce photoacoustic signal) in the wavelength 
range of 740 to 840 nm, the following spectrum was com-
pared with the photoacoustic spectrum measured within 
each 500 μm3 voxel:

 µ µ µ µa HbO HbO Hb Hb NP NP2 2
= + +C C C , (2)

where µHbO2, μHb, and μnP are the normalized absorption 
spectra of oxygenated and deoxygenated hemoglobin, and 
nanoparticles, respectively. CHbO2, CHb, and CnP are the 
relative concentrations of oxygenated and deoxygenated 
hemoglobin, and nanoparticles within the volume, respec-
tively. The total relative concentration was set to 1 (i.e., 
CHbO2 + CHb + CnP = 1). The concentrations CHbO2, CHb, 
and CnP were determined numerically by minimizing the 
mean square error of (2) [19].

E. Photoacoustic-Based Thermal Imaging

Photoacoustic imaging can be used to monitor the 
temperature distribution in tissues noninvasively [11], 
[13]. Photoacoustic signal intensity is directly proportion-
al to the dimensionless Grüneisen parameter [see (1a)]. 
The volume expansion coefficient and the speed of sound 
[see (1b)] are both temperature-dependent and linearly 
proportional to the temperature of water-based and fatty 
tissues between 10°c and 55°c [7], [20], [21]. Therefore, 
according to (1), the temperature change can be obtained 
by monitoring the photoacoustic signal amplitude.

Generally, tissues are weak optical absorbers, requir-
ing plasmonic nanoparticles for efficient photothermal 
therapy [7]. similarly, tissues produce weak photoacoustic 
signals compared with nanoparticles. Therefore, the ben-
efit of nanoparticles is twofold: they enhance the photo-
acoustic contrast and facilitate the photothermal therapy. 
However, in the case of nanoparticles, the stress and the 

Fig. 2. a block diagram of ultrasound and photoacoustic image-
guided photothermal therapy system used in the in vivo imaging  
experiment. 
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thermal confinements are no longer satisfied. In our previ-
ous study [22], we investigated the physical mechanism 
of photoacoustic signal generation from nanospheres and 
demonstrated that the dominant photoacoustic signal 
is generated by the liquid layer immediately around the 
nanoparticles. Eq. (1) therefore must be modified:

 p N F0 = η σΓeff , (3)

where σ and N are the absorption cross-section and num-
ber of the absorbing nanoparticles, respectively, and η is 
the heat transfer efficiency. The effective Grüneisen pa-
rameter Γeff is that of the signal-generating water, and 
depends on the thermal expansion coefficient of water. 
nevertheless, similar to (1), the relation between photo-
acoustic signal and temperature remains linear for the 
nanoparticle suspension. We experimentally confirmed 
the linear dependence of the photoacoustic amplitude 
[22], and suggested that silica-coated gold nanoparticles 
can produce higher photoacoustic signals because of their 
higher heat-transfer efficiency [10]. Therefore, for water-
based tissue and suspension of hydrophilic nanoparticles 
in water, the photoacoustic signal is linearly proportional 
to temperature

 p T0 ∝ α , (4)

where α  is a parameter that can be estimated by making 
photoacoustic measurement at baseline temperature (i.e., 
37°c) and using the fact that the photoacoustic signal at 
4°c is zero [22], [23].

It is important to note that the volume expansion coef-
ficient of tissue dominates this dependence on tempera-
ture; changes of speed in sound are minimal for the 10°c 
to 20°c temperature increases in photothermal therapy 
[7]. Because of the relatively small changes in the speed of 
sound, the irradiation of the tissue with a cW laser during 
photoacoustic imaging does not impact the stress confine-
ment condition.

In principle, the spatial resolution of thermal imaging 
is limited only by the resolution of the imaging system. 
In this case, the resolution is limited by the ultrasound 
transducer to approximately 250 to 300 μm. To account 
for respiratory motion, we applied a low-pass spatial filter 
before thermal processing. This resulted in a spatial reso-
lution of approximately 750 μm.

an arrhenius thermal damage model was used to esti-
mate cell death in the tumor from the measured tempera-
ture distribution [24]. The thermal dose was calculated in 
units of cumulative effective minutes at 43°c (cEM43) by 
the following equation:

 CEM43
initial

final

= −

=
∑ R tT

T t

t
43 ∆ , (5)

where T is the measured temperature and Δt is the imag-
ing interval. Furthermore, in (5), R = 0.25 if T < 43, and 

R = 0.5 if T ≥ 43. It is typically assumed that cEM43 
= 60 min corresponds to complete cell death in a region.

III. results and discussion

A. Monitoring of Nanoparticle Delivery Before Therapy

The mouse was imaged at two different time points: 
before the injection of nanoparticles—which acted as a 
control and 63 h after the injection of silica-coated gold 
nanorods. The 3-d ultrasound image in Fig. 3 shows ana-
tomical features of the tumor (i.e., location and size). The 
photoacoustic images obtained before nanoparticle injec-
tion show the intrinsic optical absorption contrast, which 
is mainly produced by blood.

The photoacoustic images obtained after administrat-
ing nanoparticles include signals from not only blood, but 
also nanoparticles. a single-wavelength photoacoustic im-
age cannot differentiate nanoparticles from blood. How-
ever, the results of spectroscopic photoacoustic imaging 
clearly show spectrally unmixed oxygenated blood, deoxy-
genated blood, and nanoparticles. all three components 
were displayed from 50% to 100% of relative concentra-
tion.

spectroscopic photoacoustic imaging shows no 
nanoparticle deposition in the tumor before the injection 
but clearly shows the presence of the nanoparticles af-
ter the injection. These results suggest that spectroscopic 
photoacoustic imaging can be reliably used for monitoring 
nanoparticle delivery.

B. Monitoring of Temperature Rise During  
Photothermal Therapy

once the nanoparticles were injected and allowed to 
circulate for 63 h, photothermal therapy was performed 
for 5 min using a cW laser wavelength of 808 nm. during 
therapy, photoacoustic images from a single plane were 
collected at 30-s time intervals using a pulsed laser operat-
ing at 800 nm wavelength. Fig. 4 shows the ultrasound/
photoacoustic images obtained before cW laser irradia-
tion, and at 1 and 3 min after the cW laser was turned 
on. The arrows in Fig. 4 indicate the location and direc-
tion of cW laser irradiation. The cW laser beam spot size 
on the skin of mouse was 0.8 mm in diameter.

Based on (4), a temperature distribution was estimated 
throughout the tissue. a maximum temperature rise of 
16°c during therapy was observed by photoacoustic-based 
thermal imaging. during the first minute, the maximum 
temperature in the mouse tumor quickly increased by 
10°c, and then the temperature gradually increased up 
to 16°c above body temperature until the cW laser was 
turned off (at 5 min). Because the mouse was placed in a 
temperature-controlled water tank, it was assumed that 
the initial temperature in the tumor was 37°c.

during therapy, the temperature increased to as high 
as 53°c. The temperature profile in the tumor is nonuni-
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form, suggesting an uneven distribution of optical absorb-
ers and, therefore, temperature deposition. Furthermore, 
blood circulation and heat diffusion add to temperature 
variations. This means that the tissue response to pho-
tothermal therapy will also be inhomogeneous; some re-
gions will experience more cell death than others. In the 
areas with the greatest amount of heat, the arrhenius 
thermal damage model, shown in (5), predicts significant 
cell death. In fact, the temperature profile shown in Fig. 
4(g) results in cEM43 = 1.6 × 103 minutes which is well 
above the thermal damage threshold of 60 min. Based on 
the overall thermal damage estimate, the tumor is likely to 
respond to the photothermal therapy, but, because not all 
tumor regions reached the threshold of cEM43 = 60 min, 
a pathological complete response is not expected and fur-
ther treatment may be needed.

It is important to note that the regions of increas-
ing temperature are well correlated with the regions of 
nanoparticle accumulation (Fig. 5). This result suggests 
that it is nanoparticles that are acting as the heat sources, 
not the tissue. Therefore, nanoparticles are critical for ef-
ficient and effective photothermal therapy.

Fig. 3. (a)–(e) 3-d ultrasound, photoacoustic, and spectroscopic pho-
toacoustic images of before nanoparticle injection, and (f)–(j) after the 
injection. [(a) and (f)] Ultrasound images show tumor size and loca-
tion. [(b) and (g)] Photoacoustic images were obtained at wavelength 
of 800 nm. spectroscopic photoacoustic images represent relative con-
centrations (50% to 100%) of [(c) and (h)] oxygenated hemoglobin, [(d) 
and (i)] deoxygenated hemoglobin, and [(e) and (j)] nanoparticles. The 
field of view for each volume is 22.4 mm (width) by 25.8 mm (depth) by 
20.0 mm (length). 

Fig. 4. (a)–(c) combined ultrasound and photoacoustic images, and 
(d)–(f) photoacoustic-based thermal images. The arrow represents the 
direction of cW laser irradiation (808 nm, 1 W). Photothermal therapy 
of 5 min results in maximum temperature rise of about 16°c in the 
tumor. 



IEEE TransacTIons on UlTrasonIcs, FErroElEcTrIcs, and FrEqUEncy conTrol, vol. 61, no. 5, May 2014896

although the ultrasound imaging was performed in real 
time, the photoacoustic images were obtained at a slow 
rate because of limitations of the imaging system, includ-
ing the limited number of channels and finite electronic 
signal-to-noise ratio. Because of these limitations, signifi-
cant averaging was performed, resulting in slow temporal 
resolution of the system. nevertheless, it was sufficient to 
demonstrate the ability of ultrasound/photoacoustic im-
aging to monitor the temperature increase during photo-
thermal therapy.

In the current studies, the silica-coated nanorods ac-
cumulated in the tumor because of the enhanced perme-
ability and retention (EPr) effect associated with leaky 
vasculature. However, nanoparticles can be bioconjugated 
to increase the concentration of nanoparticles at the tu-
mor [25]. For example, the epidermal growth factor recep-
tor (EGFr), which is overexpressed in many cancers, can 
be targeted using antibodies.

Physiological (e.g., cardiac or respiratory) motion could 
introduce artifacts in the spectroscopic photoacoustic im-
aging and photoacoustic temperature monitoring. Howev-
er, given that photoacoustic temperature imaging relies on 
the measurements of signal strength, it is not as sensitive 
to tissue motion as, for example, ultrasound thermal im-
aging [7]. Furthermore, ultrasound motion tracking could 
be used to reregister the photoacoustic images to the ini-
tial grid. Finally, it is possible to use an electrocardiogram 
(EcG) to trigger data capture and collect data frames at 
the same point in the cardiac cycle to potentially reduce 
motion artifacts [26].

IV. conclusion

We have shown that ultrasound and photoacoustic im-
aging techniques can be used for planning and guiding 
photothermal cancer therapy. Ultrasound imaging pro-
vides anatomical information (i.e., spatial location, mar-

gins, and size of the tumor). spectroscopic photoacoustic 
imaging gives functional information, such as hemoglobin 
content and nanoparticle distributions. Photoacoustic-
based thermal imaging offers temperature distribution 
during photothermal therapy. all of these imaging tech-
niques were developed and optimized for, and demonstrat-
ed on, an in vivo mouse model of cancer. silica-coated gold 
nanorods were used because of their thermal stability and 
enhanced photoacoustic response.
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