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Abstract: Recently, a dual photoacoustic and ultrasound contrast agent—
named photoacoustic nanodroplet—has been introduced. Photoacoustic
nanodroplets consist of a perfluorocarbon core, surfactant shell, and
encapsulated photoabsorber. Upon pulsed laser irradiation the
perfluorocarbon converts to gas, inducing a photoacoustic signal from
vaporization and subsequent ultrasound contrast from the resulting gas
microbubbles. In this work we synthesize nanodroplets which encapsulate
gold nanorods with a peak absorption near 1064 nm. Such nanodroplets are
optimal for extended photoacoustic imaging depth and contrast, safety and
system cost. We characterized the nanodroplets for optical absorption,
image contrast and vaporization threshold. We then imaged the particles in
an ex vivo porcine tissue sample, reporting contrast enhancement in a
biological environment. These 1064 nm triggerable photoacoustic
nanodroplets are a robust biomedical tool to enhance image contrast at
clinically relevant depths.
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1. Introduction

Photoacoustic (PA) imaging is an emerging diagnostic technique capable of high resolution,
real-time, depth-resolved visualization of tissue [1,2]. The contrast in PA imaging arises from
differential optical absorption, where deep-seated absorbers are detected through
photoacoustic (i.e., high-frequency pressure or ultrasound) transient waves. Photoacoustics
can be synergistically integrated with ultrasound (US) given that the two systems can share
components responsible for detecting sound waves [3-5].

Endogenous contrast in PA imaging is limited to differences in optical absorption among
biological chromophores, which may not be sufficient for the detection and characterization
of a disease such as cancer or atherosclerosis [6-11]. Furthermore, contrast in pulse-echo US
imaging arises from differences in acoustic impedance, which is also often inadequate for
early diagnosis of tumors and other pathological processes [12,13]. Consequently, various
formulations of injectable particles or solutions have been developed to locally amplify
signal. Ultrasound utilizes gas microbubbles [14-16], which provide acoustic impedance
mismatch to surrounding tissue, whereas PA contrast agents—such as dyes and
nanoparticles—rely on their high optical absorption relative to biological tissue [9,17-19].

More recently, optically-triggered liquid perfluorocarbon (PFC) nanodroplets have been
used to improve contrast for both ultrasound and photoacoustic imaging as well as therapeutic
purposes [20-24]. These photoacoustic nanodroplets (PAnDs) comprise a liquid PFC core
with an encapsulated photoabsorber, all surrounded by a stabilizing surfactant shell. Upon
pulsed laser irradiation, the nanodroplets undergo vaporization — a process that provides a
strong PA signal and, therefore, local enhancement of contrast. Furthermore, the resulting
microbubbles backscatter sound waves, providing enhanced contrast in conventional pulse-
echo ultrasound.

Unlike larger gas bubbles used for US contrast enhancement, liquid nanodroplets exhibit a
half-life in vivo of several hours [25], and they have the ability to escape vascular
compartments and penetrate deeper into tissue [26]. In addition, surface modification allows
for active particle targeting of tumor cells [27]. Once in a superheated state in the body and
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accumulated at a site of interest, a low-energy optical trigger can locally vaporize the
droplets, providing a mechanism for remotely triggered activation. Incorporation of
therapeutics render the droplets externally activated drug delivery vehicles [28]. The
limitations of PAnDs are that they require an optical trigger of sufficient fluence to induce
activation, and the PA contrast from vaporization only occurs instantaneously upon droplet
vaporization for droplets made of low boiling point PFCs, whereas sustainable PA signal
requires a stable, higher boiling point PFC droplet. Previously, PAnDs with encapsulated gold
nanorods have been imaged in vivo using light with wavelength of 780 nm [20]. To further
advance this technology, we exploit several properties of gold nanorods, including their
biocompatibility [29,30], high optical absorption [31], well-known chemistry for surface
modification [17], and especially their tunability to absorb at specific wavelengths [32].
Biomedical imaging with light at 1064 nm improves contrast due to minimal absorption by
blood-perfused tissue at this wavelength [33], and imaging can be performed with an
inexpensive single wavelength Nd:YAG laser source [34], so extension of PAnDs to
activation at 1064 nm is a natural progression of the technology. Minimal absorption of 1064
nm light results in higher local fluence deeper into tissue, requiring lower incident laser
fluence and encapsulation of fewer gold nanoparticles. While other formulations of PAnDs
made with lead sulfide particles are triggered with 1064 nm light [21], gold nanoparticles are
stronger optical absorbers, which would increase vaporization sensitivity [35-37]. In addition,
PA and US image contrast enhancement using optically triggered nanodroplets in a biological
environment at 1064 nm has not yet been reported.

In this work, we synthesize high aspect ratio gold nanorods, characterize their optical
absorption, and incorporate them into PAnDs. We then perform imaging experiments to
quantify the changes in contrast and contrast-to-noise ratio (CNR) upon irradiation of PAnDs
by a pulsed Nd:YAG laser emitting light at 1064 nm. Furthermore, we measure the laser
fluence threshold necessary to induce PAnD vaporization detectable by diagnostic US
imaging. Lastly, we conduct US and PA imaging on PANnDs injected into porcine tissue ex
vivo, and we report the image contrast enhancement in an environment closely mimicking
clinical conditions.

2. Methods
2.1. Synthesis of photoacoustic nanodroplets

High aspect ratio gold nanorods were produced using a seed-mediated growth method in an
acidic condition. The growth solution was made by adding 5.2 mL AgNO; (4 mM), 44 mL of
water, 19.2 mL of HCI (1 M), and 8 mL of HAuCI, (10 mM) to 80 mL of CTAB (0.20 M)
under gentle mixing, followed by the addition of 2.4 mL of ascorbic acid (0.0788 M). To
make the seed solution, in a separate vial, 2.5 mL of CTAB solution (0.20 M) was mixed with
1.5 mL of HAuUCI, solution (1 mM). Then 0.60 mL of ice-cold NaBH, solution (10 mM) was
added to the mixture and vigorously stirred for 2 min at 25°C, which resulted in the formation
of a brownish yellow seed solution. To grow nanorods, 0.32 mL of the seed solution was
added to the growth solution at 27-30 °C under gentle stirring for 30 seconds. The solution
then aged for another 12 hours at 27-30 °C. The resulting gold nanorod solution was
centrifuged at 5,000 rcf for 15 min to discard unwanted gold nanosphere side products; the
nanospheres were concentrated in a pellet, while the nanorods remained in suspension. To
reduce CTAB concentration, the nanorods were centrifuged twice at 18,000 rcf for 45
minutes. The CTAB-stabilized gold nanorod dispersion was added to an equal volume of
aqueous mPEG-thiol (0.2 mM) solution under vigorous stirring. The mixture was sonicated
for 5 minutes and left to react for 8 hours. Excess mPEG-thiol molecules were removed by
centrifugation filtration at 3,000 rcf for 10 min, and the PEGylated gold nanorods were re-
suspended in water.
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The PEGylated gold nanorods were then imaged using transmission electron microscopy
shown in Fig. 1(a). The surface chemistry of the PEGylated nanorods renders them
hydrophilic and thus insoluble in organic PFC, shown in Fig. 1(b). To solubilize the nanorods
in PFC, the surface of the nanorods was modified using an adapted method by Gorelikov et al
[38]. Briefly, 15 mL of PEGylated nanorods were added to 5 mL of methanol and centrifuged
at 2,500 rcf for 15 minutes. The supernatant was discarded, and the nanorods were
resuspended in 15 mL of methanol. This was repeated 4 times. To fluorinate the nanorods,
300 pL of 1H,1H,2H,2H-perfluorodecyl-triethoxysilane was added to 15 mL of nanorods in
methanol and stirred for 5 minutes, followed by the addition of 5 mL of a 28% ammonium
hydroxide in water solution and stirred for 24 hours. The supernatant was removed by
decanting and air flow, and the nanorods were resuspended in 0.3 mL of perfluoropentane by
sonication. To synthesize the PAnDs, 0.3 mL of the now PFC-soluble nanorods, shown in
Fig. 1(c), was added to 2.2 mL of phosphate buffered saline (0.01 M) and 0.5 mL of 1% v/v
Zonyl FSO fluorosurfactant, which was then vigorously shaken and sonicated using an
ultrasonic cleaner. The solution was extruded through a 1.0 um polycarbonate membrane in
order to ensure that droplet size did not significantly exceed 1.0 um. Previous studies of
similar particles report a mean size of 600 nm diameter [22]. The extinction spectrum of the
aqueous nanorods was measured, which is shown Fig. 1(d), using a spectrophotometer to
confirm the peak absorption wavelength. Previous formulations of optically triggered
perfluorocarbon droplets show small shifts in peak optical absorption, as well as broadening
of the absorption peak during nanodroplet synthesis [20,22]. This is consistent with modeled
and measured optical properties of other composite nanoconstructs such as nanorods coated
with silica of various thicknesses [39]. The aqueous nanorods strongly absorb light around
1060 nm. While the nanorod-loaded PANnDs exhibit scattering that increases at lower
wavelengths, the strongest absorption remains in the NIR range, allowing them to be
activated by an Nd:YAG laser emitting 1064 nm light.
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Fig. 1. Transmission electron microscope image (a) of gold nanorods. Scale bar = 50 nm.
Aqueous nanorods (b) phase separated from colorless PFC. Fluorinated nanorods in PFC (c),
phase separated from water. Absorption spectrum (d) of PEGylated gold nanorods.
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2.2 Tissue-mimicking phantom preparation

To construct a tissue-mimicking phantom, a poly-acrylamide hydrogel was synthesized. The
following components were stirred in a 125 mL Bichner flask: 64 mL DI water, 21 mL 19:1
bis-acrylamide, and 850 pL of 10% w/v ammonium persulfate. A rubber stopper was applied
to the top of the flask and a vacuum tube was connected to the side. The mixture was
degassed by simultaneously applying a vacuum to the flask and partially submerging it in a
Branson 1510 ultrasonic cleaner in Degas mode for 5 minutes. The vacuum was removed and
50 pL of PAnDs (3x10™ droplets/mL) were added to the mixture, while it stirred gently for
10 s. Then 106.25 pL of tetramethylethylenediamine was added to the mixture and stirred
gently for another 10 s to initiate crosslinking. This mixture was poured into a 6x6x4 cm
plastic box and left to polymerize at room temperature for 20 minutes. The final droplet
concentration within the phantom was approximately 10° droplets/mL.

2.3. Phantom imaging

The phantom was brought to 37 °C in a water bath. To induce vaporization, a pulsed Nd:YAG
laser was used to irradiate the phantom at a fluence of up to 90 mJ/cm? a value greater than
the fluence threshold for droplet vaporization under these conditions. An air beam of spot size
approximately 27 mm? directly irradiated the phantom. To demonstrate that droplet
vaporization is localized to the region of irradiation, a star shaped vinyl mask was used to
cover the phantom, and the phantom was mechanically scanned during irradiation, so that
only the unmasked region was exposed to the laser. After irradiation, the phantom was
imaged with a Vevo 2100 US imaging system. A 21 MHz array transducer was used in
pulse/receive mode to collect B-mode data of the phantom, shown in Fig. 2(a). The data were
processed into a 2-D image and displayed on a 50 dB logarithmic scale to exhibit the
differences between the liquid nanodroplets and the vaporized bubbles.

To ultrasound/ photoacoustic To ultrasound/ photoacoustic
imaging system imaging system

Ultrasound/ photoacoustic Ultrasound/ photoacoustic
imaging probe imaging probe

PAnD-embedded

polyacrylamide
phantom

Laser mask 1064 nn pulsed laser 1064 nm pulsed laser

a

porcine tissue

Fig. 2. Phantom imaging setup (a): tissue-mimicking polyacrylamide embedded with PAnDs
and irradiated with 1064 nm pulsed laser light. Ex vivo imaging schematic (b): porcine tissue
injected with PAnDs, then probed simultaneously using B-mode ultrasound and photoacoustic
imaging techniques.

2.4. Ex-vivo imaging

We conducted US and 1064 nm PA imaging studies of the PAnDs in a biological
environment using porcine tissue as an imaging medium, whose optical and acoustic
absorption and scattering mimic human tissue [40]. A portion of the tissue, free of large
pieces of fat, was cut into a 3x3x1 cm slab and brought to 37 °C in a water bath. Before
injection of nanodroplets, the tissue was imaged using US and PA systems to establish
background signal. Next, a 0.5 mL bolus of PAnDs (3 x 10** droplets/mL) was injected into
the sample, 1 cm from the front of the tissue where the laser is incident, and 1 cm from the
top surface where the US transducer contacts the sample, using US imaging to guide a needle
and to insure the injection of the droplets within the imaging plane. While the laser light was
blocked, the tissue was imaged simultaneously with US and PA techniques, establishing a PA
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noise floor and measuring US contrast of the injected liquid-phase PAnDs. The sample was
then exposed to 1064 nm laser light pulses at a fluence of 90 mJ/cm? while PA and US image
data was collected over 20 pulses, at a rate of 20 pulses/s.

The data was analyzed to quantify the ability to visualize the PAnDs vaporization within
the porcine tissue and to measure the contribution of the particles to image signal over the
native tissue. To do so, two contrast metrics were considered: the absolute contrast and local
contrast. The absolute contrast, or modulation, is given as follows:

/U(A,ROI )_,U(A,blank)
/’I(A,blank)

where p(Airor) is the mean signal amplitude of the PANnDs in the region of interest, calculated
using 12 sub-sections, and p(A;piank) is the mean amplitude of an image with no target. For PA
images, M(Aipiank) 1S the mean PA image amplitude when the laser source is blocked from
irradiating the target. For US images, p(Aipiank) i the mean US image amplitude of a sample
of degassed water.

Local contrast within the porcine tissue sample was measured as follows:

:U(A,ROI >_/J(A,tissue)
/u(pﬁ,tissue)
where p(Aitssie) 1S the mean amplitude of the surrounding regions of the contrast-enhanced

image. From these data, the contrast-to-noise ratios (CNRs) were considered. These were
calculated using the following formulas:

Contrast,, { ()

Contrast,,, :[ (2)

CNRabs = 20*|Ogm {U(A'ROI(L_ ’u(?,blank)] @
o blank
and
CNRlot:al = 20*I0910 {#(A'Rokl_#(?,tissue):l (4)
o tissue

where o(4ipiank) aNd o(4iissie) are the standard deviations of the average signal amplitudes in
each sub-section for images with no target and images of porcine tissue, respectively.
Sectioning was used to diminish the contribution of speckle to the CNR while obtaining an
adequate number of averages. Either 9 (porcine tissue) or 16 (phantom) sub-regions—based
on the size of the ROl—were used to calculate CNR. Each sub-region was approximately
0.66 mm* These measurements are of particular interest when quantifying the ability of a
contrast agent to be distinguished, especially in a biological environment [41-43].

2.5. PAnD imaging characterization

The tendency of a droplet to vaporize depends first on the total energy deposited into the
particle, which is determined by local fluence [21], optical absorber concentration, and the
presence of an external ultrasound field [44]. It also depends on physical parameters that
govern the stability of a liquid droplet, such as droplet diameter [44,45], photoabsorber
concentration [46], environmental temperature, shell stiffness [46], PFC boiling point [47],
local droplet concentration [46], and viscoelasticity of the surrounding medium. While
keeping all other variables constant, the laser fluence was varied in a phantom setup to
determine the threshold for US visualization of PAND vaporization. This imaging setup was
constructed similar to that in Fig. 2, with two major differences: the sample was not moved
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during laser irradiation and US data were collected immediately before, during and after
irradiation. The concentration of droplets within the phantom was approximately 10’
droplets/mL, decreased in this experiment to reduce US signal from nanodroplets prior to
vaporization, providing a clear distinction for detecting vaporization threshold.

Image data from each sample was divided into two frames, before and after irradiation.
For each of these frames, the following metrics were calculated:

signal(dB)= > 20+xlog,,(A) (5)

pixels in ROI
and

Asignal (dB) =Signal - Signalbeforeirradiation (6)

after irradiation

where A is the linear US amplitude at a given pixel in the image. To quantify the difference in
US signal after vaporization, 4 signal was plotted as a function of laser fluence, including 0
mJ/cm? (i.e., no laser irradiation) to show noise of the measurement.

3. Results
3.1. PAnD imaging characterization

Following the selectively masked irradiation of droplet-laden phantoms, the B-mode scans
exhibited greater echogenicity in the irradiated regions, shown in Fig. 3. After the liquid-to-
gas transition of the liquid nanodroplet into a gas microbubble, the local mechanical
properties are greatly perturbed, resulting in a contrast of 33 (unitless), and a contrast-to-noise
ratio (CNR) of 41 dB.

Irradiation of the phantom at increasing levels of fluence results in the vaporization of
more droplets, and thus greater increases in echogenicity, which is quantified in Figs. 4(a) and
4(b) and shown visually from ultrasound images before laser irradiation in Figs. 4(c)-4(e),
and after irradiation in Figs. 4(f)-4(h). This population of droplets ranges from 200 to 800 nm
in diameter. At low laser fluence, only the largest droplets vaporize, because they require the
least energy to undergo phase change. At higher fluence, the smaller droplets vaporize as well
[46-48]. To determine the threshold for vaporization that is detectable by US in these
conditions, the change in US signal was calculated at various fluence levels, and the threshold
was considered to be the fluence at which a significant change in echogenicity is measured. In
these conditions, a minimum fluence of 4 mJ/cm? was necessary to induce vaporization that
results in a detectable change in US signal, shown in Fig. 4(b).

Fig. 3. Ultrasound image of a PAnD-embedded polyacrylamide phantom. A mask was used to
selectively irradiate the phantom into a star shape, inducing droplet vaporization and thus
increased US echogenicity in the region. Scale bar = 10 mm.
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Fig. 4. Ultrasound signal difference as a function of laser fluence (a). Ultrasound signal
difference at low laser fluences (b), demonstrating the fluence at which measurable
vaporization is detected. Droplet-laden polyacrylamide construct before pulsed laser irradiation
(c-e). Construct after irradiation at various fluences (f-h), showing droplet vaporization.
Images displayed on a 50 dB scale. Scale bar =5 mm.

3.2. Ex vivo imaging of PAnDs

Photoacoustic and ultrasound images of the PAnDs before and after vaporization in ex vivo
porcine tissue are shown in Fig. 5. The highest PA signal—which is emitted as a result of
droplet vaporization—occurs immediately after the application of pulsed laser light at t = 0.5
s. Subsequent PA signal results from thermal expansion of the gold nanorods and is much
lower than signal from vaporization. In addition, an increase in US echogenicity persists
following droplet vaporization. Quantitative measurements of contrast and CNR in the ROI
are given in Table 1, which were calculated using Egs. (5) and (6).

Ultrasound echogenicity is enhanced greatly with the activation of PAnDs into bubbles
upon pulsed laser irradiation, resulting in high local contrast and CNR both in a phantom and
in ex vivo settings. The porcine tissue exhibits little native US contrast; however, local
contrast is increased 18 times in the presence of bubbles, while the CNR doubles. The tissue
provides nearly zero endogenous PA signal, but the contrast and CNR increase dramatically
upon vaporization of the PAnDs.

Table 1. Contrast and contrast-to-noise ratio for various samples measured with and

without PAnDs.
Contrastass CNRuass (dB) Contrastioal CNRgeal (dB)
Ultrasound Signal
Native porcine tissue 1.56 23 N/A N/A
Bubbles in polyacrylamide 31 44 21 37
phantom
PFC bubbles in porcine tissue 28 48 10 29
Photoacoustic Signal
Native porcine tissue N/A N/A N/A N/A
PAND vaporization in porcine 38 50 38 50
tissue
Thermal expansion in porcine 3.2 27 3.2 27
tissue
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Fig. 5. Photoacoustic images of ex vivo porcine tissue injected with PAnDs (a), imaged before
and during pulsed laser irradiation. Scale bar = 5 mm. Average PA signal over time (b) for
native tissue and tissue injected with PAnDs. Ultrasound images of the same tissue sample (c)
imaged before and during laser irradiation. Scale bar = 5 mm. Average US echogenicity over
time (d) for PAND injected tissue.

4. Discussion and conclusion

We have demonstrated the synthesis of a dual contrast agent which is tuned to absorb and
thus be activated by 1064 nm pulsed laser light for enhanced US and PA imaging, the first
agent to be made using high aspect ratio gold nanorods made soluble in PFC. Utilizing
localized irradiation, the droplets may be activated at a site of interest, inducing droplet
vaporization for enhanced contrast and potential release of encapsulated therapeutics.

The threshold for droplet vaporization is of interest because biological safety determines
the maximum level of fluence that may be used to irradiate human subjects with pulsed NIR
lasers. In these experimental conditions, the threshold is approximately 4 mJ/cm?, well under
the limit for exposure on human skin [49]. However, it is noted that the fluence required for
vaporization is dependent on many factors, including photoabsorber concentration, droplet
size, temperature, and elasticity of the medium. In biological media, the local fluence will be
attenuated due to light scattering and absorption by tissue components. To compensate for
this loss, the emitted fluence must be greater than that required locally at the target tissue
depth. To mimic the optical properties of human tissue, the droplets were injected in porcine
tissue and activated with pulsed laser light at a fluence of 90 mJ/cm?. In clinical settings, the
American National Standards Institute (ANSI) allows for laser fluences up to 100 mJ/cm? at
1064 nm when imaging through the skin [49]. It is therefore feasible that these droplets may
be activated with clinically acceptable laser energy levels. In the future, we will alter
parameters of the droplet formulation to render them more sensitive to vaporization, allowing
for deeper imaging using lower laser fluence levels.

There are several limitations to this contrast agent. Although it has been shown that
PEGylated gold nanorods are not cytotoxic in vitro [29,30], regulatory approval will be
required before clinical translation of the PAnD construct, due to the inclusion of gold
nanorods within the droplet. Furthermore, the strong PA signal from vaporization of the
PAnNDs is a one-time event, only after the initial pulse of light; however, other strategies have
been employed to induce reversible vaporization of nanodroplets, which may be feasible for
these particles in the future [50]. Lastly, upon droplet vaporization, the fate of the
encapsulated nanorods is largely unknown. To utilize their PA contrast, the nanorods must be
directed to actively, or passively accumulate in a tumor region.

In summary, we have developed and characterized a photoacoustic nanodroplet capable of
vaporization using 1064 nm pulsed laser irradiation. Using a mask, we demonstrated localized
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droplet activation at 37 °C, indicating that the droplets are stable in the body and activated
only upon external trigger. We then characterized the fluence threshold for vaporization in a
phantom setup, and used an ex vivo porcine tissue sample to demonstrate the signal and
contrast enhancement of US and PA signal, which we then quantified. These nanodroplets
have potential for imaging of dense tissue for tumor location using an inexpensive light
source and can act as a triggered drug delivery vehicle for therapeutic purposes.
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