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A B S T R A C T   

Over the last decade, there has been significant developments in nanotechnology, in particular for combined 
imaging and therapeutic applications (theranostics). The core or shell of nanoemulsions (NEs) can be loaded with 
various therapeutic agents, including drugs with low solubility for effective treatment, or various imaging agents 
for specific imaging modalities (e.g., MRI, fluorescence). In this work, perfluorohexane (PFH) NEs were syn-
thesized for theranostic applications and were coupled to silica coated gold nanoparticles (scAuNPs) to increase 
the generation of PFH bubbles upon laser induced vaporization (i.e., optical droplet vaporization). The localized 
heat generated from the absorption properties of these nanoparticles (used to provide photoacoustic signals) can 
also be used to treat cancer without significantly damaging nearby healthy tissues. The theranostic potential of 
these PFH-NEs for contrast imaging of tumors and as a drug-delivery vehicle for therapeutic purposes were 
demonstrated for both in vitro and in vivo systems using a combination of photoacoustic, ultrasound and fluo-
rescence imaging modalities. The ability of PFH-NEs to couple with scAuNPs, attach to the membranes of cancer 
cells and internalize within cancer cells, are encouraging for targeted chemotherapeutic applications for directly 
inducing cancer cell death via vaporization in clinical settings.   

1. Introduction 

Nanocarriers are nanomaterials of submicrometer size that are able 
to transport a variety of therapeutic agents for drug delivery. One type of 
nanocarrier which has drawn a lot of attention and research are nano-
emulsions [1–3]. Compared to other nanoparticles (NPs), their structure 
enables drugs to be protected from the biological immune response 
system of the host (i.e., enzymatic degradation). In the biomedical field, 
one class of emulsions of particular interest are perfluorocarbon (PFC) 
emulsions due to their multifunctional potential, when it comes to 
theranostic applications. These nanoemulsions (NEs) can be used for 
drug transport, tumor targeting and for contrast imaging using multiple 

imaging modalities, including photoacoustic (PA) and ultrasound (US) 
imaging [4–6]. 

In order for perfluorocarbon nanoemulsions to be used effectively for 
contrast imaging, particularly for photoacoustic (PA) and contrast- 
enhanced ultrasound (CEUS) imaging, the NEs have to undergo vapor-
ization and a phase change into PFC bubbles. Two techniques which can 
accomplish this feat are: acoustic droplet vaporization (ADV) and opti-
cal droplet vaporization (ODV). ADV can lead to the formation of bub-
bles [7] from the pressure induced ultrasound vaporization of droplets, 
leading to acoustic contrast for imaging and/or drug release for tumor 
therapy [4,7,8]. However, the pressures required for ADV of PFC 
nanoemulsions [9,10] can approach or exceed Food and Drug 
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Administration (FDA) limits for ultrasound diagnostic imaging and if 
greatly exceeded can lead to damage to healthy tissue [11]. Considering 
that NPs are important for cancer theranostics, due to their nanoscopic 
size which allow them to pass through larger gaps in tumor blood vessels 
and accumulate, ODV can complement ADV by providing the thera-
nostic capability for both US and PA diagnostics by coupling NPs to 
highly absorbing optical absorbers to vaporize PFH-NEs into bubbles, at 
biologically safe laser irradiation fluences [12,13]. 

In our previous work we synthesized and characterized per-
fluorohexane nanoemulsions coupled to silica coated gold nanoparticles 
(PFH-NEs-scAuNPs) where laser induced optical absorption was used to 
accomplish vaporization of NEs [14]. The scAuNPs were found to form 
clusters and in close vicinity to PFH-NEs for efficient vaporization, and 
found to be colloidally stable with a suitable size range for theranostic 
applications (100–600 nm) [14]. The present work is an extension of our 
previous work focusing on the application of these NPs for bio-imaging 
(i.e., photoacoustic, ultrasound, fluorescence) and therapy through both 
in vitro and in vivo experiments (Scheme 1). In addition, compared to 
nanoparticles/nanoemulsions developed in our lab [15,16], we show 
the potential of enhancing both the therapeutic and imaging capability 
with the addition of scAuNPs by synthesizing two types of PFH-NEs- 
scAuNPs (i.e., with unfluorinated or fluorinated scAuNPs systems). To 
show this, in depth stability and drug loading and release experiments 
characterizing nanoparticles are carried out using different fluorescence 
techniques. For the first time, we show that PFH-NEs-scAuNPs are effi-
cient in loading chemotherapeutic agents and we determined the 
encapsulation efficiency of (fluorescent) doxorubicin using time- 
resolved fluorescence anisotropy and lifetime decay analysis. We 
demonstrate that these PFH-NEs can be loaded with different chemo-
therapeutic agents, and that vaporization efficiently leads to enhanced 
cancer cell death. In proof of concept experiments, we show that the 
enhanced theranostic capability from PFH-NEs-scAuNPs can be used for 
PA imaging in vivo, where the pressures generated from the expansion of 
the NEs into bubbles can be used for site-specific clinical cancer therapy 
by penetrating the membrane of cancer cells and/or causing internal 
damage to cells. 

2. Materials and Methods 

2.1. Preparation and Characterization of PFH-NEs, scAuNPs and PFH- 
NEs-scAuNPs 

Gold nanoparticles (AuNPs) were synthesized by using the sodium 
citrate reduction method by adding chloroauric acid (HAuCl4) to sodium 
citrate while the solution was boiling under vigorous stirring [17]. A 
colour change from initial yellow to a deep red confirmed the presence 
of nanoparticles (~5 nm) surrounded by negatively charged citrate ions 
(also confirmed by absorption spectroscopy). To coat the AuNPs with 
silica, (3-aminopropyl)trimethoxysilane was added along with a sodium 
silicate solution, with pH of the solution adjusted to 10 for better 
polymerization of silica onto the AuNPs [18,19]. A stock solution of 
scAuNPs in Milli-Q was made after removing unreacted products using 
ultracentrifugation, as determined by the maximum absorbance at 0.5 
ODmax (at maximum absorbance wavelength) within the visible 
spectrum. 

All concentrations for silica coated gold nanoparticles (scAuNPs) 
used for experiments were determined by weight of gold nanoparticles 
only. Using a 2 mL solution of nanoparticles (0.5 ODmax), fluorination of 
silica coated gold nanoparticles in methanol (34860-1 L-R, Sigma 
Aldrich) was performed by adding 1H,1H,2H,2H-perfluorodecyltrie-
thoxysilane (80 μL) (658758-25G, Sigma-Aldrich), and ammonium hy-
droxide (70 μL) (320145-500ML, Sigma-Aldrich), followed by mixing 
for 24 h [20,21]. To remove any excess silica and unreacted products 
after fluorination, particles were repeatedly washed using centrifuga-
tion. These unfluorinated and fluorinated scAuNPs served the basis for 
making PFH-NEs-scAuNPs, with synthesis described below and pub-
lished previously [14]. 

PFH nanoemulsions (PFH-NEs) were prepared by first vortexing 
(1 min at 2700 rpm) a solution containing perfluorohexane (1100-2-07, 
SynQuest Labs, Inc.), Zonyl FSP surfactant (09988, Sigma-Aldrich) and 
water for 1 min to create microemulsions prior to emulsification using a 
microtip sonicator (Branson digital sonifier, model 250) (i.e., 2 min 
sonication, pulsed at 10 s on/20 s off, 20% ultrasound amplitude, 
~10 W, 20 kHz with emulsions on ice). The concentration of PFH and 
Zonyl FSP used to make PFH-NEs for all experiments were 12% (v/v) and 
3% (v/v), respectively, as reported previously. Silica coated AuNPs 
(scAuNPs) were added after emulsification of microemulsions into PFH- 
NEs for creating unfluorinated nanoparticles for fluorescence studies 
and for vaporization experiments. 

To make PFH-NEs with fluorinated silica coated gold nanoparticles, 
fluorinated silica coated gold nanoparticles in perfluorohexane (600 μL) 
were vortexed (1 min at 2700 rpm) with Zonyl FSP (150 μL) and Milli-Q 
water (4250 μL) to make crude emulsions prior to sonication, ensuring 
the formation of submicron fluorinated nanoparticles (as described 
before). Unfluorinated samples were made by mixing equal volumes of 
scAuNPs and PFH-NEs in order for the two types of nanoparticles to form 
clusters. Samples were then diluted or concentrated (using centrifugal 
filters, UFC901024, Millipore Sigma) at the concentrations used for 
experiments in terms of their weight over volume of solution once the 
mass of solutions of PFH-NEs and scAuNPs were determined. 

To characterize the size and charge of NPs, a dynamic light scattering 
(DLS) instrument (Brookhaven 90Plus) was used with zeta potential 
(Brookhaven ZetaPlus) capabilities. Results of charge and size of NPs are 
reported as mean ± standard deviation of the distributions. A NanoSight 
NS300 (Malvern Panalytical) instrument was used to determine the 
different sized populations of drug loaded nanoparticles based on 
diffusion. The morphology of drug loaded nanoparticles was determined 
using scanning electron microscopy (SEM) using a small drop of sample 
in aqueous suspension (Milli-Q water) smeared on a glass coverslip and 
dried in a 37 ◦C oven for 3 h. The dried sample was carbon coated with a 
vacuum carbon evaporator (Cressington 208C, Ted Pella,Inc., USA) with 
SEM examination and imaging performed using a JCM-6000Plus 
Benchtop SEM (JEOL, Inc., USA). The optical absorption spectra for 

Scheme 1. Cancer theranostics. Theranostic capability of PFH-NEs-scAuNPs 
for cancer therapy and imaging after laser activation through vaporization of 
nanoemulsions. 
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scAuNPs and PFH-NEs-scAuNPs were determined using a Perkin Elmer 
Lambda 20 UV/Vis spectrophotometer and Thermo Scientific NanoDrop 
(ND-2000), respectively. 

2.2. Fluorescence Imaging 

To detect the internalization of nanoparticles in cancer cells, a Zeiss 
LSM 700 confocal microscope was used for imaging BODIPY 500/510 
(D-3793, Thermo Fisher Scientific) labelled nanoemulsions (labelling 
the Zonyl FSP shell) and Texas Red (T-6008, Thermo Fisher Scientific) 
labelled silica coated gold nanoparticles after 6 h incubation in MCF-7 
cells. The Zonyl FSP of the PFH-NEs [14] was labelled with BODIPY 
by first dissolving 1 mg of fluorescent molecules in 1 mL ethanol to give 
a concentration of 2.5 mM. A small amount (~ 20 μL) was then mixed 
with Zonyl FSP (150 μL) prior to mixing and sonication (using settings in 
section 2.1) with 600 μL perfluorohexane and 3250 μL Milli-Q water. 
Silica coated gold nanoparticles were labelled with Texas Red through 
maleimide linkage to thiol modified silica coated gold nanoparticles. To 
first label the surface of the scAuNPs, (3-Mercaptopropyl)-trimethox-
ysilane (25 μL) was mixed with particles (2 mL of nanoparticles at 0.5 
ODmax absorbance) in Milli-Q water (200 μL) for 30 min. 

After removing away any unbound molecules through centrifuga-
tion, the thiol-labelled particles (250 μL of nanoparticles at 1 ODmax 
absorbance concentration) were mixed with Texas Red maleimide by 
adding the fluorescent dye (30 μL of 8 μM solution) and mixing (with 
790 μL Milli-Q water) for 2 h before washing nanoparticles to remove 
any unbound dye. For fluorination of Texas Red labelled scAuNPs, the 
same procedure described before for fluorination of non-fluorescent 
scAuNPs was used, except with 250 μL of Texas Red labelled nano-
particles at 0.25 ODmax absorbance. Unreacted products after fluorina-
tion were removed via centrifugation. 

To make fluorescent fluorinated samples BODIPY labelled vesicles 
(170 μL) were mixed with 600 μL fluorinated Texas Red labelled 
scAuNPs (at 0.25 ODmax absorbance) and 4230 μL Milli-Q water prior to 
vortexing (1 min at 2700 rpm) and sonication to make nanoparticles (as 
described in section 2.1). For unfluorinated samples, BODIPY labelled 
PFH-NEs were first made (using the same volume and concentration of 
products and dye previously mentioned) and then mixed with Texas Red 
labelled scAuNPs. No absorption and fluorescence signals from spec-
troscopy were detected from solutions containing NPs after 24 h incu-
bation in complete Dulbecco’s Modified Eagle Media (DMEM) 
(incubated in incubator at 37 ◦C and 100 rpm) suggesting labelling ef-
ficiency of NPs. 

To grow cells, DMEM comprising 4500 mg glucose/L, L-glutamine, 
NaHCO3, and sodium pyruvate with 10% fetal bovine serum was used. 
The cells were maintained in a humidified cell incubator (Steri-Cycle 
CO2, Thermo Electron Corporation) at 37 ◦C and 5% CO2 for 32 h at an 
initial concentration of 100,000 cells/mL in 35 mm (14 mm glass 
diameter) poly-D-lysine glass bottom dishes (MatTek, P35GC-1.5-14-C) 
prior to fluorescence imaging. The fluorescent dye, DiR (1,1’-Dio-
ctadecyl-3,3,3′,3’-Tetramethylindotricarbocyanine, D-12731, Thermo 
Fisher Scientific) was used to label the membranes of cells (i.e., 2 μM 
DiR) to determine localization of fluorescently labelled nanoparticles. 
DiR labelled cells were first washed multiple times to remove free dye by 
centrifugation (at 100 ×g) before incubation with fluorescent NPs. 

Samples were measured on a 37 ◦C stage incubator and excited 
sequentially using 488, 555 and 639 nm (~5–10 mW) solid state lasers 
and focused using a 63× oil immersion objective (1.4 N.A.). Emission 
from BODIPY and DiR were separated using 554 nm dichroic beam 
splitter with 640 nm short and long pass filters. A 630 nm dichroic beam 
splitter with 630 nm short and long pass filters were used to separate 
emission from Texas Red and DiR. A maximum of 4% laser power was 
used for experiments to avoid excessive vaporization and cell membrane 
damage. Confocal Z-stack scans were taken using the Z-stack option of 
the imaging system (Zeiss LSM 700 confocal microscope) at a rate of 5 
frames per second, 4 averages per frame and pixel dwell time of 1.58 μs 

for representative fluorescence images showing internalization of NPs. 
For visualizing the penetration depth of internalized NPs in cancer cells, 
Z-stacks were used to reconstruct 3D images using the 3D viewer plugin 
in ImageJ. To quantify the degree of colocalization for the NPs when 
incubated with MCF-7 cells, the JACoP plugin was used for determining 
Manders’ overlap coefficient as described previously [22] with average 
fluorescence intensity values taken out of the mathematical expression 
for both channels. 

2.3. Ultrasound and Photoacoustic Imaging and Signal Analysis 

For photoacoustic experiments, a Vevo LAZR commercial ultrasound 
and near-infrared photoacoustic imaging system (FUJIFILM Visual-
Sonics Inc.) was used which operates below maximum permissible laser 
fluences for biologically safe imaging [23]. Images were acquired from 
nanoparticles and nanoparticles internalized in MCF-7 cancer cells after 
various times (4, 24 and 48 h) of incubation with particles in inclusions 
made of gelatin. Nanoparticles were placed in ~1 mm thick inclusions in 
gelatin (G2500, Sigma-Aldrich) (10% by volume) tissue mimicking 
phantoms made using steel rods placed through side holes of a plastic 
mold. To image nanoparticles internalized in cells, MCF-7 cells were first 
incubated for 24 h at an initial concentration of 125,000 cells/mL, 
grown in DMEM media (with 10% fetal bovine serum and 0.01 mg/mL 
insulin). After 24 h, the cells were incubated for 4, 24 or 48 h with 
nanoparticles prior to washing cells three times with PBS and trypsini-
zation using 0.05% Trypsin-EDTA. The cells were then mixed with cell 
media and centrifuged (100 ×g for 2 mins) to remove trypsin. 

To make gelatin cell inclusions, MCF-7 cells (with NPs attached and/ 
or loaded) were mixed with 10% (by volume) gelatin (G2500, Sigma- 
Aldrich) and placed on the surface of a gelatin layer with the same 
gelatin concentration to image the inclusions. The ultrasound and 
photoacoustic images and signals were analyzed using 21 MHz central 
ultrasound frequency, 680 nm laser excitation, repetition rate of 20 Hz, 
laser pulse duration of 4–6 ns and laser fluence of ~20 mJ/cm2 (30 mJ 
energy, 150 mm2 spot size), with a focusing depth of 11 mm and frame 
rate of 5 frames per second. For signal analysis from nanoparticles only 
(in ~1 mm channels in gelatin phantoms), a photoacoustic (PA) gain of 
70 dB and ultrasound (US) gain of 55 dB were used. 

For photoacoustic experiments of these NPs with cells, 10 mg/mL of 
nanoemulsions with 1.5 μg/mL of unfluorinated scAuNPs or 0.6 μg/mL 
of fluorinated scAuNPs were used. To compare signals from nano-
particles to those from common endogenous absorbers and exogenous 
contrast agents, whole blood (from Canadian Blood Services) and DiR 
(1,1’-Dioctadecyl-3,3,3′,3’-Tetramethylindotricarbocyanine Iodide) 
were used with 680 nm laser excitation using the Vevo LAZR system. To 
label cells, DiR (1,1’-Dioctadecyl-3,3,3′,3’-Tetramethylindo-
tricarbocyanine Iodide) was used at a concentration of 5 μg/mL to label 
cells (using protocol from Invitrogen) by incubating 500,000 MCF-7 
cells/mL in PBS with the dye for 10 min at 37 ◦C prior to washing at 
least three times to remove free dye. For signal analysis from blood and 
DiR labelled cells a photoacoustic (PA) gain of 70 dB and ultrasound 
(US) gain of 55 dB were used while for nanoparticles in cells, a PA gain 
of 70 dB and US gain of 35 dB were used. 

To measure US and PA signals from cell inclusions in tissue 
mimicking layers, 0.67 mg/mL of hemoglobin (H7379, Sigma-Aldrich) 
and 20% intralipid (I141, Sigma-Aldrich) were used to get the appro-
priate optical and acoustic properties of breast tissue [24–27]. The same 
experimental conditions and methods for analysis of signals were used, 
with PA and US gains of 70 dB and 40 dB, respectively. A PFH-NEs 
concentration of 125 mg/mL and silica coated gold nanoparticle con-
centration of 18.8 μg/mL were used for unfluorinated samples and 
7.5 μg/mL of fluorinated scAuNPs with PFH-NEs (125 mg/mL) for 
fluorinated samples, for incubation with MCF-7 cells. 

Imaging of cells with nanoparticles were carried out at non-cytotoxic 
concentrations as measured by trypan blue (viability above 90% for both 
types of NPs). To avoid ultrasound induced vaporization of 
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nanoemulsions, 1% US power was used for all experiments with analyses 
of all signals from frame 1 only, directly after laser excitation (unless 
otherwise stated and including for imaging for in vivo experiments 
explained below). The averaged signals reported are the 
mean ± standard deviation from three replicates from maximum abso-
lute values from Hilbert transformed signals (from RF lines) represented 
as max US/PA signals. All experiments were performed at a physiolog-
ical temperature of 37 ◦C with gelatin phantoms and cell inclusions 
containing 2% v/v formaldehyde (252549, Sigma-Aldrich). 

2.4. Fluorescence Lifetime and Anisotropy Decay Analysis of Drug 
Loaded PFH-NEs 

Time-resolved fluorescence lifetime, and anisotropy decay mea-
surements were performed using custom-built microscope capable of 
time-correlated single-photon counting (TCSP) [28]. Doxorubicin (DOX) 
was excited at 480 nm by doubling the frequency of the 960 nm output 
from a tunable femtosecond laser (Tsunami HP, Spectra Physics, USA). 
This system outputs ~100 fs pulses at 80 MHz repetition rate for our 
measurements. Polarization-resolved fluorescence decay curves were 
generated by binning the excitation-emission delay times of photons 
whose polarization is parallel and perpendicular to the excitation po-
larization. The fluorescence lifetimes of free DOX and DOX loaded PFH- 
NEs were estimated by fitting the isotropic decay curve to the following 
multi-exponential decay model: 

F(t) = N⋅

[
∑i

1
Bi⋅e

− t/τLi

]

Eq. 1  

where N is the total number of counts, and Bi is the fraction of species 
with the lifetime τLi [29]. 

Fluorescence anisotropy is defined by the ratio between the parallel, 
I║, and perpendicular I┴, components of the detected fluorescence 
emission, 

r(t) =
I‖(t) − G⋅I⊥(t)
I‖(t) + 2G⋅I⊥(t)

Eq. 2  

where G is a correction factor that accounts for differences in detector 
sensitivities to parallel and perpendicular emission [30]. 

The anisotropy decay time constants, i.e., the rotational correlation 
times, were estimated by fitting the anisotropy decay curve to the 
following multi-exponential model 

r(t) = ro

⎡

⎣
∑i

1
Ai⋅e

− t/ρi

⎤

⎦ Eq. 3 

Here, ro is the fundamental anisotropy of the fluorescence particle 
(~0.4) and Ai is the fractional of species with rotational correlation time 
ρi [31]. The instrument response function (IRF), and correction factors 
due to the high numerical aperture of our microscope were accounted 
for as reported previously [30]. 

The average laser intensity used during measurements did not 
exceed 0.05–2.5 kW/cm2 (i.e., 0.625–31.25 μJ/cm2) to prevent exces-
sive vaporization and release of DOX from loaded NPs that were freely 
diffusing in solution. Repetitive excitation was accounted for by taking 
the sum of fluorescence decay curves from 5 previous pulses using a 
methodology described previously [29]. Uncertainty in the resulting 
parameters from the fit was estimated using statistical bootstrapping 
methods [32]. Goodness of fit and model selection were judged using the 
χ2 metric and the Akaike information criterion (AIC), respectively [33]. 
Measurements were performed in PBS buffer (50 mM phosphate, 
150 mM NaCl, pH 7.4). 

2.5. Viability of MCF-7 Cells after Treatment/Vaporization of Drug 
Loaded PFH-NEs 

MCF-7 cells were grown at a concentration of 185,300 cells/mL in 
complete DMEM media (with 10% fetal bovine serum and 0.01 mg/mL 
insulin) for 24 h in a humidified cell incubator (Steri-Cycle CO2, Thermo 
Electron Corporation) at 37 ◦C and 5% CO2. After this time period 
appropriate amount of 5-fluorouracil (5-FU), doxorubicin (DOX) or 
paclitaxel (PX) nanoparticles were added. DOX, 5-FU or PX NPs were 
made by first mixing DOX (LC Laboratories, D-4000), 5-FU (Accord) or 
PX (Accord) with same amount of Zonyl FSP used for making blank 
nanoparticles before mixing with PFH and Milli-Q water using vortex 
machine and sonication to make unfluor. and fluor. samples (see section 
2.1). Free drug from nanoparticles were washed and removed using 
15 mL 10 kDa centrifugal filters (UFC901024, Millipore Sigma) 
(1000 ×g, 5 min each for 8 spins) before incubation with cells. To 
determine the effect of both drug treatment and vaporization from NEs, 
MCF-7 cells were further treated with laser excitation using 680 nm 
wavelength using the Vevo LAZR imaging system at three different lo-
cations in 60 mm × 15 mm polystyrene dishes (Sarstedt, 83.3901). 

Treatment of adherent cells on polystyrene dishes with laser (from 
the Vevo LAZR) was 15 min (5 min at each location) for each replicate 
with viability of cells without and with laser treatment determined using 
Vi-Cell XR Cell Viability Analyzer (Beckman Coulter) after removing 
nanoparticles from samples using centrifugation (100 ×g, 5 min each). 
The percent viability is the number of viable cells remaining after 
treatment relative to control cells that were not treated with any ther-
apeutic agents or particles. The mean ± standard deviation for percent 
viability for each treatment is the average from three replicates. For 
controls for MCF-7 cells with laser only with the above treatment con-
ditions and nanoparticles only (for both types of NPs) after 24 h incu-
bation with cells, viability was above 95%. 

The percentage of drug encapsulation was greater than 95% after 
synthesis of NPs (for all types of nanoparticles and chemotherapeutic 
agents used) and even greater than 90% after 48 h incubation at 37 ◦C 
(at 100 rpm, revolutions per minute in complete DMEM cell culture 
media in incubator) by collecting and determining the concentration 
(based on optical absorption) from washed off free drug during purifi-
cation compared to the amount of drug added initially. As a control for 
cell viability experiments, the same treatment conditions (after 24 h 
incubation with cells and three 5 min intervals of laser excitation at 
three locations at 680 nm using the Vevo LAZR) were used but with 
scAuNPs only used for in vivo work (see following section for details) at 
concentrations of 0.08 mg/mL and 0.03 mg/mL to show that cell death 
was not significantly influenced by the thermal properties of these 
particles. Fluorinated scAuNPs could not be used as the fluorination 
makes the resulting fluorinated scAuNPs insoluble in aqueous liquids 
such as in DMEM cell media and with blood in the body. 

2.6. In vivo PA Imaging and Therapy from PFH-NEs-scAuNPs 

To determine the ability of PFH-NEs-scAuNPs to be used as thera-
nostic agents for PA imaging and therapy, eight BALB/c mice (Charles 
River Laboratories) were used for in vivo experiments and analysis 
(including control mice). An amount of 150,000 cells were mixed in 1:1 
ratio with LDEV-Free Geltrex Reduced Growth Factor Matrigel 
(A1413202) (Thermo Fisher, USA) and injected subcutaneously to the 
hind leg of mice beginning 6.5 weeks of age for mice using 4T1 mouse 
breast tumor cell line. Tumors were then allowed to grow on mice for 
10 days before intravenous injection of nanoparticles. Since 4T1 cancer 
cells originate from the same organism, tumors are fast growing, and 
triple negative 4T1 cells mimic the nature of the final stage of the breast 
cancer. Thus, the tumors were allowed to grow on mice for 10 days 
before intravenous injection of nanoparticles. 

For imaging and therapy of the tumors, a dose of 4 mg of NEs per 
gram weight of mouse was injected intravenously using a solution of 
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480 mg/mL of PFH-NEs with 0.08 mg/mL scAuNPs for unfluorinated 
nanoparticles, and 480 mg/mL of PFH-NEs with 0.03 mg/mL scAuNPs 
for fluorinated nanoparticles. This dose was non-cytotoxic in vitro using 
viability assays and was lower than other perfluorocarbon and gold 
nanoparticle amounts used for in vivo experiments [34–39]. Tumors 
were irradiated (1.5 h after the injection of the NPs) for 5 min with 
680 nm laser excitation (20 mJ/cm2) each day using the Vevo LAZR 
system to collect 2D PA images, and was repeated for 5 days total (i.e., 
days 0–4). The series of PA images from multiple planes from tumors 
were collected using the scanner from the Vevo LAZR imaging system 
which simultaneously displays PA and US images. 

For ultrasound imaging, a 21 MHz frequency was used with 1% US 
power, 70 dB PA and 50 dB US gain for imaging. Tumors were treated 
(using laser treatment using NPs) and imaged up to four days (after 24, 
48, 72 and 96 h) and compared to untreated tumors (without both 
nanoparticles and laser excitation) in order to determine percent tumor 
growth inhibition (TGI). The TGI was determined by subtracting the 
treated tumor volume from the untreated tumor volume before dividing 
by the untreated tumor volume [40]. PA signal enhancement from the 
presence of the nanoparticles and PFH bubbles were calculated based on 
the maximum averaged gray scale signals (from n = 3 mice for unfluor. 
NPs, n = 2 mice for fluor. NPs) from different slices within the tumor 
compared to signals pre-injection (before nanoparticles were injected at 
day 0) (3 mm × 1.5 mm rectangular region used for analysis). To 
compare signal enhancement, maximum amplitude signals from NPs 
(after 5 min excitation at 680 nm) were averaged from multiple RF lines 
within tumors where NPs were located and compared to signals from 
tumors before injection of NPs (referred to as US/PA enhancement). 
Signals from nanoparticles from tumors and cells from in vivo and in vitro 
experiments were found to be statistically significant compared to sig-
nals from cells and tumors without nanoparticles using the t-test (p-value 
<0.05). All mice were handled according to the protocol approved by St. 
Michael’s Hospital Animal Care Committee and by the Canadian Council 
on Animal Care. 

For determining the therapeutic outcome from vaporization of NEs 
from PFH-NEs-scAuNPs into bubbles, tumor volume (V) was determined 
on each day by measuring the length (L) and width (W) of tumors (using 
caliper) and considering the tumors have ellipsoidal shapes. The formula 
V = ½ (L × W2) was used to determine the tumor volume [41–43] for 
determining the percent tumor growth inhibition (TGI) for each day as 
explained previously. To characterize cell death of cancer cells in vivo, 
tumors were placed in paraffin blocks and sectioned. Slices from treated 
and non-treated tumors (without both NPs and laser excitation) were 
stained with hematoxylin and eosin (H&E), TUNEL for identifying 
apoptosis and Ki67 for determining changes in cell proliferation (at 
Toronto General Hospital, University Health Network, Pathology 
Research Program). Images were acquired of stained samples using 
Aperio Scanscope AT2 whole slide scanner (Leica) at the Advanced 
Optical Microscopy Facility (Princess Margaret Cancer Research Tower, 
Toronto, Canada). 

3. Results and Discussion 

3.1. Characterization and Vaporization of PFH-NEs from PFH-NEs- 
scAuNPs 

The average size of nanoemulsions synthesized was 50 ± 3 nm at day 
1, with monodisperse size distribution below 100 nm (64 ± 8 nm) even 
after 30 days at room temperature, in agreement with previous results 
on the characterization of these PFH-NEs [14]. The data demonstrates 
the long shelf life and ability of these nanoparticles to be coupled to 
scAuNPs without need to be performed immediately after synthesis. Also 
because the size of these NEs does not significantly change after several 
weeks, the results suggest they are not influenced by typical mechanisms 
of instability and growth (i.e., flocculation, coalescence) which would 
result in very polydisperse sizes [44]. 

In order to enhance the contrast from nanoemulsions for photo-
acoustic imaging, sufficient energy to vaporize the emulsions into bub-
bles is required. Due to their high optical absorption properties and 
ability to efficiently transfer heat to PFH-NEs for vaporization, silica 
coated gold nanoparticles were synthesized to have an approximate core 
size of 5 nm and a silica shell that was 10 nm in thickness. The silica shell 
was added to gold nanoparticles to enhance the stability of the photo-
acoustic signals upon vaporization of NEs for improved image quality by 
protecting the gold core from laser induced breakdown [45–47]. The 
average size of these nanoparticles was 22 ± 2 nm using dynamic light 
scattering (DLS) with absorption throughout the visible and near- 
infrared region. The negative charge of these particles can lead to 
greater stability for over several months due to high surface charge, with 
average zeta potential values of − 29 ± 5 mV and − 12 ± 7 mV. 

Since nanoemulsions can more efficiently vaporize into bubbles with 
gold nanoparticles, silica coated gold nanoparticles were mixed with the 
perfluorohexane nanoemulsions (PFH-NEs). In our previous work, using 
both TEM and a technique called fluorescence cross-correlation spec-
troscopy (FCCS), it was confirmed that these nanoparticles formed 
clusters in both the unfluorinated and fluorinated samples where 
scAuNPs were at or near the surface of PFH-NEs and were colloidally 
stable. Additionally, the coupling of the two NP systems were shown to 
reduce the vaporization threshold for energy required to convert PFH- 
NEs into bubbles [14]. The size distribution determined using DLS 
from this previous work was bimodal for both types of nanoparticles, 
with average sizes of 160 ± 12 nm and 520 ± 40 nm for PFH-NEs with 
unfluorinated scAuNPs and average sizes of 111 ± 10 nm and 
432 ± 39 nm, for PFH-NEs with fluorinated scAuNPs. The results show 
that the size of PFH-NEs-scAuNPs is below the cut-off required to target 
tumors by passing through endothelial gaps in tumor vasculature which 
is usually less than 1 μm [48,49], and that the absorption from clustering 
of nanoparticles in the visible-near-infrared region (Fig. 1 a and b) can 
be used for imaging different types of tumors. Near-infrared (NIR) ab-
sorption from the assembly of nanoparticles [50,51] is especially ad-
vantageous for optical and photoacoustic imaging due to deeper 
penetration and lower absorption from endogenous absorbers in this 
NIR region [52]. 

Furthermore from our previous work, for demonstrating vapor-
ization of PFH-NEs and characterization of bubbles formed, optical 
microscopy was used [14]. Laser irradiation changed PFH-NEs into PFH 
bubbles from the change of state of PFH from liquid to gas with an 
average bubble size around 10 μm. This is important as the expansion of 
PFH-NEs into bubbles generates significant PA waves for photoacoustic 
imaging confirmed by an increase in US signals due to scattering from 
these bigger bubbles (shown in following sections). The microbubbles 
were found throughout cells either on or near the surface of MCF-7 cells 
after directly vaporizing PFH-NEs using brightfield illumination. The 
low fluence used (~ 50 mJ/cm2) for these experiments suggests the 
ability of nanoemulsions to efficiently vaporize into bubbles using bio-
logically safe energy values due to close proximity of silica coated gold 
nanoparticles [23,53]. 

3.2. Co-Localization of PFH-NEs and scAuNPs in Cancer Cells 

From previous fluorescence studies using confocal microscopy [14], 
a significant amount of PFH-NEs-scAuNPs were internalized by MCF-7 
breast cancer cells after 6 h incubation for both unfluorinated (Fig. S1 
a–e) and fluorinated NPs (Fig. S1 f–j), and as shown by the 3D recon-
structed confocal images (Fig. S1). The majority of BODIPY–labelled 
PFH-NEs (Fig. S1 a and f) were colocalized with Texas Red labelled 
scAuNPs (Fig. S1 b and g) showing significant overlap for both 
unfluorinated (Fig. S1 c) and fluorinated (Fig. S1 h) systems throughout 
the depth of the cells. Entrance of the PFH-NEs-scAuNPs systems into the 
cells were confirmed to occur through membrane vesicles via endocy-
tosis as shown from DiR labelled cell membranes (Fig. S1 d and i). Once 
internalized (Fig. S1 e and j), the PFH-NEs have the potential to 
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efficiently vaporize due to the close proximity of scAuNPs. The likely 
mechanism for internalization of BODIPY labelled nanoemulsions and 
Texas Red-labelled scAuNPs are based on size, shape and surface 
chemistry through clathrin-mediated and caveolae-mediated endocy-
tosis for smaller nanoparticles (< 300 nm) and macropinocytosis for 
larger nanoparticles and clusters (> 300 nm) [54]. These results suggest 
the ability of these nanoparticles to be used as imaging agents for cancer 
cells over short treatment times due to their physical and chemical 
properties such as size and surface charge that would enable efficient 
internalization in cancer cells [55]. 

3.3. Ultrasound and Photoacoustic Imaging from Vaporization of PFH- 
NEs 

Photoacoustic imaging using near-infrared (NIR) excitation is ad-
vantageous because endogenous absorption from tissue (i.e., mainly 
from hemoglobin and melanin) in the NIR electromagnetic region is 
lower compared to absorption in the visible spectrum [56]. This allows 
better signal to noise in photoacoustic images, enabling better locali-
zation of the tumor and exogenous contrast agents. At the same time, 
photoacoustic imaging can provide greater penetration depth (up to a 
few centimeters) compared to conventional optical modalities due to its 
ultrasonic detection mechanism [57]. 

Since PFH-NEs-scAuNPs have the ability to absorb in the near- 
infrared region, a near-infrared system (Vevo LAZR, FUJIFILM Visual-
Sonics Inc.) was used to image particles alone and those internalized in 
cancer cells. Strong ultrasound and photoacoustic signals could be 
achieved for both unfluorinated (Fig. S2 a–f) and fluorinated samples 
(Fig. S2 c and f; Fig. S3 a–d), mainly from the heat transfer from ab-
sorption of scAuNPs leading to vaporization of PFH-NEs into bubbles. 
The averaged ultrasound and photoacoustic signal amplitudes for the 
unfluorinated system were (28.56 ± 2.69) × 103 and 6.12 ± 0.91, 
respectively, whereas for the fluorinated system it was 
(24.27 ± 3.68) × 103 and 5.89 ± 1.56, respectively (Table 1). The PA 
signal increased with the concentration of both the PFH-NEs-scAuNPs 

systems (Fig. S4) when compared with the Milli-Q water control 
(Fig. S3 e–h). The increase in PA and US signals shows the ability to 
enhance contrast and therapeutic outcome by increasing the number of 
total vaporization events and conversion into PFH bubbles. 

Compared to scAuNPs alone, the signals from both types of nano-
particles were more than two times stronger for both photoacoustic 
(Fig. S5 a and c) and ultrasound (Fig. S5 b and d) suggesting that the 
enhanced signals are achieved from the pressure generated from the 
expansion of nanometer sized nanoemulsions into micron bubbles and 
the greater acoustic impedance mismatch from these bubbles formed 
after vaporization [58–61]. This was also confirmed by the greater US 
signals after vaporization of NEs (Fig. S6) which further demonstrates 
that the generation of PFH bubbles enhanced both the contrast (Fig. S6 
a–d) and signal quality (Fig. S6 e and f) of images. To compare PA and 
US signals to a common contrast agent, whole blood a major contributor 
towards the background tissue signals was used which contains one of 
the strongest endogenous optical absorbers in the body (hemoglobin in 
red blood cells). The averaged US signal amplitudes from nanoparticles 
were more than ten times stronger compared to whole blood due to 
enhanced US scattering from larger bubbles formed after vaporization 
(Fig. S7 a and c; Table 1). The averaged PA signal amplitudes from NPs 
were comparable to whole blood (6.84 ± 1.02) due to acoustic pressures 
generated from the expansion of NEs into bubbles after vaporization 
(Fig.S7 b and d; Table 1). 

To assess their stability over time and determine the ability of these 
nanoparticles to be used for imaging, both types of particles were 
incubated with MCF-7 breast cancer cells before making inclusions 
(Fig. 2 a and e). The averaged ultrasound (Fig. 2 b–d) and photoacoustic 
signal amplitudes (Fig. 2 f–h) from unfluorinated samples were rela-
tively constant and similar to those from fluorinated samples after 48 h 
of incubation with MCF-7 cells (Fig. 2 d and h; Fig. S8 a–d). The US and 
PA signals were larger compared to background (regions outside in-
clusions) and found throughout cell inclusions for both types of nano-
particles (Fig. 2 a and e; Fig. S8 a and c). Both US and PA signals were 
relatively stable with time in cells (Fig. 2 c,d,g,h; Fig. S9 a–d) and were 
greater than signals from cancer cells only, after 4, 24 and 48 h incu-
bation (Fig. S9 e and f). This shows the stability of NPs at physiological 
conditions and the ability to provide enhanced signals for long term 
imaging. Compared to unfluorinated nanoparticles, PA signals from 
fluorinated samples increased slightly with incubation time with very 
comparable PA signal amplitude strengths after 48 h incubation for both 
types of nanoparticles (Fig. 2 g and h; Fig. S9 b and d). Also, ultrasound 
signals were more than 1.5 times stronger and photoacoustic signals 
were more than 3 times stronger after 48 h incubation of PFH-NEs- 
scAuNPs with cells when compared to MCF-7 cells alone (Fig. S9 a–f). 
The results show it is possible to locate the entire cell inclusion from the 
generation of PA signals using PFH-NEs-scAuNPs. This is due to uniform 
loading of PFH-NEs-scAuNPs in cancer cells which is important when it 
comes to in vivo applications for locating tumors for theranostics. 

Fig. 1. Optical absorption from PFH-NEs-scAuNPs. Optical absorption spectra are for a PFH-NEs concentration of 125 mg/mL for all nanoparticles, with concen-
tration of 18.8 μg/mL and 7.5 μg/mL scAuNPs for unfluor. (a) and fluor. NPs (b), respectively. 

Table 1 
Average ultrasound (US) and photoacoustic (PA) signals (a.u.) for PFH-NEs- 
scAuNPs after 680 nm excitation.  

Sample US (×103) PA 
a,c Unfluorinated NPs 28.56 ± 2.69 6.12 ± 0.91 
b,c Fluorinated NPs 

Whole Blood 
24.27 ± 3.68 
1.92 ± 0.75 

5.89 ± 1.56 
6.84 ± 1.02  

a Concentration of PFH-NEs used was 10 mg/mL with 1.5 μg/mL of silica 
coated gold nanoparticles. 

b Concentration of PFH-NEs used was 10 mg/mL with 0.6 μg/mL of fluori-
nated silica coated gold nanoparticles. 

c The error represents the standard deviation from three replicates. 
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When signals were determined from nanoparticle loaded MCF-7 cells 
in inclusions in tissue mimicking layers (Fig. 3 a–d), the US signals were 
very strong (Fig. 3 e), being more than 5 times stronger (Fig. 3 f) while 
PA signals (Fig. 3 g) were more than 10 times stronger compared to 
background signals (Fig. 3 h). Since large spatial variations in PA signals 
from tissue mimicking phantoms (which mimic the background of bio-
logical tissue) can influence the signal to background ratio from RF lines 
(Fig. S10) which are signals vertically with depth crossing tissue 
mimicking layers and inclusions, signals were averaged over a large 
rectangular region of interest within both areas separately to determine 
the signal to background ratios (i.e., within the inclusion and back-
ground from the tissue mimicking phantom) (Fig. 3 h). 

There was uniform labelling deeper within inclusions from PFH-NEs- 
scAuNPs (Fig. 3 a–d) suggesting strong pressures generated for PA from 
many PFH bubbles generated after vaporization of PFH-NEs. This is 
important especially for PA imaging deeper within tissue for cancer 
imaging as the acoustic signals from contrast agents can be attenuated 

due to the intervening tissue/biological structures. This highlights the 
importance and need for easy to synthesize contrast agents such as PFH- 
NEs-scAuNPs that can enhance PA signals for in vivo tumor monitoring 
and image guided tumor therapy. 

To compare PA signals in cells, a common near-infrared dye used for 
optoacoustic contrast called DiR was used and imaged in cell inclusions 
(Fig. S11 a) [62–64]. Averaged signal amplitudes from both types of 
nanoparticles were comparable to DiR labelled MCF-7 cells 
(1.48 ± 0.23) (Fig. S11 b). DiR, like many other dyes, is not photostable 
[65] as seen by a rapid decrease in PA signals after a few seconds of laser 
excitation (Fig. 4 a and d) which can affect the ability to localize the 
tumor for treatment monitoring. Photo-instability of many organic dyes 
(i.e., due to photobleaching) is directly related to the excitation laser 
fluence and can be seen when using biologically safe energy levels 
during fluorescence measurements, as in this work (i.e., 0.05–2.5 kW/ 
cm2 or 0.625–31.25 μJ/cm2) and to some extent for bio-imaging [66] 
where the fluence is much lower than that of the Vevo LAZR (20 mJ/ 

Fig. 2. Ultrasound and photoacoustic imaging and signals from PFH-NEs-scAuNPs in MCF-7 cells. Ultrasound (a–d) and photoacoustic (e–h) images and signals from 
PFH-NEs with silica coated gold nanoparticles with those from unfluorinated nanoparticles shown (after 4 h incubation (a,b,e,f) (scale bar: 1 mm)). US and PA 
signals are each from a representative RF line with average US and PA signals from maximum absolute values from Hilbert transformed signals with maximum signals 
being compared between nanoparticles without (c,g) and with fluorination (d,h) of their silica coated gold nanoparticles. Signals from nanoparticles were analyzed 
after different times (4, 24, 48 h) of incubation of MCF-7 cells with nanoparticles and after excitation with 680 nm at 37 ◦C in tissue-mimicking inclusions. For 
unfluorinated sample, concentration of PFH-NEs used was 10 mg/mL with 1.5 μg/mL of silica coated gold nanoparticles. For fluorinated sample, concentration of 
PFH-NEs used was 10 mg/mL with 0.6 μg/mL of fluorinated silica coated gold nanoparticles (each result from three replicates with each error bar showing standard 
deviation of signals from three replicates). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. B-mode US and PA imaging after vaporization 
of PFH-NEs from unfluor. and fluor. nanoparticles in 
MCF-7 cell inclusions in tissue mimicking phantoms. 
Images from unfluorinated (a,b) and fluorinated 
nanoparticles (c,d) in inclusions with simultaneous B- 
mode ultrasound (US) (a,c) and photoacoustic (PA) 
(b,d) (scale bar: 1 mm) images after 24 h incubation 
and vaporization (680 nm) in MCF-7 cells. Corre-
sponding maximum signals (in arbitrary units, a.u.), 
signals relative to background signals (S/B) from tis-
sue mimicking phantoms for ultrasound (US, signals 
×103) (e,f) and photoacoustic (PA) (g,h) are shown. 
PA and US signals and US S/B from maximum abso-
lute values from Hilbert transformed signals while for 
PA S/B, signals were determined using 3 mm × 1 mm 
regions for analysis from both areas (within inclusion 
and tissue mimicking layer) to account for variations 
in PA signals in tissue mimicking layers outside in-
clusions (b,d) (each result from three replicates with 
each error bar showing standard deviation of signals 
from three replicates).   
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cm2). This photochemical process can diminish therapeutic efficacy 
leading to limitations on both the treatment time and the amount of 
thermal energy available from absorption from the agents for significant 
cellular damage. The signals from our unfluorinated and fluorinated NP 
systems however remain stable with time upon illumination of radiation 
with signals being both stable (Fig. 4 b and c) and distributed throughout 
cell inclusions (Fig. 4 e and f). These results show the ability of PFH-NEs- 
scAuNPs to increase photoacoustic signals over longer observation times 
compared to many dye based photoacoustic contrast agents, which often 
are also limited by poor aqueous solubility, chemical reactivity and poor 
retention in nanoparticles [67]. These dyes can change the properties of 
nanoparticles in which they are included leading to reduced cellular 
uptake [68] and negatively affecting the capability of using such 
contrast agents for theranostics. 

3.4. Characterization of DOX Loaded PFH-NEs 

Since it is important for theranostic agents to be able to load thera-
peutics for the monitoring of cancer treatment, doxorubicin (DOX) was 
used to demonstrate the potential for PFH-NEs to act as therapeutic 
nanocarriers. When free in solution at high concentrations, DOX is 
known to undergo self-quenching via π-π-stacking interactions and is 
also known to be susceptible to environmental quenchers such as oxy-
gen. Encapsulation significantly limits the latter affect by shielding DOX 
molecules from the oxygen environment in solution. To investigate these 
spectral properties, time-resolved polarized detection after pulsed 
excitation [69] was performed on ~500 nM free DOX and was compared 
to ~500 nM of DOX loaded PFH-NEs in PBS buffer (Fig. 5). The recon-
structed isotropic decay curves for free DOX (Fig. 5 a) was best fit to a 
single exponential (Eq. 1) with a lifetime of τL1 = 1.0 ± 0.1 ns (Fig. 5 c, 
yellow bar). This was consistent with previously measured values from 

Fig. 4. PA signal stability from DiR, unfluorinated and fluorinated NPs labelling of MCF-7 cells. Photoacoustic signal stability with time from DiR (a), unfluorinated 
(b) and fluorinated (c) nanoparticle labelled MCF-7 cells (after 48 h incubation of nanoparticles) after vaporization of nanoparticles and laser excitation of DiR 
(680 nm) (measurements at 37 ◦C) (scale bar: 1 mm). Images are shown for each type of labelled cells at the end of the excitation period (d–f). Signals averaged 
within a rectangular region 3 mm × 1 mm for each time point (each result from three replicates with each error bar showing standard deviation of signals from three 
replicates). Compare major differences where PA signals diminish in images from DiR labelled cells after 8 s of laser in (d) and after 0.2 s of laser on in Fig. S11 a. 

Fig. 5. Characterization of DOX loaded PFH-NEs. Fluorescence lifetime decay of (a) free DOX (yellow) and (b) DOX loaded in PFH-NEs (green). (c) Fluorescence 
lifetime of free DOX (yellow bars) versus DOX loaded PFH-NEs (green bars), estimated using Eq. 1. (d,e) Fluorescence anisotropy decay curves and the fitted residuals 
for free DOX (yellow) and for DOX-loaded PFH-NEs (green). Solid black lines in (a,b) are fitted curves using Eq.1, and those in (d,e) are fitted curves using Eq.2, & 3, 
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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literature (i.e., 1–1.1 ns) [70]. The fluorescence decay curve for DOX 
loaded PFH-NEs (Fig. 5 b) was best fit to two exponential terms (Fig. 5 c, 
green bars), with estimated lifetimes of τL1 = 1.1 ± 0.1 ns and 
τL2 = 1.8 ± 0.2 ns, with amplitudes B1 = 79% and B2 = 21%, respec-
tively. The emergence of longer lifetimes point to encapsulation [71] 
and is predominantly due to augmented shielding effects of DOX from 
external quenchers, as reported previously [72]. 

To confirm encapsulation, the rotational correlation times of free 
DOX (Fig. 5 d) and DOX-loaded PFH-NEs (Fig. 5 e) were estimated by 
fitting the anisotropic decay curves to Eq. 3. The decay curve for free 
DOX quickly decays to zero and was best fit to an exponential term with 
ρ1 = 0.25 ± 0.01 ns, along with an offset term (ρ2 → ∞), with amplitudes 
A1 = 94% and A2 = 6%, respectively. The fast-rotational correlation 
time is indicative of singly freely rotating DOX molecules, whereas the 
offset term (ρ2 → ∞) accounts for slower rotation that may arise due to 
the proliferation of π- π stacking interactions between DOX molecules. 
The decay curve for DOX-loaded PFH-NEs had incomplete decay within 
the 12.5 ns time-window and was best fit with two exponential terms, 
ρ1 = 0.36 ± 0.03 ns, and ρ2 = 6.7 ± 1.4 ns, and an offset term (ρ3 → ∞), 
with amplitudes, A1 = 21%, A2 = 55%, and A3 = 24%, respectively. 

Here, the fastest rotational term is most likely attributed to DOX 
released due to laser induced vaporization of NEs since encapsulation of 
DOX in NPs was greater than 95% at the same time period after syn-
thesis. The second rotational component most likely arises from DOX 
molecules that are encapsulated within the perfluorohexane core and 
exhibit a slight decrease in mobility due to low miscibility in per-
fluorohexane. The offset term accounts for DOX molecules that are 
interacting with the inner or outer part of the Zonyl FSP shell of PFH- 
NEs, and as a result, remaining relatively immobile during the mea-
surement. Therefore, this latter term exclusively corresponds to the 
global motion of the PFH-NEs. The two slower rotational components 
comprised ~79% of the overall decay, which can be interpreted as an 
encapsulation efficiency, as reported previously [73]. 

3.5. Therapeutic Outcome of Cancer Cells Treated with Drug Loaded 
PFH-NEs-scAuNPs 

A series of therapeutic agents were tested for encapsulation and 
effectiveness in treating cancer cells as it is important that PFH-NEs- 
scAuNPs are versatile towards different response rates for different 
types and stages of cancer. Loading of chemotherapeutics did not 
significantly change the size of nanoparticles even though there were 
several different sized populations due to clustering of nanoparticles 

(Fig. 6 a–f) with SEM showing the morphology of drug loaded nano-
particles (Fig. S12 a and b). Both the size and morphology of nano-
particles are consistent with results from previous fluorescence based 
experiments and transmission electron microscopy (TEM) images con-
firming clustering of nanoparticles [14]. To determine the viability of 
MCF-7 breast cancer cells trypan blue was used as the marker after 
treatment with therapeutic containing NPs. Number of cancer cells were 
reduced significantly using drug loaded NPs with less than 50% cancer 
cell viability achieved using 5-fluorouracil loaded NPs (Fig. 7 a and b) 
showing the ability of drug loaded NPs to treat cancer cells. Since it is 
important to further increase the amount of cell death for cancer 
treatment, different therapeutic agents were also loaded in NPs such as 
DOX and PX (paclitaxel) due to their higher potency (determined by IC50 
values) [74]. Viability was less than 65% for 7–30 μM DOX for both 
types of nanoparticles after 24 h incubation (Fig. 7 c and d) with similar 
results with PX loaded NPs (Fig. S13 a and b) suggesting the ability of 
NPs to efficiently internalize and cause cell death. Since cell viability 
was 97.3 ± 3.1% and 97.6 ± 1.4% for blank unfluor. and fluor. nano-
particles after 24 h and drug release experiments showed more than 90% 
of DOX and PX were still encapsulated in both types of NPs after 24 h 
(Fig. S14 a–d), the results suggest that cancer cell death is drug induced 
mainly through internalization of nanoparticles. Thus, these results 
show that our PFH-NE systems can encapsulate multiple therapeutic 
agents with high encapsulation and retention efficiencies. 

To determine the ability of the NPs to cause further cell death, the 
NPs were excited with 680 nm laser light with cells after 24 h drug 
treatment. Significant reduction in viability was seen for both types of 
nanoparticles with viability being less than 35% for all concentrations of 
DOX encapsulated in nanoparticles (Fig. 7 e and f). Similar results were 
seen for PX NPs after laser excitation (Fig. S13 c and d). These results 
show that the vaporization of NEs into bubbles from the heat transfer 
from scAuNPs can create further cancer cell death with the ability of 
vaporization of PFH-NEs resulting in an 86% further decrease of 
viability for DOX loaded NPs (Fig. 7 e and f) and 64% further decrease of 
viability for PX NPs (Fig. S13 c and d). As viability was above 90% at the 
highest concentration used for scAuNPs only (0.08 mg/mL) (same 
experimental and treatment conditions) suggests that the pressure 
generated from vaporization and expansion of resulting PFH bubbles is 
the major source for cancer cell death and not the heat generated from 
laser irradiation of scAuNPs. 

Viability results show that the PFH-NEs-scAuNPs serve as a suc-
cessful carrier for the safe delivery of therapeutic agents as the majority 
of drug molecules stay within the theranostic agents even after laser 

Fig. 6. Size of chemotherapeutic loaded PFH-NEs-scAuNPs. Size distributions for unfluorinated (a–c) and fluorinated (d–f) nanoparticles loaded with 5-fluorouracil 
(a,d), doxorubicin (b,e) and paclitaxel (c,f) in Milli-Q water. 
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exposure (~79% encapsulation from fluorescence results, Fig. 5), which 
otherwise by themselves would cause adverse biological side effects 
through diffusion to healthy tissues while circulating in the body’s 
vascular system [75]. At the same time these therapeutic nanoparticle 
agents can localize specifically at the tumor region for cancer specific 
laser treatment by taking advantage of the enhanced permeability and 
retention (EPR) effect. Cancer treatment can be adapted by varying the 
drug dose and/or laser excitation time using NPs for treating different 
stages of breast cancer. 

3.6. In vivo Theranostic Capability of PFH-NEs-scAuNPs 

To determine the ability of PFH-NEs-scAuNPs to be used for both 
imaging and therapy, proof of principle in vivo experiments were carried 
out. Due to the formation of PFH bubbles during/after vaporization that 

generates PA signals (Fig. 8 a–c), the increase in US signals compared to 
tumors with no contrast agents (Fig. 8 d and e) is important as it leads to 
determining the precise location of tumors that require treatment from 
optical droplet vaporization of NEs. PA signals are used to locate regions 
within tumors where tumor cells are being treated from the vaporization 
of NEs. Comparing between tumors with and without NPs (before in-
jection of NPs), signals were significantly enhanced after vaporization of 
NEs (Fig. 9 a–h; Fig. S15 a and b) with PA signals being stable up to 
4 days after injection of nanoparticles (Fig. 9 d and h). 

PA signals from unfluorinated nanoparticles peaked at day 1 and 
decreased minimally until day 4 (Fig. 9 d), whereas for fluorinated 
nanoparticles, the signals were relatively stable, reaching its highest at 
day 4 (Fig. 9 h). These trends in signals with time were similar to those 
from US (Fig. 8 d and e), with PA results being consistent with trends in 
PA signals when average gray scale values were calculated with time 

Fig. 7. MCF-7 cells after treatment with 5-FU and DOX loaded PFH-NEs-scAuNPs. Cell viability of MCF-7 cells after treatment with different concentrations of 5- 
fluorouracil (5-FU) and doxorubicin (DOX) containing PFH-NEs-scAuNPs (a–d) with additional laser excitation using 680 nm from the Vevo LAZR imaging sys-
tem for cells with DOX loaded NPs (e,f) to further reduce cell viability (each error bar represents standard deviation from three replicates). The percent of DOX in 
both types of NPs was greater than 90% after 24 h incubation at 37 ◦C and 100 rpm (revolutions per minute) in complete DMEM cell culture media. Viability was 
above 95% for both blank unfluor. and fluor. nanoparticles after 24 h incubation and when MCF-7 cells only were exposed to laser with the same treatment time 
and conditions. 

Fig. 8. In vivo PA images and signals before and after vapor-
ization from PFH-NEs-scAuNPs. US image 10 min after injec-
tion (but without irradiation) of PFH-NEs-scAuNPs 
(unfluorinated NPs) (a) with the formation of PFH bubbles 
seen by increase in US signals (b) as well as presence of pho-
toacoustic signals (c) from expansion of NEs into bubbles from 
vaporization (after 5 min, 680 nm irradiation). The increase in 
signals were also seen after vaporization for each day due to 
formation of PFH bubbles for both unfluorinated (UF) (d) and 
fluorinated (F) NPs (e) (compared to US signals before injec-
tion of NPs). US signals from NPs were quantified by averaging 
maximum amplitude signals from RF lines (from n = 3 mice for 
unfluor. NPs, n = 2 mice for fluor. NPs) from NPs within tu-
mors and compared to signals from tumors before injection of 
NPs (referred to as US enhancement) (each error bar showing 
standard deviation of signals from replicates) (scale bar: 
1 mm).   
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(Fig. S16 a and b) suggesting the high stability and retention of NPs at 
the tumor sites. Furthermore, after treatment of tumors with NPs and 
laser treatment, there was significant tumor growth inhibition for the 
entire 4 day imaging and therapy period when comparing to untreated 
tumors (Fig. 10 a and b). Percent tumor growth inhibition from 
unfluorinated nanoparticles was more than 65% at day 4 (Fig. 10 a) 
whereas for fluorinated nanoparticles percent tumor growth inhibition 
was more than 30% from day 2 (Fig. 10 b; also see Fig. S17 for tumors). 
These results show the capability of vaporization of NEs from PFH-NEs- 
scAuNPs to treat cancer, with comparable or better tumor growth in-
hibition rates than those from many chemotherapeutic (e.g., paclitaxel, 
doxorubicin) treatment groups from patient derived models with the 

same type (i.e., triple negative) of breast cancer used for experiments 
[40]. 

For a visual representation of the effect of vaporization of PFH-NEs 
from PFH-NEs-scAuNPs on cancer cell death in vivo, immunohisto-
chemistry was carried out for both non-treated (Fig. 10 c,e,g) and 
treated (Fig. 10 d,f,h) tumors showing severe damage and apoptotic cells 
in many large regions from treated tumors. H&E staining showed the 
presence of smaller damaged cancer cells compared to untreated tumor 
cells (Fig. 10 c and d), with TUNEL staining for DNA fragmentation (for 
apoptosis) showing significant amount of endothelial and tumor cell 
death (Fig. 10 e and f, shown by brown). Furthermore, areas of treated 
tumors (with NPs plus laser excitation at 680 nm) were found to be less 

Fig. 9. In vivo PA images and signals from PFH-NEs-scAuNPs. US images and signals from PFH-NEs-scAuNPs after 5 min vaporization of PFH-NEs from unfluorinated 
(UF) (a–d) and fluorinated (F) (e–h) nanoparticles. Images shown are B-mode US images (a,e) with corresponding PA images (b,f) with overlapping images (c,g) 
showing ability of PFH-NEs-scAuNPs to be used for PA imaging. The stability of PA signals with time are shown for unfluorinated (d) and fluorinated (h) nano-
particles. Images from unfluorinated nanoparticles are from 24 h after injection of NPs while for fluorinated nanoparticles images are after 96 h post-injection of 
particles. PA signals at day 0 represent those after 1.5 h incubation of NPs in tumors (scale bar: 1 mm). Signals from NPs were quantified by averaging maximum 
amplitude signals from RF lines (from n = 3 mice for unfluor. NPs, n = 2 mice for fluor. NPs) from NPs within tumors and compared to signals from tumors before 
injection of NPs (referred to as PA enhancement) (each error bar showing standard deviation of signals from replicates). PA signal values for tumors before injection 
of NPs were 1.48 ± 0.48 (a.u.) for the unfluorinated NPs set of mice and 1.30 ± 0.20 (a.u.) for the fluorinated NPs set of mice. 

Fig. 10. In vivo therapeutic outcome from vaporization of PFH-NEs from PFH-NEs-scAuNPs. Percentage tumor growth inhibition from vaporization of PFH-NEs from 
days 1–4 from unfluorinated (UF) (a) and fluorinated (F) (b) nanoparticles. Values were calculated for each day by subtracting the treated tumor volumes from the 
untreated tumor volumes before dividing by the untreated tumor volumes to get tumor growth inhibition. H&E (Hematoxylin and Eosin) (c,d), TUNEL (e,f) and Ki67 
(g,h) staining were carried out for untreated (c,e,g) tumor cells and treated tumor cells (d,f,h) after US and PA imaging and therapy (end of day 4) (scale bar: 25 μm). 
Images were acquired using brightfield microscope after putting tumors in paraffin blocks followed by slicing and staining with the appropriate marker. To compare 
cell death, images were captured near the center from tumor slices. 
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proliferative compared to untreated cells as seen by the lighter antigen 
Ki67 staining of nuclei (Fig. 10 g and h). This shows the ability of PFH- 
NEs-scAuNPs and PFH bubbles to both significantly treat and reduce the 
rate of cancer progression (as also shown in Fig. 10 a and b). Altogether 
these in vivo results show the ability of PFH-NEs to vaporize and cause 
significant cancer cell death for long term theranostics and clinical 
applications. 

4. Conclusions 

In this work we demonstrate that unfluorinated or fluorinated silica- 
coated gold nanoparticles (scAuNPs) can efficiently vaporize PFH-NEs 
and provide sufficient ultrasound (US) and photoacoustic (PA) signals 
without compromising the size limit required for effective localization in 
tumors through the enhanced permeability and retention effect. The 
optical absorption properties of scAuNPs helped facilitate the generation 
of PFH bubbles in vitro, reaching the required size to create sufficient 
contrast for PA imaging and scattering for US imaging. Once effectively 
internalized into cancer cells, we show that these PFH-NEs can act as 
drug delivery vehicles that are capable of being loaded with different 
therapeutic or imaging agents. The encapsulation efficiency of these 
scAuNP-PFH-NEs was estimated to be ~79% using fluorescence tech-
niques with low laser intensities. This can be important to avoid 
excessive drug release from NPs that have not yet accumulated at the 
tumor region from entering other parts of the body. Furthermore, due to 
the increased vaporization efficiency of PFH-NEs when coupled to 
scAuNPs, these NPs can also be used to induce selective cancer cell death 
upon irradiation with 680 nm light, providing a unique low-risk non- 
invasive alternative therapy. These PFH-NEs-scAuNPs can also be used 
for image guided therapy for monitoring the progress of treatment and 
can be easily expanded to other therapeutic imaging platforms. In a 
series of proof of concept in vivo experiments, we show that these NPs are 
effective for both US and PA imaging with great potential for clinical 
translation. Also, the synthesis method discussed in this work for 
coupling nanoparticles can easily be adapted for other nanoparticle 
systems to enhance signal-to-noise during photoacoustic (PA) imaging 
and could lead to the development of other subgroups of nanoparticles 
with the enhanced potential for theranostics. 
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