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using acoustic droplet vaporization 
(ADV). [ 4–8 ]  The gas bubbles generated 
using ADV can be used as either intra-
vascular ultrasound contrast agents or for 
cancer therapy via targeted drug delivery 
and mechanical cancer cell destruc-
tion. [ 9–15 ]  Normally, ultrasound cannot 
effectively penetrate gaseous enclosures in 
the human body, such as bones and lungs. 
Also, in order to vaporize the particles 
large peak negative ultrasound pressures 
are necessary which may cause damage to 
the normal surrounding tissue. [ 16–19 ]  PFC 
liquids can also be vaporized via optical 
irradiation, using a method called optical 
droplet vaporization (ODV). [ 20–22 ]  Liquid 
PFCs have negligible absorption in the 
visible/near IR wavelengths, therefore 
gold nanoparticles are incorporated into 
the PFC particles to facilitate vaporization 
when irradiated with a laser of the appro-
priate wavelength and suffi cient intensity. 
Any optically absorbing material could be 
used to facilitate vaporization. [ 23–28 ]  

 Liquid emulsions typically use a soft 
shell such as lipids or albumin for encap-

sulation. A disadvantage to using a soft shell is droplet stability; 
the droplets may vaporize spontaneously causing vessel occlu-
sion. [ 29 ]  The PLGA shell prevents spontaneous vaporization, 
and dyes or particles can be embedded within the shell during 
fabrication. PLGA nano and microparticles have been used in 
applications such as drug delivery vehicles [ 10,30,31 ]  and as photo-
acoustic, [ 22,32 ]  ultrasound [ 33,34 ]  and MRI contrast agents. [ 35,36 ]  

 This study investigates the effectiveness of PLGA particles 
loaded with perfl uorohexane (PFH, molecular formula C 6 F 14 ) 
in the core, and DiI dye and gold nanoparticles (AuNPs) con-
tained within the shell as theranostic agents: as contrast agents 
and for cancer therapy in vivo. The particles can potentially be 
used as photoacoustic contrast agents to fi rst ensure localiza-
tion within the target volume. [ 37–39 ]  Upon vaporization via laser 
irradiation, the therapeutic effect can be achieved either with 
direct mechanical disruption of the targeted tissues or with 
the delivery of a therapeutic payload. Moreover, the bubbles 
formed enhance ultrasound imaging. The particles can there-
fore potentially be used as a contrast agent before and after the 
therapeutic intervention: initially as a photoacoustic contrast 
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  1.     Introduction 

 Perfl uorocarbon (PFC) liquids are chemically and biologically 
inert and can be made into nano- or micrometer-sized emul-
sions for intravascular circulation. [ 1–3 ]  Upon acoustic sonifi ca-
tion of suffi cient pressure, the PFC emulsion can be vaporized 
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agent with the laser power is below the particle vaporization 
threshold (prior to ODV) to confi rm delivery of the particles to 
the targeted area, and then as an ultrasound contrast agent to 
confi rm that ODV occurred in the targeted region. In this work 
the particle effectiveness was investigated fi rst in cell cultures 
to improve the particle confi guration and laser exposure para-
meters. The effectiveness of the particles for cancer therapy was 
then investigated in vivo in rabbit metastatic lymph nodes over 
a seven day treatment period and compared to controls.  

  2.     Results 

  2.1.     Characterization of PLGA Particles 

 Micrometer-sized PLGA particles containing a liquid PFH core, 
and DiI/AuNPs within the shell were fabricated (see schematic, 
 Figure    1  A). SEM images of the PLGA/PFH particles are shown 
in Figure  1 B,C. The particle morphology is generally spherical, 
with an average particle size of 2.5 ± 0.8 µm and shell thick-
ness of 109 ± 32 nm, the average zeta potential of the particle 
was about –2.95 mV. Figure  1 D shows a TEM image of par-
ticle after vaporization had occurred, with a portion of the par-
ticle shell disrupted. This image also suggests that the particle 
is hollow, with the AuNPs visible within the particle shell as 
black dots. The fi gure inset shows a PLGA particle without 
AuNPs for comparison, and the black dots are not visible. The 
encapsulation rate for AuNPs and PFH in the PLGA particles 
was approximately 23% and 55%. Figure  1 E shows a fl uores-
cent image of the particles, indicating the DiI was present in 
the particle shell.  

 The absorption coeffi cient of the PLGA/PFH particles with 
and without DiI/AuNPs are shown in Figure  1 F. At 532 nm, 
the absorption coeffi cient of the PLGA particles with DiI/
AuNPs was about 1.4 cm −1 , and negligible absorption without 

DiI/AuNPs. Incorporating the dye and nanoparticles into the 
PLGA particle increased the absorption coeffi cient. The optical 
absorption of the particles is determined by the DiI dye and 
AuNP concentration in the particle shell.  

  2.2.     Particles in Cell Culture 

 Tests using single DiI/AuNP-loaded PLGA/PFH particles 
deposited onto a glass substrate were performed using a 
SASAM photoacoustic microscope to examine the ODV 
thresholds. [ 40 ]  A pulsed 532 nm laser was focused onto single 
PLGA particles, and the laser energy was gradually increased 
until vaporization occurred. Optical and fl uorescence images 
were recorded before and after vaporization. A video showing 
vaporization of a single 8 µm diameter particle is included in 
the Supporting Information (Video 1). Upon irradiation, the 
liquid inside the particle vaporized and escaped the PLGA par-
ticle. Within the fi rst second, the bubble rapidly expanded to 
38 µm, then slowly expanded to 50 µm over the next 12 s. The 
original PLGA particle remnants were clearly visible adjacent 
to the expanding bubble. The energy required for vaporization 
was typically 90 mJ cm −2 . 

 Cell uptake and the vaporization threshold of the DiI/AuNP-
loaded PLGA particles were examined using MDA-MB-231 
breast cancer cells.  Figure    2  A–C shows optical and fl uorescence 
images of cells cultured with 50 µg mL −1  of DiI/AuNP-PLGA 
particles after 2 hours. The cells were stained with Hoechst to 
mark the nucleus (blue fl uorescence), FITC to mark the cyto-
plasm (green fl uorescence) and then the cells were observed 
under red fl uorescence to view the DiI-stained PLGA particles. 
Orange is the superposition of green and red (cytoplasm and 
DiI-labeled particles). Particles of various sizes were observed 
in both the fl uorescent and optical images. To confi rm that the 
particles were internalized within the cell and not on the cell 
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 Figure 1.    Morphology, structure and the absorption coeffi cient of the PLGA particles. a) Schematic illustration of the structure of DiI/AuNPs PLGA/
PFH particle; b,c) SEM images of PLGA/PFH particles with different magnifi cations; d) TEM image shows the location of gold nanoparticles in PLGA 
shell (Au-PLGA/PFH, black arrows indicate the gold nanoparticles) (inset: a PLGA/PFH particle without AuNP for reference). e) Fluorescence images 
showing the dye distribution of DiI/AuNP PLGA/PFH particles under fl uorescence microscopy; f) The measured optical absorption from DiI/AuNP-
PLGA/PFH particles, AuNPs, DiI, and PLGA/PFH particles as control.



FU
LL

 P
A
P
ER

7676 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

membrane, confocal microscopy was performed on fi xed cells. 
Figure  2 C shows confocal microscopy images of a single cell 
stained with DAPI to stain the nucleus (blue fl uorescence); the 
DiI-dyed particles are visible under red fl uorescence. A video 
showing a 3D view of a rotating cell is available in the Sup-
porting Information (Video 2). The imaging results confi rm 
that the particles were phagocytized and internalized by the cell. 
The distribution of the particles in the cytoplasm were exam-
ined using TEM imaging (Figure  2 D). The particles eventually 
escaped from the lysosome and into the cytoplasm. Cytotoxicity 
tests were performed to determine if the internalized PLGA 
particles affected cell viability. [ 41 ]  The MTT assay (Figure  2 G) 
indicates no change in optical density using particle concentra-
tions ranging from 0 (control) to 200 µg mL −1 .  

 The ODV threshold and effects due to vaporization were 
examined on live cells cultured with the particles. Figure  2 E,F 
shows optical images before and after vaporization of a particle 
contained with a cell. Optical contrast was poor due to low light 
levels within the photoacoustic microscope. Consistent particle 
vaporization was observed using 90 mJ cm −2 . Immediately 
after vaporization, the bubble expanded within the cell, and the 
cell was destroyed by the expanding bubble. Neighboring cells 
that did not contain particles were not affected by the bubble 
expansion.  

  2.3.     In Vitro Gel Experiments 

 The potential of DiI/AuNP-loaded PLGA/PFH particles as 
contrast agents for ultrasound imaging was assessed in vitro 
using an agar gel model. A gel phantom 0.5 cm in diameter 
was made using 1% agar (w/v) dissolved in de-ionized water. 
An Eppendorf tube was placed in the center of the phantom to 
create a void where the PLGA particle solution was deposited. 
A solution of 100 µg mL −1  PLGA particles in saline was added 
to the central void. Measurements using standard B-mode 

ultrasound imaging and contrast-enhanced ultrasound (MyLab 
90, Esaote, Italy) were performed on three different groups: 
A) A control containing only saline with no PLGA particles, 
B) PLGA particles without DiI/AuNPs, and C) DiI-AuNPs-
loaded PLGA particles. After irradiation with a pulsed 532 nm 
laser using 150 mJ cm −2  for 5 s (Nd:YAG Q5, Leifei Shi, Bei-
jing, China), ultrasound B-mode and contrast enhanced ultra-
sound imaging (CEUS) B-mode images using a 12 MHz 
probe were measured from each group ( Figure    3  ). No differ-
ence before and after laser irradiation was observed for groups 
A and B. A signifi cant increase in the ultrasound backscatter 
signals were observed for group C after laser irradiation 
(Figure  3 B,C). The particles were vaporized, resulting in a solu-
tion of microbubbles. The increase in signal was due to the 
echogenicity of the gas bubbles in comparison to the liquid-
fi lled PLGA/PFH particles. These measurements demonstrate 
that particle vaporization can be initiated and observed through 
a tissue-mimicking phantom using a standard clinical laser 
and ultrasound imaging devices.   

  2.4.     In Vivo Experiments: Particle Vaporization and Ultrasound 
Contrast Enhancement 

 To determine if ultrasound imaging could be used to detect the 
vaporization of PLGA particles in vivo, animal experiments were 
performed. A total of 15 rabbits inoculated with the VX2 tumor 
line (squamous carcinoma) were divided into three groups of 
fi ve, with each group receiving a different particle solution as 
described in section 2.3. Group A received a saline solution 
without any particles, group B received a 100 µg mL −1  solu-
tion of PLGA particles that did not contain DiI or AuNPs, and 
group C received a saline solution containing 100 µg mL −1  of 
DiI/AuNP-loaded PLGA/PFH particles. In all groups particle 
concentration was 1 × 10 8 /mL. The rabbits were fi xed in prone 
position, then the popliteal fossa of the rabbits were depilated 
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 Figure 2.    MDA cells were incubated with DiI/AuNP PLGA/PFH particles for 2 hours, and then the cells were stained with fl uorescence dye. a) Light 
microscopy image of DiI/AuNP particles within MDA cells. b) A merged fl uorescence image of the particles within MDA cells; blue is Hoechst 
marking the nucleus, green is FITC marking the cytoplasm, and red is DiI showing the PLGA particle location. The PLGA particles within the cell are 
orange, which is due to the superposition of the green (FITC) and red (FITC) fl uorescence. c) A confocal microscopy image of MDA cells incubated 
with DiI-labeled PLGA/PFH particles; blue is Hoechst marking the nucleus and red is DiI marking the PLGA particles within the cell; d) A TEM image 
of MDA cells incubated with Au- PLGA/PFH particles; e,f) Optical image of two cells containing PLGA particles before and after vaporization. The 
white arrows indicate the bubble immediately after vaporization; g) Cell viability analysis after incubation with different DiI/AuNP PLGA/PFH particles 
concentrations.
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with 8% Na 2 S solution, and the lymph nodes were 2 mm under-
neath the skin. Ultrasound B-mode and CEUS-mode images of 
the lymph nodes were recorded 30 minutes after contrast agent 
administration ( Figure    4  A). The lymph nodes were then irra-
diated with a 532 nm laser using 150 mJ cm −2  for 10 s, then 
ultrasound B-mode and CEUS-mode images were recorded 
again. The ultrasound images of group A and B did not show 
ultrasound signal enhancement after laser irradiation. However, 
in group C, a signifi cant increase in contrast was observed. The 
enhanced contrast due to the vaporization was detected in all 5 
animals, and the average contrast enhancement is reported in 
Figure  4 B,C.   

  2.5.     In Vivo Experiments: Anti-Cancer Therapy 

 The PLGA particles were then investigated as anti-cancer 
therapy agents. A total of 15 rabbits containing the VX2 
tumor line were divided into three groups again as described 
previously. Ultrasound B-mode images of the lymph node, 

including a blood perfusion map, were acquired on day one 
(prior to therapy) to measure a baseline ( Figure    5  ). After 
imaging, the rabbits were injected with the particle solu-
tion. The area was irradiated with a 532 nm laser using 
180 mJ cm −2  for one minute, 30 min after the particle injec-
tion. After two days, ultrasound images were recorded and 
the PLGA particles were injected and irradiated again. This 
process of ultrasound imaging before the laser irradiation was 
performed on days 1, 3 and 5. Ultrasound imaging was per-
formed on day 7, then the animals were sacrifi ced and tumors 
excised for staining. In total, the lymph nodes were irradi-
ated three times, and ultrasound imaging was performed four 
times; once before each laser treatment and then two days 
after the fi nal treatment. Typical images of the lymph nodes, 
hematoxylin and eosin (H&E) staining and staining for prolif-
erating cell nuclear antigen (PCNA) are shown in Figure  5 . In 
group A and B, an increase in lymph node size was observed 
with an average volume growth rate of 69.5% and 70%, with 
the lymph node dimensions determined using ultrasound 
imaging. There was no signifi cant differences in lymph node 
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 Figure 4.    a) B-Mode and contrast enhanced ultrasound (CEUS) imaging of particles before and after laser irradiation in vivo for saline only (top row), 
PLGA particles without DiI or AuNPs (middle row) and PLGA particles with DiI/AuNPs (bottom row). The white arrows indicate the lymph nodes. 
b,c) Echo intensity (EI) of the region of interest before and after laser irradiation. Echo intensity from the region of interest shown in (b), and using 
CEUS in (c). White arrows indicate the tumor lymph nodes.

 Figure 3.    a) B-Mode and contrast enhanced ultrasound (CEUS) imaging of particles before and after laser irradiation in vitro (gel model) for saline only 
(top row), PLGA particles without DiI or AuNPs (middle row) and PLGA particles with DiI/AuNPs (bottom row). b,c) Echo intensity (EI) of the region 
of interest before and after laser irradiation. Echo intensity from the region of interest shown in (b), and using CEUS in (c).
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size determined by ultrasound imaging compared to the size 
measured after resection of the lymph nodes ( p  < 0.05). In 
group C, the lymph node growth rate of 38.2% was signifi -
cantly lower than group A or B ( p  < 0.05), and blood perfu-
sion within the lymph node was reduced at day 7. No changes 
in body weight for any group were observed during the 
treatment.  

 The lymph nodes were sectioned and stained with H&E 
and PCNA-marker (Figure  5 ). In group A and B, no tissue 
damage or necrosis was apparent under H&E staining. The 
positive index of PCNA was 85.3% and 84.7%, indicating 
that the tumor lymph nodes were not affected by the treat-
ment. In group C, damage was observed in the H&E stains, 
with necrosis, lysed cells and fragmented cellular and nuclear 
membranes visible. The expression of PCNA was absent or 
reduced in the necrotic region. The positive index of PCNA 
was 12.4% ( p  < 0.05) compared to the control. TEM imaging 
was used to examine damage to the cells in each group 
( Figure    6  ). TEM images of the lymph nodes at day 21 after 
tumor implantation (but prior to treatment) showed both 
lymph cells (white arrows) and tumor cells (black arrows), 
confi rming tumor metastases (Figure  6 A). Sections from 
lymph nodes from animals from group A and B appeared 
similar to the control with intact cellular and nuclear mem-
branes (Figure  6 B,C). Figure  6 D shows typical results from 
group C, where signifi cant damage to the cellular and nuclear 
membranes was observed (red arrows), with lysis occurring in 
some cells. In addition, red blood cells were observed within 
the tumor parenchyma (blue arrows).    

  3.     Discussion 

 A new class of theranostic agents have been developed that can 
be used in multiple capacities: a) as a therapeutic agent, that 
undergoes phase conversion after laser exposure to produce a 
therapeutic effect, and b) as an ultrasound contrast agent that 
can be used after the phase conversion to validate the thera-
peutic delivery. The PLGA/PFH particles have been developed 
with AuNPs (to provide optical absorption and to aid in vapori-
zation) and DiI (for fl uorescence imaging and to aid vaporiza-
tion). The dye and NPs are contained within the particle shell, 
and the PFH liquid within the core. The particles are small 
enough to circulate within the vasculature, then vaporize when 
irradiated with suffi cient laser energy; this process is called 
optical droplet vaporization (ODV). The enhanced ultrasound 
echogenicity of the particles after vaporization confi rms the 
liquid to gas conversion and therefore successful therapeutic 
deployment. In these proof of principle experiments, we have 
shown that phase conversion can be achieved in vivo with con-
fi rmation via ultrasound imaging. The vaporization is achieved 
with laser light, and therefore avoids the known limitations 
associated with ultrasound methods of activation. [ 42 ]  We have 
also shown that the process of vaporization itself can create a 
reduction in tumor growth rates without any drug deployment. 

 In cell culture models, confocal microscopy confi rmed that 
the particles were internalized by the cells. When the cells 
were irradiated, the vaporization process and bubble expan-
sion destroyed critical cell structures, inducing cell death. 
Particle vaporization can be achieved even when the particles 
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 Figure 5.    a–c) Ultrasound imaging of tumor lymph node on days 1 (prior to therapy), 3, 5, and 7 (after therapy). Photographs of the excised lymph 
node, H&E stain, PCNA expression of the tumor lymph node on day 7 after therapy. d) The volume growth rate of tumor lymph nodes in different 
groups after laser irradiation (* P  < 0.05). e) PI of PCNA in different groups after laser irradiation (* P  < 0.05).
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have been internalized within a cell; the bubble expansion is 
not completely suppressed by the intracellular structure. Even 
though the particles were generally larger than one micrometer, 
they can be readily phagocytosed by the MDA-MB-231 cells. 
Micrometer-sized particles were used in this work to visualize 
the particles using optical microscopy. We are currently opti-
mizing the AuNP properties, [ 43 ]  and have started the production 
of DiI/AuNP-PLGA particles that are 200 nm in diameter. It is 
expected that such particles will be able to better penetrate the 
endothelial barrier of blood vessels due to the enhanced perme-
ability and retention (EPR) effect. [ 44 ]  

 To determine whether particle conversion could be achieved 
in vivo, animal experiments were performed in a rabbit VX2 
tumor metastatic model. DiI/AuNP-PLGA/PFH particles were 
injected in the foot pad of the hind leg. Ultrasound imaging 
of the rabbit lymph nodes after laser exposure showed an 
increase in ultrasound contrast compared to before laser 
exposure. No change in contrast after laser irradiation was 
observed for the controls using saline and PLGA particles 
without DiI/AuNPs. The DiI/AuNP-PLGA particles underwent 
a phase transition, in vivo, confi rmed by ultrasound imaging 
(Figure  4 ). The intravascular particles used will not typically 
diffuse into the tumor parenchyma without breaching the 
tumor blood vessels. Nevertheless, the particles did achieve 
a therapeutic effect, likely due to vascular stasis and direct 
mechanical damage to tissue. This is consistent with vascular 

occlusion due to acoustic droplet vaporization reported by 
Kripfgans et al. [ 29 ]  

 The effects of the PLGA particles for anti-cancer treatment 
was tested in vivo on rabbit lymph nodes containing metas-
tases. The metastatic nodes treated with the DiI/AuNP-PLGA 
particles showed a signifi cant decrease in growth volume 
compared to the control and the PLGA particles without DiI/
AuNPs. At day 3 (after one treatment), the ultrasound images 
and perfusion maps were similar to day 1, prior to treatment. 
At days 5 and 7 (after two and three treatments, respectively), 
signifi cant voids were observed in the ultrasound images, 
attributed to tissue damage and necrosis. Blood fl ow was also 
reduced within the lymph node. The treatment using saline 
and PLGA particles without DiI/AuNPs showed no signifi -
cant changes throughout the treatment. No weight changes or 
adverse effects on the rabbits were observed throughout the 
seven-day treatment. H&E stained sections showed damage 
and the treated sections had reduced PCNA staining, and 
thus cancer cell proliferation. TEM imaging revealed extensive 
damage to the cellular network of the lymph nodes treated with 
the DiI/AuNP-PLGA particles. Broken cellular and nuclear 
membranes, as well as the presence of red blood cells were 
observed in the tissue. Due to their large size, the PLGA par-
ticles were likely restricted to within the vascular/lymph net-
work, as sizes <200 nm are typically required to penetrate the 
endothelial cells. The presence of red blood cells indicates that 
the vasculature was damaged, enabling the particles and blood 
cells to fl ow into the tumor parenchyma. As the treatment pro-
gressed, further damage to the tissue occurred. Another poten-
tial bioeffect that would impact tumor cell proliferation is that 
of ultraosund induced cancer immunotherapy. The destruc-
tion of tumor cells in the lymph nodes may lead to immunity 
forming in situ by immune cells being exposed to the cancer 
cell reminants, whose response is potentially amplifi ed when 
the exposures are in the lymph node. [ 45 ]  

 In conclusion, this study shows that these newly developed 
PLGA particles can be used as theranostic agents. The parti-
cles can be selectively vaporized within a region of interest to 
destroy tissue, and enhance the ultrasound contrast. The par-
ticle effectiveness as an anti-cancer therapy can be enhanced 
by adding a drug payload into the particle core alongside the 
PFH liquid. Such an approach has been used in emulsions by 
other investigators. [ 11,46 ]  Upon vaporization, the drug would be 
expelled into the region. A high dose would be concentrated at 
the target area, minimizing systemic side effects. The particle 
surface could be functionalized with common cancer-proteins 
to preferentially bind to cancer cells, further increasing the 
probably of damaging cancer cells. Further work is required to 
examine the particle kinetics, such as circulation time, particle 
biodistribution, and any adverse affects with administration of 
these agents. Studies comparing the effects of PLGA particles 
to PFC droplets on single cells are planned to determine the 
necrosis mechanism.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 6.    a) TEM image of tumor lymph nodes at 21 d after tumor implan-
tation of the control. b–d) TEM images of the tumor lymph nodes on day 
7 after the fi rst laser irradiation. b) saline, c) PLGA/PFH particles, d) DiI/
AuNPs PLGA/PFH particles. (black arrows indicate the tumor cells, white 
arrows indicate the lymph cells, red arrows indicate the interrupted cell 
membranes and nuclear membranes, blue arrows indicate the red blood 
cells, scale bar is 2 µm).
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