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Multifunctional microbubbles and
nanobubbles for photoacoustic imaging"

Ronald X. Xu?*

Photoacoustic imaging is an emerging imaging modality for noninvasive detection of tissue structural and
functional anomalies. Multifunctional microbubbles (MBs) and nanobubbles (NBs) are contrast agents integrating
multiple disease-targeting, imaging and therapeutic functions. Multifunctional MBs and NBs represent an enabling
technology for many potential applications in the field of photoacoustic imaging. Highly absorbing optical contrast
agents, such as gold nanoparticles, India ink and Indocyanine Green, can be encapsulated in MBs and NBs for stable
absorption properties and multimodal imaging contrasts. The surface of MBs and NBs can be modified for high
disease-targeting affinity, reduced immunogenicity and prolonged circulation lifetime. Low boiling point
perfluorocarbon compounds can be encapsulated in MBs and NBs for selective activation by external energy
sources. The activation of these MBs and NBs may introduce significant contrast enhancement and facilitate a
variety of potential clinical applications, such as image-guided drug delivery and therapeutic margin assessment.
MB and NB enhanced photoacoustic imaging is still in its infancy. Further development and validation works are
necessary for successful translation of the technology from the benchtop to the bedside. Copyright © 2011 John
Wiley & Sons, Ltd.
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1. INTRODUCTION

The spatial concentration of tissue chromophores is then obtained

Ultrasonography (US) is a low-cost and portable imaging modality
commonly used in clinical diagnosis and image-guided interven-
tion (1). Gas-filled microbubbles (MBs) have been used for
contrast enhancement in US imaging. Presently, MBs are
approved in Europe, Asia and Canada, while the Food and Drug
Administration (FDA) in the USA has not yet approved MBs for
noncardiac use (2). MBs are commonly considered as blood-pool
contrast agents. They can be delivered intravenously and safely
circulate in the human vascular system for contrast enhanced US
imaging of tissue structural and functional anomalies (3). The
emergence of target-specific and drug-loaded MBs has opened a
new avenue for molecular US imaging and image-guided therapy
(4-6). In addition to MBs, various nanoparticles, including
nanobubbles (NBs) with diameters around several hundred
nanometers, have also been explored for targeted imaging and
therapeutic applications (7,8). NBs also demonstrate the en-
hanced contrast in US imaging, possibly due to particle
aggregation, coalescence and layering effects (7,9). The emergence
of multifunctional MB and NB agents has empowered the
traditional US imaging with new capabilities for integrated
diagnosis and image-guided therapy.

Photoacoustic imaging is an emerging imaging modality that
integrates the molecular sensitivity of optical imaging and the
spatial resolution of US imaging (10). Photoacoustic imaging
detects functional properties of subcutaneous tissue structures in a
cross-sectional area or a three-dimensional space based on the
photoacoustic effect (11). A photoacoustic imaging system uses a
short-pulse light beam to illuminate biological tissue and excite
tissue chromophores for thermoelastic expansion. The resultant
pressure wave propagation is captured by an ultrasonic transducer.

by either point-to-point scanning (for a scanning focused US
detector or a scanning focused illuminating laser beam) (12-14) or
inverse image reconstruction (for an array of unfocused ultrasonic
transducers) (15). Owing to its high sensitivity to optical absorption,
photoacoustic imaging has been used to detect both endogenous
and exogenous chromophores. Endogenous chromophores in-
clude oxygenated and deoxygenated hemoglobin (16). Exogenous
chromophores include Indocyanine green (ICG) (17), methylene
blue (18) and gold nanoparticles (19-21).

MBs and NBs have the potential to play an important role in
photoacoustic imaging. Previous reports have demonstrated the
technical feasibility of MB- and NB-enhanced photoacoustic
imaging (22,23). However, this research field is still in its infancy.
Therefore, a comprehensive review is not possible. This paper
aims at introducing the MB and NB agents, explaining their
fabrication processes, highlighting their potential applications in
photoacoustic imaging, addressing technical opportunities and
challenges, and discussing future perspectives. It is the author’s
hope that the paper will stimulate broad research interests in this
emerging research field of great promise.
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2. MICROBUBBLES, NANOBUBBLES AND
THEIR FABRICATION PROCESSES

MBs in general are gas bubbles with diameters ranging from 1 to
1000 um (24). MBs for in vivo imaging and therapeutic applica-
tions typically have diameters from 2 to 6 um to assure successful
circulation in the human vascular system. Many MB agents, such
as Albunex, Echovist, Levovist, EchoGen, Optison, Definity and
SonoVue, have been approved for clinical use (25). These MBs use
a variety of shell materials, such as lipids, galactose, albumin and
polymers (26). Some MBs have hard shells and should be strictly
called ‘microballoons’ (27) or ‘microcapsules’ (28). Although the
hard shells change the oscillatory and echogenic properties of
MBs and affect their acoustic responses (29,30), these changes do
not affect their clinical use as an ultrasound contrast agent (26).
Therefore, we use the term ‘microbubble’ (MB) in a broad sense to
refer to any microparticulate blood pool agents with a spherical
core-shell structure. Similarly, the term ‘nanobubble’ (NB) refers
to any nanoparticulate agents with a spherical core-shell
structure. Both MBs and NBs can be polyethylene glycol
PEGylated, surface conjugated and intravenously administered.
The size difference between MBs and NBs determines their
different pharmacokinetics and targeting applications. MBs may
circulate in the blood stream to target the over-expressed
endothelial biomarkers (31,32). NBs and nanoparticles may
penetrate the endothelial barrier via the enhanced permeability
and retention (EPR) effect to target the over-expressed tissue
biomarkers (33).

Among various shell materials for MBs and NBs, poly(lactic
acid), poly(e-caprolactone) (PCL), poly(glycolic acid) and poly
(lactide-co-glycolide) (PLGA) are of great interest because of their
purity, reproducibility, biocompatibility and biodegradability. In
particular, PLGA has been approved by the FDA for human
therapeutic applications (34). Surface conjugated PLGA micro-
particles and nanoparticles have been used as carriers for
targeted delivery of many imaging agents, drugs and genes
(35-38). The achievable circulation lifetime of these particles is
affected by the shell material, the surface coating method and the
filling gas. The particle surface can be PEGylated for reduced
immunogenicity and prolonged residence in the vascular system
(39). With PEGylation or other surface modification methods, both
microparticles and nanoparticles can circulate in body for up to
several hours (25,40).

Polymer MBs and NBs can be fabricated by many methods.
Double emulsion is a commonly used process (41,42). The
imaging and therapeutic payloads are encapsulated in a
polymer shell following four steps. First, an aqueous solution
of payloads is emulsified in an organic solution of the carrier

polymer to form a water-in-oil (w/0) emulsion. Second, the first
emulsion is further emulsified in a large-volume of water to form
a water-in-oil-in-water (w/o/w) emulsion. Third, the organic
solvent is evaporated or extracted to obtain particles with a solid
polymer shell. Finally, the particles are washed, centrifuged and
lyophilized. The dried MBs and NBs can be refilled with heavy
inert gases, such as nitrogen and perfluorocarbons (PFCs). The
particle size range can be controlled by adjusting process
parameters. In general, emulsification using a mechanical
homogenizer followed by low-speed centrifugation will produce
MBs, while emulsification using an ultrasonic homogenizer
followed by high-speed centrifugation will produce NBs. PLGA
MBs and NBs encapsulating various imaging and therapeutic
agents have been fabricated by a modified double emulsion
process (7,22,43,44). Fig. 1 shows the volume-weighted size
distributions of typical MBs and NBs characterized by dynamic
light scattering (22).

The double emulsion process is able to fabricate MBs and
NBs with productivity and reproducibility. However, the
process has low encapsulation rate, limited loading efficiency
and broad size distribution. Therefore, modified emulsion
systems, such as w/o/o/w (water-in-oil-in-oil-in-water) and s/o/
o/w (solid-in-oil-in-oil-in-water), have been explored for the
enhanced encapsulation efficiency, bioactivity and stability
(45,46). Other solution-based fabrication techniques, such as
emulsion diffusion, solvent displacement and salting out
methods, have also been studied (42). Spray-based fabrication
techniques, such as spray drying, hydrodynamic spraying and
electrohydrodynamic atomization, have also been used to
produce MBs and NBs with uniform size distribution and high
productivity. Spray drying is a method to produce drug-loaded
particles from a liquid or slurry by rapidly drying with a hot gas
(47,48). The hydrodynamic spraying technique is based on
hydrodynamic focusing of an inner drug and outer polymer
solution emanating from a coaxial needle assembly into a two-
layer compound jet (49). The electrohydrodynamic atomization
process relies on the electrical shear stress to elongate the
core and the shell liquid menisci formed at the outlet of co-
axial capillary needles subject to an electrical field of high
voltage (50-53). Optimal and reproducible control of the
spray-based microencapsulation processes requires significant
modeling and experimental efforts (54,55). Extrusion repre-
sents another category of fabrication processes where micro-
encapsulated droplets are formed by feeding laminar flows of
drugs, imaging agents and polymer materials through a single
or a plurality of microchannel pathways directly into the
continuous extraction phases (56). Commonly used extrusion
systems include single pathway systems (57), multichannel
systems (58) and membranes (59). Typically, the extrusion
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Figure 1. The size distributions of India ink encapsulated MBs (a) and NBs (b). The x-axis is a log scale. The average size of MBs is 1.01 +0.73 um, and

that of NBs is 0.29 +0.09 um. Adapted from reference (22).

processes produce microparticles with uniform size distribu-
tion but with low productivity.

3. MULTIMODAL MBs AND NBs

Since photoacoustic imaging is highly sensitive to optical
absorption, encapsulating highly absorbing and biocompatible
optical contrast agents in MBs and NBs has technical significance.
ICG is one of the first optical contrast agents approved by the FDA
for clinical imaging applications (60,61). It is commonly used as a
blood pool agent because of its strong binding to plasma proteins
in the vascular system. The fluorescence emission peak of ICG falls
in the near-infrared wavelength range, enabling deep penetra-
tion of light through thick biological tissue (17,62,63). However,
quantitative analysis of ICG-enhanced optical imaging is difficult
because of its short circulation half-life and inconsistent spectral
characteristics owing to aggregation and protein interaction in
the blood stream (64). Encapsulating ICG in PLGA MBs and NBs
will prolong its circulation half-life and protect it from nonspecific
molecular interactions. Previous studies have demonstrated the
enhanced photo, thermal and aqueous stability by entrapping
ICG in PLGA nanoparticles (65). Intravenous injection of ICG
entrapped nanoparticles in healthy mice has resulted in
significantly longer circulation time and increased concentration
as compared with free ICG solution (38). Encapsulating ICG in
PLGA MBs has yielded dual-mode contrasts for simultaneous US
and fluorescence imaging (43). Since ICG is also a contrast
enhancement agent in photoacoustic imaging (17), it is
technically feasible to demonstrate concurrent US, photoacoustic
and fluorescence imaging using ICG loaded MBs and NBs.

The gold nanoparticle (GNP) agent is another highly absorbing
optical contrast agent that can be encapsulated in MBs and NBs
for dual-mode photoacoustic and US imaging. GNPs have been
used in many imaging and therapeutic applications because of
their unique chemical and physical properties. First, GNPs are
essentially inert and nontoxic (66). Second, the absorption
spectrum of GNPs can be finely tuned in the near-infrared
wavelength range where light can penetrate deep in biological
tissue (67). Third, established techniques are available for surface
mobilization, functionalization and conjugation of GNPs (68).
Finally, GNPs exhibit high photostability and no photobleaching
in the near-infrared wavelength range (69). GNPs with different
morphologies, such as nanorods, nanospheres and nanocages,
have been synthesized for contrast-enhanced photoacoustic
imaging (19-21). Gold nanospheres of 20nm have been
encapsulated in a bovin serum albumin (BSA) shell of less than

200 nm following successive steps of modifying GNP surface,
transferring GNPs from aqueous solution to organic solution,
emulsifying GNP-loaded PFC droplets in BSA, and extruding the
emulsion for more uniform particle size distribution (23).
Simultaneous photoacoustic and US contrasts have been
observed from the polyacrylamide phantoms with the embed-
ment of GNP-loaded PFC droplets (23).

In addition to ICG and GNPs, other optical absorption agents,
such as India ink, can also be encapsulated in MBs and NBs, as
illustrated in Fig. 2. India ink-loaded MBs and NBs have been
fabricated by a modified double emulsion process (22). The MBs
and NBs are uniformly dispersed in gelatin phantoms and
characterized by a US probe and a photoacoustic macroscope,
respectively. As shown in Fig. 3, the US signals and the
photoacoustic signals are positively correlated with MB and NB
concentrations. In Fig. 4, a gelatin phantom with eight
embedded targets of India ink MBs and NBs is clearly visible
by the photoacoustic macroscope even when a piece of 18 mm
thick chicken breast tissue is placed on the top of the phantom.
These preliminary results suggest the technical potential of
using dual-mode MBs and NBs for quantitative photoacoustic
and US imaging in thick biological tissue.

Encapsulating multiple imaging agents in MBs and NBs also
opens a new avenue for multimodal imaging with seamless co-
registration. Multimodal imaging refers to the integration of two
or more imaging modalities within a single device for simulta-
neous acquisition of anatomical, functional, and molecular
information of biological tissue (70-72). Since individual imaging
modalities only reveal a small piece of a complex puzzle in disease
etiology, simultaneous acquisition of these images and seamless
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Figure 2. The schematic of polymer MBs and NBs encapsulating optical
absorption contrast agents for dual-mode photoacoustic and US
imaging.
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Figure 3. (a) PA signals at various MB and NB concentrations. MBs and NBs are encapsulated with India ink. (b) US signals at the same MB and NB
concentrations. For both India ink encapsulated MBs and NBs, linear correlations were observed between the PA/US signals and the particle

concentrations. Adapted from reference (22).
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Figure 4. (a) Photograph of a phantom containing eight tumor simulators. Individual tumor simulators are homogenously dispersed with India ink
encapsulated MBs and NBs at various concentrations. (b) The corresponding photoacoustic image of the phantom positioned below 8 mm of chicken
breast tissues. (c) The corresponding photoacoustic image of the phantom positioned below 18 mm of chicken breast tissues. 1-4: MBs at concentrations
of 2.5, 5.0, 10 and 15 mg/mL, respectively. 5-8: NBs at concentrations of 2.5, 5.0, 10 and 15 mg/mL, respectively. Adapted from reference (22).

co-registration between them have clinical significance. Clinically
available multimodal imaging systems include SPECT-CT (inte-
gration of single photon emission computed tomography and
computed tomography) (73) and PET-CT (integration of positron
emission tomography and CT) (74). Other emerging multimodal
imaging techniques include MRI-PET (integration of magnetic
resonance imaging and PET) (75), MRI-NIR (integration of MRI and
near infrared imaging) (61), NIR-US (integration of NIR and US
imaging) (76), mammography-NIR (integration of mammography
and NIR imaging) (77), PAT-US (integration of photoacoustic
tomography and US imaging) (78) and PAM-OCT (integration of
photoacoustic microscopy and optical coherence tomography)
(79). As a portable and noninvasive imaging tool with molecular
sensitivity, favorable spatial resolution, and large measurement
depth, photoacoustic imaging has the potential to play an
important role in multimodal imaging. Synthesizing multimodal
MBs and NBs is the first step toward quantitative multimodal
imaging that seamlessly integrates photoacoustic imaging with
other modalities for preoperative diagnosis, intraoperative
therapeutic guidance and postoperative outcome assessment.

4. MULTIFUNCTIONAL DISEASE-TARGETING
MBs AND NBs

Since photoacoustic imaging is highly sensitive to tissue
chromophores, it has been primarily used for noninvasive
detection of microvessels and tissue functional parameters

(16,80,81). The emergence of the multifunctional MB and NB
agents extends the application of photoacoustic imaging from
nonspecific functional imaging to disease-specific molecular
imaging. Multifunctional MBs and NBs are agents that integrate
multiple disease-targeting, imaging and therapeutic functions.
PEGylated and surface modified MBs and NBs are able to target
various disease biomarkers with high binding affinity (7,39).
Previous studies have demonstrated that individual MBs can be
detected by a clinical US probe (82). Similar technical potential
exists for photoacoustic imaging of individual MBs or NB clusters
if the bubbles are loaded with strong chromophores at high
concentration. Loading imaging and therapeutic agents in MBs
and NBs may also facilitate image-guided drug delivery and
combinatory therapies (83,84).

PLGA MBs and NBs can be conjugated with a wide variety of
disease-targeting ligands, such as antibodies, peptides, poly-
saccharides, aptamers and drugs alone or in combination, for
disease-specific imaging and therapeutic applications (85). The
MBs can be conjugated to target the circulating and endothelium
over-expressed biomarkers, such as selectins, a,8; or asf;
integrins, glycoprotein (GP) lIb/llla, intracellular adhesion mole-
cule 1 (ICAM-1), and vascular endothelial growth factor receptor 2
(VEGFR2) (86). One example is to conjugate MBs with anti-VEGFR2
antibodies for in vivo ultrasonic detection of tumor angiogenesis
and continuous monitoring of tumor vascular response to
therapy (32,87,88). The NBs can be conjugated to target the
over-expressed tissue biomarkers. One example is to conjugate
NBs with anti-TAG-72 antibodies, such as CC49, to target TAG-72,
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a human mucin-like glycoprotein complex over-expressed in
many epithelial-derived cancers, including colorectal, pancreatic,
gastric, prostate, breast, ovarian and lung cancers (89). We have
previously encapsulated Texas Red in PLGA NBs and conjugated
them with CC49 antibody to target the LS174T human colorectal
cancer cells (7). As shown in Fig. 5, NBs conjugated with CC49 can
effectively target the cancer cells through both a one-step and a
three-step binding processes. In comparison, bare TexasRed NBs
without surface conjugation do not bind with cancer cells.
The above targeting strategies can be used to fabricate multi-
functional MBs and NBs for disease-specific photoacoustic imaging.

5. ACTIVATABLE MBs AND NBs

Activatable MBs and NBs are those that can be activated by
external energy sources. Typically, activatable MBs and NBs
encapsulate PFC droplets in a polymer shell. PFCs represent a
group of fluorocarbon compounds with biocompatibility, chem-
ical stability, low solubility and large density compared with many
other gases. They have been used clinically as an oxygen carrier in
blood substitutes and a filler gas in US contrast agents (90-92).
The PFC compounds have a wide range of boiling points and can
be mixed at different ratios for controllable phase shift mediated

Figure 5. Fluorescence microscopic images of LS174T cancer cell
cultures after different targeting processes for PLGA NBs. Texas Red dye
is encapsulated in NBs. (a) Cells after applying bare Texas Red NBs without
surface conjugation (control). (b) Cells after successive application of
biotinylated HUCC49ACH2 antibody, streptavidin, and biotinylated NBs
(three-step targeting). (c) Cells after applying NBs conjugated with
HuCC49ACH2 antibody (one-step targeting). NBs bind with cancer cells
well after both three-step and one-step targeting processes. In
comparison, bear NBs do not bind with cancer cells. Adapted from
reference (7) with modification.

by an external energy (93). Upon the exposure of tone-burst
ultrasound, superheated PFC droplets can be vaporized into gas
bubbles, enabling many therapeutic and diagnostic applications
(94). Optical contrast agents can be encapsulated in these
activatable MBs and NBs so that the energy-induced evaporation
and volumetric expansion can be detected by multiple imaging
tools, such as US, photoacoustic and fluorescence imaging.
Therapeutic agents can also be encapsulated for image-guided
drug delivery (95).

A commonly used method to fabricate activatable MBs and
NBs is modified emulsion and evaporation (95-97). The process
consists of successive steps of dissolving the shell material in a
volatile organic solvent, mixing the solution with a PFC
compound and a surfactant, emulsification, organic solvent
evaporation and centrifugation. The precipitate collected from
the process is then washed multiple times to obtain activatable
MBs and NBs. The bubble morphology, size and shell thickness
parameters can be controlled by adjusting the type and the
mixing ratio of different shell, solvent, surfactant and PFC
materials, the power and duration of emulsification, and the
centrifugation/filtering conditions. If the evaporation rate of the
organic solvent is close to that of the PFC compound, other
encapsulation processes, such as hydrodynamic spray and
microchannel extrusion, can be used (52,56).

Two possible applications for activatable MBs and NBs are
image-guided drug delivery (for activatable NBs) and ablation
margin assessment (for activatable MBs). Image-guided drug
delivery with drug-loaded polymer micelles and activatable NBs
has been explored for combinatory tumor imaging and targeted
chemotherapy (8). Micelles of a biodegradable copolymer (e.g.,
PEG-PLLA or PEG-PCL) were fabricated by a solvent exchange
technique. PFC compounds (e.g. perfluoropentane) were encap-
sulated in the NBs of the same copolymer shell by a nanoemulsion
process. Lipophilic drugs can be loaded in both the micelle cores
and the walls of the activatable NBs by emulsification. Hydrophilic
drugs can be loaded by other microencapsulation processes such
as hydrodynamic spray and microchannel extrusion. The combi-
natory tumor imaging and targeted chemotherapy technique is
based on the following hypotheses: (1) after intravenous
injection, drug-loaded micelles and NBs will penetrate the
defective tumor microvasculature and accumulate in the tumor
tissue; (2) the PFC compound loaded in NBs will be evaporated by
external energy sources through either body heat or US pulses,
causing volumetric expansion, coalescence, or cavitation of NBs;
and (3) the conversion of NBs into MBs mediated by external
energy sources will introduce significant contrast ehancement for
image-guided drug release. The above hypotheses have been
partially verified by in vitro and in vivo tests. In one experiment, a
closed plastic capillary filled with the activatable NBs was subject
to a repetitive heating/cooling/heating cycle. The process was
monitored by a microscope and plotted in Fig. 6. As shown in the
figure, the cyclic temperature fluctuation introduces both
reversible and irreversible changes in bubble morphology.
Significant coalescence can be observed after overheating the
sample to hyperthermia temperatures. US-mediated release of
doxorubicin from MBs and internalization by the cells has also
been demonstrated in vitro (95).

In addition to image-guided drug delivery, the heat-induced
coalescence and expansion of activatable MBs can also be used
for intraoperative assessment of ablation margin during thermal
ablation therapies (98). Previous studies have demonstrated that
PFC droplets can be superheated and remain stable above their
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Figure 6. Microscopic images of doxorubicin and perfluoropentane loaded PEG-PLLA NBs in a closed plastic capillary of a snake mixer slide. (A) At 26 °C,
NBs were not resolved at the highest available magnification. (B, C) Upon heating to 37 and 50 °C, respectively, large bubbles grew by attracting and
coalescing with small ones. (D) After the sample was cooled back to room temperature, the initial structure was not restored and a large number of
small MBs were formed via disintegration of large microbubbles and PFP condensation inside the bubble walls. (E, F) Microscopic images taken during
a second heating step at 37 and 50 °C, respectively; the growth of large MBs through attraction and coalescence with small ones was manifested by a
progressive decrease in the number of small MBs. Adapted from reference (8).

natural boiling points (94,99,100). We have also observed the
activation of PFC-loaded MBs at a much lower temperature close
to the PFC boiling point (97). The different evaporation thresholds
for PFC droplets and PFC-loaded MBs may be associated with the
different thickness and mechanical properties of the shell
materials, as well as the possible nucleus formation inside the
surface of the PLGA shell. The heat activation of PFC-loaded MBs
may have clinical significance because no intraoperative imaging
tool is available yet for direct assessment of tissue coagulation
necrosis during a cancer ablation procedure. Thermal ablation
destroys tumor tissue by localized deposition of thermal energy
that causes protein denaturation and coagulation necrosis (101).
Clinical advantages of thermal ablation include minimal trauma,
minimal complication, outpatient treatment, fast recovery and
fast return to normal activities. However, the widespread use of
these minimally invasive therapeutic option is hindered by
controversial issues and concerns regarding clinical safety, long-
term local recurrence rate and disease-free survival. A primary
reason for these concerns is the lack of effective imaging tools for
intraoperative margin assessment. In this regard, US imaging
alone cannot detect the zone of ablation effectively because of
the hyperechoic artifacts associated with gas bubble formation
and ‘steam popping’ (102-104). Other imaging methods, such as
MRI, estimate ablation-induced thermal damage indirectly based
on continuous monitoring of tissue temperature histories

(105,106). The reliability of these indirect methods is limited by
the modeling error, the accumulative measurement error and the
cooling down effect of the ablated tissue. Activatable MBs may
provide multimodal imaging contrasts for reliable assessment of
ablation margin. The activatable MBs for this application are
called heat-sensitive MBs because they are sensitive to ablation-
induced thermal energy deposition. The application of heat-
sensitive MBs is based on the following hypotheses: (1) MBs with a
specific design of size, shell thickness and PFC encapsulation rate
will be activated at the lethal thermal dose corresponding to the
irreversible tissue thermal damage; (2) the evaporation of PFC
droplets loaded in activatable MBs will cause volumetric
expansion, latent heat, mass transfer and scattering changes that
can be detected by US and optical imaging tools; (3) encapsu-
lating highly absorbing contrast agents in heat-sensitive MBs will
facilitate ablation margin confirmation using multiple imaging
modalities so that the effect of nonspecific gas bubbles and other
hyperechoic artifacts can be minimized; and (4) after thermal
activation, the heat-sensitive MBs will remain strong multimodal
imaging contrasts for a long time, enabling ablation margin
assessment regardless of tissue temperature fluctuation and
other spatial and temporal artifacts. Heat-sensitive MBs have
been fabricated by a modified emulsion-evaporation process and
tested in both agar agar gel phantoms and ex vivo tissue models
(97). Fig. 7 shows the temperature distribution acquired by a
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thermal camera and the corresponding hyperechoic region
acquired by a clinical US probe in a piece of porcine tissue that
is ablated by a miniature cartridge heater. Microscopic imaging of
the phantom further confirmed the coincidence between the
ultrasonically hyperechoic region and the ablation-induced
morphologic changes in the phantom, indicating the technical
feasibility of using heat-sensitive MBs for ablation margin
assessment. MB enhanced ablation margin assessment has also
been demonstrated in various ex vivo tissue models, such as
perfused porcine kidneys, porcine tissue and porcine pancreas. In
one experiment, the aqueous suspension of heat-sensitive MBs
was injected into eight locations around a circular line in a piece of
porcine tissue, as shown in Fig. 8(a). All eight hyperechoic spots
were clearly visible by a clinical US probe after heating the tissue
to the coagulation necrosis temperature (Fig. 8d). The eight
hyperechoic spots lasted for over an hour after the tissue was
cooled down (Fig. 8e), indicating the technical feasibility of
detecting ablation-induced tissue coagulation necrosis regardless
of the transient tissue temperature changes and artifacts.
Although activatable MBs and NBs have not been optimized
for photoacoustic imaging yet, the rationale of using them for
contrast enhanced photoacoustic imaging of ablation margin
has been supported by several previous studies. In the field of
atmospheric science, the change of photoacoustic signals by
latent heat and mass transfer in response to water droplet
evaporation has been theoretically studied and experimentally
detected (107,108). In the field of biomedical imaging, the
photoacoustic technique has been used to detect tissue
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temperature changes with a measurement sensitivity of 0.15°C
and a temporal resolution of 2s (109,110). To enhance the
photoacoustic sensitivity of activatable MBs and NBs at the
presence of irreversible tissue thermal damage, it is important to
optimize the bubble thickness and morphology, to increase the
dye encapsulation efficiency, and to control the thermal energy
threshold for bubble activation.

6. OPPORTUNITIES AND CHALLENGES

MBs and NBs represent an enabling technology for many
innovative applications in the field of photoacoustic imaging.
First of all, highly absorbing optical contrast agents can be
loaded in MBs and NBs for strong photoacoustic contrast,
reduced nonspecific molecular interaction, improved stability
and prolonged circulation lifetime. Second, multiple imaging
agents can be encapsulated in MBs and NBs for multimodal
imaging of tissue structural and functional anomalies. By using
MBs and NBs with multimodal imaging contrasts, photoacoustic
imaging can be accurately co-registered with other imaging
modalities, such as US, OCT, diffuse optical tomography,
fluorescence imaging, MRI, CT and PET. Third, the surface of
MBs and NBs can be PEGylated and conjugated for disease-
specific photoacoustic imaging. Surface modified MBs can
circulate in blood stream to target various disease markers in
the vascular space (86). Surface modified NBs can circulate in
blood stream, penetrate the leaky tumor vasculature via the
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(b) US images of hyperechoic region propagation

Figure 7. Thermographic and US images simultaneously acquired from a solid gel phantom as the phantom is ablated by a miniature cartridge
heater. The phantom is homogenously dispersed with heat-sensitive microbubbles. (a) Thermographic images show the propagation of heat; (b) US
images show the propagation of an ultrasonically hyperechoic region corresponding to the activation of heat-sensitive microbubbles.

Before heating :Befom heating

After heating —After heating

Jhr after cooling

Figure 8. Photographic and ultrasound images of a piece of porcine tissue before and after being heated to tissue coagulation temperature. (a)
Photographic image before heating. Heat-sensitive MBs are injected at eight locations along the black circular mark. (b) Ultrasound image before
heating shows no significant hyperechoic spots. (c) Photographic image of the tissue after being placed in a 55 °C water bath for 10 min. (d) Ultrasound
image after heating shows eight hyperechoic spots (within the dotted circle) corresponding to eight locations where heat-sensitive MBs were injected.
(e) Ultrasound image acquired after cooling the sample for 1 h. The eight hyperechoic spots are still clearly visible. Adapted from reference (97).
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EPR effect and target various disease markers in the tissue
space (33). Fourth, multiple imaging agents and combinatory
drugs can be encapsulated in MBs and NBs for image-guided
synergistic therapy. Finally, systemic or regional delivery of heat-
sensitive MBs will enable intraoperative assessment of zone of
ablation during a thermal ablation procedure. Therapeutic
agents can also be loaded in heat-sensitive MBs for thermally
activated release of adjuvant therapy. To facilitate successful
translation from the benchtop to the bedside, the design of MB
and NB contrast agents for photoacoustic imaging should
consider the following requirements: (1) materials used to
construct MBs and NBs should have no adverse effects on the
biological system; (2) MBs and NBs should have consistent and
reproducible size, thickness and encapsulation rate to facilitate
quantitative imaging; (3) MBs and NBs should have strong and
consistent optical contrasts minimally affected by degradation,
photobleaching and physiologic fluctuations; and (4) MBs and
NBs should have relatively long shelf-life and can be calibrated
against a traceable standard.

As a new field with great promise, the MB- and NB-enhanced
photoacoustic imaging technique also faces many challenges.
First of all, commonly used microfabrication processes such as
double emulsion have a relatively low encapsulation rate.
Therefore, dye-loaded MBs and NBs do not have sufficient
absorption contrasts to facilitate photoacoustic imaging in thick
biological tissue. Spray-based micro and nanoencapsulation
processes may produce MBs and NBs with greater encapsulation
rates. However, many of these processes are still under
development and require significant research efforts on
mathematical modeling and process control. Second, commonly
used microfabrication processes such as double emulsion
produce MBs and NBs with a large range of size distributions.
The nonuniformity of MBs and NBs will not only affect their
optical and acoustic properties but also limit the achievable
accuracy for contrast enhanced photoacoustic imaging. Although
additional cycles of centrifugation and filtering may yield more
uniform MBs and NBs, the process has a significantly low
productivity. Third, quantitative photoacoustic imaging is still
not feasible owing to the lack of standardization. Traceable
calibration standards and testing protocols have to be estab-
lished in order to quantify critical performance parameters, such
as limit of detection, optical stability, signal-to-noise ratio,
linearity range, dynamic range and reproducibility. Better
understanding about the mechanism for MB and NB enhanced
photoacoustic imaging is necessary in order to facilitate
engineering design and optimization. Fourth, future in vivo
applications of MB and NB agents may be hindered by
insufficient disease-specific accumulation. Although MB and
NB circulation in the vascular system can be significantly
prolonged by PEGylation, the achievable disease-specific
deposition of these particles is limited by many physical and
physiologic barriers (111). To ensure in vivo photoacoustic
imaging with high accuracy and sensitivity, it is important to
transport and deliver disease-targeting MBs and NBs with high
efficiency. One possible strategy is to enhance the disease-
binding affinity by multivalent conjugates (112). Another
possible strategy is to use external energy sources such as
US pulses to facilitate active transport of drugs and contrast
agents across the endothelial barrier (113). Finally, regulatory
approval may present another hurdle for clinical imaging and
image-guided therapeutic applications. Although individual
composition materials for MBs and NBs are biocompatible and

biodegradable, extensive preclinical studies are still required to
characterize the biodistribution, pharmacokinetic and toxicity
profiles of the MB and NB agents and to prepare for FDA IND
(investigational new drug) application as well as pilot clinical trials.

7. SUMMARY AND OUTLOOK

Originally used as US contrast enhancement agents and drug
delivery carriers, polymer MBs and NBs can potentially play an
important role in photoacoustic imaging. This paper describes the
fabrication and application aspects of polymer MBs and NBs. MBs
and NBs can be fabricated by many processes, such as double
emulsion, emulsion evaporation, solvent displacement, spray
drying, hydrodynamic spraying, electrohydrodynamic atomization
and microchannel extrusion. Highly absorbing optical contrast
agents, such as GNPs, India ink and ICG, can be encapsulated in MBs
and NBs for simultaneous photoacoustic and US imaging. Many
other contrast agents can also be encapsulated for multimodal
imaging with accurate co-registration. The surface of MBs and NBs
can be PEGylated and conjugated for disease-specific targeting
with reduced immunogenicity and prolonged circulation lifetime.
Activatable MBs and NBs can be fabricated by encapsulating low
boiling point PFC compounds in a polymer shell. Applying external
energy to these MBs and NBs may trigger the PFC phase shift,
introducing volumetric expansion or cavitation for multiple
imaging and therapeutic applications. Example clinical applications
may include ablation margin assessment (for activatable MBs) and
image-guided drug delivery (for activatable NBs).

MB and NB enhanced photoacoustic imaging is a new research
field with great potential. Furtherimprovement in process control
and engineering optimization is required for the production of
monodisperse MBs and NBs with high encapsulation rate,
productivity and reproducibility. Traceable calibration standards
and testing protocols need to be established for MB and NB
enhanced quantitative photoacoustic imaging. Extensive tech-
nology development, preclinical validation and regulatory
approval are necessary before the MB and NB agent can be used
for contrast enhanced photoacoustic imaging in a clinical setting.
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