Available online at www.sciencedirect.com

ScienceDirect

Phospholipid-coated targeted microbubbles for
ultrasound molecular imaging and therapy
Simone A. G. Langeveld, Bram Meijlink and Klazina Kooiman
Abstract

Phospholipid-coated microbubbles are ultrasound contrast
agents that, when functionalized, adhere to specific biomarkers on cells. In this concise review, we highlight recent
developments in strategies for targeting the microbubbles and
their use for ultrasound molecular imaging (UMI) and therapy.
Recently developed novel targeting strategies include magnetic functionalization, triple targeting, and the use of several
new ligands. UMI is a powerful technique for studying disease
progression, diagnostic imaging, and monitoring of therapeutic
responses. Targeted microbubbles (tMBs) have been used for
the treatment of cardiovascular diseases and cancer, with
therapeutics either coadministered or loaded onto the tMBs.
Regardless of which disease was treated, the use of tMBs
always resulted in a better therapeutic outcome than non-tMBs
when compared in vitro or in vivo.
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Introduction

Microbubbles (MBs) with sizes of w1e10 mm are
clinically used as ultrasound contrast agent (UCA) for
perfusion imaging [1]. The MB coating can be functionalized with a ligand, thereby creating targeted
microbubbles (tMBs) that can bind to biomarkers
expressed during disease. Biomarkers expressed by
endothelial cells are excellent targets for ultrasound
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molecular imaging (UMI) since microbubbles are
confined to the vasculature due to their size. Ultrasound
imaging of adhered tMBs allows UMI [2], which has
recently been used successfully in clinical studies with
tMBs targeted to VEGFR2 in prostate [3], breast, and
ovarian tumors [4]. Although nontargeted microbubbles
(non-tMBs) are known to enhance drug delivery since
1997 [5], for example, by creating a pore in the membrane called sonoporation [6], it was not until 2011 that
tMBs were reported to also induce sonoporation in an in
vitro study using endothelial cells [7]. For both UMI and
therapy, it is the response of the tMB to ultrasound, that
is, by expanding and compressing that provides the
acoustic signal and stimulates drug uptake.
Since the field of tMBs is relatively new in comparison
to non-tMBs, it is still in full development regarding (1)
targeting strategies, (2) UMI, and (3) therapy. This
review focuses on the latest developments of
phospholipid-coated tMBs in these three areas. Articles
were excluded if they used nanosized agents (<1 mm),
for example, nanobubbles, for which the reader is
referred to another excellent review [8]. Articles that
mentioned ultrasound targeted MB destruction
(UTMD) or ultrasound and MB targeted drug delivery
(UMTD) and used non-tMBs were also excluded.
These terms relate to the ultrasound signal targeting a
tissue or organ but have become confusing since the
development of tMBs. In total, 55 articles were selected
for this review.

Microbubble targeting strategies
Besides the conventional way of targeting with an antibody or small peptide, several new strategies were
recently reported. Magnetically responsive MBs were
produced by incorporating lipid-coated magnetic nanoparticles in the MB coating by sonication [9]. Iron oxide
nanoparticles (IONPs) can be loaded on the outside
surface of MBs, within the coating, or within an oil layer
underneath the coating, with surface loading yielding
the highest number of retained MBs in a magnetic field
[10]. IONPs can be coated with different phospholipids
or dendrons, affecting the size and stability of the MBs
that incorporate them [11]. Magnetic functionalization
of MBs requires specialized hardware for optimal use:
the use of a combined magnetic-acoustic device, when
compared to the use of two separate devices, increased
Current Opinion in Chemical Biology 2021, 63:171–179
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drug delivery in vitro in an agar phantom, and improved
tumor response in vivo in a xenograft pancreatic cancer
murine model [12].
Conventional targeting of MBs was improved by conjugating two or more ligands to the same tMB. The difference in signal intensity in hepatocellular carcinoma
tumors in mice was significantly higher for dual-targeted
MBs labeled with anti-VEGFR2 and an RGD peptide,
compared to those labeled with only anti-VEGFR2 or
only an RGD peptide [13]. Triple-targeted MBs were
developed to mimic leukocytes by conjugating antiVCAM-1, anti-ICAM-1, and synthetic polymeric sialyl
Lewis X to custom-made 1,2-distearoyl-sn-glycero-3phosphocholine (DSPC)-based MBs [14]. These tMBs
adhered more efficiently than single-targeted MBs to
activated murine bEnd.3 cells in vitro and were used
in vivo to monitor atherosclerosis development and
atorvastatin treatment in ApoE-deficient mice with
atherosclerosis.
With the ever-increasing number of known biomarkers,
new ligands, and therefore, newly developed tMBs
follow. For example, for diagnostic UMI, a Thy1-binding
single-chain antibody was used as a ligand on tMBs for
the detection of pancreatic ductal adenocarcinoma
[15*] and anti-netrin-1 for breast cancer [16*], both in
tumor-bearing mice. An affibody, a ligand smaller than a
full-sized antibody, was used to produce breast cancermarker B7eH3-tMB for UMI in orthotopic human
breast cancer and a transgenic breast cancer mouse
model [17]. Furthermore, tMBs functionalized with
anti-MMP-1 were used for early diagnosis of laryngeal
squamous cell carcinoma in mice [18], anti-Type IV
collagen functionalized tMBs were used to monitor
endothelial injury after carotid balloon angioplasty in
rats [19], and anti-GPC3 functionalized tMBs were
used for targeted sonophotodynamic therapy in mice
with hepatocellular carcinoma [20]. One study used
DSPC-based MBs first conjugated with anti-CD4, then
coupled to CD4 positive lymphocytes, to monitor
lymphocyte-endothelium adhesion during acute rejection of cardiac allografts in rats [21]. All of these studies
used streptavidin-biotin bridging to couple the new
ligand to the commercially available Target-Ready
Micromarker [15e17] or custom-made DSPC-based
MBs [18e21].
For bridging the gap between preclinical tMBs and those
suitable for clinical use, an alternative to biotinstreptavidin coupling must be used to avoid immune
responses [22]. To produce a UMI agent targeting Pand E-selectin, one study used a recombinant protein
based on TIM-1 for covalent conjugation with a thioether bond in a canine model of myocardial ischemiareperfusion [23]. Another strategy involved the chemical coupling of the ligand to a maleimide group incorporated in the MB coating, which can be done either
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prior to Ref. = MB formation [24], or after MB formation [25*]. These tMBs were evaluated in vitro using a
parallel plate flow system and in vivo in mice with colon
adenocarcinoma [24] and atherosclerotic mice [25].
Newly developed strain-promoted [3 þ 2] azideealkyne
cycloaddition (SPAAC) click chemistry was used in a
sterile process of ligand conjugation after MB formation,
which was used in a canine tolerability study [26].
Finally, Sonazoid was functionalized with lactadherin in
a top-down approach [27,28], in which the use of an
already approved UCA may speed up translation to the
clinic. These tMBs were evaluated in vitro using activated platelets and human blood clots [28] and in vivo
using mice with human ovarian adenocarcinoma [27].
Many of the studies mentioned in this review use their
own custom-made MBs without reporting a thorough
characterization of the tMB’s response to ultrasound,
thereby hindering systematic comparison of their performance. Seemingly minor differences in the production method, such as the lipid handling prior to MB
production, already result in significant differences in
ligand distribution (Figure 1) [29].

Ultrasound molecular imaging
UMI can be employed for three main goals (Figure 2a):
studying disease progression, diagnostic imaging, and
monitoring of response to therapy, for example, for cardiovascular disease, inflammation, and cancer. For
studying disease progression, the targets P-selectin,
VCAM-1, VWF, or SDF-1 were used to track the inflammatory response after myocardial infarction in
atherosclerotic mice [30] and swine with acute
myocardial infarction [31]. Dual-P and E-selectin-tMBs
have been established for longitudinal monitoring of
anti-inflammatory treatment in swine with acute ileitis
[32]; however, inflammation could not be detected
when the same tMBs were applied in newly developed
chronic colitis mouse models [33]. As for diagnostic
imaging, P-selectin-tMBs were used to assess thrombotic risk in atrial fibrillation in rats [34], and together
with leukocyte-tMBs and CD4-lymphocyte-tMBs, ventricular fibrosis and remodeling could be predicted in an
autoimmune myocarditis mouse model [35]. Netrin-1tMBs were used to detect netrin-1 positive breast
cancer in mice (Figure 2b, c), a vital diagnostic before
starting netrin-1 interference therapy [16*]. UMI with
B7eH3-tMBs allowed differentiation between metastatic and reactive sentinel lymph nodes in a breast
cancer mouse model [36*], while dual-targeted MBs e
with P-selectin and anb3-integrin as targets e resulted
in significantly higher signal intensity in metastatic
lymph nodes than in benign lymph nodes in swine with
melanoma tumors [37].
UMI is well-suited to monitor the effect of antiangiogenic therapy. The inhibitory effect of sunitinib
and bevacizumab on the expression of VEGFR can be
www.sciencedirect.com
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directly monitored with VEGFR1-or VEGFR2-tMBs.
Commercially available VEGFR2-tMBs, for example,
BR55, were used to track disease progression and therapy response in different models, including a colon
cancer mouse model [38*], a rat mammary tumor model
[39], and a clear-cell renal cell carcinoma (ccRCC)
mouse model [40], with therapeutic effects being
detected by UMI before changes in tumor volume could
be observed, as also demonstrated previously [41].
VEGFR1-and FSHR-tMBs were used to evaluate the
response to sunitinib in a ccRCC mouse model, with a
significant difference in signal between the placebo and
sunitinib-treated groups and between responders and
nonresponders [42]. When antioxidant therapy in mice
with atherosclerosis was assessed by UMI, three types of
tMBs were used, namely P-selectin-targeted, VWFtargeted, or platelet GP1ba-targeted [43]. The reduced
signal intensities found after therapy correlated well
with the therapeutic effects found in the ex vivo plaque
histology.
Before UMI can be translated, the clinical relevance of
each molecular target has to be demonstrated. Biomarkers for high-risk carotid plaques in atherosclerosis,
such as VCAM-1, LOX-1, P-selectin, and VWF, were
identified using ex vivo high-risk and low-risk human
carotid plaques [44]. After the development of clinically
translatable small peptide-bearing tMBs with ligands to
these four targets [45], the VCAM-1-tMB bound best
in vitro using human aortic endothelial grown under flow
[44]. VEGFR1 was validated as a biomarker for vascular
mimicry in an ocular melanoma mouse model, where
vascular networks formed by tumor cells could be
quantitatively monitored with UMI of VEGFR1-tMBs
[46].
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Ultrasound settings and post-processing for UMI is
constantly advancing, like the tMBs used as active
agents. Short-lag spatial coherence (SLSC) beamforming was compared to conventional delay-and-sum
beamforming and proved to be particularly useful for
detecting low concentrations of tMBs [47]. New ways to
distinguish adhered from circulating tMBs without
using a destructive ultrasound pulse e which is the
conventional method e include the use of a 4-layer
convolutional neural network [48] and the use of
normalized singular spectrum area instead of differential
targeted enhancement during postprocessing [49].

Therapy
For enhancing local drug delivery, tMBs can be used in
multiple ways and for a wide variety of therapeutic applications (Figure 3a). The mechanism behind these
therapeutic effects is not fully understood, but multiple
drug delivery pathways have been described, like sonoporation, endocytosis, and cellecell contact opening [6].
Recently, it was reported that in vitro endothelial celle
cell contact opening only occurred upon sonoporation
(Figure 3b) [50]. Furthermore, irreversible calcium
influx into an endothelial cell upon sonoporation could
predict cellecell contact opening in vitro [51].
Targeted MBs show significantly better therapeutic
outcomes than non-tMBs both in vitro [52e55] and
in vivo in mice [55e57] and rats [58e60]. The therapeutic outcome was improved regardless of whether
tumors [52,53,55-57,60*,61] or cardiovascular diseases
[54,58*,59,62-64] were treated, or whether the therapeutic was coadministered [54,57,58*,61] or coupled to
the tMB [52,53,55,56,59,60*,62-65]. For in vivo studies

Figure 1

(a)

(b)

(c)
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Lipid handling prior to MB production affects ligand distribution (a-b) 3D reconstructions of 4Pi confocal microscopy images showing the ligand distribution
(Streptavidin-Oregon Green 488) of MBs coated with DSPC/PEG40-stearate/DSPE-PEG2000/DSPE-PEG2000-biotin (molar ratio 84.8/8.2/5.9/1.1) with
C4F10 gas core, produced by (a) the direct method, that is, lipids directly dispersed in aqueous solution, or (b) the indirect method, that is, lipids first
dissolved in an organic solvent, then dried and dispersed in aqueous solution. The scale bar is 1 mm and applies to both images. (c) Quantification of
ligand distribution showing inhomogeneous parts (%) of direct DSPC (n = 47) and indirect DSPC (n = 46) MBs. Boxplots show the median, interquartile
range and have whiskers from minimum to maximum. Statistical significance was indicated with ***p < 0.001. Reprinted (adapted) with permission from
Langmuir 2020, 36, 12, 3221-3233. https://pubs.acs.org/doi/full/10.1021/acs.langmuir.9b03912 Copyright (2020) American Chemical Society.
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Figure 2

(a)

(b)

(c)

(a) UMI applications in vivo (preclinically) as described in the review (b-c) UMI with netrin-1-tMBs and isotype control tMBs in (b) netrin-1-positive human
subcutaneous SKBR7 breast tumor in nude mice prior to and postblocking with NET1-H-antibody, and (c) weakly netrin-1 expressing human subcutaneous MDA-MB-231 breast tumors in nude mice. Top rows: B-mode ultrasound image; bottom rows: UMI signal; region of interest outlined in green (b-c)
Reprinted (adapted) from Theranostics 2018, 8, 18, 5126-5142. Copyright (2018) Ivyspring International Publisher. SLN, sentinel lymph node.
Current Opinion in Chemical Biology 2021, 63:171–179
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Figure 3

(a)

(b)

(c)

(d)
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(a) Therapeutic applications of tMBs in vivo (preclinically) as described in this review. (b) Endothelial cell before (left) and after (middle and right) 2 MHz
ultrasound treatment (10 cycles, 200 kPa peak negative pressure) in vitro with nuclei stained with Hoechst and cell membrane with CellMask Green. The
tMB induced sonoporation, indicated by the infiltration of Propidium Iodide (red) into the cell, which resulted in cell–cell contact opening indicated with the
white arrowheads. Reprinted (adapted) from Journal of Controlled Release 2020, 322, 426-438. Copyright (2020) Elsevier (c-d) Magnetically responsive
MBs to treat red thrombi in vivo in rats; the four treatment groups consisted of control (sham), ultrasound and control MB (US + C-MB), ultrasound and
magnetically responsive MB (US + M-MB), and ultrasound and magnetically responsive MB in combination with the coadministered fibrinolytic agent r-tPA
(US + M-MB + r-tPA). A magnetic field was applied in all groups, US therapy parameters: frequency of 2 MHz and a mechanical index of 1.9. (c) Ultrasound longitudinal images (top) and Doppler blood flow velocity maps (bottom) of thrombi in vivo pre-treatment and post-treatment. (d) Cross-section
HE staining of the middle of a thrombus after treatment. Reprinted (adapted) from Thrombosis and Haemostasis 2019, 119, 11, 1752-1766. Copyright
(2019) Georg Thieme Verlag KG Stuttgart, New York.

on cardiovascular diseases, the intravenously injected
tMBs were retained with a magnetic field [58*] or
targeted to ICAM-1 [62,65] or P-selectin [59]. For
in vivo studies on tumors, the intravenously injected
tMBs were targeted to VEGFR-2 [57], avb3 [55], CD13
[60*], or DLL4 [56]. The intratumorally injected tMBs
had CD326 as the target [61]. Ultrasound treatment
in vivo varied from single treatment between 1 and
20 min [57e62] up to multiple treatments ranging from
2 to 18 days for 10 s-2 min [55,56,63,64]. Most in vivo
studies applied an ultrasound frequency of 1 MHz
[55,56,58e60,62e64], but some studies used a lower or
higher frequency, namely 0.25 [61] or 4 MHz [57].
Besides this, magnetically responsive tMBs with coadministrated r-tPA were used to increase thrombolytic
effects and enhance cavitation energy near the clot in an
in vivo rat thrombus model (Figure 3c and d) [58*].
Therapeutics can be loaded onto the tMB by incorporating drugs, like 5-fluorouracil and paclitaxel, in the
lipid coating during MB production [52,53], cationic
binding of DNA to the coating [59,65], or linked to the
coating by streptavidin-biotin bridging of antibodies
[56,62,63], liposomes [55,60*], or biotinylated drugs
like Endostar [64]. Ultrasound-mediated destruction of
anti-DLL4-loaded tMBs resulted in proapoptotic effects on gastric tumors in mice [56], and anti-IL-8loaded tMBs stabilized atherosclerotic plaques in an
atherosclerotic rabbit model [63]. Antibodies were also
used to couple MBs to stem cells, using a dual-targeted
MB with a CD90 antibody, binding to the stem cell, and
a ICAM-1 antibody that targets endothelial cells in
atherosclerotic plaques [62]. This so-called ‘Stembell’
reduced inflammation and stabilized plaques in an
in vivo atherosclerotic mouse model. For tMBs with liposomes attached, the ligand is incorporated in the
liposome coating [55,60*]. An example is an MB with a
CD13-targeted liposome containing short hairpin RNA
(shRNA) to open the blood-brain barrier (BBB) and
enhance the delivery of shRNA, which inhibited tumor
growth and prolonged survival in an in vivo glioma rat
model [60*].

Outlook and conclusion
This overview underlines the diverse use and potential of phospholipid-coated tMBs for ultrasound
molecular imaging and therapy and the advantage of
Current Opinion in Chemical Biology 2021, 63:171–179

using tMBs over non-tMBs for therapy. The tMBs
could even be used as theranostics, a combination of
diagnostic imaging and therapy. At the same time,
the complex biological mechanism and tMB-celldrug interaction need further elucidation to maximize the therapeutic efficacy of tMB treatment.
With new UCAs being constantly developed [66],
these could also be tailored toward UMI and therapy. To advance the development of phospholipidcoated tMBs or other UCAs and accelerate their
translation to clinical use, it is imperative that investigators report the method of MB production in
sufficient detail, including not only the different
components with molar ratio but also what solvents
were used since this can have significant effects.
The variety of ligands on the tMB complicates the
path to the clinic because approval is likely needed
for each individual tMB. Consensus on good
manufacturing practice and a gold standard for tMB
production are also needed to facilitate widespread
use of tMBs.
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