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(57) The disclosure relates to a gas-filled microbub-
ble (10), comprising: a shell (11) encapsulating a gas
volume; wherein the shell (11) comprises a gas imper-
meable molecular layer; wherein the shell (11) is func-
tionalized with a plurality of polymerizable molecules,
wherein the polymerizable molecules comprise penta-
cosadienoic acid, PCDA, derivatives, in particular poly-

ethylene glycol PCDA, PCDA-PEG (13-1, 13-2); wherein
the polymerizable molecules are configured to undergo
polymerization when being irradiated with UV radiation
in a determined wavelength range; and wherein the po-
lymerization of the polymerizable molecules changes
physicochemical properties, such as viscoelastic prop-
erties, of the microbubble (10).
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Description

TECHNICAL FIELD

[0001] The present disclosure relates to microbubbles
for biomedical applications, specifically for use as ultra-
sonic contrast agents. In particular, the present disclo-
sure relates to a gas-filled microbubble and to a method
for fabricating such a gas-filled microbubble.

BACKGROUND

[0002] It is known to use gas-filled microbubbles as
ultrasonic contrast agents (UCAs). Such microbubbles
are, for example, functionalized with targeting ligands
that bind to specific receptors in a patient’s body. The
microbubbles provide a distinctive acoustic response,
which can be read out by an ultrasound imaging device.
[0003] For some applications, it would be desirable to
generate detectable changes in the acoustic response
of microbubbles, e.g. to directly monitor a medical pro-
cedure in a patient’s body. In principle, such changes in
the acoustic response of microbubbles can be caused
by a change of size of the microbubbles.
[0004] However, it is ambiguous to use changes in size
as a parameter to study acoustic property changes of
microbubbles, because the stability of the microbubbles
is essential, and the microbubbles are prone to change
in size when the gas diffuses out. Thus, it is desirable to
have microbubbles which can undergo detectable
changes, especially in their acoustic response, and are,
at the same time, stable in size.

SUMMARY

[0005] Thus, it is an objective to provide an improved
gas-filled microbubble, and to provide an improved meth-
od for fabricating a gas-filled microbubble. In particular,
the above-mentioned disadvantages should be avoided.
[0006] The objective is achieved by the embodiments
provided in the enclosed independent claims. Advanta-
geous implementations of the embodiments of the inven-
tion are further defined in the dependent claims.
[0007] According to a first aspect, the present disclo-
sure relates to a gas-filled microbubble, comprising: a
shell encapsulating a gas volume; wherein the shell com-
prises a gas impermeable molecular layer; and wherein
the shell is functionalized with a plurality of polymerizable
molecules, wherein the polymerizable molecules com-
prise pentacosadienoic acid (PCDA) derivatives, in par-
ticular polyethylene glycol PCDA (PCDA-PEG). The po-
lymerizable molecules are configured to undergo polym-
erization when being irradiated with UV radiation in a
determined wavelength range; wherein the polymeriza-
tion of the polymerizable molecules changes physico-
chemical properties, such as viscoelastic properties, of
the microbubble.
[0008] This achieves the advantage that a microbubble

can be provided that is highly stable, radiation sensitive
and biocompatible. In particular, the functionalization of
the microbubble with the plurality of polymerizable mol-
ecules enhances its mechanical stability.
[0009] The microbubble can be used as ultrasonic con-
trast agent (UCA). For instance, the gas-filled microbub-
ble comprises functional groups which allow targeting
specific tissues, e.g. tumor tissue. The functional groups
can comprise targeting ligands.
[0010] The gas-filled microbubble can have a size be-
tween 0.5 and 20 mm, preferably between 1 and 10 mm.
[0011] The gas, which is encapsulated by the shell of
the microbubble, can be perfluorobutane. Alternatively,
the gas can also be air or an air perfluorobutane mixture.
[0012] The determined wavelength range depends on
the polymerizable molecules and is, for instance, be-
tween 200 and 280 nm for the PCDA-PEG.
[0013] The physicochemical properties of the gas-filled
microbubble can be mechanical properties of the micro-
bubble, such as elastic or viscoelastic properties of the
microbubble.
[0014] The change of the physicochemical properties
of the microbubble can be caused by the crosslinking of
the polymerizable molecules upon polymerization. In
particular, the polymerizable molecules are configured
to exhibit a change in their physiochemical and/or vis-
coelastic properties upon irradiation with the UV radia-
tion, e.g. they become rigid after crosslinking. This
change in the physio-chemical/or viscoelastic properties
of the polymerizable molecules causes the changes in
the physicochemical and/or elastic properties of the mi-
crobubble.
[0015] In an embodiment, the microbubble is config-
ured to exhibit a change in its acoustic properties due to
the change of its physicochemical properties caused by
the polymerization of the polymerizable molecules.
[0016] In particular, the change in the acoustic prop-
erties of the microbubble is caused by a change of the
viscoelastic properties of the microbubble upon polym-
erization of the polymerizable molecules. For instance,
the polymerization causes crosslinking of the polymeriz-
able molecules which increases their rigidity, and which,
in turn, changes the acoustic properties of the microbub-
ble (e.g, the resonance frequency of the microbubble).
[0017] The change in the acoustic properties can com-
prise a change in the resonance frequency of the micro-
bubble and/or a change in the attenuation of an ultra-
sound signal by the microbubble. At the same time, the
polymerization of said molecules causes no or only a
minimal change of the size of the microbubble.
[0018] For example, this change in the acoustic prop-
erties of the microbubble can be read out with a suitable
measurement instrument, e.g. a medical imaging tool,
and can be used to generate a 2D or 3D image.
[0019] In an embodiment, the PCDA derivatives com-
prise PEG monosubstituted with PCDA (monoPCDA-
PEG) and PEG disubstituted with PCDA (biPCDA-PEG).
[0020] By functionalizing the shell with both monoPC-
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DA-PEG and biPCDA-PEG, the stability of the microbub-
ble can be further enhanced. In particular, the microbub-
ble is stable in size before and after polymerization.
[0021] In an embodiment, the biPCDA-PEG molecules
provide between 60% and 90%, preferably between 70%
and 80%, more preferably around 75%, of the total PCDA
derivatives.
[0022] In particular, the ratio of biPCDA-PEG mole-
cules to monoPCDA-PEG molecules is between 3:2 and
9:1, preferably between 7:3 and 4:1, more preferably
around 3:1.
[0023] In an embodiment, the gas impermeable mo-
lecular layer is formed from a phospholipid layer. In par-
ticular, the phospholipid layer can be a monolayer, which
is impermeable to the encapsulated gas.
[0024] For example, the microbubble shell can com-
prise 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) and/or 1,2-distearoyl-sn-glycero-3-phosphoeth-
anolamine-N-[maleimide(polyethylene glycol)-2000]
(DSPE-PEG maleimide) molecules. In particular, the gas
impermeable molecular layer is formed from a DSPC lay-
er, which is functionalized with the DSPE-PEG maleimide
molecules.
[0025] The molar ratios of DSPC : DSPE-PEG
maleimide : monoPCDA-PEG : biPCDA-PEG, especial-
ly when forming the microbubble, can be: 26 : 1 : 1.3 :
3.2. However, other composition ratios are possible. For
example, the proportion of each component of the com-
position can be increased or decreased by up to 25%.
[0026] In an embodiment, the gas-filled microbubble
further comprises a plurality of scintillating nanoparticles;
wherein said scintillating nanoparticles are configured to
convert X-ray radiation into UV radiation in the deter-
mined wavelength range.
[0027] This achieves the advantage that the microbub-
bles can be used as UCAs for radiation therapy, in par-
ticular for radiation dose monitoring. For instance, the
microbubbles can translate an imparted radiation dosage
into a modulation of their viscoelastic properties. This
can lead to a detectable change in the acoustic repose
of the microbubbles upon ultrasound interrogation.
Based on said acoustic response after a radiation treat-
ment, a two-dimensional or three-dimensional dose dis-
tribution map can be generated.
[0028] In an embodiment, the scintillating nanoparti-
cles are arranged to irradiate the polymerizable mole-
cules with the UV radiation in the determined wavelength
range, when being irradiated with the X-ray radiation.
[0029] In particular, the scintillating nanoparticles carry
out an in-situ down-conversion of the X-ray radiation into
the UV radiation in the determined wavelength range. In
this way, the polymerization the PCDA-PEG molecules
can be triggered by the X-ray radiation due to the in-situ
down-conversion of said X-ray radiation into UV light in
the suitable wavelength range.
[0030] In an embedment, the scintillating nanoparticles
comprise any one of the following materials: Y2O3, CeF3,
LiLuF4Pr3+, LiLuF4Ce3+, LiYF4Ce3+, or LuPO4Pr3+Nd3+.

[0031] In an embodiment, the scintillating nanoparti-
cles comprise a silicon dioxide, SiO2, coating with func-
tional groups.
[0032] The functional groups can be attached to the
SiO2 surface coating on the nanoparticles. The functional
groups may comprise thiol (SH) and/or OH-groups. Fur-
thermore, the functional groups can comprise amines
and/or carboxyl groups.
[0033] In an embodiment, the scintillating nanoparti-
cles are linked to the shell via linker molecules, in partic-
ular 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[maleimide(polyethylene glycol)-2000], DSPE-PEG
maleimide.
[0034] Alternatively the scintillating nanoparticles can
also be linked to the shell via DSPE-PEG carboxylic acid
or DSPE-PEG TMS.
[0035] According to a second aspect, the present dis-
closure relates to a method for fabricating a gas-filled
microbubble, comprising the steps of:

- forming a shell which encapsulates a gas volume,
wherein the shell comprises a gas impermeable mo-
lecular layer; and

- functionalizing the shell with a plurality of polymer-
izable molecules;

wherein the polymerizable molecules comprise penta-
cosadienoic acid (PCDA) derivatives, in particular poly-
ethylene glycol PCDA (PCDA-PEG); wherein the polym-
erizable molecules are configured to undergo polymeri-
zation when being irradiated with UV radiation in a de-
termined wavelength range; and wherein the polymeri-
zation of the polymerizable molecules changes physic-
ochemical properties, such as viscoelastic properties, of
the microbubble.
[0036] This achieves the advantage that a microbubble
can be provided that is highly stable, radiation sensitive
and biocompatible. In particular, the functionalization of
the microbubble with the plurality of polymerizable mol-
ecules enhances its mechanical stability. This microbub-
ble can be used as ultrasonic contrast agent (UCA).
[0037] In particular, the microbubble is configured to
exhibit a change in its acoustic properties due to the
change of its physicochemical properties, especially its
viscoelastic properties, caused by the polymerization of
the polymerizable molecules.
[0038] In an embodiment, the microbubble, in particu-
lar the shell of the microbubble, is formed by adding a
phospholipid solution and a gas, in particular perfluorob-
utane, to a reaction volume and ultrasonicating the reac-
tion volume at least once.
[0039] In an embodiment, the PCDA derivatives com-
prise PEG monosubstituted with PCDA (monoPCDA-
PEG) and PEG disubstituted with PCDA (biPCDA-PEG).
[0040] In an embodiment, the biPCDA-PEG molecules
provide between 60% and 90%, preferably between 70%
and 80%, more preferably around 75%, of the total PCDA
derivatives.
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[0041] In an embodiment, the gas impermeable mo-
lecular layer is formed from a phospholipid layer.
[0042] In an embodiment, the method comprises the
further step of:

- linking a plurality of scintillating nanoparticles to the
microbubble shell;

wherein said scintillating nanoparticles are configured to
convert X-ray radiation into UV radiation in the deter-
mined wavelength range.
[0043] In an embodiment, the scintillating nanoparti-
cles are linked to the shell via linker molecules, in partic-
ular 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[maleimide(polyethylene glycol)-2000] (DSPE-PEG
maleimide).
[0044] For example, the total shell composition of the
microbubble is DSPC : DSPE-PEG maleimide :
monoPCDA-PEG : biPCDA-PEG with respective molar
ratios of 26 : 1 : 1.3 : 3.2.
[0045] Alternatively the scintillating nanoparticles can
also be linked to the shell via DSPE-PEG carboxylic acid
or DSPE-PEG TMS.
[0046] In an embedment, the scintillating nanoparticles
comprise any one of the following materials: Y2O3, CeF3,
LiLuF4Pr3+, LiLuF4Ce3+, LiYF4Ce3+, or LuPO4Pr3+Nd3+.
[0047] In an embodiment, the scintillating nanoparti-
cles comprise a silicon dioxide, SiO2, coating with func-
tional groups.

BRIEF DESCRIPTION OF THE DRAWINGS

[0048] Embodiments of the invention will be explained
in the followings together with the figures.

Fig. 1 shows a schematic diagram of a gas-filled
microbubble according to an embodiment;

Fig. 2 shows a schematic diagram of a gas-filled
microbubble according to an embodiment;

Fig. 3 shows a schematic diagram of a down-con-
version of X-ray radiation by a scintillating
nanoparticle according to an embodiment;

Figs. 4a-b show measurements of the size-distribu-
tion of gas-filled microbubbles upon polym-
erization according to an embodiment;

Figs. 5a-b show measurements of changes in the op-
tical response of different gas-filled micro-
bubbles upon irradiation with UV and X-ray
radiation according to an embodiment;

Fig. 6 shows schematic diagrams of alternative
microbubble designs according to an em-
bodiment;

Fig. 7 shows steps of a method for fabricating a
gas-filled microbubble according to an em-
bodiment;

Fig. 8 shows an example for fabricating a gas-
filled microbubble according to an embod-
iment; and

Fig. 9 shows a reaction scheme for the syntheses
of monoPCDA-PEG and biPCDA-PEG ac-
cording to an embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

[0049] Fig. 1 shows a schematic diagram of a gas-filled
microbubble 10 according to an embodiment. In partic-
ular, the upper section of Fig. 1 shows a schematic de-
piction of the microbubble 10 and the bottom section of
Fig. 1 shows schematic depictions of its molecular com-
ponents.
[0050] The gas-filled microbubble 10 comprises a shell
11 encapsulating a gas volume, wherein the shell 11
comprises a gas impermeable molecular layer. The shell
11 is functionalized with a plurality of polymerizable mol-
ecules, wherein the polymerizable molecules comprise
pentacosadienoic acid (PCDA) derivatives, in particular
polyethylene glycol PCDA (PCDA-PEG) 13-1, 13-2. The
polymerizable molecules are configured to undergo po-
lymerization when being irradiated with UV radiation in
a determined wavelength range, wherein the polymeri-
zation of the polymerizable molecules changes physic-
ochemical properties of the gas-filled microbubble 10.
The physiochemical properties of the microbubble can
be mechanical properties of the microbubble, such as
viscoelastic properties of the microbubble.
[0051] In particular, the change of the viscoelastic
properties of the microbubble 10 due to the polymeriza-
tion of the polymerizable molecules in turn changes
acoustic properties of the microbubble 10. By changing
acoustic properties of the microbubble 10, an acoustic
response of the microbubble 10 is changed. For example,
this change in the acoustic response of the microbubble
10 can be read out with a suitable measurement instru-
ment, e.g. an ultrasound imaging tool, and can be used
to generate a two-dimensional or three-dimensional im-
age.
[0052] The microbubble 10 can be used as ultrasonic
contrast agent (UCA). For instance, the gas-filled micro-
bubble 10 comprise functional groups, e.g. targeting lig-
ands, which allow targeting specific tissues, such as tu-
mor tissue.
[0053] In particular, the use of PCDA derivatives, such
as 10,12-pentacosadienoic acid, for the polymerizable
molecules makes the microbubbles very stable and, at
the same time, sensitive to crosslinking by UV irradiation.
A change in size of the microbubble 10 after polymeriza-
tion is thereby mostly prevented.
[0054] The PCDA derivatives can comprise monoPC-
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DA-PEG 13-1 and biPCDA-PEG 13-2. In particular, the
biPCDA-PEG molecules 13-2 provide between 60% and
90%, preferably between 70% and 80%, more preferably
around 75%, of the total PCDA derivatives. By function-
alizing the shell with both monoPCDA-PEG 13-1 and bi-
PCDA-PEG 13-2, the stability of the microbubble 10 can
be further enhanced. In particular, the microbubble 10 is
stable in size before and after polymerization.
[0055] The gas impermeable molecular layer of the
shell 11 can be formed from a phospholipid layer. For
example, the gas impermeable molecular layer can be
formed from 1,2-distearoyl-sn-glycero-3-phospho-
choline (DSPC) 11-1, and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[maleimide(polyethylene gly-
col)-2000]) (DSPE-PEG maleimide) 11-2. The shell can
further be functionalized with PCDA or PCDA derivatives.
In particular, the maleimide groups are introduced into
the microbubble 10 formulation in order to be a platform
for a conjugation with targeting ligands and/or other func-
tional groups or sensitizing agents, e.g. scintillating na-
noparticles (see Fig. 2 below).
[0056] The molar ratios of DSPC : DSPE-PEG
maleimide : monoPCDA-PEG : biPCDA-PEG, especial-
ly when forming the microbubble, can be: 26 : 1 : 1.3 :
3.2. However, other composition ratios are possible. For
example, the proportion of each component of the com-
position can be increased or decreased by up to 25%.
[0057] The gas, which is encapsulated by the shell 11
of the microbubble 10, can be perfluorobutane.
[0058] Fig. 2 shows a schematic diagram of the gas-
filled microbubble 10 according to an embodiment.
[0059] The gas-filled microbubble in Fig. 2 further com-
prises a plurality of scintillating nanoparticles 15. The
scintillating nanoparticles 15 are configured to convert
X-ray radiation into UV radiation in the determined wave-
length range.
[0060] The scintillating nanoparticles 15 can be linked
to the shell 11 of the gas-filled microbubble 10 via the
DSPE-PEG maleimides 11-2. Alternatively, also DSPE-
PEG carboxylic acid and/or DSPE-PEG TMS can be
used as linker molecules for the nanoparticles 15.
[0061] The enlarged view of one of the scintillating na-
noparticles 15 in Fig. 2 shows that the nanoparticles 15
comprise a core that is surrounded by a SiO2 coating.
[0062] The core of the scintillating nanoparticles 15 can
be formed from any one of the following materials: Y2O3,
CeF3, LiLuF4Pr3+, LiLuF4Ce3+, LiYF4Ce3+, or
LuPO4Pr3+Nd3+.
[0063] The SiO2 coating of the nanoparticles 15 can
comprise a plurality of functional groups, in particular a
mixture of thiol (SH) and OH-groups.
[0064] Fig. 3 shows a schematic diagram of a down-
conversion of X-ray radiation into UV radiation in the de-
termined wavelength range by one of the scintillating na-
noparticles 15 according to an embodiment.
[0065] In particular, the scintillating nanoparticles 15
are arranged to irradiate the polymerizable molecules of
the microbubble 10 with the UV radiation after said down-

conversion, which in-turn induces the polymerization, i.e.
crosslinking, of the polymerizable molecules and, thus,
may change their acoustic properties.
[0066] In other words: the scintillating nanoparticles
(ScNPs) 15 can down-convert X-ray radiation into UV
radiation, i.e. they can absorb X-ray radiation and re-emit
UV radiation. The scintillating nanoparticles 15 are pref-
erably arranged at the vicinity of the polymerizable
groups and generate UV radiation in the determined
wavelength range for polymerization, e.g. 200-280 nm.
This is also advantageous because the UV irradiation
necessary for inducing the polymerization generally can-
not spread within a body, but the X-ray radiation can.
[0067] Thus, by functionalizing the gas-filled microbub-
ble 10 with the scintillating nanoparticles 15, the micro-
bubble 10 can be used as radiation sensitive ultrasound
contrast agent that changes its acoustic response upon
irradiation with X-ray radiation. The scintillating nanopar-
ticles 15 thereby act as sensitizing agents.
[0068] A plurality of such microbubbles 10 can be used
as UCAs in a non-invasive in-situ dosimetry system for
radiation therapy with the potential of in vivo radiation
dose assessment. The microbubbles 10 can be used as
dose-sensitive and targeted devices that, for instance,
gather in and around tumor tissue and translate an im-
parted radiation dosage into a modulation of their acous-
tic response, which can be read out by ultrasound inter-
rogation.
[0069] For example, ultrasound read-out technology,
e.g. ultrasound imaging and advanced signal processing
algorithms, can be used to monitor a radiation dose de-
livered at a site of interest, e.g. in and around the tumor,
by extracting a change in acoustic signature of the UCAs
from backscatter data and translate this information into
a two-dimensional or three-dimensional dose distribution
map (depending on the level of targeting specificity).
[0070] Due to the use of PCDA-PEG as polymerizable
molecules and, particularly, due to the specific ratio of
biPCDA-PEG to monoPCDA-PEG, only certain physic-
ochemical properties (such as rigidity, viscoelastic prop-
erties) of the microbubble 10 changes upon X-ray irradi-
ation, while the size of the microbubble 10 stays stable
before and after irradiation. This size-stability is important
because the echogenic properties are sensitive to size
variation.
[0071] Thus, a hybrid microbubble concept can be pro-
vided, where a microbubble shell property can be
changed after irradiation by clinical beams. Thereby, a
mechanism for the acoustic property change can be elu-
cidated. The design of the microbubble 10 can include a
specific composition of the microbubble shell 11 that
comprises a combination of functional molecules/sensi-
tizing agents and a specific design.
[0072] Such gas-filled microbubbles 10 with or without
the scintillating nanoparticles 15 may also be used for a
plurality of different applications, such as in vivo dosim-
etry, medical imaging, particularly for advanced acous-
tics read-outs. The gas-filled microbubbles 10 could fur-
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ther be used as theranostic agents, i.e. for therapy and
diagnostics. As ultrasound readouts are a commonly
used medical imaging tool in the hospitals, the UCAs
could be used to directly image diseased tissues during
a treatment of said tissue. For example, UV irradiation
of cancer cells could be monitored directly via the micro-
bubble UCAs. Alternatively, the down-conversion of X-
ray to UV using scintillating nanoparticles 15 at a dis-
eased tissue could be used to damage affected tissues
locally. This can lead to the synergistic effect that the X-
ray dose can be reduced which might improve patient
compliance. On the other hand, the cost of the therapy
could be reduced. Additionally, UV cleavable drug con-
jugates, which could be attached to the microbubble 10
or the nanoparticles 15, could be used to deliver different
types of drugs at an affected site.
[0073] Figs. 4a-b show measurements of the size-dis-
tributions of gas-filled microbubbles 10 upon polymeri-
zation according to an embodiment.
[0074] Fig. 4a shows a microscopic image (top) of a
microbubble solution and a histogram of the size distri-
bution of 500 microbubbles (bottom) in the solution, be-
fore a polymerization of the microbubbles. The micro-
bubbles comprise a monoPCDA-PEG:biPCDA-PEG ra-
tio of 25:75.
[0075] Fig. 4b shows a microscopic image and a size
distribution of the same microbubble solution after po-
lymerization via UV irradiation at 254 nm for 5 min.
[0076] The comparison between the microscope im-
ages and histogram data in Figs. 4a and 4b shows that
the microbubbles exhibit only a small change upon po-
lymerization. The observed average change in size of
the microbubbles from 2.7 mm to 3.1 mm is within the
measurement error and, thus, neglectable.
[0077] Microbubbles with different ratios of monoPC-
DA-PEG:biPCDA-PEG; e.g. 50:50, exhibit much larger
changes in size, while the change in size with microbub-
bles which only comprise biPCDA-PEG is the largest.
[0078] The high stability of gas-filled microbubbles with
a monoPCDA-PEG:biPCDA-PEG ratio of 25:75 can also
be shown by other measurements,
[0079] In addition, the scintillating nanoparticles 15
may further improve the stability of the microbubbles.
This can be attributed to the nanoparticles 15 attached
to the surface of the microbubble 10 acting as an addi-
tional barrier for gas diffusion. In particular, it can be
shown that microbubbles with nanoparticles are more
stable than microbubbles without the nanoparticles be-
fore and after irradiation.
[0080] Figs. 5a-b show measurements of changes in
the optical response of different gas-filled microbubbles
10 upon irradiation with UV and X-ray radiation according
to an embodiment.
[0081] In particular, Figs. 5a and 5b show UV-Vis spec-
tra of solutions of microbubbles 10 with and without scin-
tillating nanoparticles 15. The recorded spectra in Fig.
5a and 5b are shifted on the y-axis for better comparison.
[0082] The microbubbles 10 used for these optical

characterization measurements comprise DSPC, DSPE-
PEG maleimide, as well as mono & biPCDA-PEG.
[0083] Fig. 5a shows UV-Vis spectra of both microbub-
bles solutions prior to a UV irradiation (dashed lines) and
after a UV irradiation (bold lines). The UV irradiation was
carried out at the determined wavelength range for po-
lymerization of the polymerizable molecules. As can be
seen, the UV-vis spectra of the microbubbles without
scintillating nanoparticles 15 (Pure MBs) and the micro-
bubbles with scintillating nanoparticles (NPs loaded
MBs) essentially exhibit the same change after UV irra-
diation. Both spectra develop a peak at ca. 650 nm after
irradiation (marked by an arrow).
[0084] Fig. 5b shows UV-Vis spectra of both microbub-
bles solutions prior to an X-ray irradiation (dashed lines)
and after an X-ray irradiation (bold lines). The compari-
son of the two spectra after the X-ray irradiation shows
that only the microbubbles 10 loaded with nanoparticles
15 exhibit a strong change in the spectrum and develop
the peak at 650 nm. Essentially no change in the spectra
after X-ray irradiation occurs for microbubbles 10 without
nanoparticles 15.
[0085] These results show that the scintillating nano-
particles 15 are capable to down convert X-ray radiation
into UV radiation to cause a polymerization of the polym-
erizable molecules of microbubbles 10. Thus, these gas-
filled microbubbles 10 are suitable for use as radiation
sensitive UCAs.
[0086] Furthermore, it was observed that the acoustic
attenuation of microbubbles 10 with scintillating nano-
particles 15 changes upon irradiation by clinical mega-
voltage beams, whereas the microbubble without the na-
noparticles did not show characteristic changes in acous-
tic attenuations.
[0087] The polymerization of microbubbles with the
scintillating nanoparticles 15 can also be observed by a
peak in the optical spectra and a visual color change of
a microbubble solution after X-ray irradiation, while the
microbubbles without scintillating nanoparticles 15 show
no such visible response.
[0088] For example, a solution of microbubbles based
on DSPC/DSPE-PEG maleimide/mono&biPCDA-PEG
loaded with scintillating nanoparticles 15 with a SiO2
coating (ScNPs@SiO2) has a whitish or grayish color
prior to X-ray irradiation. After X-ray irradiation, the so-
lution takes on a blueish color.
Fig. 6 shows schematic diagrams of alternative gas-filled
microbubble 10 designs according to an embodiment.
[0089] In particular, Fig. 6 shows a microbubble 10
formed from DSPC, DSPE-PEG maleimide and penta-
cosadienoic acid (PCDA) (left), a microbubble 10 formed
from DSPC, DSPE-PEG maleimide and monoPCDA-
PEG (middle) and a microbubble 10 formed from DSPC,
DSPE-PEG maleimide and biPCDA-PEG (right).
[0090] However, these microbubble 10 designs are
less stable in size than the microbubbles 10 shown in
Figs. 1 and 2 that comprise a mixture of biPCDA-PEG
and monoPCDA-PEG, preferably at a ratio of roughly 3:1.
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[0091] Fig. 7 steps of a method 70 for fabricating the
gas-filled microbubble 10 according to an embodiment.
In particular, the method 70 can be used to fabricate a
plurality of gas-filled microbubbles 10 at the same time,
e.g. a solution containing a plurality of gas-filled micro-
bubbles 10.
[0092] The method comprises 70:

- forming 71 the shell 11 which encapsulates a gas
volume, wherein the shell 11 comprises a gas im-
permeable molecular layer; and

- functionalizing 72 the shell 11 with a plurality of po-
lymerizable molecules.

[0093] Thereby, the polymerizable molecules com-
prise PCDA derivatives, in particular PCDA-PEG 13-1,
13-2. The polymerizable molecules are configured to un-
dergo polymerization when being irradiated with UV ra-
diation in the determined wavelength range, wherein the
polymerization of the polymerizable molecules changes
physicochemical properties, such as viscoelastic prop-
erties, of the gas-filled microbubble 10.
[0094] The change in the physicochemical and/or vis-
coelastic properties upon polymerization of the polymer-
izable molecules may cause a change in the acoustic
properties of the microbubble 10.
[0095] The method 70 can comprise the further step of:

- linking 73 a plurality of scintillating nanoparticles 15
to the shell 11, wherein the scintillating nanoparticles
15 are configured to convert X-ray radiation into UV
radiation in the determined wavelength range.

In this way, gas-filled microbubbles can be generated
that can change their physicochemical properties and,
particularly, their acoustic properties upon X-ray irradia-
tion.
[0096] The PCDA derivatives can comprise of
monoPCDA-PEG and biPCDA-PEG.
[0097] The scintillating nanoparticles 15 can be linked
to the shell via linker molecules, such as DSPE-PEG
maleimide.
[0098] Fig. 8 shows an example for fabricating gas-
filled microbubbles 10 according to an embodiment. In
particular, Fig. 8 shows an example of how the method
steps 71 and 72 of the method 70 shown in Fig. 7 can
be carried out.
[0099] The method shown in Fig. 8 can be used to proc-
ess a gas-filled microbubble 10 with a shell 11 that is
functionalized with monoPCDA-PEG 13-1 and biPCDA-
PEG 13-2 at a fixed ratio. The method comprises dis-
solving DSPC 11-1, biPCDA-PEG 13-2, monoPCDA-
PEG 13-1 and DSPE-PEG maleimide 11-2 in, for in-
stance, in chloroform, followed by drying until the ingre-
dients form a film. After chloroform removal, a phosphate-
buffered saline (PBS) solution is added.
[0100] In a subsequent step, the phospholipid solution
is fluxed by perfluorobutane (PFB) (Fig. 8, left). Subse-

quently, an inverse ultrasonication is used to create emul-
sion droplets of the lipid solution (Fig. 8, middle). The
microbubbles (MBs) can be formed using an ultrasoni-
cation horn (Fig. 8, right).
[0101] In particular, during the inverse respectively in-
direct ultrasonication (Fig. 8, middle), the vial with the
phospholipid solution can be placed in a small cup with
water and energy is provided from outside of the vial. In
case of the ultrasonication with a horn/tip (Fig. 8, right),
the tip can be placed in the phospholipid solution directly.
With the inverse ultrasonication, only perfluorobutane
(PFB) gas is present inside the closed vial. In contrast,
when using the ultrasonication horn respectively tip, the
sample is exposed to air. By first generating larger mi-
crobubbles 10 via indirect ultrasonication, it can be avoid-
ed that air is enclosed in the microbubbles 10 to a large
extent
[0102] The fabricated microbubbles 10 can be subse-
quently loaded with the scintillating nanoparticles 15. The
nanoparticles 15 can be added into a microbubble solu-
tion of, e.g., via a syringe. Any excess nanoparticles 15
can be removed, e.g. by a gravimetric analysis, and the
loading content of the nanoparticles 15 on the microbub-
bles 10 can be calculated.
[0103] Fig. 9 shows a reaction scheme for the synthe-
ses of monoPCDA-PEG 13-1 and biPCDA-PEG 13-2 ac-
cording to an embodiment.

Claims

1. A gas-filled microbubble (10), comprising:

a shell (11) encapsulating a gas volume;
wherein the shell (11) comprises a gas imper-
meable molecular layer;
wherein the shell (11) is functionalized with a
plurality of polymerizable molecules,
wherein the polymerizable molecules comprise
pentacosadienoic acid, PCDA, derivatives, in
particular polyethylene glycol PCDA, PCDA-
PEG (13-1, 13-2);
wherein the polymerizable molecules are con-
figured to undergo polymerization when being
irradiated with UV radiation in a determined
wavelength range; and
wherein the polymerization of the polymerizable
molecules changes physicochemical proper-
ties, such as viscoelastic properties, of the mi-
crobubble (10).

2. The gas-filled microbubble (10) of claim 1,
wherein the microbubble (10) is configured to exhibit
a change in its acoustic properties due to the change
of its physicochemical properties caused by the po-
lymerization of the polymerizable molecules.

3. The gas-filled microbubble (10) of claims 1 or 2,
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wherein the PCDA derivatives comprise PEG mon-
osubstituted with PCDA, monoPCDA-PEG (13-1),
and PEG disubstituted with PCDA, biPCDA-PEG
(13-2).

4. The gas-filled microbubble (10) of claim 3,
wherein biPCDA-PEG molecules provide between
60% and 90%, preferably between 70% and 80%,
more preferably around 75%, of the total PCDA de-
rivatives.

5. The gas-filled microbubble (10) of any one of the
preceding claims,
wherein the gas impermeable molecular layer is
formed from a phospholipid layer.

6. The gas-filled microbubble (10) of any one of the
preceding claims, further comprising:

a plurality of scintillating nanoparticles (15);
wherein said scintillating nanoparticles (15) are
configured to convert X-ray radiation into UV ra-
diation in the determined wavelength range.

7. The gas-filled microbubble (10) of claim 6,
wherein the scintillating nanoparticles (15) are ar-
ranged to irradiate the polymerizable molecules with
the UV radiation in the determined wavelength
range, when being irradiated with the X-ray radiation.

8. The gas-filled microbubble (10) of claim 6 or 7,
wherein the scintillating nanoparticles (15) comprise
any one of the following materials: Y2O3, CeF3,
LiLuF4Pr3+, LiLuF4Ce3+, LiYF4Ce3+, or
LuPO4Pr3+Nd3+.

9. The gas-filled microbubble (10) of any one of claims
6 to 8,
wherein the scintillating nanoparticles comprise a sil-
icon dioxide, SiO2, coating with functional groups.

10. The gas-filled microbubble (10) of any one of claims
6 to 9,
wherein the scintillating nanoparticles (15) are linked
to the shell (11) via linker molecules, in particular
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[maleimide(polyethylene glycol)-2000], DSPE-
PEG maleimide (11-2).

11. A method (70) for fabricating a gas-filled microbubble
(10), comprising the steps of:

- forming (71) a shell (11) which encapsulates a
gas volume, wherein the shell (11) comprises a
gas impermeable molecular layer; and
- functionalizing (72) the shell (11) with a plurality
of polymerizable molecules; wherein the polym-
erizable molecules comprise pentacosadienoic

acid, PCDA, derivatives, in particular polyethyl-
ene glycol PCDA, PCDA-PEG (13-1, 13-2);
wherein the polymerizable molecules are con-
figured to undergo polymerization when being
irradiated with UV radiation in a determined
wavelength range; and wherein the polymeriza-
tion of the polymerizable molecules changes
physicochemical properties, such as viscoelas-
tic properties, of the microbubble (10).

12. The method (70) of claim 11,
wherein the microbubble (10), in particular the shell
(11) of the microbubble (10), is formed by adding a
phospholipid solution and a gas, in particular per-
fluorobutane, to a reaction volume and ultrasonicat-
ing the reaction volume at least once.

13. The method (70) of claim 11 or 12,
wherein the PCDA derivatives comprise PEG mon-
osubstituted with PCDA, monoPCDA-PEG (13-1),
and PEG disubstituted with PCDA, biPCDA-PEG
(13-2).

14. The method (70) of any one of claims 11 to 13, further
comprising the step:

- linking (73) a plurality of scintillating nanopar-
ticles (15) to the microbubble (10) shell (11);

wherein said scintillating nanoparticles (15) are con-
figured to convert X-ray radiation into UV radiation
in the determined wavelength range.

15. The method (70) of claim 14,
wherein the scintillating nanoparticles (15) are linked
to the shell (11) via linker molecules, in particular
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[maleimide(polyethylene glycol)-2000], DSPE-
PEG maleimide (11-2).
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