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Abstract
Bimodal imaging offers additional imaging signal thus finds wide spread application in clinical
diagnostic imaging. Fluorescence/ultrasound bimodal imaging contrast agent using fluorescent
dyes or quantum dots for fluorescence signal has emerged as a promising method, which
however requires visible light or UV irradiation resulting in photobleaching, photoblinking,
auto-fluorescence and limited tissue penetration depth. To surmount these problems, we
developed a novel bimodal contrast agent using layer-by-layer assembly of upconversion
nanoparticles onto the surface of microbubbles. The resulting microbubbles with average size of
2 μm provide enhanced ultrasound echo for ultrasound imaging and upconversion emission upon
near infrared irradiation for fluorescence imaging. The developed bimodal contrast agent holds
great potential to be applied in ultrasound target technique for targeted diseases diagnostics and
therapy.

Keywords: ultrasound, microbubbles, bimodal contrast agent, upconversion, layer-by-layer self-
assembly

(Some figures may appear in colour only in the online journal)

1. Introduction

Ultrasound imaging has been widely applied in clinics due to
several advantages associated with low-cost [1], convenience
[2], safety to the body [3] and real-time imaging in deep tissue
[4]. However, ultrasound imaging suffers from low contrast
as compared to other imaging techniques such as x-ray
tomography, computed tomography (CT) and magnetic
resonance imaging (MRI) [5]. To address this issue, various
ultrasound contrast agents are employed to enhance imaging
contrast, among which microbubbles (MBs) have received
intensive study since MBs with diameter ranging between

1∼ 10 μm (similar to erythrocytes) can be injected in the vein
and pass through the circulatory system [6–9]. MBs could
significantly enhance backscatter acoustic signal due to the
resonance induced by the different acoustic impedance
between the MBs and the tissues [10, 11]. However, ultra-
sound imaging as single-mode imaging can only provide a
single imaging signal. To address this, surface functionali-
zation of MBs has been performed to achieve bimodal or
multi-modal imaging for improved accuracy of clinical
assessment of diseases, for example, after conjugation with an
antibody, the MBs are capable of targeted molecular imaging
[12, 13]. Additionally, a bimodal contrast agent that combines
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MRI and ultrasound imaging signals has been demonstrated
in superparamagnetic nanoparticles and MBs composite sys-
tem [14, 15]. Fluorescence-particle-modified MBs have also
been reported as another promising bimodal contrast
agent [16, 17].

Various fluorescence materials including fluorescence
dyes and quantum dots (QDs) have been combined with MBs
to achieve fluorescence/ultrasound bimodal imaging [16, 18].
Although fluorescence dyes have the advantages of low cost,
good biocompatibility, and easy preparation [19], their
applications have been limited by low photostability, auto-
fluorescence, and easy quenching [20]. In comparison, QDs
have been widely applied for fluorescence/ultrasound bimodal
imaging due to their excellent optical performance (e.g., no
photobleaching, high photostability, tunable emission band)
[16, 17, 21]. However, cadmium from QDs involves the issue
of significant cytotoxicity [22] and the required UV excitation
involves the potential issue of tissue damage, auto-fluores-
cence, and limited tissue penetration [23]. Therefore, there is
still an unmet need for development of fluorescence/ultra-
sound bimodal imaging probes that avoid the associated
limitations.

Lanthanide (Ln)-doped upconversion nanoparticles
(UCNPs) exhibit the unique fluorescence property of con-
verting excitation to visible emission [23]. Compared with
fluorescence dyes and QDs, UCNPs offer several advantages
such as non-photobleaching, non-photoblinking [24], and low
cytotoxicity to a broad range of cell lines [23]. In addition,
NIR excitation produces negligible photo-damage to biolo-
gical specimens (e.g., RNA, DNA) [25], high signal to noise
ratio [20], and deep tissue penetration capacity [26]. The
combination of UCNPs with MBs will produce advanced
fluorescence/ultrasound bimodal contrast agent for bioima-
ging. However, this has not been explored yet.

In this study, we developed a novel approach to prepare a
fluorescence/ultrasound contrast agent for bimodal imaging
by embedding UCNPs onto the surface of MBs using a layer-
by-layer (LbL) assembly technique. Besides providing an
additional upconversion fluorescence signal, embedding of
UCNPs onto the MBs surface also enhanced the ultrasound
echo of the MB itself. With this study, we greatly increase the
availability of fluorescence/ultrasound imaging in biological
applications.

2. Results and discussion

2.1. Materials

YCl3 · 6H2O, YbCl3 · 6H2O, ErCl3 · 6H2O, GdCl3 · 6H2O,
NH4F, Sorbitan monostearate (Span 60, M.W. 431), and
polyoxyethy-lene sorbitan monooleate (Tween 80, M.W.
1307) were purchased from Sigma Aldrich. 1-Octacene (90%)
sodium and oleic acid (90%) were obtained from Alfa Aesar.
Methanol, chloroform, ethanol, and NaOH were obtained
from Tianjinzhiyuan Chemical Reagen Co., Ltd Poly(allyla-
mine hydrochloride) (PAH, M.W. ∼56000) and poly(acrylic
acid) (PAA, Mw= 800–1000) were obtained from

Tianjinyongsheng Chemical Reagen Co., Ltd SF6 gas was
obtained from Liming Research Institute of Chemical Indus-
try. Phosphate buffer saline (PBS, pH= 7.4) was prepared by
8.010 g NaCl, 0.194 g KCl, 2.290 g Na2HPO4 · 12H2O, and
0.191 g KH2PO4 in 1 L water. All reagents were of analytical
grade and were used without any purification.

2.2. Synthesis of NaYF4:Yb/Er UCNPs

The synthesis of UCNPs was carried out by a thermal
decomposition procedure according to reported protocol
[27, 28]. In a typical synthesis of 30 nm sized β-NaYF4:Er/
Yb, YCl3 · 6H2O (242.69 mg, 0.8 mmol), YbCl3 · 6H2O
(69.75 mg, 0.18 mmol), and ErCl3 · 6H2O (7.64 mg,
0.02 mmol) were dissolved in 2 mL deionized water and were
then added to a 100 mL flask containing 7.5 mL oleic acid and
15 mL 1-octadecene. The solution was stirred at room tem-
perature for 0.5 h. Afterwards, the mixture was slowly heated
to 120 °C and then kept for 1 h at 156 °C to get rid of water
under argon atmosphere. The system was then cooled down
to room temperature. 10 mL methanol solution of NH4F
(148.15 mg, 4 mmol) and NaOH (100 mg, 2.5 mmol) were
added and the solution was stirred at room temperature for
2 h. After methanol evaporation, the solution was heated to
280 °C and maintained for 1.5 h, then cooled down to room
temperature. The resulting product was washed with ethanol
and cyclohexane three times and was finally re-dispersed in
10 mL cyclohexane.

2.3. Surface modification by PAA

A ligand exchange process was performed using PAA as a
multidentate ligand that displaces the original hydrophobic
ligands on the UCNPs surface by mixing 14.5 μL PAA, 1 mL
ethanol, and 1 mL of UCNPs dispersed in chloroform
(∼15 mgmL−1) with overnight stirring. The solution was then
centrifuged at 10 000 rpm for 10 min. After being washed
three times with ethanol and deionized water, the particles
were re-dispersed in 5 mL deionized water.

2.4. Preparation of ST68 MBs

ST68 MBs were prepared according to reported protocol [29].
Briefly, 1.48 g Span 60 and 1.5 g NaCl were mixed in 50 mL
PBS. 1 mL Tween 80 was added to the solution and was
stirred at 40 °C until the solution was well mixed. Then the
mixture was sonicated continuously by a 12 mm diameter
titanium alloy horn (Sonicator VCX-750) with 75% max-
imum output amplitude setting under the atmosphere of SF6
gas for 3 min The resulting suspension was allowed to stand
for about 3 h to separate into three layers. The middle layer
was collected and washed three times by PBS. The obtained
MBs were 1:1 (v:v) suspended in PBS, protected by SF6 gas,
sealed, and stored at 4 °C.

2.5. Modification of ST68 MBs with UCNPs

PAH solution was prepared with a concentration of
1.0 mg mL−1 containing 0.5 mol L−1 NaCl. The 5 mL PAH
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solution was added to the separating funnel, which contained
3 mL ST68 suspension. The suspension was then slightly
shaken for 15 min to make sure the PAH sufficiently
adsorpted to surface of MBs. MBs were allowed to float to the
top layer of the suspension, leaving the excessive polyelec-
trolytes in the bottom layer that was then discarded. The MBs
were then re-suspended and washed by PBS three times.
Thereafter, 5 mL 20-time-diluted PAA-UCNPs solution was
added and the excessive PAA-UCNPs were discarded using
the similar mix-stand-wash steps. The produced
UCNP@ST68 MBs were 1:1 (v:v) suspended in PBS, pro-
tected by SF6 gas, sealed, and stored at 4 °C.

2.6. Material characterizations

The morphology of ST68 MBs was imaged by optical
microscope (Olympus IX2-UCB). The size distribution was
analyzed by Image J software. The concentration of the MBs
was calculated by a hemocytometer. A fluorescence spectro-
photometer (Quanta Master TM40) was used to access the
fluorescence spectrum of UCNPs. The excitation wavelength
of 980 nm was provided by a laser diode with power density
of 250 mW 980 nm (RGB Lasersystems). A FT-IR (Thermo
IS50) was used to prove successful coating of PAA on
UCNPs. The conjugation of UCNPs and MBs was confirmed
by a fluorescence microscope by both fluorescence mode and
bright-field mode (Olympus IX2-UCB).

2.7. In vitro ultrasound imaging

The in vitro ultrasound imaging capability of the MBs before
and after UCNPs coating was evaluated using a latex tube
simulating the blood vessel phantom immersed in a water
tank. An ultrasound probe was positioned closely to the tube.
Ultrasound imaging was taken by ultrasound system (Mind-
ray DC-6). The ultrasound frequency was fixed at 5 MHz and
the acoustic pressure was estimated to be around 300 kPA.
The ultrasound imaging was obtained by adjusting gain value
to be 55%.

3. Results and discussion

To combine UCNPs onto the surface of MBs, we developed a
LbL assembly approach (figure 1). The bimodal MBs were
prepared by the assembly of ST68 MBs in an aqueous solu-
tion with stepwise LbL assembly of PAH and PAA-UCNPs
onto the surface of the MBs. First, SF6-filled MBs were
generated by mixing Span 60 and Tween 80 in PBS, followed
by sonicating according to the reported procedure [29]. The
suspension was allowed to separate into three layers, and the
middle layer was collected since this layer is mostly popu-
lated by MBs with appropriate size ranging between 1 and
10 μm (larger bubbles were mostly in the top layer and
smaller bubbles and excessive surfactant were in the bottom

Figure 1. Schematic of loading UCNPs to MBs by LbL assembly method. Step 1: the ligand exchange method is used for PAA coating
UCNPs, the obtained PAA-UCNPs are negatively charged. Step 2: the positively charged PAH are electrostatically assembled onto MBs with
negative charge surface. Step 3: UCNPs are electrostatically assembled onto the surface modification MBs.
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layer). The prepared MBs were negatively charged [17].
Then, the LbL assembly was processed by alternatively
depositing positive-charged PAH and negative-charged PAA-
UCNPs. The products were washed by PBS three times after
assembly of each layer.

The NaYF4:Yb/Er nanoparticles used in this study were
synthesized using a thermal decomposition route in the pre-
sence oleic acid. The mean diameter of the synthesized
nanoparticles is ∼35 nm (figure 2(a)). The XRD pattern of the
product (figure 2(b)) shows that all the diffraction peaks can
be ascribed to the hexagonal structure of NaYF4 (JCPDS no.
16-0334). The PAA functionalized UCNPs were further
verified by FT-IR spectroscopy (figure 2(c)). We observed a
broad band at approximately 3372 cm−1, which corresponds
to the O-H stretching vibration. The transmission bands at
2946 and 2869 cm−1 can be respectively assigned to the
asymmetric and symmetric stretching vibrations of the
methylene (-CH2-) in the long alkyl chain. We also observed
two strong bands centered at 1554 and 1461 cm−1, which
could be associated with the asymmetric and symmetric
stretching vibrations of carboxylate anions on the surface of
the UCNPs before the ligand exchange.

To prepare MBs, sonication is applied for surfactant film
formation. However, the resulting diameter of the bubbles
ranges between hundreds of microns and nanometers [30].
One of the essential features of MBs for clinical applications
is the size. MBs with size exceeding 10 μm are not able to
access the pulmonary capillaries and do great harm to the
body [31, 32]. Smaller-sized MBs (nanometer size) are able to
penetrate through blood capillary for imaging, but suffer from
relatively weak ability to enhance contrast [33, 34]. Experi-
mental evidence shows that the most appropriate MB size is
between 1–10 μm [35, 36]. To obtain the appropriate MB

size, we collected the middle layer after standing. The col-
lected sample was subjected to optical microscope observa-
tion (figure 3(a)). The size distribution is shown in figure 3(b).
The estimated average size of the MBs is 2.36 ± 1.15 μm.
Since the size of MBs is similar to erythrocytes, the con-
centration of the MBs can therefore be analyzed using a
hemocytometer. The obtained concentration is 7 × 108 bub-
bles/mL.

To prove the successful assembly of UCNPs onto the
surface of MBs, we checked the morphology of
UCNP@ST68 in both bright-field mode (figure 3(c)) and
fluorescence mode (figure 3(d)) under an optical microscope.
Under bright-field mode, all the MBs maintain their spherical
structure (figure 3(c)). From the same microscopic field in
fluorescence mode under an external 980 nm laser excitation,
the green fluorescence could be seen on the surface of every
individual MB (figure 3(d)). This indicates that UCNPs could
successfully deposit on the surface of MBs via LbL assembly
technology. Some of the UCNP@ST68 MBs do not show an
intact spherical structure in the fluorescent mode. This may be
attributed to the incomplete adsorption or non-uniform dis-
tribution of UCNPs on the surface of the MBs. UCNP@ST68
MBs have the same morphology and size as ST68 MBs
(figures 3(a) and (c)). This demonstrates that the MBs are
stable during the process of combining UCNPs onto the
surface of MBs.

The inset of figure 4 shows the photograph of the as-
prepared UCNP@ST68 MBs. The MBs in the bottle are
separated into two layers: the bottom layer is PBS, which is
clear, and the top layer is the gathered MBs. Under 980 nm
excitation, only the top layer presents green fluorescence and
the bottom layer shows no fluorescence, which indicates that
UCNPs are well modified onto the surface of the MBs

Figure 2. Characterization of UCNPs. (a) TEM image of UCNPs, (b) XRD pattern of UCNPs, and (c) FR-IT spectrum of PAA-UCNPs.
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(figure 4 inset). Besides, in our experimental process, we
completed fluorescence microscope imaging and ultrasound
imaging first. The inset of figure 4 was taken on the third day
after preparation, which indicates that the combination
between the MB and UCNP is stable. To observe the fluor-
escence intensity of samples, we collect the fluorescence
spectrum of ST68 MBs, PAA-UCNPs, and UCNP@ST68

MBs (figure 4). No fluorescence emission can be observed for
ST68 MBs subjected to NIR excitation. According to the
literature, ST68 MBs possesses a emission peak at 400 nm
when excited by ultraviolet light [17]. We therefore demon-
strate that NIR excitation avoids fluorescence from MBs.
While two emission peaks could be observed centered at 540
and 650 nm from PAA-UCNPs, the position of which is
consistent with emission from NaYF4:Er/Yb nanoparticles. It
could be observed that the spectrum of UCNP@ST68 MBs
perfectly matched the PAA-UCNPs, demonstrating the suc-
cessful adsorption of UCNPs on the surface of MBs. To
verify the efficiency of UCNPs coating to MBs, we compared
the fluorescence intensity between PAA-UCNPs and
UCNP@ST68 MBs. The concentration of PAA-UCNPs used
in this experiment is equal to the concentration of PAA-
UCNPs before assembly. The fluorescence intensity before
and after assembly appears to be at the same level, which
reveals negligible loss of PAA-UCNPs in the assembly pro-
cess (figure 4).

As ultrasound contrast agents, MBs should exhibit an
excellent echo property in the presence of diagnostic ultra-
sound for clinical application. Thus, it is necessary to main-
tain the echogenicity of MBs to the maximum extent after the
modification with UCNPs. To test the echogenicity of MBs,
we employed a latex tube in the water tank to simulate the
blood vessels [37, 38]. We injected different samples into the

Figure 3. The morphology of MBs. (a) Imaging of ST68 MBs. (b) Size distribution of ST68 MBs; UCNP@ST68 MBs observed under an
optical microscope, (c) without and (d) with excitation wavelength of the 980 nm laser diode.

Figure 4. Fluorescence spectrum of ST68, UCNPs, and
UCNP@ST68. Inset shows UCNP@ST68 MBs (left) and fluores-
cence image of UCNP@ST68 MBs (right).
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tube and collected its B-mode ultrasound images, as shown in
figure 5. There is obviously no contrast enhancement in the
B-mode ultrasound images when water is injected into the
tube (figure 5(a)). Then ST68 MBs and UCNP@ST68 were
diluted to about 106 bubbles/mL and were injected into the
tube separately (the concentration is calculated by hemocyt-
ometer). Immediately, the inner space of the tube showed
strong ultrasound echo enhancement when ST68 MBs
(figure 5(b)) and UCNP@ST68 MBs (figure 5(c)) were
injected. Besides providing both upconversion fluorescence
signal and ultrasound contrast enhancement, we observed a
slightly enhanced ultrasound signal for UCNP@ST68 MBs as
compared with ST68 MBs under the same conditions
(figures 5(b) and (c)). This enhanced ultrasound signal maybe
be attributed to presence of UCNPs on the surface of the MBs
that cause bubble asymmetry, and the subsequent change in
the oscillation frequency results in an increased scattering
cross-section [39]. Quantitative analysis of the ultrasound
signal intensities from water, ST68 MBs, and UCNP@ST68
MBs are shown in figure 5(d). The intensity of UCNP@ST68
MBs is higher than that of ST68 MBs with both concentra-
tions fixed as 106 bubbles/mL.

The appropriate ultrasound contrast agent should possess
the following characteristics: (i) nontoxic and biocompatible,

(ii) suitable size to pass through the pulmonary, cardiac, and
capillary circulations, (iii) stable for storing and recirculation.
ST68 MBs were generated from materials including Span 60,
Tween 80, and SF6. These materials have been proved to be
nontoxic and biocompatible [17]. In addition, the average size
of MBs is about 2 μm, which is suitable to pass through the
pulmonary circulation. Experimental results show that ST68
MBs are able to remain stable in PBS for about 4 weeks
without significant decrease in concentration, while the
UCNP-modified ST68 MBs was found to be stable for about
2 weeks.

MBs are known to alternately contract and expand when
in an acoustic field, a phenomenon called cavitation. At low
acoustic intensity, MBs grow and shrink rhythmically and
symmetrically around their equilibrium size. At high acoustic
intensity, however, the expansion and contraction of the MBs
usually become unequal and markedly increased, leading to
their destruction [40]. By using this phenomenon, THE
ultrasound-targeted MB destruction (UTMD) technique was
used for targeted drug/gene targeted delivery. The UCNP-
modified MBs have great potential to deliver UCNPs using
the UTMD technique for targeted fluorescence imaging. For
potential clinical applications, the UCNP-modified MBs
could be intravenously injected into patients and targeted to

Figure 5. Ultrasound image of latex tube by injecting different agents. (a) Imaging of tube filled with water. (b) Imaging of tube filled with
ST68 MBs. (c) Imaging of tube filled with UCNP@ST68 MBs. (d) Quantitative analysis of the intensity of different samples (the
concentration of MBs in (b) and (c) are fixed as 106 bubbles/mL).
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the lesion (such as a tumor or atherosclerotic plaque) and the
MBs could be destroyed by a high intensity ultrasound wave,
then UCNPs would be locally unloaded and concentrated
around the lesion site, which could mark and track lesions. In
a word, UCNP-modified MBs would act as a promising
controlled release system for ultrasound triggered targeted
delivery of UCNP for fluorescent imaging. Compared with
the target-ready contrast agent [41], UCNP@ST68 MBs are a
kind of bimodal imaging contrast agent without a targeting
function due to the lack of targeting moieties. Combing a
bimodal imaging contrast agent with a targeting function
should have a broad prospect for targeting purposes.

4. Conclusion

The UCNPs-modified MBs were successfully fabricated by
stepwise LbL assembly of PAH- and PAA-modified UCNPs
onto the surface of MBs. The obtained bimodal contrast agent
renders both ultrasound and fluorescence imaging modalities.
The bimodal contrast agent exhibits suitable size, a low
polydispersity, and stability. For ultrasound mode, the
bimodal contrast agent shows a slightly enhanced ultrasound
signal, due to the change of bubble asymmetry as a result of
UCNPs coating. For fluorescence mode, the bimodal contrast
agent presents high fluorescence intensity from UCNPs. The
novel fluorescence/ultrasound contrast agent shows promising
application in bimodal imaging. Besides, the proposed
method is simple and universal, enabling easy assembly of
other charged materials (e.g., drugs or genes) onto the surface
of MBs to obtain a multi-function contrast agent.
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