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Abstract Enhancements in the echo intensity and
mechanical index (MI) tolerance of ideal ultrasound
contrast agents (UCAs) are urgently needed to real-
ize precise clinical ultrasound (US). Solid cellulose
nanocrystals (CNCs) have the advantages of impart-
ing strong sound wave propagation and echo intensity
when irradiated by US. This study aimed to fabricate
improved UCAs via CNC-modified SonoVue ultra-
sound microbubbles (MBs), characterize the resulting
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SonoVue@CNC MBs, and evaluate the performance
of the SonoVue@CNC MBs in US imaging in vitro
and in vivo. SonoVue@CNC MBs were success-
fully prepared by incorporating CNCs into SonoVue
MBs via self-assembly. The SonoVue@CNC MBs
were spherical in shape with mean particle sizes of
(56.50+1.60) pm. The CNCs were mainly distrib-
uted on the polymeric shells of the SonoVue@CNC
MBs. When the MI was 0.4, the echo intensity of the
SonoVue@CNC MBs was 1.5-fold greater than that
of the SonoVue MBs in vitro. The CNC concentra-
tion regulated the quality of SonoVue@CNC-pro-
moted contrast-enhanced ultrasound (CEUS) images.
Enhanced US images of both the livers and kidneys
of Sprague-Dawley (SD) rats showed that the CNC-
loaded UCA led to a higher echo intensity than Sono-
Vue. In CCK-8 assays using MCF-10A cells, both
SonoVue@CNC MBs and CNCs exhibited weak tox-
icities against MCF-10A cells. Ultimately, the spheri-
cal SonoVue @CNC MBs with a uniform particle size
displayed an enhanced safety profile and improved
the imaging quality of US in vivo and in vitro. Next,
drugs and targeting moieties will be loaded onto the
SonoVue@CNC MBs via the CNCs to develop UCA-
based selective ultrasonic theranostic methods.
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Graphical abstract As shown in the graphical abstract, the white bubble in the left-middle position symbol-
ized SonoVue microbubble (MB), the green rod-like particle signified CNC nanorod. The big white bubble deco-
rated with green rod-like nanorod next to the mouse was SonoVue @CNC MB which was successfully prepared
by incorporating CNCs into SonoVue MB via self-assembly. The purple square frame on the upper left displayed
CNC, SonoVue MB, SonoVue@CNC MB and their relative diagrammatic drawings. Picture (I) displayed the
transmission electron microscopy results for CNCs (a) and SonoVue@CNC MBs (b, ¢ and d) of morphologi-
cal study. Picture (II) displayed the in vitro ultrasound (US) imaging of SonoVue (a) MB and SonoVue@CNC
(b, ¢ and d) MBs with different CNCs concentrations. Picture (III and IV) displayed the in vivo US imaging of
SonoVue (a) and SonoVue @CNC (b, ¢ and d) MBs with different CNCs concentrations for SD mouse liver and

kidney, respectively.
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Introduction

Cellulose nanocrystals (CNCs) are fascinating biore-
newable nanoscale materials (Ates et al. 2020), which
are hydrolysed via strong acids or bases from natu-
ral celluloses (Lu and Lo 2010; Pereira et al. 2020).
CNCs have been extensively applied in biomedical
research (Jorfi et al. 2013), such as in drug delivery
systems (Trache et al. 2017), nanomedicines (Lin and
Dufresne 2014; Tang et al. 2017; Sheikhi et al. 2019)
and medical image (Chen et al. 2014; Liu et al. 2015;
Imlimthan and Keina 2018; Sheikhi et al. 2019).
Our previous studies confirmed that CNC nanopar-
ticles could be modified by physical absorption and
chemical bonding for biomedical research applica-
tions (Li et al. 2018, 2019b, 2021). In detail, CNC-
based rodlike shaped nanomedicines enhanced cel-
lular uptake and intracellular drug controlled release
(Li et al. 2018). Combine with folate, CNC-based
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nanomedicines could realize targeted delivery and
lysosomal pH-controlled drug release into the nucleus
(Li et al. 2019b). Loaded with Fe;0,, DOTA and In,
CNCs have also been used to develop new contrast
agents for medical magnetic resonance imaging and
SPECT/CT imaging (Chen et al. 2014; Imlimthan
et al. 2019). Though solid CNCs can impart strong
sound wave propagation and echo intensity when
exposed to ultrasound (US) waves, there are few
reports about the applications of CNCs in ultrasound
contrast agents (UCAS).

US is one of the most widely used and saf-
est modalities for clinically visualizing tissues and
organs due to its high sensitivity, broad accessibility,
portability, and low cost (Bez et al. 2019). Medical
US imaging is based on the scattering and reflec-
tion of sound waves from the interfaces between
materials and/or tissues. UCA is a liquid with small,
encapsulated bubbles or droplets that very efficiently
scatter US, which can improve US imaging quality
and increase the diagnostic ability of US. Typically,
UCAs have a shell-core structure, and thus, UCAs
can be simply divided into gas-filled MBs, perfluoro-
carbon-filled droplets and solid-shell based UCAs.
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US imaging enhancement and applications of UCAs
can be affected by their size, shell materials, viscos-
ity and density. Specifically, the particle size affects
the stability and acoustic backscatter signals, the shell
materials affect the stability and circulation time, and
the viscosity and density affect the echo intensity.
Compared to the perfluorocarbon-filled droplets and
solid-shell based UCAs, the gas-filled MBs displayed
the largest size and highest acoustic backscattering.
The size of MBs mostly ranges between 1 and 8 pm
in diameter. Therefore, gas-filled MBs have been
extensively used to increase the applications of US
diagnosis. However, their relatively low stability and
low mechanical index (MI) tolerances have greatly
limited their clinical applications. For example, sulfur
hexafluoride-filled SonoVue ultrasound MBs, whose
diameter is approximately 5.50+1.60 pm, have been
extensively used to achieve the contrast US imaging
of organs. As a commercially available MB, Sono-
Vue itself has been used to develop drug delivery
systems and realize US-based therapeutic modality.
SonoVue was developed for diagnostic use only, but
its relatively low stability and low MI tolerance led
to a short circulation time in vivo, which reduced the
observation time and precision of US diagnosis and
increased the operational difficulty for US doctors
and the treatment cost and suffering of the patients
(Lindner 2004; Thomas et al. 2019). The applications
of SonoVue MBs also have thus been greatly limited.

A CNC is non-toxic, biocompatible, biodegradable
and amphipathic nanoparticle. With a high Young’s
modulus and excellent flexibility (Cintrén et al.
2011), CNCs can maintain their size and shape during
blood circulation. Moreover, CNCs have been exten-
sively studied in many scientific fields, especially in
biomedical fields. Different CNCs derived from dif-
ferent materials display different shapes (French and
Santiago Cintréon 2013). Furthermore, the different
shapes of CNCs present specific advantages for dif-
ferent applications. Rod-like and spherical nanoparti-
cles and CNC nanoparticles have been shown to dem-
onstrate different pharmacokinetic properties in vivo.
Spherical nanoparticles tend to migrate with blood
flow and are highly likely to be cleared (Chithrani and
Chan 2007; Gratton et al. 2008; Albanese et al. 2012;
Toy et al. 2014). In contrast, rod-like nanoparticles
tend to move near vascular walls and can have a long
circulation time, easily penetrate blood vessel gaps
and accumulate in tumours (Seo et al. 2020), Indeed,

rod-like CNC-based nanomedicines have exhibited
long circulation times, good compatibilities with
amphipathic polymers, target molecules and chemo-
therapeutic agents (Li et al. 2019¢) (Li et al. 2021)
and the improved inhibition of cancer cell prolifera-
tion (Li et al. 2018). In addition, as solid nanoparti-
cles, CNCs possess high sound wave propagation and
strong echo intensity when irradiated by US. CNCs
and CNC-based nanomedicine-modified bubbles can
display better echo intensities than bubbles alone
under the same US irradiation (Wang et al. 2019).

We hypothesize that CNCs and CNC-based nano-
medicines can be used to modify SonoVue MBs to
achieve imaging-guided therapy and US-based thera-
nostics. Moreover, CNCs, as nanodrug carriers pre-
pared by self-assembly technology, facilitate targeted
drug delivery (Li et al. 2019a) but have no imaging or
cavitation properties. Therefore, the combination of
CNCs and SonoVue MBs can improve the US imag-
ing quality and the precision of US diagnosis. None-
theless, few to no studies have explored such com-
binations in this context. In this study, we aimed to
improve SonoVue, a commercially available UCA, by
enhancing its echo intensity and MI tolerance to real-
ize precise clinical US with an ideal UCA. Herein, we
used several CNCs obtained from different origins to
prepare CNC-modified SonoVue-based UCAs and
evaluated the performance of SonoVue@CNCs in
US imaging in vitro and in vivo. In fact, the results
showed that CNCs could be successfully incorpo-
rated into SonoVue MBs, and the resulting compound
showed better enhancement for in vitro and in vivo
US images, with little toxicity in vitro. The CNC
concentration could be used to regulate the qual-
ity of SonoVue@CNC-promoted contrast-enhanced
ultrasound (CEUS) images in vitro and in vivo. CNC-
modified SonoVue can also provide basic knowledge
and research experience for the applications of CNC-
based nanomedicines and MBs in ultrasonic theranos-
tic systems.

Materials and methods
Materials
SonoVue MBs, which contained polymer powder

(25 mg) and sulphur hexafluoride (CAS: 2551-62-4
34 mg), were purchased from Bracco Suisse (Batch
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No.21A061A). Rod-like CNC freeze-dried pow-
der (CAS No: NONES8013, Product No: C909405),
TEMPO-functionalized CNCs (TEMPO-CNCs,
CAS No: 9004-34-6, Product No: C916570) that
were prepared by the oxidation of the rod-like
CNCs and contained both hydroxyl and carboxyl
groups on their surface (synthesis scheme shown
in the supporting information S1), rod-like CNCs-
M (CAS No: 9004-34-6, Product No: C916569) in
a milky white emulsion with only hydroxyl groups
on their surface (preparation scheme shown in
the supporting information S1), rod-like B-CNCs
(CAS No: 9004-34-6, Product No: C38724) that
were hydrolysed via strong acids from bacterial
cellulose, and nanolignocellulose (CN-Ls, CAS
No: 9004-34-6, Product No: 102330) were pur-
chased from ScienceK Co., Ltd. Cellulose nanow-
hiskers (CN-Ws, CAS No: 9004-34-6, Product No:
435244) and cellulose nanofibrils (CN-Fs, CAS
No: 9004-34-6, Product No: C875077) were pur-
chased from Northern Century (Jiangsu) Cellulose
Material Co., Ltd. Rod-like amino-functionalized
CNCs (CNC-NH,) were donated by the Li labora-
tory at Zhengzhou University and prepared accord-
ing to previously reported methods (Li et al. 2018).
More detailed information on the eight types of
CNCs used in this study is available in the support-
ing information in S1. Saline was purchased from
Jiangsu Hengrui Medicine Co., Ltd. Both the MCF-
10A human breast epithelial cell line (CL-0525)
and DMEM(CM-0525) were kindly provided by
Procell Life Science&Technology Co.,Ltd. CCK-8
reagent was purchased from Beiren Chemical Tech-
nology (Beijing) Co., Ltd. Other reagents were used
as received. All chemical reagents were analytically
pure.

Preparation of SonoVue @CNC MBs

All eight MB samples were simply obtained by mix-
ing CNCs in SonoVue solution. In detail, rod-like
CNC powder (25 mg) was dissolved in saline (5 mL)
to form a CNC solution and sonicated for 15 min
using an ultrasonic cleaning machine (KQ-250DE,
Kunshan) to ensure uniform dispersion. The CNC
solution (5 mg/mL) was injected into SonoVue to cre-
ate CNC-modified gas-filled MBs, i.e., SonoVue@
CNCs (25 mg/5 mL). Both the SonoVue MBs and
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SonoVue@CNCs were dropped onto a glass slide,
respectively, and observed by inverted fluorescence
microscopy (IFM, Olympus IX53, Japan) atx 100
magnification. Thirty bubbles were randomly selected
via measurement software on the Olympus and used
to calculate the MB particle size, and the mean and
standard deviation (SD) were calculated. CNCs,
SonoVue MBs, and SonoVue@CNCs were added
dropwise onto a copper mesh for morphological
analysis by transmission electron microscopy (TEM)
(JEM-1400, Japan). CNC-NH,, TEMPO-CNCs,
CNCs-M, B-CNCs, CN-Ls, CN-Ws, and CN-Fs, were
also used to fabricate CNC-loading SonoVue@CNC
MBs via the aforementioned methods (additional
details are presented in the supporting information in
S2).

Physicochemical characterization

TEM and IFM were used to observe the structural
and morphological characterizations of the CNCs
and CNC-based SonoVue@CNC MBs. X-ray dif-
fractometry (XRD), differential scanning calorimetry
(DSC), and thermogravimetric analysis (TGA) were
used to study the thermal stability and relevant phys-
icochemical properties of the different types of CNCs
and eight corresponding CNC-based SonoVue@CNC
MBs. The details of each analysis are described in
supporting information S2.

Cell culture

MCF-10A cells were cultured in DMEM sup-
plemented with 10% foetal bovine serum (FBS,
HyClone, Logan), streptomycin (100 pg/mL), and
penicillin (100 g/mL). All cells were incubated at
37 °C under 5% CO,.

Toxicity in MCF-10A cells

The cytotoxicities of SonoVue, the rod-like CNC
freeze-dried powder (CAS No: NONES8013, Prod-
uct No: C909405) and CNC-based SonoVue @CNCs
were evaluated by CCK-8 assays against MCF-10A
cells. MCF-10A cells (5% 10* cells) were plated in
96-well plates with culture medium (200 pL in each
well). The cells were incubated at 37 °C under 5%
CO, and the supernatant was discarder 24 h later. The
cells were washed three times with PBS (200 pL).
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For the SonoVue@CNC groups, 200 pL of culture
medium containing SonoVue@CNCs with different
CNC concentrations was added (the CNC concen-
trations were 0.07 mg/mL, 0.15 mg/mL, 0.31 mg/
mL, 0.62 mg/mL, 1.25 mg/mL, and 2.5 mg/mL). Six
replicate wells were used for each concentration. For
the CNC groups, 200 pL of the complete medium
containing different concentrations of CNCs (accord-
ing to our previous study (Li et al. 2018), CNC con-
centrations of 0.07 mg/mL, 0.15 mg/mL, 0.31 mg/
mL, 0.62 mg/mL, 1.25 mg/mL, and 2.5 mg/mL were
chosen) was used to replace the old medium. Then,
all 96-well plates were incubated for 6 h, 12 h, and
24 h. Next, the culture was discarded, and the cells
were washed three times with PBS (200 pL). Finally,
100 pL of complete medium containing 10 pL of
CCK-8 reagent was added, and the plates were incu-
bated for another 2 h. A microplate reader (Bio-Tek,
USA) was used to determine the OD value of each
well at 450 nm, and the survival rate of the cells was
calculated.

In vitro ultrasound imaging study

For the in vitro US imaging study, 1 mL of SonoVue
(5 mg/mL) and different concentrations of the Sono-
Vue@CNC types that were prepared by the same
method as described above (the concentrations of
CNCs were 12.5 mg/mL, 25 mg/mL and 50 mg/mL,
with an equivalent SonoVue concentration of 5 mg/
mL) were injected into the rubber head of a dropper.
CEUS and B-mode US were carried out using a HI
VISION Ascendus US diagnostic system (HITACHI,
Japan) equipped with an EUP-L74M Linear array
transducer (5—-13 MHz) at different MIs (0.08, 0.20,
0.40, 0.60, and 0.80). The MI is used to test the sta-
bility and tolerance for US irradiation, which also can
indicate the potential of ultrasonic mechanical effects
to cause biological effects. Ultrapure water was used
as a control.

In vivo ultrasound imaging study

Healthy female SD rats were selected from the Bio-
technology Co. SPF (Beijing), with a body weight of
about 120 g, aged 5 weeks and SPF grade. Female
SD rats were anesthetised by sodium pentobarbital

(40 mg/kg) via intraperitoneal injection. The SD rats
were sacrificed by the mercy killing method at the
end of the experiments.

All eight types of SonoVue@CNCs were used for
in vivo US imaging. Twenty-four healthy SD rats
were randomly divided into four groups, with six
rats each. Three groups were injected with 200 pL
of SonoVue@CNCs with different CNC concentra-
tions (6.4 mg/mL, 13.2 mg/mL, and 26 mg/mL) via
the tail vein. The fourth group of controls were also
injected with 200 pL of SonoVue with an equiva-
lent concentration of 5 mg/mL via the tail vein.
Forty-two healthy SD rats were randomly divided
into seven groups with six rats each that were used
for in vivo US imaging with the other seven types
of SonoVue@CNCs (6.4 mg/mL) through the same
method as stated above. Then, an EPIQ7 US diag-
nostic system (Philips, USA) equipped with a L12-5
Linear array transducer (5-12 MHz) was used to
perform the CEUS and B-mode US imaging of the
livers and kidneys at an MI of 0.19. A high MI can
indicate the high potential of ultrasonic mechanical
effects to cause biological effects. US irradiation
with an MI of 0.19 could produce an ideal US echo
intensity without causing too many biological side
effects. To expound upon the changes in echo inten-
sity, the livers were imaged 10 s after intravenous
injection, and the kidneys were observed at 0, 5, and
10 s after the injection. The echo intensity of the liv-
ers and kidneys in SD mice imaged with different
UCAs (SonoVue@CNCs and SonoVue) was quan-
titatively analysed with quantitative analytical soft-
ware corresponding to the diagnostic colour Doppler
US system. The intensity values in the ROIs were
also analysed.

Statistical analysis

The echo intensity in the region of interest (ROI),
which was a circle with a diameter of 1.0 cm, was
quantitatively analysed by the data analysis software
QLABI10. Statistical analyses were performed using
SPSS 25.0. Measurement data are expressed as x=+s.
The means of multiple groups were compared using
one-way analysis of variance. Intergroup comparisons
were performed using the t test. Statistical signifi-
cance was set at P <0.05.
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Results and discussion
Characterization of CNCs

The eight compounds used in this text, CNCs, CNC-
NH2, TEMPO-CNCs, CNCs-M, CN-Ls, B-CNCs,
CN-Ws and CN-Fs, were all nanocelluloses with
crystalline regions of cellulose that were observed
as nanoscale needle-like particles (Sheikhi et al.
2019). Nanocelluloses display high Young’s moduli
and excellent flexibilities, which indicates CNCs
can maintain their size and shape during blood cir-
culation. Solid nanocelluloses impart strong sound
wave propagation and echo intensity when exposed
to US waves. Rod-like CNCs tend to move near vas-
cular walls are highly likely to avoid macrophage
endocytosis, resulting in a relatively long circula-
tion time in vivo and enhanced accumulation in
tumour tissues. As such, the incorporation of CNCs
into an existing UCA, such as SonoVue MBs, could
offer improved US imaging and diagnosis. First,
the eight types of CNCs used to create SonoVue@
CNC MBs were characterized by TEM as shown in
Fig. 1.

As shown in Fig. 1, CNCs (a) were rod-like nano-
particles, whose mean aspect ratio was 10.26+1.06
calculated by Image] software. Comparing with
related literature, CNCs (a) showed typical TEM
images of cellulose I (Guo et al. 2016; French and
Santiago Cintrén 2013; French 2014). All eight
types of nanocellulose: CNCs (a), CNC-NH, (b),

TEMPO-CNCs (c), CNCs-M (d), CN-Ls (e), B-CNCs
(f), CN-Ws (g) and CN-Fs (h), were observed by
TEM, which confirmed that these CNCs were all rod-
like solid particles with different length-to-diameter

ratios. These materials were all used to prepare Sono-
Vue @CNC MBs.

Synthesis of SonoVue @CNC MBs

This manuscript describes the synthesis, characteriza-
tion and in vitro and in vivo evaluation of eight types
of CNC-modified SonoVue MBs (SonoVue @ CNCs).
It was found that the addition of CNCs to Sono-
Vue MBs did not alter their spherical morphology.
Additionally, SonoVue@CNCs showed improved
enhancement in both in vitro imaging and rat liver
and kidney imaging in vivo, with minimal cytotoxic-
ity, and demonstrated better tolerance to increased MI
values.

Morphological properties of SonoVue@CNC MBs

After characterization, the eight types of CNCs were
incorporated into SonoVue MBs to create eight cor-
responding types of SonoVue@CNC MBs. IFM and
TEM were used to observe the morphological proper-
ties of SonoVue @CNC MBs, and the results were as
follow:

The morphology of the newly prepared SonoVue @
CNC MBs was firstly analysed via IFM. Both the

Fig. 1 TEM images of CNCs from different sources: CNCs (a), CNC-NH2 (b), TEMPO-CNCs (c), CNCs-M (d), CN-Ls (e),

B-CNCs (f), CN-Ws (g) and CN-Fs (h)
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Fig. 2 Morphologi-

cal images of SonoVue
(a) and SonoVue @CNC
MBs (b) taken by IFM
(100x). The scale bar is
20 pm. The CNCs used
here were obtained from
a freeze-dried powder of
rod-like CNCs (CAS No:
NONES8013, Product No:
C909405)

Fig. 3 Morphological images of SonoVue@CNCs (a), SonoVue@CNC-NH2 (b), SonoVue @ TEMPO-CNC:s (c¢), SonoVue @CNCs-
M (d), SonoVue @CN-Ls (e), SonoVue @B-CNCs (f), SonoVue @CN-Ws (g) and SonoVue @CN-Fs (h) by IFM (100x)

SonoVue MBs and all CNC-based SonoVue@CNC
MBs displayed similar spherical shapes (Fig. 2, 3).

As showed in Fig. 2, both the SonoVue MBs and
SonoVue@CNC MBs displayed similar spherical
shapes (Fig. 2) with similar uniform granulometric
distributions and mean particle sizes (5.50+1.60 pm
and 5.08 +£1.72 pm, respectively), indicating that the
introduction of CNCs did not alter the original spheri-
cal morphology of SonoVue MBs.

As shown in Fig. 3, all CNC-based MBs (from a to
h) maintained similar spherical and uniform particle
sizes, confirmed that all types of rod-like CNCs could
be incorporated into SonoVue MBs to generate differ-
ent SonoVue@CNC MBs regardless of their origin.

The morphology of the newly prepared SonoVue @
CNC MBs was also analysed via TEM. As shown in
Fig. 4a, rod-like CNCs were used to fabricate the
SonoVue @CNC MBs.

The TEM results confirmed that commercially
available SonoVue MBs were micrometre-sized
spherical bubbles, as shown in Fig. 4b. It has been
reported that SonoVue MBs comprised the poorly
soluble and inactive gas sulphur hexafluoride and
polymeric shells, which contained some amphiphilic
and surfactant polymeric materials, such as macro-
gol 4000, DSPC and DPPG-Na. Many salt particles
precipitated around the shells, forming a rough mem-
brane structure and a granular shape. Salt particles
were observed only in the liquid around the MBs,
which confirmed that salt crystallized and separated
from the SonoVue @CNC MBs when dried for TEM
observation. The precipitation of salt particles from
the shells of the MBs resulted in poor shell tough-
ness and rapid collapse in the blood circulation. As
shown in Fig. 4c, SonoVue@CNC MBs were also
micron-sized spherical MBs. The rod-shaped CNCs
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Fig. 4 TEM images of
CNCs (a), SonoVue (b),
and SonoVue @CNCs

(c, d). Picture (d) is a
partial enlargement of
SonoVue @CNC:s (¢), and
CNCs are circled with
red rings. The scale bar is
500 nm. The CNCs used
here were obtained from
a freeze-dried powder of
rod-like CNCs (CAS No:
NONES8013, Product No:
C909405)

were absorbed or embedded into the polymeric shells
to support the SonoVue@CNC MBs. As shown in
Fig. 4c, d, the modified shells of the SonoVue @CNC
MBs were refined, with fewer salt particles precipi-
tated near the membrane. Negative CNCs displayed
great affinity with the amphiphilic and surfactant pol-
ymeric materials, such as macrogol 4000, DSPC and
DPPG-Na, so the salt was separated and crystallized
out along with the CNCs. These results also further
confirmed that rod-like shape CNCs can be adsorbed
onto SonoVue MBs resulting in CNC-based MBs,
thereby forming a preferably refined and tougher shell
structure and stabilizing the modified MB shells.
Additionally, all seven other kinds of Sono-
Vue@CNC MBs, e.g., SonoVue@CNC-NH, (a),
SonoVue@ CNCs-M (b), SonoVue@CNC-Ls (c),
SonoVue@B-CNCs (d), SonoVue@CN-Ws (e) and
SonoVue@CN-Fs (f), were observed by TEM, and
the results are shown in Fig. S6. As shown in Fig.
S6, all of the CNC-based MBs maintained a spheri-
cal shape and uniform particle size similar to that of
SonoVue MBs, which was consistent with the IFM
results in Fig. 3. The CNC-based MBs remained sta-
ble regardless of the origin, batch or surface charge of
the CNCs. Thus, we found that rod-like CNCs from
different sources and with different aspect ratios and
zeta potentials can all be used to generate SonoVue @
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CNC MBs. Altogether, CNCs were compatible with
SonoVue MBs and absorbed onto the SonoVue MB
shells, resulting in new kinds of SonoVue@CNC
MBs that maintained a uniform particle size and
spherical shape.

Physicochemical properties of SonoVue@CNC MBs

Additionally, the zeta potentials of SonoVue@
CNC MBs were seriatim studied. The zeta poten-
tials of SonoVue, CNCs and SonoVue@CNCs
were — 47.36+0.55 mV, — 43.10+1.05 mV and
— 82.36 +3.81 mV, respectively. The zeta potentials
of the seven other SonoVue@CNC MBs modified
with CNCs from different origins or surface func-
tional groups (CNC-NH,, TEMPO-CNCs, CNCs-
M, CN-Ls, B-CNCs, CN-Ws, and CN-Fs) were also
measured. All eight types of CNC samples and the
corresponding SonoVue@CNC MBs were negatively
charged, as shown in Figs. S1-2, which could help
increase their circulation time in vivo. The absolute
values of the zeta potentials of both the plain MB and
CNC samples and the corresponding SonoVue @ CNC
MBs were much higher than 30 mV, indicating that
these compounds were very stable.

Moreover, the DSC-TGA results showed that
the CNCs could maintain their rod-like shape and
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MI
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0.20

0.40

0.60
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Fig. 5 CEUS (left) and B-mode US (right) images acquired
with different MIs in vitro of (a) SonoVue, and (b—d) Sono-
Vue @CNCs with different concentrations of CNCs (12.5 mg/
mL, 25 mg/mL and 50 mg/mL, respectively). The pic-
ture brightness simply corresponded to the UCA-promoted
improvement of US imaging. When the MI was above 0.2, (d)
the SonoVue @CNC:s displayed the biggest enhancement in US
imaging under CEUS mode. A HI VISION Ascendus US diag-

maintain stable physicochemical properties at 100 °C,
as shown in Figs. S3-4. So, the SonoVue@CNC
MBs would be stable in the body. These results con-
firmed that SonoVue@CNC MBs could tolerate a
higher MI of US irradiation than SonoVue MBs. In
addition, drug-loaded CNCs can be used to construct
drug-loaded SonoVue @CNC MBs, as shown in Fig.
S5. The drug-loaded SonoVue@CNC MBs will be
studied next as US-based cancer theranostic systems,
which would expand the biomedical application range
of CNCs in the near future. Altogether, SonoVue@
CNC MBs could be generated from CNCs and Sono-
Vue MBs, and these methods could be used for all
kinds of CNCs.

In vitro ultrasound imaging of SonoVue @ CNC MBs

An EPIQ7 US diagnostic system (Philips, USA) was
used to evaluate the enhancements in US imaging
and MI tolerance for SonoVue@CNC MBs in vitro.
For qualitative analysis, as shown in Fig. 5 and Fig.
S7, the B-mode US and CEUS mode images showed
increased brightness as MI increased, regardless of
whether SonoVue MBs (a) or SonoVue@CNC (b, ¢
and d) MBs with different concentrations of CNCs
were used. Compared to those of the SonoVue group
(a), the pictures in the SonoVue@CNC groups (b, a
and d) were better visualized, the images were more
precise, and the echo intensity increased in both

nostic system (HITACHI, Japan) equipped with an EUP-L74M
Linear array transducer (5-13 MHz) was used, while the
parameters of CEUS were FR (frame rate): 15, BG (B Gain):
15, DR (Dynamic Range): 65, L74M (Ultrasonic probe model)
and dCHI-W-P (contrast harmonic imaging depth contrast har-
monic imaging), and the experimental parameters for B mode
were BG (B Gain): 15, DR (Dynamic Range): 70, and FI (Fun-
damental imaging)
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Fig. 6 Quantitative analysis of the mean echo intensity in the
drawn ROIs achieved with SonoVue and SonoVue @CNC MBs
and different MIs in vitro: (a) SonoVue MBs; and (b—d) Sono-
Vue @CNC MBs with different CNC concentrations (12.5 mg/
mL, 25 mg/mL and 50 mg/mL, respectively). The equivalent
concentration of SonoVue MBs was 5 mg/mL. The echo inten-
sity in the region of interest (ROI), which was a circle with a
diameter of 1.0 cm, was quantitatively analysed by the data
analysis software QLAB10

B-mode US and CEUS. This result was especially
true when the MI was higher than 0.40. Since CNCs
have been used as delivery platforms in drug delivery
system, CNC-based SonoVue@CNC MBs indicated
broader applications than that of the commercially
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available SonoVue. CNC-based MBs can be used to
realize US theranostic methods.

As the CNC concentration increased, the image
enhancement with the SonoVue@CNC MBs signifi-
cantly improved. Group (d) SonoVue@CNC, whose
CNC concentration was 50 mg/mL, showed the high-
est image enhancement of all three SonoVue @ CNC
groups. For quantitative analysis, as shown in Fig. 6
and Fig. S9, the echo intensity of SonoVue@CNC
MB groups increased with CNC concentrations under
the same MI. Specifically, when the MI value was
above 0.30 and the CNC concentration was 12.5 mg/
mL, the echo intensity of the SonoVue @CNC group
was consistently higher than that of the SonoVue
MBs at the same MI. When the CNC concentration
was 25 mg/mL, the echo intensity of the SonoVue @

Ml

0.08

0.30

CNC group was consistently higher than that of the
SonoVue group at the same MI. When the MI value
was above 0.15 and the CNC concentration was
50 mg/mL, the echo intensity of the SonoVue @CNC
group was also higher than that of SonoVue MBs at
the same MI. Among the three CNC concentrations,
the best image enhancement was achieved at 25 mg/
mL. These findings suggest that CNCs increased the
acoustic impedance of SonoVue@CNCs, thereby
optimizing the image enhancement. Thus, the CNC
concentration regulated the quality of CEUS images
in the SonoVue@CNC MB groups in vitro. As pre-
viously reported, solid UCAs promote higher US
echo intensity and better enhancement in US imaging
than the liquid ones under the same conditions. The
US imaging enhancement was correlated with the

(d)***

0.60

0.80

Ml

0.08

0.30

0.60

0.80

Fig. 7 CEUS and B-mode US images acquired with CNC-
based MBs in vitro at different MIs: SonoVue@CNCs (a),
SonoVue@CNC-NH, (b), SonoVue@ TEMPO-CNCs
(¢), SonoVue@ CNCs-M (d), SonoVue@CNC-Ls (e),
SonoVue @B-CNCs (f), SonoVue @CN-Ws (g) and SonoVue @
CN-Fs (h). ***_ ** and * indicate that the enhancement of US
imaging was the best, better, and good, respectively, among
all eight studied groups. The equivalent concentrations of

@ Springer

CNCs and SonoVue solution were 6.4 mg/mL and 5 mg/mL,
respectively. A HI VISION Ascendus US diagnostic system
(HITACHLI, Japan) equipped with an EUP-L74M Linear array
transducer (5-13 MHz) was used, while the parameters of
CEUS were FR: 15, BG: 15, DR: 65, L74M and dCHI-W-P,
and the experimental parameters for B mode were BG: 15, DR:
70, and FI
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solid particle concentration. X-ray diffraction results
displayed the four main peaks in cellulose I pattern
(French 2014; Sun et al. 2018; Ling et al. 2019a, b).
The CNCs were observed as nanocrystalline solid
particles, as shown in supporting information Fig. S8.
Therefore, CNC-modified MBs tolerated a higher MI
than MBs alone. CNC-based MBs could be used in
US diagnosis for miscellaneous diseases where a high
MI is needed.

CEUS and B-mode US images with CNC-based
MBs were acquired at different MIs in vitro and care-
fully observed. All eight types of CNC-based MBs,
SonoVue@CNCs (a), SonoVue@CNC-NH, (b),
SonoVue@ TEMPO-CNCs (c), SonoVue@ CNCs-M
(d), SonoVue@CNC-Ls (e), SonoVue@B-CNCs (f),
SonoVue @CN-Ws (g), and SonoVue @CN-Fs (h), led
to better enhancement on CEUS images acquired with

Fig.8 CEUS and B-mode US images of SD mouse livers
acquired 10 s after an intravenous injection of SonoVue MBs
(a) and SonoVue@CNC MBs (b—d) through the tail with an
MI value of 0.19. The rod-like CNC (CAS No: NONESO013,
Product No: C909405) concentrations in SonoVue @CNC MBs
were 6.4 mg/mL (b), 13.2 mg/mL (c¢) and 26 mg/mL (d). The
equivalent SonoVue concentration was 5 mg/mL. The green
dots and “X” in each image indicate the focused position,
with parameters of a depth of 3.5 cm and a focus of 1.5 cm.

different MI values (0.08, 0.30, 0.60, 0.80), as shown
in Fig. 7. Moreover, the enhancement increased with
increasing MI. When the MI value was 0.6, all eight
CNC-based MBs achieved the best enhancement on
both B-mode US and CEUS in vitro. Usually, a high
MI (0.6 or higher) was used for the inorganic solid-
based UCAs. The excellent properties of solid-based
UCAs included a high echo intensity and high MI
tolerance. But there are currently no commercially
available solid UCAs because their applications are
greatly limited by their small size, concentrations
and biosafety. All eight types of CNC-modified MBs
showed improved MI tolerance and resistance com-
pared to SonoVue MBs. Therefore, CNC-modified
SonoVue MBs could maintain their microscale size
and enhance their MI tolerance, resulting in improved
US images in vitro.

An EPIQ7 US diagnostic system (Philips, USA) equipped with
a L12-5 Linear array transducer (5-12 MHz) was used, while
the parameters of CEUS were L12-5 (Ultrasonic probe model),
10 Hz (probe frequency), RS (resolution mode), Contrast 54%
(Contrast Gain 54%), C53 (Compress 53), Gen (Generation),
MIO0.19 L (Low MI), and MI10.24 R (Fish MI), and the experi-
mental parameters for B mode were Tissue 83% (Tissue Gain
83%), C56 (Compress 56), and Gen (Generation)
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Enhanced ultrasound imaging with SonoVue @ CNC
MBs in vivo

SD mice were used to evaluate the SonoVue @CNCs
MB-based enhancement in US imaging using Sono-
Vue as the control group and B-mode as the control
mode. As shown in Fig. 8, the liver could be roughly
observed on CEUS images using SonoVue (a) or
rod-like CNC (CAS No: NONES8O013, Product No:
C909405)-based SonoVue @CNC MBs with different
CNC concentrations (b, ¢, and d). The blood vessels
could be visualized, and detailed information on the
liver could be obtained. Compared with the B-mode
US images, the CEUS images with SonoVue MBs
and SonoVue @CNC MBs both showed higher bright-
ness and clearer blood vessels and related physiologi-
cal structures in the livers. The image brightness and
echo intensity increased as the CNC concentration of
the SonoVue@CNCs increased. The inner structure,
including tiny blood vessels and any tissue texture,
of the liver was relatively obscured in the SonoVue
group, while the structures and details could be visu-
alized more clearly in the SonoVue@CNC groups.
Regarding CEUS images, the colour in the CEUS
images changed from dark yellow to white, indi-
cating that the brightness was much higher in the
SonoVue@CNC groups than in the SonoVue group.
Among the three SonoVue@CNC groups, a CNC
concentration of 6.4 mg/mL resulted in the greatest
enhancement in the CEUS images. These results are
in accordance with the qualitative and quantitative
analysis of echo intensity in Fig. S9 and Fig. 6, which
confirmed that higher CNC concentrations in Sono-
Vue@CNC MBs promoted greater enhancements in
CEUS images. Altogether, enhanced US images of
SD mouse livers were achieved using both SonoVue
and SonoVue@CNC MBs, and the enhancement in
CEUS was better than that in B-mode US. For both
CEUS and B-mode US, the SonoVue@CNC MBs
led to a better enhancement than the SonoVue MBs.
Because of the characteristics of CNCs that impart
strong sound wave propagation and echo intensity, the
SonoVue@CNC MBs promoted enhanced US imag-
ing and MI tolerance, which makes it suitable for the
diagnosis of difficult and complicated diseases that
may cause elongated US irradiation times and require
improved US imaging.

The SD mouse kidneys were roughly observed
on B-mode US and CEUS mode using SonoVue

@ Springer

MBs and SonoVue@CNC MBs, as shown in Fig. 9.
The images obtained using the other seven types
of SonoVue@CNC MBs are shown in Fig. S10.
As shown in Fig. 9, SonoVue@CNC MBs could
enhance the clarity of the kidneys on US relative to
the surrounding tissues. The enhancement differed
when the CNC concentrations of SonoVue@CNC
MBs changed. When the CNC concentration was
26 mg/mL, SonoVue@CNC MBs resulted in better
enhanced US images than all the other SonoVue@
CNC MBs with a different CNC concentration. Under
B-mode US, the inner structures of the kidney could
not be clearly visualized. The CEUS images of the
kidney displayed the highest brightness 5 s after the
injection of SonoVue MBs with an echo intensity of
23.51+1.44 dB. Then, the enhancement began to
decrease at 10 s, and the kidney became obscured. In
comparison, the brightness was the highest 5 s after
the injection of SonoVue@CNC MBs with echo
intensities of 30.07+0.96 dB, 31.82+3.24 dB, and
35.29+1.12 dB, and the kidney morphology and
inner structures were clearly visualized. Even 10 s
after the injection, the image brightness was not sig-
nificantly attenuated, and the kidney morphology was
still clearly visible. The echo intensity and image
clarity at 5 s and 10 s after the injection of Sono-
Vue@CNC MBs with different CNC concentrations
were better than those after the injection of SonoVue
MBs. This phenomenon was especially true at a CNC
concentration of 26 mg/mL, at which the best image
was obtained.

Moreover, seven other CNCs were used to gener-
ate CNC-based SonoVue@CNC MBs. Newly gener-
ated CNC-based MBs displayed similar enhancement
for US images in vitro (Fig. 7) and in vivo (Fig. S11).
All CNC-based SonoVue@CNC MBs improved US
imaging when the MI was lower than 0.6. When the
MI value was 0.60, the enhanced US imaging showed
some differences among the eight kinds of Sono-
Vue@CNC MBs in vitro. The eight kinds of Sono-
Vue@CNC MBs were all spherical with similar par-
ticle sizes, as shown in Fig. 2, indicating a similar
tolerance and US image enhancement in vitro (Fig. 7)
and in vivo (Figs. S11-12). The enhancement in US
imaging caused by the SonoVue@CNC MBs was
mainly induced by the incorporated CNC particles.
So, the length and width of CNCs can affect their
echo intensity, resulting in differences in US imaging.
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Fig. 9 CEUS and B-mode US images of SD mouse kidneys
acquired within 10 s after an intravenous injection of Sono-
Vue MBs (a) and SonoVue@CNC MBs (b-d) through the
tail vein with an MI of 0.19. The CNC concentrations in the
SonoVue@CNC MB groups were 6.4 mg/mL (b), 13.2 mg/
mL (¢) and 26 mg/mL (d). The equivalent SonoVue concen-
tration was 5 mg/mL. The green dots and “X” in each image

indicate the focused position, with parameters of a depth of
3.5 cm and a focus of 1.5 cm. An EPIQ7 US diagnostic system
(Philips, USA) equipped with an L12-5 Linear array transducer
(5-12 MHz) was used, while the parameters of CEUS were
L12-5, 10 Hz, RS, Contrast 54%, C53, Gen, MI0.19 L, and MI
0.24 R, and the experimental parameters for B mode were Tis-
sue 83%, C56, and Gen
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Fig. 10 Quantitative analysis of the echo intensity in CEUS
images of SD mice. The ROI values of the livers (a) and
kidneys (b) were obtained 10 s after the injections of Sono-
Vue MBs (A) and SonoVue@CNC MBs (B, C and D). The

o

mL, 13.2 mg/mL and 26 mg/mL, respectively. The equiva-
lent SonoVue MB concentration was 5 mg/mL. *P<0.05,
**%P <(.01. The echo intensity in the region of interest (ROI),
which was a circle with a diameter of 1.0 cm, was quantita-

CNC concentrations in groups B, C and D were 6.4 mg/ tively analysed by the data analysis software QLAB10

The echo intensity was quantified on US
images obtained with all eight types of CNC-
modified SonoVue MBs, and the data are shown

concentration was 6.4 mg/mL. The echo intensi-
ties of SD mouse kidneys (b) in groups A, B, C
and D were 14.81+1.91 dB, 28.98+1.23 dB,

in In Fig. 10 and Fig. S13. The echo intensities of 29.15+1.52 dB, and 34.33 +1.41 dB, respectively,

SD mouse livers with SonoVue MBs (group A)
and SonoVue@CNCs (groups B, C and D) were
23.64+1.68 dB, 29.05+1.98 dB, 28.04 +1.82 dB,
and 27.06+1.95 dB, respectively (Fig. 10a), show-
ing that SonoVue@CNC MBs exhibited consist-
ently higher echo intensity in SD mouse livers
than the SonoVue MBs did. On the liver images,
the highest echo intensity and best image enhance-
ment were obtained in all the groups when the CNC

revealing that SonoVue @ CNC MBs similarly exhib-
ited consistently higher echo intensity in SD mouse
kidneys than the SonoVue MBs did. On the kidney
images, the highest echo intensity and best image
enhancement were obtained in all groups when
the CNC concentration was 26 mg/mL. Therefore,
CNC-based SonoVue@CNC MBs created higher
echo intensities than SonoVue MBs, which was fur-
ther verified using the seven CNC-modified MBs
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Fig. 11 Cell viability of MCF-10A cells co-incubated with
CNCs and SonoVue@CNCs for 6 h (a), 12 h (b), and 24 h
(c). Data are presented as the mean +SD. The equivalent CNC
concentrations were 0.07 mg/mL, 0.15 mg/mL, 0.31 mg/mL,
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0.62 mg/mL, 1.25 mg/mL, and 2.5 mg/mL. The mean and SD
are shown. The equivalent SonoVue MB concentration was
5 mg/mL. PBS and MCF-10A cells coincubated in complete
medium were used as the blank and control groups
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for in vivo and in vitro imaging, as shown in Fig. 7
and Figs. S11-12. The absorption of CNC nanopar-
ticles with a large aspect ratio could increase the
shell thickness, hardness and specific surface area
of MBs, resulting in enhanced echo intensity. Alto-
gether, CNCs obtained from different batches (Figs.
S14-16), with a different origin and with the same
rod-like shape (Fig. 4) and negative charge (Fig. S2)
could all improve the US tolerance of SonoVue@
CNC MBs while maintaining excellent enhance-
ment of US imaging in vitro and in vivo (Fig. 7 and
Figs. S10-12). Therefore, the CNC-modified MBs
would have greater stability and broader applica-
tions than SonoVue MBs.

Toxic effects of SonoVue@CNC MBs against
MCF-10A cells

Cytotoxicity and biocompatibility were preliminarily
evaluated by the CCK-8 assay. As shown in Fig. 11,
the cell viability for almost all cell groups was higher
than 90% when MCF-10A cells were coincubated
with CNCs and SonoVue @CNC:s for 6 h (a), 12 h (b),
and 24 h (c). Therefore, both CNCs and SonoVue @
CNC MBs were safe against MCF-10A cells. Moreo-
ver, the proliferation of cells coincubated with both
SonoVue@CNCs and CNCs was independent of the
CNC dose. Therefore, when the CNC concentration
was lower than 2.5 mg/mL, the CNCs did not exhibit
significant cytotoxicity, which is in agreement with
previously reported results (Ventura et al. 2020).
There were no significant differences in the cell sur-
vival rates between the SonoVue@CNC and CNC
groups (P>0.05). Therefore, neither SonoVue@
CNCs nor CNCs were cytotoxic, and both displayed
acceptable biocompatibilities.

Although this study confirms that SonoVue @ CNC
MBs can be fabricated via self-assembly technology,
which was also evaluated in vitro and in vivo for US
imaging, there are still some scientific limitations and
problems to be resolved. For instance, the combined
efficiency of CNCs and SonoVue MBs, the precise
changes in shell thickness and the biosecurity in vivo
all need to be more clearly elucidated to expand the
range of biomedical applications of CNCs and Sono-
Vue MBs.

Conclusions

SonoVue@CNC MBs were successfully prepared by
dispersing CNCs into SonoVue MBs. The rod-like
CNCs were adsorbed onto the polymeric MB shells,
resulting in enhanced echo intensities, MI tolerances
and increased surface areas for the SonoVue@CNC
MBs. Therefore, SonoVue @ CNC MBs demonstrated
better US image enhancement both in vitro and
in vivo than SonoVue MBs. Chemotherapeutic agents
and targeted molecules will be loaded in SonoVue@
CNC MBs via CNC-based self-assembly in the near
future by our group to develop new kinds of UCAs
and UCA-based targeted theranostic systems.
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