
J

R

S
n

J
S
S

a

A
R
R
A
A

K
N
S
S
N
U

1

t
g
C
n
c
q
s
g
m
c

(

h
1

ARTICLE IN PRESSG Model
MST-2108; No. of Pages 9

Journal of Materials Science & Technology xxx (2020) xxx–xxx

Contents lists available at ScienceDirect

Journal  of  Materials  Science  &  Technology

j o ur nal homepage: www.jm s t .org

esearch  Article

uperparamagnetic  iron  oxide  nanoparticles  assembled  magnetic
anobubbles  and  their  application  for  neural  stem  cells  labeling

ing  Li, Zhenqiang  Feng,  Ning  Gu ∗,  Fang  Yang ∗

tate Key Laboratory of Bioelectronics, Jiangsu Key Laboratory for Biomaterials and Devices, School of Biological Sciences and Medical Engineering,
outheast University, Nanjing 210096, China

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 15 December 2019
eceived in revised form 2 February 2020
ccepted 17 February 2020
vailable online xxx

eywords:
anobubbles
uperparamagnetic nanoparticles
elf-assembly
eural stem cells
ltrasonic exposure

a  b  s  t r  a  c  t

Micro/nanobubbles  for use as  ultrasound  contrast  agents  have  been  fabricated  with  different  shell  mate-
rials.  When  various  biomedical  nanoparticles  have  been  embedded  in the  shells  of bubbles,  the composite
structures  have  shown  promising  applications  in  multi-modal  imaging,  drug/gene  delivery,  and  biomed-
ical sensing.  In this  study,  we  developed  a  new  gas-liquid  interface  self-assembly  method  to prepare
magnetic  nanobubbles  embedded  with  superparamagnetic  iron  oxide  nanoparticles  (SPIONs).  The diam-
eter of  the  generated  assembled  nanobubbles  was  227.40  ± 87.21  nm  with  a good  polydispersity  index
(PDI)  of  0.29.  Under  the  condition  of  150 compression  cycles,  the nanobubble  concentration  could  reach
about  6.12  ×  109/mL.  Transmission  electron  microscopy  (TEM)  and  scanning  electronic  microscopy  (SEM)
demonstrated  that the  assembled  nanobubbles  had  a  hollow  gas  core  with  SPIONs  adsorbed  on  the sur-
face. Ultrasound  (US)  imaging  and  magnetic  resonance  imaging  (MRI)  experiments  indicated  that  the
assembled  magnetic  nanobubbles  exhibited  good  US and  MR  contrast  capabilities.  Moreover,  the  assem-
bled magnetic  nanobubbles  were  used  to label  neural  stem  cells  under  ultrasound  exposure.  After  40
s  US  exposure,  the magnetic  nanobubbles  could  be  delivered  into  cells  with  2.80  pg Fe  per  cell,  which
could  be  observed  in  the  intracellular  endosome  by TEM.  Compared  with  common  incubation  methods,

the  ultrasound  exposure  method  did  not  introduce  the  potential  cytotoxicity  of  transfection  reagents  and
the efficiency  was about  twice  as  high  as  the  efficiency  of incubation.  Therefore,  the  assembled  magnetic
nanobubbles  prepared  through  the pressure-driven  gas-liquid  interface  assembly  approach  could  be  a
potential  US/MRI  dual  model  imaging  nanocarrier  for regenerative  applications.

©  2020  Published  by  Elsevier  Ltd on  behalf  of  The  editorial  office  of Journal  of  Materials  Science  &
Technology.
. Introduction

In the last few decades, micro/nanobubbles have been found
o be useful in a variety of biomedical applications such as tar-
eted drug delivery and ultrasound contrast enhancement [1–4].
ompared with microbubbles with a diameter above 1 �m,
anobubbles with a diameter below 700 nm possess several spe-
ial properties, including high stability, large surface area, and
uite strong adsorption capacity [5–8]. Gas core is an important
tructural component of micro/nanobubbles. The second or third
Please cite this article in press as: J. Li, et al., J. Mater. Sci. Technol. (20

eneration of ultrasound contrast agents developed in recent years
ainly use macromolecular inert gases of low dispersion coeffi-

ient and low blood solubility, such as perfluorocarbon (C3F8) or
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F. Yang).

ttps://doi.org/10.1016/j.jmst.2020.02.045
005-0302/© 2020 Published by Elsevier Ltd on behalf of The editorial office of Journal of
sulfur hexafluoride (SF6) [9,10]. The microbubbles filled with SF6
(SonoVue®) are one of the representative ones. They have been
commonly used in clinical applications and research field [11].

In recent years, more and more researches have focused
on coating different materials on the surface of bubbles. The
micro/nanobubble modified with proteins and nanoparticles on
the shell may  not only possess much better stability with signif-
icantly improved resistance to pressure and mechanical variations
but also exhibit greater versatility due to the presence of func-
tional agents [12–14]. These materials can be embedded on shells
of micro/nanobubbles through a variety of methods, mainly includ-
ing biochemical conjugation [15–17] and physical methods, such
as electrostatic interaction [18,19], microfluidic devices [20], and
sonication [14]. The binding force degree of chemical coupling is
stronger than that of the physical effect [16,21]. Physical meth-
20), https://doi.org/10.1016/j.jmst.2020.02.045

ods such as microfluidic devices can produce uniform bubbles and
predetermine the size of the microbubbles [22,23]. However, exist-
ing methods require additional carrier layers such as polymers and
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ig. 1. Schematics of SPIONs assembled magnetic nanobubbles and their applicatio
xide  nanoparticles.

il layers or complex conjugation strategies that involve multi-
le processing steps and are time consuming [24,25]. Moreover,
he shells of the presently available micro/nanobubbles are often

ade of polymers or phospholipids with the introduction of organic
olvents.

Nanoparticles, especially superparamagnetic iron oxide
anoparticles (SPIONs), as the membrane shell material have
rawn great attention due to their unique physical, chemi-
al, and biological properties. SPIONs have been incorporated
nto micro/nanobubble shells, and the resulting composite

icro/nanobubble structures have been applied to enhance multi-
ode imaging and drug delivery. Yang et al. [26] and Duan et al.

27] developed microbubbles with SPIONs embedded in polymer
hells for ultrasound (US)/magnetic resonance imaging (MRI) dual
ontrast imaging. Park et al. [28] produced stable microbubbles
hat can attach different types of nanoparticles, including Fe3O4 or
u, to their surface for US/MRI or photoacoustic imaging contrast
nhancement. Ultrasmall-SPIONs were embedded in the wall of
oly (butyl cyanoacrylate)-based microbubbles, which allowed
he blood-brain barrier to be monitored [29]. Some other studies
ave also demonstrated that incorporating nanoparticles into
hospholipid-coated microbubbles increases the efficiency of
ene delivery [30,31]. Nanobubbles loaded with SPIONs and/or
ntibody-drugs have been studied for tri-modal biological imaging
nd targeted therapy [12,32]. All these studies have shown that
anoparticle-loaded micro/nanobubbles could be successfully
sed for bio-separation, magnetic drug delivery, and MRI  contrast
nhancement for a specific organ and the long-term tracking of
ellular fate in vivo [33,34].

Stem cell-based therapy is emerging as a promising alternative
herapeutic strategy to improve or treat disease. Neural stem cells
NSCs), which are characterized by high self-renewal and multi-
ifferentiation, may  be a possible strategy for naturally homing to
iseased regions and replacing cell loss to treat conditions such
s stroke, spinal cord injury, Alzheimer’s disease, or amyotrophic
ateral sclerosis [35–38]. However, tracking the accumulation of
tem cells in sites of interest and their fate in vivo is a prerequi-
ite for the use of stem cell therapy. Previous studies have shown
Please cite this article in press as: J. Li, et al., J. Mater. Sci. Technol. (20

hat microbubbles exhibit great potential for stem cell tracking and
herapy. Microbubbles or nanobubbles as a carrier for transferring
rowth factors were successfully used to label stem cells and were
hown to have good imaging ability and even feasibility to treat
eural stem cell labeling with different methods. SPIONs: Superparagmagnetic iron

disease in vivo [39,40]. However, few studies have reported on
nanobubbles for labeling stem cells. Studies using SPIONs as the
MRI contrast agents in stem cell labeling or tracking have increased
exponentially in recent years [41]. The most commonly-used label-
ing approach is “simple incubation” [42]. However, this method
takes several hours for incubation, and one researcher revealed that
transfection reagents may  increase the cell apoptosis rate [43].

In this study, as shown in Fig. 1, we developed a novel struc-
ture of self-assembled SPION-embedded nanobubbles without any
polymer or phospholipid shells and without the use of organic
solvents. The characterization and properties of the assembled
magnetic nanobubbles were investigated in detail, and a possi-
ble generation mechanism was  proposed. More importantly, the
preliminarily validated labeling efficiency of NSCs under ultrasonic
exposure was measured quantitatively, and the intracellular distri-
bution of magnetic nanobubbles was  characterized.

2. Experimental

2.1. Materials

Ultrapure water with the conductivity of 18.25 �/cm was
prepared with a deionizing water purification system (ULPURE
UPH-IV-10 T, China). The gas used in the experiment was  SF6 with
a purity of 99.99 % purchased from Anhui Qiangyuan Gas Co., Ltd
(Wuhu, China). Glass vials (4 mL)  with open screw caps contain-
ing Teflon-covered silicon rubber septa and a 5 mL syringe fitted
with a 22 G needle (KDL, Shanghai, China) were used to produce
samples. Finally, �-Fe2O3 superparamagnetic iron oxide nanopar-
ticles (SPIONs, mean TEM diameter: 7 nm;  mean hydrodynamic
diameter: about 30 nm;  concentration: 5.67 mg/mL) were syn-
thesized and modified with poly-glucose sorbitol carboxymethyl
ether (PSC), which was  provided by the Jiangsu Key Laboratory for
Biomaterials and Devices (Nanjing, China) [44].

2.2. Synthesis of SPIONs assembled nanobubbles

Assembled nanobubbles were prepared by a repeated compres-
20), https://doi.org/10.1016/j.jmst.2020.02.045

sion method similar to the process described in our previous study
[6]. Briefly, 2 mL of deionized (DI) water and SPIONs with different
concentrations were added to 4 mL  glass vials. The air layer in the
upper part of the vial was replaced with SF6 gas, and then the vial

https://doi.org/10.1016/j.jmst.2020.02.045
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as sealed. After that, a 5 mL  syringe containing 3 mL  of SF6 gas
ith the needle was inserted into the vial. The tip of the needle
as always kept below the water surface during the process. The
hole process of piston up and down movements was recorded

s one compression cycle. The moving speed of piston (10, 16, 22,
6, 28, 30 mm/s) and number of compression cycles (30, 70, 100,
50) as well as the concentration of SPIONs (5.67, 8.50, 11.34, 19.85,
8.35 �g/mL) added to the vial were measured to acquire the opti-
al  conditions for assembly. The operation was conducted at room

emperature (25 ◦C).

.3. Structural and functional characterization of assembled
anobubbles

The size distribution and Zeta potential of assembled nanobub-
les were measured using a NanoSizer (Zeta-Sizer, Malvern

nstruments, United Kingdom) at a 90◦ scattering angle. The con-
entration measurement of assembled nanobubbles in solution was
erformed by a nanoparticle tracking analysis (NTA) instrument
NanoSight, NS300, Malvern Instruments). A transmission elec-
ron microscope (TEM, JEM-2100, Japan) and a scanning electron

icroscope (SEM, Ultra Plus, Zeiss, Germany) were used to char-
cterize the morphology of assembled nanobubbles. Inductively
oupled Plasma Optical Emission Spectrometer (ICP-OES, Optima
000, PerkinElmer, USA) was used to determine the amount of
PIONs on nanobubbles, which was indirectly compared with the
anoparticle solution through calculating the iron concentration.

MRI  experiments of assembled nanobubbles were carried out
n a 7.0 T MRI  scanner (Biospec 7 T/20 USR, Bruker, Germany). The
etailed parameters for T2 imaging were set as follows: field of
iew (FOV) = 33 mm × 80 mm,  flip angle (FA) = 90◦, slice thickness

 1.50 mm,  echo time (TE) = 36 ms,  repetition time (TR) = 3000 ms.
he gray value was measured in regions of interests (ROIs) in the
ample area as the signal intensity.

Ultrasound imaging was performed on a high-resolution
icroimaging system (VisualSonics Vevo 2100, Canada) with the

ransducer at 18 MHz  of a static state using both B-mode and
ontrast mode. The imaging settings for the system were center
requency of 18 MHz, intensity power of 4 %, and contrast gain
f 35 dB. A grayscale mapping function was used to calibrate the
ltrasound video intensity.

.4. Neural stem cell culture and label in vitro

Primary NSCs were extracted from the hippocampi of 14 days-
ld fetal rats according to established protocols [45] in accordance
ith the Guidelines for Animal Care and Use established by the
edical School of Southeast University’s Institutional Animal Care

nd Use Committee. Pregnant rats were sacrificed, and neural stem
ells were isolated from the hippocampi of fetuses by microdis-
ection and dissociation using 0.25 % trypsin-EDTA (Gibco by
ife Technologies, USA). Cells were collected and re-suspended in
erum-free DMEM/F12 medium (Gibco) supplemented with 2 %
27 (Gibco), 20 ng/mL Recombinant Rat epidermal growth factor
EGF, PeproTech, USA), 20 ng/mL Recombinant Rat basic fibro-
last growth factor (bFGF, PeproTech), 2 nM l-glutamine (Aladdin,
hina), and 2 �g/mL Heparin sodium salt (Aladdin). This suspen-
ion was incubated under the conditions of 37 ◦C and 5 % CO2. Fresh
edium was changed every three days, and cells were dissoci-

ted with Accutase Dissociation Reagent (STEMCELL Technologies,
anada) until cell neurospheres reached a diameter greater than
00 �m.
Please cite this article in press as: J. Li, et al., J. Mater. Sci. Technol. (20

For stem cell labeling, the ultrasound exposure system described
n our earlier publication was used in this study [46]. Briefly, the

 MHz  focused 30 mm-diameter single-element transducer was
ositioned in a water tank and connected to a waveform genera-
 PRESS
 Technology xxx (2020) xxx–xxx 3

tor (33250A Agilent Technologies, USA) and radio frequency (RF)
power amplifier (75A250, Amplifier Research, USA). The concen-
tration ratio of assembled nanobubbles to cells was  about 10:1.
After mixing, the cell suspension was placed into a plastic tube
of 15 mm diameter and 75 mm  length with a sound-transparent
polymer-membrane bottom. The optimum acoustic pressure for
labeling was  measured by comparing cell viability via the CCK-8
assay (Cell Counting Kit-8, Beyotime, China). For measuring cell
uptake of assembled nanobubbles, Prussian blue staining assay
and ICP-OES quantitative analysis were performed after ultrasound
exposure. For further analysis, the labeled cells were detached and
fixed overnight with 2.50 % glutaraldehyde in 1 × phosphate buffer
solution (PBS, pH 7.40) at 4 ◦C. The samples were then postfixed
in 1 % osmium tetroxide, dehydrated in ethanol, and embedded in
epon (Sigma-Aldrich, MO,  USA). Ultrathin slices (60–80 nm) were
stained with uranyl acetate and lead citrate and imaged by TEM
(JEM-2100, Japan).

2.5. Statistical analysis

Statistical calculations were performed in GraphPad Prism Ver-
sion 7.0, and all values were presented as mean ± SD of more than
three independent experiments. Comparisons were conducted
using one-way analysis of variance (ANOVA) followed by the t-
test. Values of *p < 0.05 and **p  < 0.01 were considered statistically
significant. All reported p values were two-tailed.

3. Results and discussion

3.1. Synthesis and characterization of assembled nanobubbles

Assembled nanobubbles were prepared by repeated compres-
sion to cause the nanoparticles to be absorbed on the surfaces of the
nanobubbles. The parameters of compression speed and number
of compression cycles were set in this study based on our previous
study to ensure the generation of nanobubbles and also to verify the
feasibility of adding SPIONs [6]. By measuring the size distribution
(Fig. 2(a1-1)) and analyzing the count rate of bubbles and the peak
ratio of free SPIONs (Fig. 2(a1-2)) in different compression speeds,
it was found that all sizes were distributed with two peaks (about
30 nm for free SPIONs and 200 nm for nanobubbles). Meanwhile,
the peak ratio of free SPIONs decreased with increasing the rate of
bubbles, and it may  reveal that with increasing the speed, more and
more free SPIONs in solution adsorbed on nanobubbles. Similarly,
the results of samples with different compression cycles showed
that the size distributed in 30 nm disappeared as the compression
cycles approached 150 (Fig. 2(a2-1)). And the further studies on the
count rate of bubbles and on the peak ratio of free SPIONs indicated
that as the time increased, the peak ratio decreased with increas-
ing the count of bubbles (Fig. 2(a2-2)) at the same compression
speed (30 mm/s). Therefore, the compression speed of 30 mm/s
and 150 compression cycles were used to measure the optimal
concentration of SPIONs. The size distributions of samples in dif-
ferent concentrations of SPIONs revealed that the detectable free
SPIONs (about 30 nm)  remained in solution as the concentration
increased (Fig. 2(a3-1)). Under the concentrations of 5.67 �g/mL
and 8.50 �g/mL, a single peak was  observed at about 200 nm,  and
the peak of ratio of free SPIONs did not appear, which may  indicate
that almost all SPIONs assembled on nanobubbles (Fig. 2(a3-1, 3-
2)). When the concentration of SPIONs was 11.34 �g/mL, the peak
ratio began to appear but was  lower than the peak ratios under the
20), https://doi.org/10.1016/j.jmst.2020.02.045

concentrations of 19.85 and 28.35 �g/mL. These results suggested
that the concentration of 11.34 �g/mL could be set for further stud-
ies to ensure enough SPIONs assemble on nanobubbles. Based on
the above results, the following compression parameters were cho-

https://doi.org/10.1016/j.jmst.2020.02.045
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Fig. 2. Assembled parameters and characterization of assembled magnetic nanobubbles. (a) Effect of compression speed (a1-1) for size distribution; (a1-2) for count rate of
bubbles and peak ratio of free SPIONs), compression cycles (a2-1) for size distribution; (a2-2) for count rate of bubbles and peak ratio of free SPIONs) and the concentration
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f  SPIONs (a3-1) for size distribution; (a3-2) for peak ratio of free SPIONs) on ass
anoparticles and assembled nanobubbles by NanoSizer. All bars represent mean
ssembled magnetic nanobubbles at room temperature (25 ◦C).

en for further studies: compression speed of 30.00 mm/s, cycles
f 150, and concentration of SPIONs as 11.34 �g/mL.

The size and zeta potential of free nanobubbles, SPIONs, and
ssembled nanobubbles were all measured with the dynamic light
cattering (DLS), and the first two were set as control groups to
ssess differences before and after assembly. Fig. 2(b1) verifies
he size probability distribution function of the sample. For free
anobubbles, it shows single size distribution around 181 nm.  And

or assembles nanobubbles, there are two peaks. The intensity peak
round 32 nm (32.68 ± 7.34 nm)  was almost consistent with the
PIONs (31.01 ± 6.05 nm), which indicates the unassembled SPIONs
n the solution. And the peak of about 230 nm (227.40 ± 87.21 nm)
s fairly close to the size of the nanobubbles (182.00 ± 71.77 nm).
he above results suggest that unassembled SPIONs were present

n the assembled nanobubbles solution, and the small size differ-
nce between nanobubbles and assembled nanobubbles reveals the
ccurrence of the self-assembly process. The polydispersity indexes
PDIs) of all three materials including free nanobubbles, SPIONs
nd assembled nanobubbles were 0.19, 0.24, and 0.29, respectively,
hich indicates the uniform size of samples. The zeta potential had

o significant difference among all these samples (Fig. 2(b2)).
Particle analysis using the NTA method was further performed
Please cite this article in press as: J. Li, et al., J. Mater. Sci. Technol. (20

o quantitatively investigate the concentrations of assembled
anobubbles in solution. The concentration of assembled nanobub-
les with 150 cycles repeat compression at a speed of 30 mm/s
ould reach up to 6.12 × 109 particles/mL. The result shown in
d nanobubbles; (b) size distribution (b1) and zeta potential (b2) of nanobubbles,
, and three independent experiments (n = 3) were performed; (c) The stability of

Fig. 2(c) further demontrates that the size of assembled nanobub-
bles at room temperature (25 ◦C) indicates no significant difference
within 5 days, ranging from 235.90 ± 65.00 nm to 195.77 ± 75.30
nm after 5 days.

3.2. Morphological characterization of assembled nanobubbles

TEM and SEM images shown in Fig. 3(b, c) were used to observe
the self-assembly structure of the sample. After the SPIONs with
TEM diameter of 7 nm (Fig. 3(a)) were assembled on the gas-
liquid interface, the TEM images of magnetic nanobubbles clearly
exhibited that the nanoparticles were bonded on the surface of
nanobubbles to form a regular circle structure. The TEM size of
magnetic nanobubbles was  about 150 nm,  which is almost consis-
tent with the size measured by DLS. Assembled structures are also
shown in the SEM images (Fig. 3(c)). To further analyze the distribu-
tion of atomic percentage, especially for Fe, an assembly structure
was randomly selected in the field of view, and the energy disper-
sive spectrometer (EDS) module of SEM was used. The results in
Fig. 3(d) show that the Fe element was detected in samples with the
mass percentage of 0.51 % and the atomic percentage of 0.19 %. The
20), https://doi.org/10.1016/j.jmst.2020.02.045

main elements (C, O and Si) in this result were introduced by sam-
ple preparation, such as using a silicon basement for SEM imaging
and glycerol for making the structure stable during drying pro-
cess. All the above results demonstrate that SPIONs could adsorb on

https://doi.org/10.1016/j.jmst.2020.02.045
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ig. 3. Morphologies of assembled magnetic nanobubbles. (a) TEM images of SPION
ation of one sample; (c) SEM images of assembled nanobubbles, and the top left co
ercentage in assembled nanobubbles by EDS module.

he surface of nanobubbles without any polymer or phospholipid
hells.

.3. Mechanism of nanobubbles and SPIONs self-assembly

The self-assembly method of nanobubbles with SPIONs is based
n cyclic compression with the change of pressure. Pushing the
yringe can form a high-speed water flow in the vial, and hydrody-
amic cavitation caused by the high-speed water flow causes the
anobubbles to be generated. Pulling the syringe position reduces
he gas pressure in the vial, and the gas solubility is reduced, so the
as becomes supersaturated. As this time, the gas easily precipitates
n the surface of the nanoparticles and in the water.

Fig. 4 shows the mechanism during the process of self-assembly
f SPIONs with nanobubbles. Nanoparticles were diluted in ultra-
ure water, and their surface had the same electric charge. Since
he nanoparticles were mutually repelled with electrostatic force,
he particles were uniformly dispersed in the water and did not
ggregate (Fig. 4(a)), and at this point they could all pass through
he 1000 KD ultrafiltration tube, which was verified by measur-
ng the concentration of iron (original part: 11.70 mg/L; filtered
art: 11.25 mg/L). When the sample was prepared by the cyclic
ompression method, a gas layer was deposited on the surface
f the nanoparticle (Fig. 4(b)), so there was a strong attraction
etween the nanoparticles with gas layer and the nanobubbles
Fig. 4(c)), and the nanoparticles then spontaneously adsorbed
n the nanobubble (Fig. 4(d)). Therefore, the self-assembly of
anoparticles and nanobubbles happened in the water under
he continuous pressure-driving condition. After this process was
epeated numerous times, the surface of the nanobubble adsorbed
ense nanoparticles. Once the nanoparticles and the nanobubbles
epelled each other due to electrostatic force, the nanoparticles no
Please cite this article in press as: J. Li, et al., J. Mater. Sci. Technol. (20

onger adsorbed the nanobubbles, and the self-assembled samples
tably exited in the water. The size of assembled nanobubbles was
arger than free SPIONs, so the filtered part mainly became the free
anoparticles. Compared with the concentration of the original part
 TEM images of assembled nanobubbles, and the top left corner shows the magnifi-
hows the magnification of one sample; (d) analysis of atomic percentage and mass

before compression (11.07 mg/L), the filtered part was  about 3.18
mg/L and the remaining part was  30.49 mg/L (some water passed
through the ultrafiltration tube). The decreasing concentration of
filtered SPIONs indicated the occurrence of the assembly process.

There are two  key points in the method. One is to prepare a
large number of nanobubbles in the water, and the other is to make
the gas supersaturated in water so that the surface of nanoparti-
cles can form a gas layer. Because of the long-range attractions, the
nanobubbles and the nanoparticles with a gas layer on the surface
attract each other in water to self-assemble.

The solubility of SF6 gas in water at room temperature and room
pressure is 5.40 cm3/L. When about 10.80 �L of SF6 is dissolved in
2 mL  of water (much smaller than the volume of SF6 used in the
experiment), the effect of the pressure reduction caused by the dis-
solution of the gas itself can be neglected. While the piston moved
to the bottom of the syringe, the volume of SF6 changed from 5 mL
to 2.00 mL.  According to the ideal gas law in Eq. (1):

p = nRT

V
(1)

(p is the pressure of the ideal gas, V is the volume of the ideal
gas, n is the amount of the gaseous substance, T is the thermody-
namic temperature, and R is the ideal gas constant), the gas pressure
increased by 2.50 times. According to Henry’s Law [47,48] in Eq. (2):

x = Pg

H
(2)

where H is the Henry constant, x is the gas mole fraction solubil-
ity, and Pg is the partial pressure of the gas, the solubility of SF6
also increased by 2.50 times. At most, 27 �L of SF6 was  dissolved in
water, which was  still much smaller than the volume of SF6 used in
20), https://doi.org/10.1016/j.jmst.2020.02.045

the experiment, so the effect of the dissolution with the gas itself
can be neglected too. When the piston moved to the top of the
syringe, the pressure returned to normal pressure, and the SF6 dis-
solved in water precipitated on the surface of the SPIONs to form

https://doi.org/10.1016/j.jmst.2020.02.045
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Fig. 4. Mechanism of assembled process for assembled nanobubbles. (a) SPIONs in water solution before compression; (b) a gas layer deposited on the surface of the
nanoparticles during repeat compressions; (c) attractions between nanoparticles and nanobubbles; (d) the assembled nanobubbles structures.
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ig. 5. MR and ultrasound imaging of assembled nanobubbles. (a) Fe concentration-d
ean gray value of T2 signal (b); (c) ultrasound imaging of assembled nanobubbles, 

 SD, and three independent experiments (n = 3) were performed; and the statistic

 gas layer. At the same time, supersaturated SF6 precipitated in
ater to form nanobubbles.

The velocity of fluid will become large when the fluid flows
hrough a restricted flow zone (such as the small pipe), and that
ill cause the pressure in the liquid to decrease. If the pressure of

iquid drops to the vapor pressure or even the negative pressure,
Please cite this article in press as: J. Li, et al., J. Mater. Sci. Technol. (20

he gas dissolved in the liquid is released to form bubbles. Accord-
ng to Bernoulli’s Law [49] in Eq. (3), we can determine the velocity
f liquid that causes the pressure in liquid to decrease to negative
ressure:
dent T2-weighted magnetic resonance images in a 7.0 T MR  scanner, and the average
ean contrast enhanced grayscale of ultrasound imaging (d). All bars represent mean
ificance is indicated by ***p < 0.001 and ****p < 0.0001.

v =
√

2P0

�
(3)

where v is the velocity of liquid, P0 is a constant, which is the pres-
sure of the liquid when the velocity of liquid is 0, and � is the density
of liquid. In the study, P0 is the sum of gas pressure and liquid pres-
20), https://doi.org/10.1016/j.jmst.2020.02.045

sure, and the liquid pressure is much smaller than the gas pressure
and can be ignored. When the piston is at the top of the syringe, the
air pressure is equal to standard atmospheric pressure (101.30 kPa).
At this time, the speed required for hydraulic cavitation is 14.21

https://doi.org/10.1016/j.jmst.2020.02.045
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Fig. 6. Neural stem cell (NSCs) labeling in vitro. (a) Cell viability under different ultrasound acoustic pressure (2.50, 4.40, 6.00, 7.65 kPa); stability of assembled nanobubbles
under  ultrasound exposure (b), and in cell incubator at different time points (0, 6, 14, 24, 48 h) (c); (d) Prussian blue staining of no treatment of control cells and cells treated
by  nanoparticles loaded nanobubbles under the 4.40 kpa ultrasound exposure for 40 s; (e) iron concentration in one cell treated with different concentrations of iron in
assembled nanobubbles or with different labeling method, and measured by ICP-OES; (f) TEM images of NSCs with and without nanoparticles loaded nanobubbles treatment.
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 higher-magnification image of the indicated portion is shown in the right panel. A
nd  the statistical significance is indicated by **p < 0.01 and *p < 0.05. NSCs: Neural

/s. When the syringe piston moves to the bottom, the volume
f the gas is reduced to 2/5 of the original pressure and the pres-
ure increases to 253.25 kPa. At this time, the speed required for
ydraulic cavitation is 22.50 m/s. The inner diameter of the syringe
sed in the experiment was 13.00 mm,  and the inner diameter of
he syringe needle was  0.41 mm.  When the syringe piston speed
as 15 mm/s, the water flow speed in the needle could exceed

4.21 m/s. When the syringe piston speed was 27 mm/s, the water
ow speed in the needle could exceed 22.50 m/s.

.4. Magnetic and acoustic performance analysis of assembled
agnetic nanobubbles

To evaluate the properties of assembled nanobubbles for imag-
ng, MR  images of assembled nanobubbles were taken with a 7.0 T
Please cite this article in press as: J. Li, et al., J. Mater. Sci. Technol. (20

canner. The T2-weighted MR  images were captured, and the mean
ray value was  measured by Image J (NIH, USA). The imaging result
n Fig. 5(a) showed that the assembled nanobubbles with differ-
nt concentrations of SPIONs, including 0.002, 0.02, and 0.20 mM,
 represent mean ± SD, and three independent experiments (n = 3) were performed;
 cells; SPIONs: Superparamagnetic iron oxide nanoparticles.

caused the T2 signal to decrease by different amounts than the blank
control of water. Meanwhile, the gray values of iron concentration
at 0.20 mM and 0.02 mM showed significant difference compared
to the blank control water, while the iron concentration of 0.002
mM showed significant difference (Fig. 5(b)). The higher concen-
tration of magnetic nanobubbles indicated better MRI  capabilities.
These findings revealed that the assembled nanobubbles had good
MRI  contrast properties.

On the basis of SF6 gas inside of bubbles, ultrasound imaging
was performed on three different groups, including blank control
(water), SPIONs, and assembled nanobubbles (same iron concen-
tration with MRI: 0.20 mM). The results in Fig. 5(c, d) indicate that
enhanced US imaging can be observed for the assembled nanobub-
bles group, and the contrast mean power showed significant
differences among the three groups. The assembled nanobubbles
20), https://doi.org/10.1016/j.jmst.2020.02.045

with the concentration of 0.20 mM exhibited properties of contrast
enhancement. The results of MRI  contrast and ultrasound contrast
property may  provide assembled magnetic nanobubbles with a
potential application of US/MRI dual mode imaging.

https://doi.org/10.1016/j.jmst.2020.02.045
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.5. Magnetic nanobubbles labeling the neural stem cells in vitro

Firstly, to achieve optimal ultrasound acoustic pressure, the
iability of cells was measured with the CCK-8 assay. The cell sus-
ension (with a cells: nanoparticles-loaded nanobubbles ratio of
:10) was exposed to different acoustic pressures, including 2.50,
.40, 6.00, and 7.65 kPa for 40 s, and NSCs without treatment were
sed as the control group. The result in Fig. 6(a) shows that the
ells retained viability of more than 87 % at the pressures of 2.50
nd 4.40 kPa after exposure. For the other two pressures, the viabil-
ty decreased to 75 % and 68 %. Thus, the acoustic pressure of 4.40
Pa was used for cell labeling.

Then, the stability of the nanoparticles-loaded nanobubbles was
easured with the NanoSizer to ensure their capability for cell

abeling. Compared with SPIONs-loaded nanobubbles (226.60 ±
5.70 nm), the mean size of assembled nanobubbles showed no
ignificant changes (210.40 ± 70.50 nm)  (Fig. 6(b)) after ultra-
ound exposure. The assembled nanobubbles were also incubated
or about 48 h in a cell incubator to monitor their stability, and the
esults showed that the size of assembled nanobubbles between

 h (223.90 ± 77.40 nm)  and 48 h (181.10 ± 66.00 nm)  had no
ignificant difference (Fig. 6(c)). All above results revealed that
he assembled nanobubbles should have good stability during cell
abeling studies.

To validate the feasibility of ultrasound-assisted cell labeling,
russian blue staining was performed. As shown in Fig. 6(d), intra-
ellular iron was stained by Prussian blue, and blue particles were
een in labeled cells (Fig. 6(d) right), whereas no blue particles
ere seen in the control cells without the treatment of US and

ssembled nanobubbles (Fig. 6(d) left). ICP-OES was further used
or quantification of intracellular iron concentration to evaluate
he cellular uptake. The concentration of iron in each cell was cal-
ulated according to the quantity of cells at each test point. The
esults show that the uptake of iron by NSCs was dependent on
oncentration and labeling method. It was found that there was
ignificant difference (p = 0.0109) between ultrasound labeled cells

 and ultrasound labeled cells 2 (Fig. 6(e)), and the iron uptake for
hese two group was about 2.84 ± 0.68 pg and 0.93 ± 0.05 pg per
ell, respectively. The iron concentrations in assembled nanobub-
les used in these two groups were 0.54 �g/L and 36.33 �g/L. The
esults indicated that the nanoparticles embedded in the nanobub-
les can be delivered into stem cells, and the delivery efficiency
epends on the concentration of nanoparticles loaded on nanobub-
les. For further confirmation of the efficiency of the ultrasound

abeling method, the incubation method (about 2 h) was  applied
n our study, and the iron concentration assembled on nanobub-
les (36.33 �g/L) was consistent with the ultrasound labeled group.
esults in Fig. 6(e) show that the iron uptake of ultrasound-labeled
ells was significantly higher than incubation cells (0.54 ± 0.06 pg
er cell) (p = 0.0024). The intracellular iron concentrations of all
xperimental groups were higher than the control group (cell self
ron: 0.29 ± 0.02 pg per cell). To examine the internalization of

aterials more directly, TEM was used to visualize and confirm the
ndocytic structure at the ultrastructural level. Inside the labeled
ells, electron-dense nanoparticles in endosomes were observed in
ome, but not all, endocytic vesicles, and were distributed irregu-
arly (Fig. 6(f)). Magnetic nanobubbles were not observed on the
ell membrane or in control cells (Fig. 6(f): control).

. Conclusion
Please cite this article in press as: J. Li, et al., J. Mater. Sci. Technol. (20

In this study, we developed a new method for self-assembly
f iron oxide nanoparticles and free nanobubbles by repeated
ressure-driven compression cycles. The nanoparticles can be
ssembled onto the nanobubble surface by simple cyclic extrusion

[
[

[

 PRESS
 Technology xxx (2020) xxx–xxx

based on the attraction of the nanobubbles to the nanoparticles
with gas layers. The approach does not require any treatment of
organic solvent, and the assembly of nanobubbles is simple to oper-
ate with good controllability. The assembled magnetic nanobubbles
have stable structure and provide significant contrast enhance-
ment for both US and MRI. Moreover, by utilizing the acoustic
response of the assembled nanobubbles, our results reveal that
the fabricated nanobubbles can be applied for neural stem cell
labeling under ultrasonic exposure. Compared with the traditional
co-incubation method, the magnetic nanobubble-based labeling
approach indicates higher label efficiency within 40 s treatment.
However, further in-depth exploration, such as studies on stem
cell tracking after labeling or extension of above method for coat-
ing nanobubbles with different functional nanoparticles need to be
conducted.
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