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Shan He, Wei Pang, Xiaoyu Wu, Yang Yang, Wenjun Li, Hang Qi, Chongling Sun,
Xuexin Duan and Yanyan Wang *

The hydrodynamic method mimics the in vivo environment of the mechanical effect on cell stimulation,

which not only modulates cell physiology but also shows excellent intracellular delivery ability. Herein, a

hydrodynamic intracellular delivery system based on the gigahertz acoustic streaming (AS) effect is pro-

posed, which presents powerful targeted delivery capabilities with high efficiency and universality. Results

indicate that the range of cells with AuNR introduction is related to that of AS, enabling a tunable delivery

range due to the adjustability of the AS radius. Moreover, with the assistance of AS, the organelle localiz-

ation delivery of AuNRs with different modifications is enhanced. AuNRs@RGD is inclined to accumulate

in the nucleus, while AuNRs@BSA tend to enter the mitochondria and AuNRs@PEGnK tend to accumulate

in the lysosome. Finally, the photothermal effect is proved based on the large quantities of AuNRs intro-

duced via AS. The abundant introduction of AuNRs under the action of AS can achieve rapid cell heating

with the irradiation of a 785 nm laser, which has great potential in shortening the treatment cycle of

photothermal therapy (PTT). Thereby, an efficient hydrodynamic technology in AuNR introduction based

on AS has been demonstrated. The outstanding location delivery and organelle targeting of this method

provides a new idea for precise medical treatment.

1. Introduction

A hydrodynamic system based on fluid shear force is widely
applied in the intracellular delivery of different kinds of sub-
stances.1 Such fluid shear force can induce membrane pora-
tion by the deformation or temporary disruption of cells with
less invasiveness and excellent biocompatibility.2 Meanwhile,
the ability of fluids in cell poration can be adjusted by fluid
flow patterns or shear force levels, which was typically regu-
lated with microstructure or acoustic intensity.3 In microchan-
nel systems, shear forces are generated by fluid velocity gradi-
ents caused by different microstructural restrictions, which
can enhance the cell membrane permeability.4 As a spiral
vortex is generated in the cross- or T-junction sites, the per-
meability of the cell membrane changed with the cell defor-
mation and the highly effective intracellular delivery of large
nanomaterials was achieved.5,6 Even better, the hydrodynamic
system based on microfluidics is able to realize the delivery of
external substances without affecting the later culture and
characterization of cells.7 However, the fluid shear force levels

will be determined with the microstructure, which limits its
adjustability.8

The hydrodynamic poration method based on the acoustic
wave optimizes the adjustability of the intracellular delivery
system, of which the fluid shear force acted on cells is realized
through the conversion of acoustic energy to liquid kinetic
energy. Continuous adjustment of the shear force can be
achieved by changing the acoustic input energy, which simpli-
fied the experimental process. There are two categories of
acoustic-based intracellular delivery methods: bubble-based
sonoporation and non-bubble-based sonoporation. Bubble-
based sonoporation typically relies on ultrasound-induced
bubble cavitation.9 The cavitation can trigger drug delivery
through mechanisms of thermal, chemical and mechanical
effects. The thermal effect relies on the acoustic radiation from
oscillating bubbles, which is able to heat the surroundings,
thus promoting the drug release from thermally sensitive car-
riers.10 The chemical effect relies on the temperature rise
inside the bubble caused by acoustic energy, which is more
obvious than the surroundings. This extreme heat condition is
only sustained for a brief period (<1 µs), but can lead to the
emission of electromagnetic radiation and production of
highly reactive chemical species, to further activate certain
types of drugs without degradation.11 The mechanical effect
relies on the volumetric oscillations of bubbles that are
exposed to an ultrasound field, which is sufficient to impose
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substantial forces on nearby surfaces and promote drug
release from particles.12 Additionally, microstreaming gener-
ated by the oscillating bubbles13 and liquid microjetting gener-
ated with the bubble collapse14 have been demonstrated such
that the fluid force applied on nearby cells can promote intra-
cellular drug delivery.

The non-bubble-based sonoporation method was recently
developed, which reduced the system instability and complex-
ity caused by bubbles. Non-bubble-based sonoporation typi-
cally relies on the acoustic radiation force and shear force
induced by acoustic streaming (AS).15 Acoustic radiation force
dominates cell poration and intracellular delivery at acoustic fre-
quencies ranging from kilohertz to megahertz. Bulk acoustic
wave (BAW) and surface acoustic wave (SAW) are two common
wave modes in sonoporation. Based on the BAW generated by the
piezoelectric transducer, the acoustic radiation force is able to
induce dextran (500 kDa) intracellular delivery to several cells.16

BAW can not only achieve efficient substance delivery, but its
accuracy of intracellular delivery can also be improved by the
range of BAW. As the developed piezoelectric micropillars, loca-
lized sonoporation can be achieved of the target cell in small
areas above the micropillars.17 Based on the SAW generated by
the interdigitated transducer, the acoustic radiation force is able
to change the permeability of the cell membrane, which is
attached to a solid substrate and achieves acoustically-mediated
intracellular delivery.18 Similarly, the precisely control of the
range of drug delivery can also be realized with the area of SAW,
as a narrowly focused SAW can be generated by changing the
structure of the interdigital electrode.19

With the frequency of an acoustic wave up to the gigahertz
range, the shear force induced by acoustic streaming domi-
nates cell poration.20 In our previous works, the acoustic
streaming excited by a gigahertz bulk acoustic resonator was
able to exert a shear force on the cell membrane, and induce
cell deformation together with the change of the cell mem-
brane permeability, which was confirmed by the intracellular
delivery of doxorubicin hydrochloride (DOX).21 In addition,
this hydrodynamic delivery system based on gigahertz AS has
been proved to promote plasmid,22 biologically active pro-
teins23 and even drug-loaded mesoporous silica nano-
particles,24 which provides a novel method for the intracellular
delivery of substances with different properties.

Nanomaterials exhibit superiority in cellular imaging, drug
delivery and cell therapy due to their excellent physical and
chemical performances.25 Among many nanomaterials, gold
nanorods (AuNRs) show great prospects for extensive appli-
cation in cell biology. It can be used as a drug carrier to
achieve intracellular drug delivery due to the ease of synthesis
and modification.26 Meanwhile, AuNRs display great optical
absorbance27 and scattering enhancement28 based on surface
plasmon resonance, making them ideal contrast agents in a
number of applications, such as photothermal therapy
(PTT),29,30 photoacoustic imaging (PAI)31,32 and dark-field
imaging.33 At present, the main way to achieve bulk delivery of
AuNRs is the coincubation method based on endocytosis. This
makes the delivery duration last for several hours to days,34,35

reducing the application efficiency of AuNRs. Therefore, it is
an urgent issue to improve the implementation efficiency
caused by long-term introduction.

Herein, a hydrodynamic delivery system of AuNRs based on
the gigahertz AS effect is proposed. We demonstrate that the
intracellular delivery of AuNRs can only be realized in the
range of AS, revealing the cell location property of AS intra-
cellular delivery. The delivery efficiency of AS stimulation com-
pared with that of the coincubation method is tested, which
prove the rapid intracellular delivery of AuNRs, regardless of
the different surface modifications of AuNRs or different cell
lines. By calculating the colocalization coefficient, we identify
the preference of AuNRs with different modifications into
different organelles under AS action—that AuNRs@RGD is
inclined to the nucleus, AuNRs@BSA tends to prefer the mito-
chondria and AuNRs@PEGnK prefers the lysosome. Finally, we
demonstrate that the photothermal effect relies on the rapid
intracellular introduction of AuNRs in large quantities. Cells
can heat up rapidly with 785 nm laser irradiation according to
the plasmonic resonant optical absorbance of AuNRs, which
effectively shortens the cycle of photothermal therapy. Thus,
the efficient and unrestricted delivery of AuNRs with AS stimu-
lation has been proved. Meanwhile, cell location and orga-
nelle-guided AuNR delivery imply promising prospect in pre-
cision medicine.

2. Results and discussion
2.1 Rapid intracellular delivery of AuNRs

AuNRs were synthesized using the seed-mediated growth
method36,37 and functionalized by five kinds of molecules
(Fig. 1A), including thiolated polyethylene glycol with fluor-

Fig. 1 A. Schematic diagram of AuNRs modified with five different
molecules. B. Schematic illustration of the AS-induced AuNR
delivery. C. The fluid shear force generated by AS causes cell membrane
permeability changes and enhances the AuNR entry to different
organelles.
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escein isothiocyanate (SH-PEG-FITC) with three different mole-
cular weights (8K, 2K and 1K), thiolated arginine-glycine-aspar-
tic acid with fluorescein isothiocyanate (RGD-FITC), and
bovine serum albumin with fluorescein isothiocyanate
(BSA-FITC). To verify the modification of different molecules,
the zeta potential, hydrodynamic diameter and fluorescence
intensity of the modified AuNRs were characterized. The
reduced zeta potentials (Fig. S1A†), increased hydrodynamic
diameters (Fig. S1B†), and enhanced fluorescence lumine-
scence intensity (Fig. S1C†) of the modified AuNRs indicated
that these five molecules are successfully modified on the
surface of AuNRs, thus altering the surface charge, size and
fluorescence property. To further characterize the modification
of AuNRs and their imaging ability in the fluorescence field,
the location of the modified AuNRs in fluorescence and the
reflection field are also imaged. As shown in Fig. S1D,† it was
found that modified AuNRs can be co-located in fluorescence
field (green color, FITC related molecules) and reflection field
(glow color, AuNRs). Not only does this indicate the successful
modification of molecules but it also proves the feasibility of
using a fluorescence field to determine the location of AuNRs.

After successful functionalization, the intracellular delivery
of AuNRs excited with AS were investigated as follows. The
hydrodynamic AuNR delivery system based on the AS effect is
illustrated as Fig. 1B. The resonator is placed on the opposite
side of the coverslip from where the cells are cultured. The
polydimethylsiloxane (PDMS) chamber in the middle is used
to control the cells 0.5 mm away from the resonator and con-

tains AuNR solution. The resonator vibrates and produces an
acoustic wave with 1.58 GHz when a sinusoidal electrical
signal is input. With the attenuation of the acoustic wave tra-
velling through the liquid, the AS effect is generated.38,39

When the AS encounters an interfacial obstruction, its velocity
and direction will be altered, and then the shear force is gener-
ated on the interface. The fluid shear force of AS causes cell
deformation and membrane permeability changes, promoting
the entry of AuNRs into cells or even different organelles
(Fig. 1C).

In the following experiment, the delivery range of AuNRs
with AS stimulation was explored. HeLa cells were exposed to
AS and AuNRs@RGD for 10 minutes. As shown in Fig. 2A, the
yellow circle indicates the PDMS chamber and the blue fluo-
rescence of the nucleus is used for cell localization within the
chamber. Cells showing green fluorescence indicate the intro-
duction of AuNRs@RGD. The white circle represents the range
of cell that achieved AuNRs@RGD introduction. To determine
the range of AuNR delivery with AS action, the fluorescence
intensity of cells at green and red lines were measured with
Fiji (these two paths were selected due to the higher quantity
of cells on the line) and shown in Fig. 2B and C respectively.
Every blue fluorescent peak represents a cell. The overlap of
both green and blue fluorescence peaks indicates that
AuNRs@RGD have entered cell. All cells show uniform blue
fluorescence distribution without any location difference,
while only localized cells show green fluorescence representing
AuNRs@RGD intracellular introduction. The distribution

Fig. 2 A. The fluorescence images of the nuclei of all HeLa cells and AuNRs@RGD delivered cells. The yellow circle represents the range of the
PDMS chamber, the white circle represents the range of cells that are delivered by AuNRs@RGD. B. The normalized fluorescence intensity of cells on
the green line. C. The normalized fluorescence intensity of cells on the red line. Blue line: the intensity of nucleus, green line: the intensity of
AuNRs@RGD, black line: the Gaussian fit of the intensity of AuNRs@RGD. D. 2D finite element simulation (FEM) of AS generated by resonator with
input power of 500 mW and height of 0.5 mm. The white arrows in the image represent the direction of the AS.
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range of green fluorescence (orange area in Fig. 2B and C) on
green and red lines are calculated as 904.5 μm and 1093.9 μm,
respectively. The AS was simulated with an input power of
500 mW and height of 0.5 mm, and the range of AS is simu-
lated around 1000 μm (Fig. 2D), which is consistent with the
range of cells realized AuNRs@RGD introduction, indicated
that the AuNR intracellular delivery can be achieved by the AS
method and the delivery range is related to that of AS.
Depending on the advantages of tunable of AS range (by
adjusting the input power of resonator and height between
cells and resonator38), the AuNRs intracellular delivery can
also achieve range regulation.

To further characterize the AuNRs intracellular importation
and accumulation process with 10 min AS stimulation, the
changes of cell fluorescence over time was monitored. As
shown in Fig. S2A,† when power is applied on the resonator,
AS is created and stimulated the AuNRs@PEG1K entering the
cytoplasm immediately. Over time, more AuNRs@PEG1K enter
the cells, which mainly distribute throughout the cytoplasm
(Fig. 3A). This phenomenon is also confirmed with the Z-stack
images (Fig. 3B). From the bottom of the cell to the top,
AuNRs@PEG1K can be observed in the cytoplasm at different
layers. These results indicate that AS is capable of realizing the

AuNRs@PEG1K intracellular delivery within 10 min. To further
verify the ability of AS to promote the intracellular delivery of
AuNRs with different surface properties, the other four functio-
nalized AuNRs, as AuNRs@PEG2K, AuNRs@PEG8K,
AuNRs@BSA and AuNRs@RGD were studied systematically.
With 10 min AS stimulation, the green fluorescence in the
cells of different AuNRs is significantly enhanced compared to
the co-incubation group,39 as shown in Fig. 3A and C. In par-
ticular, AuNRs@RGD can not only enter the cytoplasm but
also nucleus, may due to the selectivity of RGD peptides to
integrin, which is expressed at much higher concentrations in
the nucleus of the epithelial cancer cells.40 To clearly observe
the process of AuNRs@RGD entering the nucleus, the delivery
process of AuNRs@RGD is recorded and shown in Fig. S2B.†
At t = 0 min, the nuclei show red fluorescence, the
AuNRs@RGD in the PDMS chamber show green fluorescence,
and there is no fluorescence in the cytoplasm. At t = 1 min, the
resonator starts to work and generates AS. According to the
enhancement of green fluorescence, AuNRs@RGD gradually
accumulate towards the edge of cells. At t = 2 min, the obvious
green fluorescence of AuNR@RGD can be observed in the cyto-
plasm of the peripheral cell. AuNRs@RGD begin to enter the
nucleus at t = 3 min, and more AuNRs@RGD enter cells with

Fig. 3 A. The delivery of different modified AuNRs with coincubation and AS method with 10 minutes. Scale bar = 20 μm. The fluorescence intensi-
ties of the nucleus and AuNRs at the dotted line in the AS group are shown in the bottom line. The nuclei were stained with NucRed™ Live 647
ReadyProbes and set as red, AuNRs were set as green. B. Confocal images at different Z-axis values of the AS induced AuNRs@PEG1K cellular intern-
alization. Scale bar = 10 μm. C. The mean intensity of different modified AuNRs with AS and coincubation method (n = 4). *p < 0.05, **p < 0.01.
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the increase in the AS stimulation time. Eventually,
AuNRs@RGD fill the whole cell. This phenomenon identifies
the efficient and fast AuNR intracellular delivery with the
assistance of AS. From the above results, it is demonstrated
that this hydrodynamic system based on AS is an effective
means to realize intracellular delivery and has less effect on
cell viability (Fig. S3†). Compared with the co-incubation
method in which the endocytosis of AuNRs into cells needs
several hours to days, the introduction time with AS stimu-
lation is reduced to less than 10 minutes.

2.2 Organelle target AuNRs delivery

Organelle targeted delivery enables the majority of the deli-
vered substances to enter the target sites with reduced
accumulation in other locations, playing an important role in
the regulation of cell biological functions.41 To determine the
intracellular distribution of AuNRs with AS stimulation, the
amount of modified AuNRs in different organelles are evalu-
ated by the Pearson’s correlation coefficient.29 The nucleus,
mitochondria and lysosomes of the cells were each labeled
with fluorescent probes. After AuNRs were delivered with AS
and coincubation methods, the colocalization correlation
coefficient of AuNRs and organelles were calculated by Coloc 2
of Fiji. According to the correlation coefficient, the distribution

of AuNRs@RGD in the lysosomes and nucleus is more obvious
with the coincubation method. However, with AS stimulation,
the amount of AuNRs@RGD in the mitochondria and nucleus
is increased, which is more obvious in the nucleus (Fig. 4A
and S4A†). Similarly, the distribution of AuNRs@BSA in the
nucleus and mitochondria increases significantly with AS
stimulation. The difference is that the AuNRs@BSA accumu-
lation in mitochondria is more pronounced (Fig. 4B and
S4B†). In contrast, the PEGylated AuNRs hardly enter the
nucleus with AS or coincubation method (Fig. S5†). In the
coincubation group, AuNRs@PEGnK tend to accumulate in the
mitochondria and lysosomes. Under the action of AS, the colo-
calization correlation coefficient of AuNRs@PEGnK and lyso-
somes increase significantly, indicating that more
AuNRs@PEGnK enter the lysosomes (Fig. 4C–E and Fig. S5†).
These results suggest that although the amount of AuNRs
entering the cells increase significantly with AS stimulation,
the selectivity of AuNRs with different modifications to orga-
nelles is different. AuNRs@RGD is inclined to enter the
nucleus and AuNRs@BSA tends to enter the mitochondria,
while AuNRs@PEGnK prefers to enter the lysosome under AS
stimulation. Compared with the coincubation method, AS not
only shortens the entry time of AuNRs into the cells but also
enables them to accumulate in different organelles. In the

Fig. 4 CLSM images and the Pearson’s correlation coefficient for intracellular tracking after (A) AuNRs@RGD, (B) AuNRs@BSA, (C) AuNRs@PEG1K,
(D) AuNRs@PEG2K and (E) AuNRs@PEG8K delivered with AS and co-incubation method. Scale bar = 10 μm.
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hydrodynamic system based on AS, AuNRs with different
modifications are capable of entering different organelles,
which may provide a means for targeted intracellular delivery.

2.3 AuNRs delivery in different cell lines

To further evaluate the AS effect on the intracellular delivery of
AuNRs, two other cell lines, breast epithelial cancer cells
(MCF-7) and breast epithelial healthy cells (MCF-10A) were
chosen and characterized. The confocal microscope images of
these two cell lines in Fig. 5 and Fig. S6† demonstrate that a
higher amount of AuNRs was delivered into the cells under the
AS effect compared with the coincubation group, which is con-
sistent with the results of the HeLa cells. Moreover, both cell
lines reveal that under the assistance of AS, AuNRs@PEG1K

and AuNRs@BSA are mainly accumulated in the cytoplasm,
while a great amount of AuNRs@RGD can enter the nucleus.

Compared with the cancer cell line MCF-7, the normal
MCF-10A cells show a higher delivery amount of all three
AuNRs (AuNRs@PEG1K, AuNRs@BSA and AuNRs@RGD)
under the assistance of acoustic streaming (Fig. 5B and
Fig. S6B†). In particular, AuNRs@PEG1K and AuNRs@BSA exist
in both cytoplasm and nucleus, which is not seen in the other
two cancer cell lines. This may be caused by the selectivity of

the rod-like nanoparticles of normal cells compared to cancer
cells.42–44 The introduction of AuNRs@RGD is similar to that
of the AuNRs@PEG1K and AuNRs@BSA groups (Fig. S6B†). It
can be concluded that AS is an effective means for delivery in
both cancer cells and normal cells. In particular, AuNRs can
also enter the nucleus with AS stimulation when there is a tar-
geted property of AuNRs, which is hardly achieved by coincu-
bation method in such short duration.45

2.4 Photothermal therapy

Photothermal therapy (PTT) is a therapeutic method to induce
tumor cell apoptosis by artificially increasing the local temp-
erature, taking advantage of the weak defense of cells against
heat.46 AuNRs are commonly used in photothermal therapy
due to their excellent plasmonic resonant optical absorbance
and photothermal conversion efficiencies. After the AuNR
introduction by AS and coincubation method, cells were irra-
diated with a 500 mW near-infrared (NIR) light of 785 nm, and
the photothermal reactions of AuNRs were recorded (Fig. S7†).
As shown in Fig. 6, the temperature of the AuNR solution
increases to almost 60 °C immediately with applied NIR light,
demonstrating the excellent photothermal property of the
modified AuNRs. The temperatures of the cells with

Fig. 5 A. AuNRs@PEG1K and AuNRs@BSA intracellular delivery of MCF-7 cells induced by AS and coincubation. B. AuNRs@PEG1K and AuNRs@BSA
cellular delivery of MCF-10A cells induced by resonator and coincubation. The line graph represents fluorescence intensity distribution at the indi-
cated section (white arrow). The dotted line represents the contours of the cells. Scale bar = 10 μm.
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AuNRs@PEG1K, AuNRs@RGD and AuNRs@BSA introduction
via the coincubation method are 34 °C, 36 °C and 36 °C,
respectively, after irradiation with NIR light. When
AuNRs@PEG1K, AuNRs@RGD and AuNRs@BSA are delivered
into the cells with AS stimulation, the temperatures rise to
44 °C, 50 °C and 48 °C via NIR irradiation, respectively, which
increase more obviously compared with the coincubation
group. With trypan blue staining (Fig. S8†), it was found that
the cells with the AS-assisted delivery of AuNRs had the lowest
viability after the photothermal treatment. This phenomenon
further confirms that more AuNRs are delivered into cells with
the acoustic streaming effect and can effectively shorten the
treatment time with great potential in constructing a rapid
photothermal therapy platform.

3. Conclusion

In summary, an efficient and targeted hydrodynamic AuNR
delivery system was established based on the gigahertz AS
effect. The introduction of AuNRs can only be realized within
the AS action area, making the range of intracellular delivery
adjustable. AS can achieve the efficient and rapid intracellular
delivery for AuNRs with different surface modifications com-
pared with the coincubation method. Furthermore, this hydro-
dynamic delivery method can achieve organelle-targeted intro-

duction. Combined with different modifications, AS is able to
enhance the delivery of AuNRs into different organelles, such
as the nucleus, mitochondria and lysosome. In addition, the
rapid and mass introduction of AuNRs induced by the AS
effect can significantly shorten the period of photothermal
therapy. Therefore, this hydrodynamic–AuNRs delivery system
based on the AS effect not only has considerable import
efficiency but also has cell location and organelle selectivity.
Meanwhile, combined with the small size, easy integration
and prominent CMOS (complementary metal–oxide semi-
conductor) compatibility, this bulk acoustic resonator has a
great application potential in the field of drug release.

4. Experimental section
4.1 AuNRs modification and characterization

Gold nanorods (AuNRs) were synthesized and modified based
on the previous report.36 The bare AuNRs were modified by
thiolated polyethylene glycol with fluorescein isothiocyanate
(SH-PEG-FITC, Shanghai yuanye Bio-Technology) with mole-
cular weights of 8K, 2K and 1K, thiolated arginine-glycine-
aspartic acid with fluorescein isothiocyanate (RGD-FITC,
NJPeptide), and bovine serum albumin with fluorescein iso-
thiocyanate (BSA-FITC, Solarbio). Specifically, 150 μL
SH-PEG1K-FITC (5 mg mL−1), 80 μL SH-PEG2K-FITC (5 mg
mL−1), 30 μL SH-PEG8K-FITC (5 mg mL−1), 50 μL RGD-FITC
(5 mg mL−1) and 50 μL BSA-FITC (5 mg mL−1) were added into
1 mL AuNRs (50 nM) and incubated for 8 min, 10 min, 1.5 h,
5 min and 3 min, respectively. Then, 150 μL thiolated poly-
ethylene glycol (SH-PEG1K) was added to the mixture and incu-
bated for another 1 h to avoid the aggregation of AuNRs
during the RGD-FITC and BSA-FITC surface modification.
After incubation, excess molecules are removed by centrifu-
gation at 3500 rpm for 3 min to terminate the reactions in the
mixture.

Modified AuNRs were characterized with emission fluo-
rescence spectra by a microplate reader (Varioskan LUX
Multimode Microplate Reader, Thermofisher). The images of
the modified AuNRs in fluorescence and reflective fields were
observed using 63× oil lens of the confocal laser scanning
microscope (CLSM, Leica SP8) with the fluorescence mode
(excitation: 488 nm, emission: 500–535 nm) and reflection
mode (excitation: 638 nm, emission: 700–795 nm), respect-
ively. The changes of the zeta potential and the distribution of
the particle size for different functionalized AuNRs (0.5 nM) in
liquid were characterized using a Zeta Sizer (Nano ZS90,
Malvern).

4.2 Bulk acoustic wave resonator microchip fabrication

The gigahertz bulk acoustic resonator, a solid-mounted thin-
film piezoelectric resonator (SMR), was fabricated with a stan-
dard micro-electro-mechanical system (MEMS) process.38,47

Three pairs of aluminium nitride (AlN) and silicon dioxide
(SiO2) used as the Bragg reflector were mounted onto the
silicon substrate alternately with plasm-enhanced chemical

Fig. 6 Photothermal images of intracellular and extracellular
AuNRs@PEG1K, AuNRs@RGD and AuNRs@BSA under irradiation by a NIR
laser (785 nm, 500 W cm−2) for 10 min. The white dotted line represents
the centrifugal tube, the red dotted line represents the coverslip with
HeLa cells, and the white arrow represents the laser beam.
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vapor deposition (PECVD) and reactive sputtering, respectively.
Then, a molybdenum (Mo) layer was deposited onto the Bragg
reflector with radio-frequency (RF) and patterned via plasm
etching to serve as the bottom electrode. Next, the highly c-axis
oriented AlN was deposited onto the bottom electrode as a
piezoelectric layer. Finally, gold (Au) was evaporated on the top
of the piezoelectric layer and patterned via lift-off process to
use as the top electrode.

4.3 AS – AuNRs intracellular delivery system

The culture medium of the HeLa cells and MCF-7 cells is
DMEM (Gibco) with 10% fetal bovine serum (FBS, Invitrogen).
The culture medium of the MCF-10A cells is RPMI-1640
(Gibco) with 10% FBS. These cell lines were incubated in a
humidified atmosphere with 37 °C and 5% CO2.

For the intracellular delivery of modified AuNRs, 1 × 105

cells were seeded onto a poly-L-lysine (PLL)-coated coverslip
and cultured for 24 hours. A polydimethylsiloxane (PDMS)
chamber with a height of 0.5 mm was placed between the reso-
nator and coverslip, which was filled with AuNRs (dilute to 5
nM with PBS). When the bulk acoustic resonator was stimu-
lated with an external sinusoidal electrical signal with 1.58
GHz and 500 mW, the gigahertz acoustic wave was generated
when the inverse piezoelectric effect was triggered. As the
acoustic wave propagated through the liquid, the acoustic
energy dissipated into the liquid and caused a body force to be
driven the fluid. When the liquid was hindered by a coverslip
during upward movement, the velocity would decrease to zero,
thus creating a vortex-shaped fluid field (called acoustic
streaming, AS), accompanied with shear force generation on
the cells at the liquid–solid surface. Therefore, the cells
suffered from the fluid shear force when the resonator was
turned on, which promoted the AuNR intercellular delivery.

4.4 Characterization of the AuNR intracellular delivery

To detect the range of the AuNR delivery via AS, cells after
AuNRs@RGD delivery induced by AS were fixed with 4% paraf-
ormaldehyde at room temperature and DAPI was used to label
the cell nucleus. The CLSM was used to scan 25 fields of
vision, and they were combined into one image via photomer-
ging of LAS X (the software of Leica microscope). Then, Fiji
software was used to calculate the diameter of the delivery
region, which was obtained by calculating the number of
pixels and the unit distance of each pixel.

To detect the intracellular delivery efficiency and organelle
targeting of AuNRs induced by AS, organelles were labeled
with immunfluorescent dyes. The AS-induced AuNR intracellu-
lar delivery was performed and cells were fixed with 4% paraf-
ormaldehyde at room temperature. Then, the cells were
observed by 63× oil lens with the x-y-z mode of CLSM. The
nuclei were stained with NucRed™ Live 647 ReadyProbes
(Thermo Fisher Scientific) at 37 °C for 10 min, and set as a red
color (excitation: 638 nm, emission: 674–690 nm). The lyso-
somes were stained with LysoTracker® Red DND-99 at 37 °C
for 30 min (Thermo Fisher Scientific), and set as a blue color
(excitation: 552 nm, emission: 585–615 nm). The mitochondria

were stained with MitoTracker® Deep Red FM at 37 °C for
15 min (Thermo Fisher Scientific), and set as a red color (exci-
tation: 638 nm, emission: 640–670 nm). The AuNRs were set as
a green color (FITC, excitation: 488 nm, emission:
500–535 nm). AuNRs@PEG1K, AuNRs@PEG2K, AuNRs@PEG8K

and AuNRs@BSA were images with the same parameters
(Laser intensity: 9.6%, Gain 138 V). The AuNR@RGD groups
were observed with 0.1% of laser intensity and 41 V of gain to
avoid overexposure. The fluorescence intensity of the modified
AuNRs and nucleus were measured and analyzed by Fiji. The
Pearson’s correlation coefficients of the co-localization evalu-
ation were calculated by Coloc 2 in Fiji.

To record the process of AuNRs@PEG1K and AuNRs@RGD
intracellular delivery via AS stimulation, the x-y-z-t mode of
CLSM was used. During the total of 12 minutes recording
time, the resonator was turned on at t = 1 min and turned off
at t = 11 min. An x-y-z scan was taken per minute; the z-axis
was set as 40 pieces.

For the photothermal therapy, cells were activated by a
500 mW near-infrared (NIR) light with a wavelength of 785 nm
for 10 min, and the temperature of the cells was characterized
with a thermal infrared imager (DT-980, CEM). After the PTT,
cells were stained with trypan blue (dilute with PBS) and
observed with an inverted microscope (Leica DMI 8).

4.5 Statistical analysis

All experiments were performed at least four times (n = 4). The
fluorescence quantitative analysis in the experiment was
carried out using the Fiji software. Identical parameters of the
edge extraction algorithm and denoising algorithm were uti-
lized to analyze the same batch of fluorescence images. The
average fluorescence intensity is defined as the ratio of the
total fluorescence intensity of the denoised image to the area
of cells.
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