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Abstract

Background: Gold nanodroplets (AuNDs) have been proposed as agents for
photothermal therapy and photoacoustic imaging. Previously, we demonstrated
that the sonoporation can be more effectively achieved with synchronized opti-
cal and acoustic droplet vaporization. By applying a laser pulse at the rarefac-
tional phase of the ultrasound (US) pulse, the vaporization threshold can be
reached at a considerably lower laser average power. However, a large loading
quantity of the AuNDs may increase the risk of air embolism. The destruction
of phase-shifted AuNDs at the inertial cavitation stage leads to a reduced drug
delivery performance. And it also causes instability of echogenicity during ther-
apeutic monitoring.

Purpose: In this study, we propose to further improve the sonoporation effective-
ness with repeated vaporization. In other words, the AuNDs repeatedly undergo
vaporization and recondensation so that sonoporation effects are accumulated
over time at lower energy requirements. Previously, repeated vaporization has
been demonstrated as an imaging contrast agent. In this study, we aim to adopt
this repeated vaporization scheme for sonoporation.

Methods: Perfluoropentane NDs with a shell made of human serum albumin
were used as the US contrast agents. Laser pulses at 808 nm and US pulses of
1 MHz were delivered for triggering vaporization and inertial cavitation of NDs.
We detected the vaporization and cavitation effects under different activation
firings, US peak negative pressures (PNPs), and laser fluences using 5- and
10-MHz focused US receivers. Numbers of calcein-AM and propidium iodide
signals uptake by BNL hepatocarcinoma cancer cells were used to evaluate
the sonoporation and cell death rate of the cells.

Results: We demonstrate that sonoporation can be realized based on repeat-
able vaporization instead of the commonly adopted inertial cavitation effects.
In addition, it is found that the laser fluence and the acoustic pressure can be
reduced. As an example, we demonstrate that the acoustic and optical energy
for achieving a similar level of sonoporation rate can be as low as 0.44 MPa for
the US PNP and 4.01 mJ/cm? for the laser fluence, which are lower than those
with our previous approach (0.53 MPa and 4.95 mJ/cm?, respectively).
Conclusion: We demonstrated the feasibility of vaporization-based sonopora-
tion at a lower optical and acoustic energy. It is an advantageous method that
can enhance drug delivery efficiency, therapeutic safety and potentially deliver
an upgraded gene therapy strategy for improved theragnosis.

KEYWORDS
acoustic droplet vaporization, gold nanodroplets, inertial cavitation, optical droplet vaporization,
sonoporation
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1 | INTRODUCTION

Phase-changeable nanodroplets (NDs) are getting
more noticed on tumor therapy due to their smaller size
and longer circulating life. How to reduce the unwanted
harm of healthy cells caused by the high driving energy
for inducing vaporization, inertial cavitation, and fur-
ther sonoporation is still a goal to pursue. Vaporiza-
tion of droplets can be achieved through optical and/or
acoustic activation. Delivery of ultrasound (US) waves
has been reported to be effective to induce acoustic
droplet vaporization (ADV), with which the peak nega-
tive pressure (PNP) at the rarefaction phase is sufficient
to lower the ambient pressure surrounding the droplets
or to induce a temperature elevation surpassing the
threshold for the phase transition." On the other hand,
either the continuous wave laser or the pulsed wave
laser can induce optical droplet vaporization (ODV).
ODV threshold has been reported to be positively cor-
related with the size of droplets, where smaller droplets
require lower laser fluence for phase transition.* Except
droplet size, many parameters have also been inves-
tigated to relate to the vaporization threshold includ-
ing temperature, driving US frequency and intensity,
and shell properties®~’ In the literature, vaporization
of nanosized perfluoropentane (PFP)-based droplets
requires vaporization temperature above 73.2°C2
and driving acoustic pressure above 1.05 MPa® '
which may cause unwanted tissue damage in some
cases.

The simultaneous application of US and continu-
ous or pulsed laser has been reported to facilitate a
reduced vaporization or cavitation threshold and thus
help expand the biomedical applications to imaging,
therapy, and drug delivery.'>~' By properly synchroniz-
ing the pulsed laser and the US, it has been demon-
strated that image contrast, sonoporation, and thera-
peutic performance can be greatly improved.'*'® The
sono-photoacoustic (PA) method developed by simul-
taneously transmitting US and laser not only signifi-
cantly enhances the PA imaging contrast, but also suc-
cessfully reduced the vaporization threshold.'?14.16-19
Repeatable vaporizations have also been reported for
imaging that can be attained either through ODV or
through a combination of ADV and ODV2#20-22 For
example, repeatability of ODV of droplets ranging from
0.2-1.0 um has been reported to be size-dependent,
where larger droplets produce stronger PA signals,
but compared to the PA signal intensity generated
through thermal expansion, even the small droplets
are capable of producing three times larger PA signal
intensity:2°

Our previous study proposed that the laser and US
can be synchronized by applying the laser pulse at

the rarefactional phase of the US pulse.”® The syn-
chronization enables effective sonoporation using gold
nanodroplets (AuNDs) in a more controlled manner. We
demonstrated that the concurrently triggered optical
and acoustic pulses were essential to induce vaporiza-
tion and the subsequent inertial cavitation of AuNDs.
Our results suggested that when delivering specific
optical energy to AuNDs, the vaporization of AuNDs
and the subsequent inertial cavitation can be repeatedly
induced during the activation process. Moreover, under
the same optical parameters, the vaporization of AuUNDs
can be enhanced by using larger PNP without inducing
inertial cavitation, suggesting that the delivery of acous-
tic energy to AuNDs is more capable of controlling the
induction of vaporization instead of inertial cavitation.
According to the literature, based on the images cap-
tured by a high-speed camera, the size of vaporized
ND is increased by dozens of times larger than the
NDs in the liquid phase?® The vaporized ND can then
condense back to the liquid phase within microseconds
following excitation23?* Due to the fact of repeat-
able volumetric change occurred during the phase
transition stage of NDs/2° repeatable vaporization-
recondensation processes may become a new mech-
anism potentially for more effective sonoporation. We
thus hypothesize that through properly adjusting the
laser/US activation firings and the associated energy,
repeated vaporization of AuNDs can be achieved.
In other words, the same AuNDs can be repeatedly
used during sonoporation without destruction due to
inertial cavitation. In addition, the driving optical and
acoustic energy levels can be further reduced for
sonoporation.

For in vivo applications, a less loading quantity of
AuNDs can potentially reduce the possibility of induc-
tion of air embolism during sonoporation-based therapy.
Decreased energy threshold of sonoporation without
induction of inertial cavitation during the sonoporation
process not only improves the drug delivery efficiency
but the therapeutic safety as well. Moreover, repeated
vaporization of AuNDs enhances the PA signal inten-
sity as the AuNDs are often used as the PA contrast
agent®20-22 A successful cavitation-based gene ther-
apy depends on producing the gene-transfected cells.
However, cavitation has still been generally determined
as an effect hard to be controlled and predicted in
some cases?® and cell damage typically induced by
bioeffects or the mechanical actions of the cavitation
bubbles?’~33 We thus aim to explore the possibility of
inducing sonoporation based on repeated vaporization
to reduce the required driving energy for an improved
therapeutic strategy in an efficient and safe manner,
and also may improve the performance of image-guided
theragnosis.
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2 | MATERIALS AND METHODS
2.1 | AuND fabrication and
characterization

AuNDs were fabricated as reported in our previous
works.'®1% 48 x 12 nm? gold nanorods (AuNRs) with
a longitudinal absorption peak at 818 nm were utilized
as the optical absorbers to generate the photothermal
effect. The PFC core component of AuNDs was PFP
(CsF42) with a boiling temperature of 29°C at ambi-
ent pressure, and the shell of AuNDs was formed by
20% human serum albumin (HSA; Octapharma AG,
Lachen, Switzerland) and avidin (ThermoFisher Scien-
tific, Waltham, MA, USA). To synthesize 1 ml of fluores-
cein isothiocyanate (FITC)-CD54-conjugated AuNDs,
200 ul of 20% HSA, 100 ul of 39.5 nM AuNRs, 80 ul
of 10 mg/ml avidin, and 75 ul of PFP were mixed in
545 ul of phosphate-buffered saline (PBS; purchased
from Gibco, Thermo Fisher Scientific). The mixture was
then sonicated by using a digital sonifier (Branson, Dan-
bury, CT, USA) with a cup-horn sonotrode (Branson).
After four 5-min sonication-rest cycles, the AuUNDs emul-
sions were produced. The precipitated AuNDs were then
resuspended in 1 ml of PBS followed by three cycles
of centrifugation at 1700 rpm for 3 min at 4°C to iso-
late nano-scaled droplets. The number and size distri-
bution of droplets were further analyzed by Coulter Mul-
tiSizer Il (Beckman-Coulter, Hamburg, Germany) and
Zetasizer (Nano Z, Worcestershire, UK), respectively.

For the conjugation of CD54 antibody to AuNDs,
20 ul of FITC-conjugated biotinylated anti-CD54 anti-
body (BioLegend, San Diego, CA, USA) was added into
1 ml size isolated AuNDs, and slightly shaking with
200 rpm at 4°C for 1 h. After the incubation, the mixture
was then centrifuged at 2000 rpm for 3 min at 4°C to
remove the free antibody left in the supernatant. To con-
firm the ability of conjugation, AuNDs without antibody
conjugation and FITC-CD54-conjugated AuNDs were
analyzed by flow cytometry. Before doing sonopora-
tion experiments, cells were incubated with FITC-CD54-
conjugated AuNDs for 30 min at 37°C, 5% CO, incu-
bator. After the incubation, cells were investigated under
a fluorescence microscope (IVM-2A; SAGE Vision, New
Taipei City, Taiwan) to ensure the ability to recognize and
attach to the cells.

2.2 | Experimental setup

The experimental setup is schematically shown in
Figure 1a, and the time sequence for synchronizing the
US and laser activation was illustrated in Figure 1b.
They were generally the same as the setups used in
our previous study.'® But the two receiving US trans-
ducers were replaced by the transducers with geomet-
ric focusing. The 10-MHz focused US transducer (V327-
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SU; Panametrics-NDT, Waltham, MA, USA, focused at
30.5 mm) was for receiving cavitation signals and the
5-MHz focused US transducer (V326-SU; Panametrics-
NDT, Waltham, MA, USA, focused at 31.7 mm) was used
to receive vaporization signals.

We used a wavelength-tunable optical parametric
oscillator (OPO) laser (Opolette 532; OPOTEK, Carls-
bad, CA, USA) to produce 808-nm laser beams with a
10-ns pulse duration. The laser fluence was measured
at the confocal site using a power meter (Nova Il; Ophir,
Jerusalem, Israel). The diverged laser beam was passed
through two plano-convex lenses to generate a colli-
mated light and a focused laser beam with a Gaussian
profile (-6 dB beamwidth = 0.7 mm). The three US trans-
ducers and laser beam were co-focused at the center of
a columnar hole formed in a 2% agar phantom.

A 20-Hz transistor-transistor logic signal sent from the
flash lamp of the laser was used as the system clock.
The flash lamp signal was used to trigger the ADC board
(CompuScope 14200; Gage, Lockport, NY, USA) con-
trolled by LabVIEW to send a trigger out for triggering
two function generators (AFG532; Tektronix, Beaverton,
OR, USA and 33522A; Agilent Scientific, Santa Clara,
CA, USA). The first function generator was used to pro-
duce a 1 MHz, 10-cycle sine wave delayed from 97 to 99
us for investigating the signals corresponding to the 8th—
10th cycle of US waves. The signal was amplified by a
power amplifier (250A250A; Amplifier Research, Soud-
erton, PA, USA) for driving the 1-MHz focused US trans-
ducer (V302-SU; Panametrics-NDT, Waltham, MA, USA,
focused at 50.8 mm, f# = 1.96). The second function
generator was used to send out a trigger delayed by 136
us to trigger the laser Q-switch. Signals received from
two receiving US transducers were recorded by the ADC
at a 100-MHz sampling rate. All signal and image pro-
cessing were analyzed in MATLAB (R2019b; The Math-
Works, Natick, MA, USA).

2.3 | Differential vaporization and
cavitation doses, and acoustic pressure
measurements

According to previous studies,’®3* we calculated the
amplitude of the second to fourth harmonic root-mean-
square (RMS) values in the frequency domain of the
received US signals as the vaporization signals, and the
RMS values of the spectrum between 9.5 and 10.5 MHz
were calculated as the inertial cavitation signals. Rep-
resentative received RF signals and the corresponding
spectra are shown in Figure 2. After baseline subtrac-
tion, the resulting time-amplitude curve over the entire
recording time period was defined as differential iner-
tial cavitation dose (dICD) and differential vaporization
dose (dVAP) to represent the occurrence of inertial cav-
itation and vaporization events, respectively. The PNPs
were calculated from the acoustic field generated by a
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FIGURE 1 Experimental setup. (a) System setup and (b) time sequence for synchronizing laser and ultrasound pulses. Optical parametric
oscillator (OPO) laser indicates pulsed optical parametric oscillator laser. RF signal indicates radio frequency signal. FG indicates the function
generator
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FIGURE 2 Vaporization and inertial cavitation dose. (a) Representative received signals (b) Spectra of the received vaporization signals. (c)
Spectra of the received inertial cavitation signals. Gray boxes indicate the selected regions for data analysis. The baseline signals were received

from phosphate-buffered saline (PBS) only

1-MHz US transducer, and it was mapped by using a
needle-type hydrophone (MHA9-150; FORCE Technol-
ogy, Denmark).

2.4 | Sonoporation and cell death rate

To better compare the sonoporation data to our previ-
ous study,'® we used the same type of cell, BNL cell,
which is a mouse hepatocarcinoma cancer cell line,
as the in vitro cell model. BNL cells were cultured with
Dulbecco’s Modified Eagle Medium containing 10%

fetal bovine serum and 0.1% penicillin/streptomycin (all
purchased from Gibco, ThermoFisher Scientific,
Waltham, MA, USA) at 37°C, 5% CO, incubator. A
membrane impermeant fluorescence dye, propidium
iodide (PI) (eBioscience, Thermo Fisher Scientific), was
used to monitor the sonoporated cells. Before sonopo-
ration experiments, Pl was added into cell suspensions
with a 1:50 dilution. Then, cells/Pl mixtures were mixed
well with AuNDs to make the final concentration of cells
and AuNDs to 2 x 108 cells/ml and 2 x 108 droplets/ml,
respectively. After sonoporation, cells collected from
the hole of the phantom were further counterstained
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20 um

FIGURE 3 Sonoporation and cell death of the cells. Red
fluorescence denotes the propidium iodide (PI) dye. Green
fluorescence denotes the calcein-AM viability dye. Blue fluorescence
denotes the cell nuclei. Red arrows indicate examples of
sonoporated, live, or dead cells. Scale bar: 20 um

with calcein-AM viability dye with a 1:2500 dilution
(Molecular Probes, Invitrogen, Carlsbad, CA, USA)
and a cell nuclear indicator, Hoechst 33342 (NucBlue;
Molecular Probes, Invitrogen) with a 1:50 dilution, for
10 min on ice. The sonoporated and dead cells were all
calculated under an inverted fluorescence microscope
(IVM-2A; SAGE Vision, New Taipei City, Taiwan). We
defined a successful sonoporation as a cell displaying
both positive Pl and calcein-AM fluorescence, and if
a cell displayed positive PI fluorescence but lacked
calcein-AM fluorescence, the cells would be determined
to be subjected to cell death (Figure 3).

3 | RESULTS

3.1 | Characterization of AUNDs

By using the emulsification method, we generated
NDs encapsulated with 818-nm gold nanorods and
the size of these AuNDs was mainly ranged from
around 200 to 400 nm in diameter (Figure 4a,b). The
average concentration of AuNDs after production
was 4.16 + 0.73 x 10""/ml (mean + SD). To improve
the interaction between AuNDs and BNL cells, we
conjugated the AuNDs with FITC-CD54, which is a
green-fluorescence-conjugated surface protein marker
of BNL cells, to facilitate the attachment of AuNDs to
the cells. After the conjugation, we found that 67% of
AuNDs were successfully conjugated with FITC-CD54
detected by the flow cytometry (Figure 4c). To further
confirm the ability of FITC-CD54-conjugated AuNDs to
recognize and attach to the BNL cells, we took the fluo-
rescent images after incubation of cells and conjugated
AuNDs, and it was found that the green fluorescence
was located on the surface of most of the cells indicat-
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ing that conjugated AuNDs were successfully attached
on the cell membrane (Figure 4d).

3.2 | Vaporization and cavitation effects
affected by laser activation number

To achieve the goal of inducing repeated vaporiza-
tion with the same batch of AuNDs, a lowering inertial
cavitation effect is required so that the destruction of
AuNDs can be minimized within the activation period.
We firstly examined how accumulated firings (repre-
sented by the activation number,i.e., the number of laser
pulses) determine the vaporization effect of AUNDs. We
applied 5000 firings with the laser fluence and the pulse
repetition frequency (PRF) that were used in our pre-
vious study (i.e., 12.02 mJ/cm?, PRF = 20 Hz)."> Both
dVAP and dICD were analyzed among various acti-
vation firing sets (Figure 5). First, we applied different
activation firings from 50 to 5000 with three different
PNPs or without US stimulation. It was found that both
dVAP and dICD values were reduced with the decrease
of PNP in the groups with US stimulation, and were
almost not detectable in the group without US stimula-
tion. The correlation between dVAP and dICD was high
in the three groups with US stimulation, where the Pear-
son’s coefficientis 0.94 (p < 0.01),0.99 (p < 0.001),and
0.96 (p < 0.01) for the group with a PNP of 0.62, 0.44,
and 0.35 MPa, respectively. Generally, in all of the three
groups with US stimulation, both dVAP and dICD values
decreased with increasing activation firings. In all cases
with US stimulation, as the number of activation firings
increases, both dVAP and dICD decrease. Nonetheless,
depending on the specific PNP values, the dVAP can
maintain at a relatively stable level for a period of time
(e.g.,for PNP of 0.35 MPa and within the first 500 activa-
tion firings). This indicates that it is possible to use a rel-
atively low PNP to avoid rapid microbubble destruction
while producing repeated vaporization effects for sono-
poration.

We then explored how vaporization and inertial cav-
itation events occurred over the period of a total of
5000 activation firings. The dVAP and dICD were mea-
sured with different levels of PNPs under the laser
fluence of 12.02 mJ/cm?. In Figure 6, the activation
firings were broken down into the following sections:
1-50, 51-100, 101-500, 501-1000, 1001-2000, and
2001-5000. In Figure 6a, dVAP and dICD are plotted
with the p-values between two adjacent PNPs from Stu-
dent’s t-test. For repeated vaporization, generally, the
dVAP is desired to increase while the dICD is desired
to remain at a similar level when increasing the PNP. As
shown in Figure 6, the 0.44 MPa group has a consis-
tently high level of dVAP (i.e., significant vaporization)
while maintaining a relatively low level of dICD (i.e., less
microbubble destruction). Therefore, we found that the
PNP of 0.44 MPa is desirable among all PNPs. The
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reduction of dVAP and dICD values were also ana-
lyzed, and all values were subtracted from the values
calculated from the first 50-firings section. As shown
in Figures 6b,c, both dVAP and dICD decreased more

obviously after certain number of activation firings. In
addition, very few vaporization or inertial cavitation
events were found if US was not applied (i.e., “No
US” group). Moreover, the reduction of dVAP values



SONOPORATION VIA REPEATED VAPORIZATION

(@)

MEDICAL PHYSICS &

5- - 5- 5- m 0.62 MPa
- e . = 0.44 MPa
T F s ‘1 = g 1 0.35 MPa
a *kk o o
9 3 ! T 3-***F T3
= ns 4 x < ¥ . No US
* ©° * - ¥
% 2- i o 2- i o 2 H
o § <
14 ARE % 5 1 %
* * *
I 1 1 1 1 1 I T T T T 1 1 1 1 1 1 1
0.3 J 03 06 09 12 15 -03 J 03 06 09 12 15 -03 J 03 06 09 12 15
- dICD (1-50) -1 dICD (51-100) -1 dICD (101-500)
5n 5- 5-
= 4 S 4 S 4
o [=} [=}
g *k*k 8 ek 8 e
‘T 3 e \l 34 * \l 3_**
S ad S o S e
n 3 -— N
o 27 B e 7 1% o 7 .
< * < i < J:
T 14 k T 1 * T 14 J;
i s J:
* *
I T T T T 1 1 1 1 1 1 1 1 1 1 1 1 1
0.3 J 03 06 09 12 15 -0.3 J 03 06 09 12 15 -0.3 J 03 06 09 12 15
-1 dICD (501-1000) -1 dICD (1001-2000) -1 dICD (2001-5000)
(b) (© Number of oul
Number of pulses umber of pulses
o 8 8 o 8 8
s 8 &8 § & s 8 & § 8
© < S S 8 S £ == o g 9o 9
— < © o q 0SS FT—T— 7T
T T T T T 1 e 0.62 MPa - 0.62 MPa
5 0 -=- 0.44 MPa 5 -=- 0.44 MPa
B 0.35 MPa D01 0.35MPa
3 4 No US 3 No US
S i
o i
e 8).5
2 27 T
3 —1.0-

FIGURE 6 Vaporization and cavitation effect in different activation firing sections. (a) differential vaporization dose (dVAP) as a function of
differential inertial cavitation dose (dICD) in different activation sections. (b, c) Reduction of dVAP and dICD as a function of different activation
firing sections within 5000 firings. Symbols and error bars denote the mean and standard deviation (SD) from six individual experiments. The
student’s t-test was applied for the determination of the significant difference between two data sets. *, p < 0.05; **, p < 0.01; ***, p < 0.001

collected from all groups with US stimulation show
that the reduction reached a plateau after the laser
was activated over 2000 times, and the reduction of
dICD values appeared to reach plateaus after the acti-
vation was over 1000 times in 0.62 MPa group and
2000 times in 0.44 and 0.35 MPa groups. It indicates
that marginal vaporization and inertia cavitation effects
were minimal after certain numbers of activation fir-
ings. Therefore, under the same driving optical energy,
when the given US PNP was lower than 0.62 MPa
and the activation numbers was less than 2000 times
may be preferred for major vaporization effects. In other
words, it indicates that if we want to attain repeated
vaporization, we should set the US PNP smaller than
0.62 MPa.

3.3 | Sonoporation and activation firings

We next explored how activation firing numbers affect
cellular sonoporation rate under different US PNP
levels and activation numbers with a fixed laser fluence
of 12.02 mJ/cm?. We first compared the sonoporation
events occurring under different levels of PNPs with a
certain given activation firing number (Figure 7a). When
comparing the samples treated with the US to samples
without US treatment, a significant enhancement of
sonoporation rate was found in almost all samples
treated with the US except the samples treated with
PNP of 0.35 MPa and 50 activation firings. In the
groups with low activation firings (i.e., 50 and 100 fir-
ings), the sonoporation rate was significantly increased
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when PNP increased from 0.44 to 0.62 MPa. While
in the groups with 1000 or more activation firings,
the sonoporation rate in most of the groups had no
significant enhancement between 0.44 and 0.62 MPa.
When PNP increased from 0.35 to 0.44 MPa, only
delivering 1000 or more activation firings to samples
could significantly enhance the sonoporation rate. It was
noteworthy that in the group with 5000 activation firings,
the sonoporation rate became significantly reduced
when the PNP increased from 0.44 to 0.62 MPa,
while the associated cell death rate was significantly
increased.

To further clarify if the sonoporation rate was affected
by different activation firing times, we grouped the
data with different US PNPs (Figure 7b). It was found
that without US stimulation, the sonoporation rate was
only around 20% in all groups, and there was no
significant change regardless of the activation num-
bers. In the groups of 0.44 and 0.62 MPa, the sono-
poration rate gradually increased with the increased
activation numbers from 50 to 1000 firings and was
significantly reduced when the firing numbers were
above 1000. And the groups with the reduced sono-
poration rate (i.e. 2000- and 5000-firings groups) had
significantly high cell death rates. For the group of

0.35 MPa, there was no significant change of sonopo-
ration rate when the firing numbers were above 100,
and the cell death rate stayed around the baseline
level (i.e., smaller than 5%).

Comparing the groups with the lowest sonoporation
rate to the group with the highest one (i.e., the groups
with the activation number of 50 vs. 1000), the incre-
ment of sonoporation rate was 11.9% for the 0.62 MPa
group, 17.7% for the 0.44 MPa group, 9.7% for 0.35 MPa
group, and 7.3% for the group without US stimulation.
It indicates that the 0.44 MPa group displayed a better
enhancement of the sonoporation effect. The sonopo-
ration rate obtained from 0.62 and 0.44 MPa groups
was comparable, it further indicates that no more
enhancement could be achieved when US PNP was
larger than 0.44 MPa and the given activation number
was set as 1000. Thus, we fixed the given activation
number at 1000 for further examination on the sono-
poration effect. In summary, we demonstrated that
the sonoporation rate can be improved while main-
taining the cell death rate at the baseline level when
the laser fluence and the US PNP was set as 12.02
mJ/cm? and 0.44 MPa, respectively, in combination
with the activation firing being set at or below 1000
times. Such conditions are consistent with the preferred
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parameters for repeated vaporization that were previ-
ously discussed.

3.4 | Sonoporation effect affected by
laser fluence and acoustic pressure

To explore the preferred optical and acoustic parame-
ters to induce sonoporation when the activation num-
ber was fixed at 1000 firings, we investigate the sono-
poration effect in terms of different laser fluences and
acoustic pressures. We first analyzed the dVAP and
dICD values measured under different laser fluences
and acoustic pressures. The results showed that the
level of both dVAP and dICD followed the strength of the
given laser fluences and acoustic pressures (Figure 8).
In other words, both dVAP and dICD values were signif-
icantly enhanced when increasing the laser fluence or
the acoustic pressure. It indicates that when the activa-
tion number was fixed at 1000 firings, the vaporization
effect and inertial cavitation effect are highly correlated
with the given laser fluences and acoustic pressures.
After measuring the sonoporation rate induced under
these parameters, it was found that both ADV and
ODV are needed for effective sonoporation. ADV or

ODV alone does not induce significant sonoporation
(Figure 9). When we grouped the data by different lev-
els of US PNP, once the given laser fluence was above
4.01 mJ/cm?, the sonoporation rate can be significantly
induced even the given US PNP was only 0.35 MPa,
but a more significant enhancement of sonoporation
rate was induced if the laser fluence was increased to
8.01 mJ/cm?, and the sonoporation rate of 8.01 and
12.02 mJ/cm? group was comparable (Figure 9a). When
the given US PNP was above 0.44 MPa, the sonopo-
ration rate was almost not enhanced at all laser flu-
ences (Figure 9a). Significant enhancement of the sono-
poration effect was found when the given US PNP was
increased from 0.35 to 0.44 or 0.62 MPa in the 4.01
and the 12.02 mJ/cm? groups (Figure 9b). But in the
8.01 mJ/cm? group, the sonoporation rate of the sam-
ples measured from three different levels of US PNP
was comparable to each other (Figure 9b). Based on
these results, the minimal acoustic and optical energy
for inducing a high level of sonoporation rate (around
40 % in our case) can be determined as 0.35 MPa of
US PNP combined with 8.01 mJ/cm? of laser fluence
or 0.44 MPa of US PNP combined with 4.01 mJ/cm? of
laser fluence.
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3.5 | Vaporization-based sonoporation
To further examine the possibility for vaporization-based
sonoporation, we analyzed the correlation between
sonoporation rate and dICD or dVAP values col-
lected when the activation number was fixed at 1000
(Figure 10). The analysis showed that both dVAP and
dICD values were positively correlated with induced
sonoporation rate. The higher correlation between sono-
poration rate and dVAP suggested that the vaporiza-
tion in our experiments had a higher possibility to induce
sonoporation.

According to the results shown in Figures 8 and 9, we
defined the sonoporation rate detected when cells were
not treated with US and laser as the background sono-
poration values, we found the minimal dICD value for sig-
nificant induction of sonoporation was 0.13. In order to
analyze whether the positive correlation still exists with-
out the inertial cavitation effect, we thus selected the
samples with dICD values lower than 0.1 to represent
the samples without effective inertial cavitation effect for
inducing sonoporation. According to the analysis, a high
positive correlation still exists (Figure 11). The result fur-
ther displayed the possibility that without the inertial cav-
itation effect, vaporization of AuNDs can also effectively
induce sonoporation.

4 | DISCUSSION

The energy for inducing inertial cavitation was found
larger than that required for vaporization. Violent col-
lapse of microbubbles (i.e., inertial cavitation) also has
proved to be a factor for evoking cell death. With the
aim of reducing driving energy and the consumption
of AuNDs, in this study, we made an effort to lever-
age the repeatability of the vaporization/recondensation
cycle to achieve effective sonoporation. Increasing acti-
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FIGURE 10 Correlation of sonoporation rate and differential

vaporization dose (dVAP)/ differential inertial cavitation dose (dICD)
values. The correlation coefficient (r), the p-value of the Pearson’s
correlation test, and the equation of the linear regression were
shown below the lines. Symbols and error bars denote the mean and
standard deviation (SD) from six individual experiments

vation firings can enhance both inertial cavitation and
sonoporation.3°~3” However, we found that as more acti-
vation numbers were given, lower vaporization and iner-
tial cavitation effects were observed (Figure 5). This
suggests that additional activation firings result in the
destruction of AuNDs. Within 5000 activation firings,
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both the vaporization and the inertial cavitation grad-
ually reduced over the whole activation process, and
the reduction held after the activation was over 2000
times (Figure 6). But in the group with a higher US PNP
(i.e.,0.62 MPa), the reduction of inertial cavitation effect
appeared to reach a plateau after the activation was
over 1000 times, suggesting a higher US PNP tends to
induce the inertial cavitation effect (the destruction of
vaporized AuNDs) earlier even as the vaporization of
AuNDs was still growing, and these newly grown vapor-
ized AuNDs may be generated from AuNDs with smaller
size so that their inertial cavitation threshold may be
higher than 0.62 MPa.

As shown in Figure 7, both the acoustic pressure and
the activation number have a role in regulating the sono-
poration effect. The highest mechanical index (Ml) dis-
played in our study was 0.62, which is lower than that
in other reports regarding the study of ADV of PFP
droplets®>? 1935 Among these cases, the smallest Ml
applied for inducing ADV is 0.7, and their size of the
droplets is 0.89 um,'? and the Ml for inducing ADV of the
largest size of droplets (i.e., 1.4—-2 um) is 0.81 and 0.95
by using the transmit frequency of 0.74 and 1.1 MHz,
respectively, combined with a relatively long pulse dura-
tion (e.g., 100 ms).>®> The AuNDs used in the study were
much smaller than the droplets used in the two studies
in the literature, where the average size was only around
0.35 um, thus it is reasonable that no obvious vaporiza-
tion events were observed when we did not apply the
US on AuNDs. Even we increased the acoustic pres-
sure to 0.62 MPa (i.e., Ml is equal to 0.62), it still required
optical stimulation to trigger vaporization. Although cells
responding to larger acoustic pressures can generally
increase the sonoporation rate, when higher activation
numbers were delivered, the cell death rate significantly
increased. The possible reason for increased cell death
may be due to failed resealing of pores on the cell
membrane. It was found that after cells were sonopo-
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rated, the generated pores on the cell membrane would
be resealed after a few to few tens of seconds for
survival 3638 |n our case, the PRF was 20 Hz so the time
for completing 5000 activation firings was 250 s, thus
failing to reseal might be possible because the vapor-
ization and inertial cavitation kept generating pores or
enlarging pores during this period of time. In addition, it
has been demonstrated that increasing activation firings
and duty cycles induce cell death during the sonopora-
tion process.>>*! Continuous inertial cavitations have
also been reported to induce the production of reac-
tive oxygen species or suddenly evoke calcium influx to
cause cell death.2%3? Accordingly, the optical and acous-
tic parameters need to be carefully selected to achieve
effective sonoporation while minimizing cell death.

The level of laser fluence was also a critical factor to
induce sonoporation,'® we found that higher laser flu-
ence induced a higher sonoporation rate but no signif-
icant enhancement was observed when laser fluence
was above 8.01 mJ/cm? (Figure 9). Combining with the
analysis of sonoporation rate as a function of US PNPs,
it indicates that the sonoporation effect was saturated
when the laser fluence reached 8.01 mJ/cm? and US
PNP reached 0.44 MPa.In comparison with our previous
study,'® through adjusting the activation number to 1000
firings, a similar sonoporation rate (around 40 %) can
be successfully achieved by using smaller acoustic and
optical energy, where 0.35 MPa of US PNP combined
with 8.01 mJ/cm? of laser fluence and 0.44 MPa of US
PNP combined with 4.01 mJ/cm? of laser fluence can
achieve 39.64 + 2.32% and 35.88 + 5.28% of sonopo-
ration rate, respectively. Although we have found the
energy threshold of inducing sonoporation, the deter-
mining factors for triggering sonoporation still remain
unclear. Some models have been proposed to explain
this effect according to the investigation from high-speed
imaging,2>*2 it is still hard to clearly capture fast NDs
dynamics without a sufficiently high sampling rate dur-
ing imaging.

The ambient temperature issue should be also con-
sidered. When the ambient temperature is 37°C, the
threshold of laser fluence for inducing ODV of PFP
droplets can be reduced to 4-5 mJ/cm? 3% but it can
increase to 100 mJ/cm? when the ambient temperature
is only 25°C*> According to previous reports in the
literature, repeated vaporization is easier to achieve
when the ambient temperature is lower than the droplet
core PFC boiling point®2% In our experiments, the
ambient temperature in the media is 25°C and the
boiling point of PFP is 29°C so repeated vaporization
is achievable. However, concerning the human body
temperature is 37°C, using PFC with a higher boiling
point as the ND core and conducting the experiments
at 37°C to improve vaporization-based sonoporation
should be considered in future studies. The threshold
of laser fluence for droplets vaporization can also
be further reduced through mixing with different core
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materials or modifying the optical absorbing material
structure.!2:43.46-48

5 | CONCLUSIONS

Simultaneous optical and acoustic stimulation has
proven to be able to synergistically enhance the sono-
poration effects. In this study, by analyzing vaporiza-
tion and inertial cavitation from different laser/US fir-
ing combinations, we found that the activation numbers
and the selective section of laser/US activation play
key roles in determining the vaporization, inertial cavita-
tion, and sonoporation effects. We tested the hypothesis
and demonstrated that sonoporation can be effectively
induced mainly by repeated vaporization instead of iner-
tial cavitation. With this approach, both the required
acoustic and optical energy were smaller than those
applied in previous studies. With lower applied energy
and less inertial cavitation, vaporization-based sonopo-
ration can improve drug delivery efficiency and safety
during therapy. Decreased consumption of NDs can also
reduce the air embolism caused by overloaded contrast
agents, and further enhance theragnosis by leveraging
the improved imaging performance.

ACKNOWLEDGMENTS

This research was supported by the National Health
Research Institutes (NHRI-EX110-10923El) and the
Ministry of Science and Technology of Taiwan (MOST
110-2221-E-002 -007 -MY3). We thank Professor
Churng-Ren Chris Wang for their help with the synthesis
of gold nanorods.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

REFERENCES

1. Kripfgans OD, Fowlkes JB, Miller DL, Eldevik OP, Carson PL.
Acoustic droplet vaporization for therapeutic and diagnostic
applications. Ultrasound Med Biol. 2000;26(7):1177-1189.

2. Kripfgans OD, Fabiilli ML, Carson PL, Fowlkes JB. On the acous-
tic vaporization of micrometer-sized droplets. J Acoust Soc Am.
2004;116(1)272-281.

3. Pitt WG, Singh RN, Perez KX, Husseini GA, Jack DR. Phase tran-
sitions of perfluorocarbon nanoemulsion induced with ultrasound:
a mathematical model. Ultrason Sonochem. 2014;21(2):879-891.

4. Strohm E, Rui M, Gorelikov |, Matsuura N, Kolios M. Vaporization
of perfluorocarbon droplets using optical irradiation. Biomed Opt
Express. 2011;2(6):1432-1442.

5. Fabiilli ML, Haworth KJ, Fakhri NH, Kripfgans OD, Carson PL,
Fowlkes JB. The role of inertial cavitation in acoustic droplet
vaporization. |[EEE Trans Ultrason Ferroelectr Freq Control.
2009;56(5):1006-1017.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. Lo AH, Kripfgans OD, Carson PL, Fowlkes JB. Spatial control of

gas bubbles and their effects on acoustic fields. Ultrasound Med
Biol. 2006;32(1):95-106.

. Sheeran PS, Dayton PA. Phase-change contrast agents for imag-

ing and therapy. Curr Pharm Des. 2012;18(15):2152-2165.

. Yu J, Chen X, Villanueva FS, Kim K. Vaporization and recon-

densation dynamics of indocyanine green-loaded perfluoropen-
tane droplets irradiated by a short pulse laser. Appl Phys Lett.
2016;109(24):243701.

. Reznik N, Williams R, Burns PN. Investigation of vaporized sub-

micron perfluorocarbon droplets as an ultrasound contrast agent.
Ultrasound Med Biol. 2011;37(8):1271-1279.

Shpak O, Verweij M, Vos HJ, de Jong N, Lohse D, Versluis M.
Acoustic droplet vaporization is initiated by superharmonic focus-
ing. Proc Natl Acad Sci USA.2014;111(5):1697-1702.

Williams R, Wright C, Cherin E, et al. Characterization of sub-
micron phase-change perfluorocarbon droplets for extravas-
cular ultrasound imaging of cancer. Ultrasound Med Biol.
2013;39(3)475-489.

Ju H, Roy RA, Murray TW. Gold nanoparticle targeted photoa-
coustic cavitation for potential deep tissue imaging and therapy.
Biomed Opt Express. 20134(1):66-76.

Liu WW, Liu SW, Liou YR, et al. Nanodroplet-vaporization-
assisted sonoporation for highly effective delivery of photother-
mal treatment. Sci Rep. 2016;6:224753.

Wei CW, Xia J, Lombardo M, et al. Laser-induced cavitation in
nanoemulsion with gold nanospheres for blood clot disruption: in
vitro results. Opt Lett. 2014;39(9):2599-2602.

Liu W-W, Huang S-H, Li P-C. Synchronized optical and acous-
tic droplet vaporization for effective sonoporation. Pharmaceutics.
2019;11(6):279.

Farny CH, Wu T, Holt RG, Murray TW, Roy RA. Nucleating cav-
itation from laser-illuminated nano-particles. Acoust Res Lett
Online. 2005;6(3):138-143.

McLaughlan JR, Roy RA, Ju H, Murray TW. Ultrasonic enhance-
ment of photoacoustic emissions by nanoparticle-targeted cavi-
tation. Opt Lett. 2010;35(13):2127-2129.

Arnal B, Perez C, Wei CW, et al. Sono-photoacoustic imaging of
gold nanoemulsions: part |. exposure thresholds. Photoacoustics.
2015;3(1):3-10.

Li DS, Yoon SJ, Pelivanov |, Frenz M, O’Donnell M, Pozzo
LD. Polypyrrole-Coated perfluorocarbon nanoemulsions as a
sono-photoacoustic contrast agent. Nano Lett.2017;17(10):6184-
6194.

Asami R, Kawabata K, Repeatable vaporization of optically
vaporizable perfluorocarbon droplets for photoacoustic contrast
enhanced imaging. Paper presented at: 2012 |IEEE International
Ultrasonics Symposium; October 7—10, 2012; Dresden, Germany.
Luke GP, Hannah AS, Emelianov SY. Super-Resolution ultra-
sound imaging in vivo with transient laser-activated nanodroplets.
Nano Lett. 2016;16(4):22556-2559.

Yoon H, Yarmoska SK, Hannah AS, Yoon C, Hallam KA,
Emelianov SY. Contrast-enhanced ultrasound imaging in vivo
with laser-activated nanodroplets. Med Phys. 2017:44(7):3444-
3449.

Reznik N, Shpak O, Gelderblom EC, et al. The efficiency and sta-
bility of bubble formation by acoustic vaporization of submicron
perfluorocarbon droplets. Ultrasonics. 2013;53(7):1368-1376.

Wu Q, Mannaris C, May JP, et al. Investigation of the acous-
tic vaporization threshold of lipid-coated perfluorobutane nan-
odroplets using both high-speed optical imaging and acoustic
methods. Ultrasound Med Biol. 2021;47(7):1826-1843.
Delalande A, Kotopoulis S, Postema M, Midoux P, Pichon C.
Sonoporation: mechanistic insights and ongoing challenges for
gene transfer. Gene. 2013;525(2):191-199.

Maxwell AD, Cain CA, Duryea AP, Yuan L, Gurm HS, Xu Z. Non-
invasive thrombolysis using pulsed ultrasound cavitation therapy
- histotripsy. Ultrasound Med Biol. 2009;35(12):1982-1994.



SONOPORATION VIA REPEATED VAPORIZATION

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Ay T, Havaux X, Van Camp G, et al. Destruction of contrast
microbubbles by ultrasound: effects on myocardial function, coro-
nary perfusion pressure, and microvascular integrity. Circulation.
2001;104(4):461-466.

Kobayashi N, Yasu T, Yamada S, et al. Endothelial cell injury in
venule and capillary induced by contrast ultrasonography. Ultra-
sound Med Biol. 2002;28(7):949-956.

Maciulevigius M, Navickaité D, Chopra S, Jakstys B, Satkauskas
S. Sudden cell death induced by Ca2+ delivery via microbubble
cavitation. Biomedicines. 2021;9(1):32.

Marmottant P, Hilgenfeldt S. Controlled vesicle deformation and
lysis by single oscillating bubbles. Nature. 2003;423(6936):153-
156.

Prentice P, Cuschieri A, Dholakia K, Prausnitz M, Campbell P.
Membrane disruption by optically controlled microbubble cavita-
tion. Nat Phys. 2005;1(2):107-110.

Yin Y, Jiang X, Sun L, et al. Continuous inertial cavitation
evokes massive ROS for reinforcing sonodynamic therapy and
immunogenic cell death against breast carcinoma. Nano Today.
2021;36:101009.

Yoshida K, Nakatani S, Tsukamoto A, Ushida T, Watanabe Y.
Effects of collapsing bubble in ultrasonic field on soft material.
Jpn J Appl Phys. 2008:47(5):4200-4204.

Lai CY,Wu CH, Chen CC,Li PC. Quantitative relations of acoustic
inertial cavitation with sonoporation and cell viability. Ultrasound
Med Biol. 2006;32(12):1931-1941.

Giesecke T, Hynynen K. Ultrasound-mediated cavitation thresh-
olds of liquid perfluorocarbon droplets in vitro. Ultrasound Med
Biol. 2003;29(9):1359-1365.

Lopez-Marin LM, Millan-Chiu BE, Castano-Gonzalez K, et al.
Shock wave-induced damage and poration in eukaryotic cell
membranes. J Membr Biol. 2017;250(1):41-52.

Miller DL, Pislaru SV, Greenleaf JE. Sonoporation: mechanical
DNA delivery by ultrasonic cavitation. Somat Cell Mol Genet.
2002;27(1-6):115-134.

Fan Z, Liu H, Mayer M, Deng CX. Spatiotemporally con-
trolled single cell sonoporation. Proc Natl Acad Sci USA.
2012;109(41):16486-16491.

Keyhani K, Guzman HR, Parsons A, Lewis TN, Prausnitz MR.
Intracellular drug delivery using low-frequency ultrasound: quan-

40.

41.

42.

43.

44.

45.

46.

47.

48.

MEDICAL PHYSICS

tification of molecular uptake and cell viability. Pharm Res.
2001;18(11):1514-1520.

Miller DL, Williams AR, Morris JE, Chrisler WB. Sonoporation
of erythrocytes by lithotripter shockwaves in vitro. Ultrasonics.
1998;36(9):947-952.

Pan H, Zhou Y, Izadnegahdar O, Cui J, Deng CX. Study of sono-
poration dynamics affected by ultrasound duty cycle. Ultrasound
Med Biol. 2005;31(6):849-856.

Peruzzi G, Sinibaldi G, Silvani G, Ruocco G, Casciola CM. Per-
spectives on cavitation enhanced endothelial layer permeability.
Colloids Surf B.2018;168:83-93.

Hannah AS, VanderLaan D, Chen YS, Emelianov SY. Photoa-
coustic and ultrasound imaging using dual contrast perfluorocar-
bon nanodroplets triggered by laser pulses at 1064 nm. Biomed
Opt Express. 2014;5(9):3042-3052.

Wilson K, Homan K, Emelianov S. Biomedical photoacoustics
beyond thermal expansion using triggered nanodroplet vaporiza-
tion for contrast-enhanced imaging. Nat Commun. 2012;3:618.
Dove JD, Mountford PA, Murray TW, Borden MA. Engineering
optically triggered droplets for photoacoustic imaging and ther-
apy. Biomed Opt Express. 2014,5(12):4417-4427.

Eberhart JG, Kremsner W, Blander M. Metastability limits of
superheated liquids: bubble nucleation temperatures of hydrocar-
bons and their mixtures. J Colloid Interf Sci. 1975;50(2):369-378.
Sheeran PS, Luois SH, Mullin LB, Matsunaga TO, Dayton PA.
Design of ultrasonically-activatable nanoparticles using low boil-
ing point perfluorocarbons. Biomaterials.2012;33(11):3262-3269.
Wei CW, Lombardo M, Larson-Smith K, et al. Nonlinear con-
trast enhancement in photoacoustic molecular imaging with
gold nanosphere encapsulated nanoemulsions. App!/ Phys Lett.
2014;104(3):033701.

How to cite this article: Liu W-W, Ko H-C, Li
P-C. Sonoporation based on repeated
vaporization of gold nanodroplets. Med Phys.
2022:49:2761-2773.
https://doi.org/10.1002/mp.15544



https://doi.org/10.1002/mp.15544

	Sonoporation based on repeated vaporization of gold nanodroplets
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | AuND fabrication and characterization
	2.2 | Experimental setup
	2.3 | Differential vaporization and cavitation doses, and acoustic pressure measurements
	2.4 | Sonoporation and cell death rate

	3 | RESULTS
	3.1 | Characterization of AuNDs
	3.2 | Vaporization and cavitation effects affected by laser activation number
	3.3 | Sonoporation and activation firings
	3.4 | Sonoporation effect affected by laser fluence and acoustic pressure
	3.5 | Vaporization-based sonoporation

	4 | DISCUSSION
	5 | CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


