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Ultrasound-triggered delivery of paclitaxel encapsu-
lated in emulsion at low acoustic pressures’

N. Al Rifai,* S. Desgranges,© D. Le Guillou-Buffello, A. Giron, W. Urbach,%¢ M.
Nassereddine,” J. Charara,” C. Contino-Pépin,° and N. Taulier*¢

We investigated the in vitro ultrasound-triggered delivery of paclitaxel, a well known anti-
cancerous drug, encapsulated in an emulsion and in the presence of CT26 tumor cells. The
emulsion was made of nanodroplets, which volume comprised 95% of perfluoro-octyl bromide
and 5% of tributyl O-acetylcitrate, where paclitaxel was solubilized. These nanodroplets, pre-
pared using a high-pressure microfluidizer, were stabilized by a tailor-made and recently patented
biocompatible fluorinated surfactant. The delivery investigations were performed at 37°C using
a high intensity focused ultrasound transducer at a frequency of 1.1 MHz. The ultrasonic pulse
was made of 275 sinusoidal periods, the pulse repetition frequency was 200 Hz with a duty cycle
of 5%. The measured viabilities of CT26 cells showed that paclitaxel delivery was achievable for
peak-to-peak pressures of 0.4 and 3.5 MPa, without having to vaporize the perfluorocarbon part

of the droplet or to induce inertial cavitation.

1 Introduction

Treatment of cancer can engage severe treatments involving ra-
diation and chemicals for several months or years that lead to
undesirable side effects'. When considering drugs, the treatment
can be efficient only if the drug concentration at the tumor site
is over a critical concentration. Since a drug is not selective, it
will be distributed in the whole patient body, which explains the
dangerousness of most anti-cancerous drugs (such as paclitaxel
or doxorubicin) that act indifferently on normal and tumoral tis-
sues?, A way to solve this hurdle is to develop drug carriers
in order to deliver most of the anti-cancerous drug at the tu-
mor site, thus decreasing the drug concentration in the rest of
the patient body, while protecting the drug from degradation*.
Such drug carriers are usually injected intravenously and can ac-
cumulate at the tumor site either by passive targeting using the
enhanced permeation and retention (EPR) effect®!® or by target-
ing the carrier to specific receptors of tumor tissues®. This ap-
proach improves the drug efficiency while decreasing side effects
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and patients’ pain®®. The efficiency can be further improved

by controlling the drug release, using carriers sensitive either to
the characteristics of the tumor tissue (pH, temperature or re-
dox potential) or to an external stimulus (light, cold plasma, ra-
diowave, magnetism, ultrasound...)1%. The use of ultrasound as
a stimulus is appealing as it is easy to use and affordable. Ultra-
sound can also be used to image the localization of drug delivery
or can be combined with other imaging modalities such as mag-
netic resonance imaging (MRI). More importantly, ultrasound can
be easily focused on a small area of interest which brings new
therapeutics applications’d. High intensity focused ultrasound
(HIFU) is currently being used in clinics for tumor thermal abla-
tion2"14 for which commercial apparatus (from EDAP TMS, In-
sightec or Chongqing Haifu Medical Technology Co. Ltd) has been
specifically developed. Such apparatus can be readily used in
ultrasound-triggered drug delivery'1>. But this last application is
still in the stage of preclinical research due to the lack of clinically
approved sonosensitive drug carriers, even if some are in clinical
trial such as Thermodox®10,

Paclitaxel (PTX) is a potent anticancer agent active against
a broad spectrum of cancers and extensively used in cancer
chemotherapy®Z. At high concentration, paclitaxel acts by induc-
ing mitotic arrest while at low concentration, such that used in
clinics, it may rather induce a multipolar division, as reported by
Weaverl®, Due to its low solubility in water, paclitaxel is clini-
cally used either solubilized in Cremophor EL (Taxol®) or bound
to albumin (Abraxane®). The second one exhibits less severe
side effects than the first onel?. However, there is still a need
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to decrease side effects as well as improving paclitaxel efficiency.
Several types of sonosensitive and paclitaxel-loaded carriers have
been investigated in the literature. A first type are free mi-
crobbubles?%2ll or microbbubles encapsulated into liposomes'22,
These carriers exhibit a short life time and can not take advantage
of the EPR effect due to their micrometric size. The paclitaxel de-
livery is triggered by the bubble stable cavitation generated by the
ultrasound wave and this delivery is increased when inertial cavi-
tation occurs. The second type are emulsions containing perfluo-
ropentane (PFP), for which delivery is induced by the ultrasound-
triggered vaporization of PFP droplets?324 Rapoport et al. also
induced paclitaxel delivery by replacing PFP with perfluoro-15-
crown-5-ether (PCFE), but higher pressures were needed (peak
negative pressure, PNP, varying from 2.4 to 4.8 MPa) that led in
their in vivo experiments to the death of several mice. While for
PFP, the peak negative pressure was no more than 1 MPa2324, A
last type is made of micelles of mPEG-PLA-tocopherol2® for which
paclitaxel delivery was achieved in the absence of cavitation, but
micelles cannot load large paclitaxel quantity.

In this article, we investigated the possibility to trigger pacli-
taxel delivery by applying low acoustic pressures, for which ul-
trasound did not induce inertial cavitation, droplet vaporization
or/and important temperature elevation. For this purpose, we
used an emulsion as drug carrier, made of nanodroplets stabilized
by a new class of recently patented fluorinated surfactant with a
liquid core partitioned in a perfluorocarbon liquid part and an oily
solubilizing paclitaxel.

2 Materials and Methods

2.1 Materials

Perfluorooctyl bromide (PFOB) were purchased from ABCR
GmbH (Germany). Tributyl O-acetylcitrate or acetyl tributyl cit-
rate (ATBC), acetonitrile, and methanol were purchased from
Sigma-Aldrich Chemical (Saint-Quentin Fallavier, France). Pa-
clitaxel was obtained from Chemieliva Pharmaceutical Co., Ltd.
Dulbecoo’s minimal essential serum, fetal bovine serum and peni-
cillin streptomycin, trypsin (1X) and trypan blue were purchased
from ThermoFisher Scientific (Gibco, France). The CT26-murine
colorectal carcinoma cell line was purchased from ATCC. Fluori-
nated surfactants, F,d;TAC,,, possess a fluorinated chain length
of n = 6 carbons with a double polar chain (i =2) made of a rep-
etition of m = 12 tris(hydroxymethyl)aminomethane (TAC) water
soluble units. Fgd,TAC;, is a member of a recently developed
new class of biocompatible branched surfactants called "Dendri-
TAC"28. Their convergent synthesis allows stepwise modifications
of the surfactant’s size, shape, hydrophilic/lipophilic balance, na-
ture of the head, number of tails, spacers or connecting units be-
tween hydrophilic head and hydrophobic tail. Their highly ver-
satile structure affords not only to control the formation of struc-
turally well-defined macromolecules but also to adjust step-by-
step their self-assembling properties.

2.2 Emulsion preparation

About 7 mM of Fgd,TAC;, surfactants were dissolved in a 15 mL
centrifuge plastic tube containing 4 mL of 0.9% sodium chlo-
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ride solution. Thus, the surfactant concentration was higher than
0.056 mM, its critical micellar concentration (CMC). 0.57 mL of
PFOB and then 0.03 mL of tributyl O-acetylcitrate (so that ATBC
represents 5% of the droplet volume and PFOB 95%) were added
and the whole solution was mixed using a vortex to form a coarse
emulsion.

For paclitaxel-loaded emulsions, paclitaxel has to be solubilized
into tributyl O-acetylcitrate before producing the coarse emul-
sion. In our experiments, the concentration of paclitaxel in ATBC
varied from 105 to 200 ug/mL, which is the maximum concen-
tration we could achieve, but the first concentration was used on
most experiments and in particular with CT26 cells.

The coarse emulsion was further emulsified using a high pres-
sure homogenizer (model IV1 from Microfluidics): 8 passages
were performed at a pressure of 20,000 psi (=~ 138 MPa). The re-
sulting emulsion was centrifuged at 6,000 rpm (i.e. at a relative
centrifugal force of 2,000 g) for 30 s with a bench mini-centrifuge
(Mini Star from VWR) to force any microdroplets to sediment.
The surpernatant only contained nanodroplets and possibly free
paclitaxel.

When paclitaxel was present, the supernantant was further cen-
trifuged, this time at 13,300 rpm (i.e. at 17,000 g) for 20 min us-
ing a bench centrifuge (micro Star 17 R from VWR) so that most
nanodroplets formed a pellet. The supernatant was removed and
replaced with a fresh 0.9% sodium chloride solution. A vigorous
mixing led to the resuspension of the nanodroplets in a solution
free of paclitaxel.

The droplet concentration in the emulsion is approximatively
of (6141) x 10! droplets per mL, which corresponds to a droplet
volume fraction of approximatively 5.8%.
eventually stored into the fridge at 4°C to a maximum of three
days during which parts of the solution was used to perform ex-
periments.

The emulsion was

2.3 Droplet size measurements

The mean diameter of the droplets forming the emulsion was
measured by dynamic light scattering using a ALV/CGS-3 plat-
form based goniometer system (from ALV GmbH). The measure-
ments were performed on emulsions diluted 100 times at room
temperature and at several scattering angles from 50° to 130°,
with a step of 20°. At each angle 6, the device provided the decay
rate I'y whose values were plotted as a function of the scatter-
ing vector amplitude ¢(0) = % sin(6/2), where n = 1.333 is the
refractive index of the solution and A = 633 nm is the laser wave-
length. A fit of the curve by the cumulant method allowed to
determine the droplet mean diameter D along with the polydis-
persity index (PDI)2Z,

2.4 Determination of the amount of encapsulated paclitaxel
At the end of the emulsion preparation, one of the centrifuged
tube, which contained the pellet of a 1 mL centrifuged emul-
sion, was used to assess the quantity of encapsulated palictaxel.
The supernatant obtained after the second centrifugation was
replaced by 25 uL of fresh 0.9% sodium chloride solution and
975 uL of solution of acetonitrile, methanol and water (3:3:1



(v/v)). The whole sample was then vortexed to extract and sol-
ubilize paclitaxel that was encapsulated into the nanodroplets
forming the pellet. A 1 cm pathlength quartz cuvette (from
Hellma) was filled with this solution and its absorbance was
recorded by a V-730 UV-Visible spectrophotometer (from Jasco)
at a wavelength of 227 nm and at 25°C. The concentration, C,
of paclitaxel was obtained from the absorption value, thanks to a
calibration curve previously determined from paclitaxel dissolved
in acetonitrile/methanol/water (3:3:1 (v/v)) in the concentration
range of 1-20 ug/mL.

2.5 HIFU system

Fig. [1| shows an illustration of the ultrasonic setup used to trig-
ger the release of paclitaxel or Nile red encapsulated into the
emulsion. In this setup, a waveform generator (model 33220A
from Agilent) generates an electrical signal that goes first through
a radio-frequency power amplifier (Model 150A100C from AR
France), then a power reflection meter (Model & NRT from Rohde
Schwarz) measures the delivered average electrical power. The
electrical signal is converted into an acoustic wave by a focused
transducer (Model H-101-G from Sonic concepts Inc.), whose fun-
damental frequency mode is at 1.1 MHz. The acoustic wave prop-
agates into a water tank, which is degassed and thermostated
at 37+0.2°C using a degassing machine (Model WDS-1005 from
Sonic Concepts) connected to the tank. A tube, completely filled
with 250 uL of sample, is placed at the transducer focus. A fo-
cused hydrophone (model Y-107 from Sonic Concepts), whose
focus overlaps the transducer focus inside the tube, continuously
monitors the signal emitted by the sample and is used to detect
cavitation. The overlapped focus volume had been optimized
by maximalizing the acoustic amplitude of the fundamental pic
(at 1.1 MHz) measured by the hydrophone when the transducer
emits a low amplitude signal (i.e. in the absence of cavitation).
The position of the tube was optimized by filling the tube with
a viscous solution containing microbubbles and maximalizing the
amplitude of the recorded harmonic signal (at 2.2 MHz) emit-
ted by the insonified bubbles (in the stable cavitation regime).
Calibration measurements were performed with a fiber optic hy-
drophone (from Precision Acoustic) placed inside the tube (con-
taining water) at the transducer focus to measure the peak-to-
peak acoustic pressure Py, and temperature elevation AT due
to insonification. These values were correlated to the average
power measured by the wattmeter. The fiber optic hydrophone
was positioned so that the recorded amplitude of the ultrasonic
signal emitted by the transducer was maximalized in the absence
of cavitation. In our experiment, the signal consisted of sine-wave
bursts at a frequency (f) of 1.1 MHz, with a duty cycle (DC) of
5% and a pulse repetition frequency (PRF) of 200 Hz. The time
of insonification 7 was either 3, 6, 12 or 20 min.

2.6 Terephthalate dosimeter

The presence of inertial cavitation was assessed using a terephata-
late dosimeter according to the procedure described by So-
maglino et al.28, The HTA dosimetry is sensitive enough when
insonification time exceeds a minute??. For an insonification last-

Wattmeter

Generator

Amplifier |

pe=—rr |

Water
degassing
& heating

unit

Fig. 1 lllustration of the ultrasonic setup used to insonify the samples.
See text for a detailed description.

ing more than a minute as it is the case in our experiments, So-
maglino et al. showed the equivalence between HTA and ultra-
sonic dosimetry to evaluate the cavitation dose“®. The principle
consists in measuring the quantity of hydroxyl radicals (OH®) pro-
duced by inertial cavitation. This quantity was obtained by mea-
suring the increase in fluorescence intensity due to the presence
of fluorescent 2-hydroxylterephthalate (HTA), which is produced
by the binding of non-fluorescent terephthalate (TA) to hydroxyl
radicals.

Fluorescence spectra were measured using a spectrophotome-
ter (model FP 8300 from Jasco) at an excitation wavelength of
318 nm and at an emission wavelength of 426 nm. First, a ref-
erence spectrum was obtained by averaging spectra measured on
several solutions at a HTA concentration of 1 uM. One concentra-
tion was enough since HTA fluorescence is linearly proportional
to HTA concentration in the range 0.2-20 uM,2%3l and HTA con-
centration produced by inertial cavitation was always lower than
20 uM in our samples. Next, the spectra of samples containing
2 mM TA were measured before and after insonification for a de-
sired set of ultrasonic parameters. The concentration of HTA was
derived using the following equation:

CHTA = Fatter — Fbefore X Cref )
Fret
where Cf is the HTA concentration in the reference solution (i.e.
1 uM), Fr is the fluorescence spectra of this reference solution,
Foefore and Fyer are the spectra of the solution containing initially
2 mM TA, respectively, before and after insonification.

2.7 Release experiments using encapsulated Nile red

The evaluation of the ultrasound triggered release efficiency was
evaluated from droplets encapsulating Nile red. The droplet pro-
duction followed the protocol used to encapsulate paclitaxel ex-
cept that the second centrifugation was not performed. Conse-
quently, the emulsion contained free Nile red in addition to en-
capsulated Nile red. Next, 150 uL of emulsion was added to the
tube to be insonified or incubated (i.e. with no insonification) and
the rest of the tube volume (i.e. 100 uL) was filled with ATBC, in
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this configuration free Nile red migrates from the emulsion to the
ATBC supernatant. After an insonification or incubation time T,
a fraction of the ATBC supernatant was taken out and its fluores-
cence intensity was measured (A, = 530 nm and A,,, = 560 nm).
Using a calibration curve relating Nile red intensity to its concen-
tration, we evaluated the concentration of Nile red, Cry, located
in the ATBC supernatant.

2.8 Experiments using tumor cells

The CT26-murine colorectal carcinoma cell line was main-
tained at 37°C in DMEM (Dulbeco’s modified eagle’s medium,
high glucose, GlutaMAX supplement) supplemented with 10%
of heat-inactivated fetal bovine serum (FBS) and 1% of peni-
cillin/streptomycin.  Cells were cultured in a CO;, incubator
(model MCO-18AC-PE from panasonic) and were passaged twice
a week by removing the adherent cells with trypsin/EDTA. Be-
fore any experiment, CT-26 cells were seeded for 48 h into
T75 flasks in DMEM supplemented with 10% FBS and 1% peni-
cillin/strepromycin. Solutions of CT-26 cells from passages 2:5
were used for experiments. For experiments involving nan-
odroplets, the solution was centrifuged after insonification at
1000 rpm (i.e. 96 g), 5 min, and room temperature. The su-
pernatant was removed to get rid of nanodroplets and of free pa-
clitaxel. The pellet was immediately resuspended in DMEM sup-
plemented with 10% FBS and 1% penicillin/strepromycin. Fol-
lowing every experiment, solutions were being seeded in 24 well
plates (with 103 cells/well). Some plates were incubated for 24 h
while others for 48 h. After incubation, the number of living and
dead cells were counted using an automatic cell counter (model
EVE from VWR) and trypan blue assay. The cell viability was as-
sessed by calculating the ratio of the living cell number to the
total number of cells (i.e. living + dead cells).

2.9 Statistical analysis

The experimental design is a full factorial design with four factors
(drug, incubation duration, pressure value, insonification dura-
tion) and repeated measures (n = 3). Means and standard er-
ror of viability are displayed into Fig. All statistical analyses
were performed using the JMP software (SAS Institute Inc., Cary,
NC, USA). The statistical level of significance was set to p = 0.05.
Scores were reported as means and standard deviation. Compar-
isons were performed with Anova and non-parametric Wilkoxon
or Mann-Whitney tests when necessary. Fisher or Levene tests
were used to compare variances. Multivariate analysis (Anova
or Ancova) were followed by Tuckey-Kramer or non paramet-
ric Steel-Dwass-Critchlow-Fligner post-hoc tests (with controls)
when necessary. Decomposition of variance was processed using
Bayesian method.

2.10 Figure preparation

All figures were prepared using python 3.7 and matplolib 3.1.1.
The fits in Fig. |3| and |4 were performed using the least square
function provided by scipy 1.3.0.
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D PDI C
(nm) (ug/mL)
273+6 0.10 0

272+6 0.26 3.2
221+4  0.19 4.1
258+6 0.39 44

Table 1 The first and second columns display the droplet diameter and
polydispersity as given by light scattering technique, and the third column
gives the concentration of encapsulated paclitaxel (C) in the emulsion.

3 Results

3.1 Properties of the emulsion

The droplet diameter decreased for increasing amount of surfac-
tant added during the emulsion preparation. We chose to work
with a diameter of approximatively 270 nm to investigate drug
delivery, but the lower achievable diameter was 70 nm. The
droplet diameter further depended on the quantity of encapsu-
lated paclitaxel (see Table[I)). For low paclitaxel concentrations C
(several micrograms per milliliter), the droplet size was reduced
when the quantity of paclitaxel increased, which was not true
when reaching a larger concentration (i.e. at C = 44 ug/mL).
For comparison purpose, we used a paclitaxel concentration of
3.2 pug/mL so that free and drug-loaded droplets exhibited the
same diameter. All emulsion formulations exhibited a polydisper-
sity index (PDI) value below 0.4, regardless of paclitaxel concen-
tration, knowing that a value smaller than 0.2 is characteristic of
a monodispersity in droplet size. The amount of paclitaxel encap-
sulated into the emulsion represents 3 to 9% of the quantity of
paclitaxel added during the emulsion preparation. This indicates
that most paclitaxel had been lost during the emulsion prepara-
tion, due to both centrifugations.

Finally, we investigated the effect of nanodroplets devoid of
paclitaxel on the toxicity of CT-26 cells, where an increasing vol-
ume fraction (i.e. 0.1, 1, 5 and 10%) is made of the emulsion
instead of DMEM supplemented with 10% FBS and 1% peni-
cillin/strepromycin. This corresponds to a droplet volume frac-
tion ¢ = 0.0058, 0.058, 0.116 and 0.58%, respectively. Fig.
shows that CT26 viability is weakly affected for ¢ = 0.0058% and
it dramatically decreases for 0.116 and 0.58%. Consequently, we
chose to work with the safer condition, that is ¢ = 0.0058%, in ex-
periments dealing with CT26 cells, which corresponds to a ratio
of 60 nanodroplets for one CT26 cell.

3.2 Characteristic of the ultrasound

We used an ultrasound wave where only the acoustic pressure
and the time of insonification were varied. The other ultra-
sonic parameters, that were kept constant, were the frequency
(f = 1.1 MHz), the duty cycle (DC = 5%) and the pulse repeti-
tion frequency (PRF = 200 Hz). Using a fiber optic hydrophone
(FOH), we measured a temperature elevation of 1 and 4°C for
peak-to-peak pressures P, of 0.4 and 3.5 MPa, respectively.
There was no inertial cavitation detected at these two pressures
as shown by the result from the terephalate dosimeter (Fig.
and by the lack of characteristic signal recorded by the focused
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Fig. 3 Variation in the concentration of 2-hydroxyl terephtalate (THA) as
a function of insonification time t for acoustic peak-to-peak pressures of
0.4 MPa (<), 3.5 MPa (i), and 7 MPa (/\), at 37°C and using DC = 5%
and PRF =200 Hz.

hydrophone. This hydrophone also did not detect stable cavita-
tion at these pressures. Note that the ultrasonic pulse comprises
275 sinusoidal periods that was enough to detect an harmonic re-
sponse from bubble stable cavitation. These results were identical
whatever the insonification time.

Whereas, experiments made at a higher pressure of 7 MPa
clearly showed the presence of inertial cavitation as shown in Fig.
with a cavitation dose increasing with the insonification time.
The presence of cavitation was also detected by the focused hy-
drophone which recorded a signal made of harmonics and of a
broadband frequency noise. A temperature elevation of 10°C was
measured.

3.3 Effect of pressure in drug delivery

We evaluated in Fig. [4] the variation in Nile red concentration
inside the ATBC solution located on top of the emulsion. In the
absence of ultrasound, the detection of Nile red reflected the fact
that the emulsion contained a substantial quantity of free Nile red
as we did not get rid of them. However, the Nile red concentration
in the ATBC solution did not vary with the incubation time. At ul-
trasonic pressures of 0.4 and 3.5 MPa, the Nile red concentration
increased linearly with insonification time. For data correspond-

ing to 7 MPa, an heuristic curve (i.e. f(t) =a+bx ?TT) was

80
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Fig. 4 Percentage of Nile red measured on a ATBC solution located on
top of an emulsion when incubated (<), i.e. non-insonified, or insonified
at a pressure of 0.4, 3.5 or 7 MPa (<, - and /A respectively) during a
time 7 of 3, 6, or 12 min. For P, <7 MPa, a linear fit led to a slope of
0.04, 0.20, and 1.11 for 0, 0.4 and 3.5 MPa, respectively. All fit curves
start at approximatively 16.6% at r = 0.

used instead. In Fig. [4] all fits start at 7 = 0 at the concentration
derived from the fit of incubation experiments (green line).

3.4 Experiments on CT26 cells

In these experiments, cell samples were either insonified or in-
cubated (i.e. with no ultrasound) during a time 7 =3, 6, 12 or
20 min and the cell viabilities were measured 24 or 48 h later.

In a first series of control experiments (top figure in Fig[5), the
viability was determined for cell solutions insonified or incubated
in the absence of emulsion. The application of ultrasound (at
0.4 or 3.5 MPa, blue and orange symbols, respectively) induced
a small reduction in cell viability as compared to non-insonified
solutions (gray symbols).

In a second series of control measurements (middle figure in
Fig [5), the viability of CT26 cells was measured in the pres-
ence of nanodroplets devoid of paclitaxel at a volume fraction
of 0.0058%. In the absence of ultrasound, the cell viability was
sligthly affected by the presence of nanodroplets (green symbols)
compared to the control sample (with no nanodroplets or ultra-
sound, gray symbols). While the cell viability weakly decreased,
but still remained over 90%, when insonified at 0.4 or 3.5 MPa
(blue and orange symbols, respectively).

In the last series of experiments (bottom figure in Fig. [5)),
measurements were performed in the presence of nanodroplets
encapsulating paclitaxel. The droplet volume fraction and the
droplet size were identical to the second series of control ex-
periments, that is ¢ = 0.0058% and 270 nm, respectively. This
gave a concentration of 3.2 ug/mL of encapsulated paclitaxel into
the cell solution. In the absence of ultrasound, the presence of
paclitaxel-loaded nanodroplets reduced the cell viability (green
symbols) by no more than 10-15% (with a viability always over
70%), 24 or 48 h after incubation compared to control solutions
(i.e. without insonification or nanodroplets, gray symbols). The
viability was drastically reduced in the presence of ultrasound
(blue and orange symbols) with values going down below 50% at
7 =20 min. The cell viability linearly decreased with the insonifi-
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Fig. 5 Viabilities of CT26 cells measured at 24 h (circles) and 48 h
(squares) after being insonified or incubated during a time t at 37°C
in the absence of emulsion (top figure), in the presence of emulsion
(¢ = 0.0058%) devoid of paclitaxel (middle figure), in the presence of
emulsion (¢ = 0.0058%) encapsulating paclitaxel (bottom figure). The
gray symbol () and []) are for solutions of CT26 cells incubated during
a time 7 (without ultrasound or emulsion), for CT26 solutions incubated
during 7 in the presence of emulsion without ultrasound (O and [J) or
insonified during 7 at a pressure of 0.4 MPa (O and () or 3.5 MPa (
and ).
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cation time (with p < 10~3) with no large difference between 24
or 48 h at 0.4 MPa, which was not the case at 3.5 MPa (orange
square symbols).

4 Discussion

The purpose of having PFOB in our droplets was to offer a detec-
tion by 1°F MRI. This characteristic was the object of previously
published articles on similar PFOB droplets©233, PFOB emul-
sion was approved by FDA (the Food and Drug Administration)
in 1993 as a contrast agent under the name Imagent and was
also used># in small animal studies and some human trials. Since
perfluorocarbon liquid such as PFOB cannot solubilize hydropho-
bic drugs such as paclitaxel, a small volume (5%) of ATBC was
added to the droplet volume to solubilize them. ATBC has been
approved by FDA as a substance for use as a pharmaceutical ex-
cipient. It is mainly used in pharmaceutical coating of solid oral
dosage forms, such as coated tablets or capsules, as well as plas-
ticizers in cosmetic®2. The pharmacokinetic properties of ATBC
have been investigated by Kim et al.2®, in particular, ATBC ex-
hibits a rapid clearance in rat. We do not have information about
the distribution of ATBC into the droplet. But a previous study us-
ing triacetin instead of ATBC showed that triacetin forms a corona
between the PFOB core and the surfactant shell for micrometric
droplets®2. The droplets were stabilized by a recently developed
and patented fluorinated surfactant2®. These surfactants present
the advantage that their polar head is easily functionalized with
RGD peptides for instance to target the droplets toward tumor
tissues=Z38, A pegylation is also not needed as the TAC structure
composing the surfactant polar head provides a sufficient protec-
tion against the immune system“8. Our data showed that these
nanodroplets, devoid of paclitaxel, exhibited a low toxicity at a
small droplet volume fraction (i.e. ¢ =0.0058% in Fig. 2)), which
is the concentration we used for the rest of experiments dealing
with CT26 cells (i.e. in Fig. . The reduction in CT26 cell viabil-
ity observed in Fig. [2|for larger volume fraction can be due to the
loss of available nutrient in addition to droplet toxicity. Indeed
up to 10% of the nutrient volume (at ¢ = 0.58%) was replaced by
the emulsion in these measurements.

The quantity of surfactant required to produce an emulsion de-
pends on the droplet radius we wish to achieve. Indeed, when us-
ing optimized parameters, the device used to produce emulsion
(a high pressure homogenizer in our case) will create droplets
with an initial size Dy. Droplets will grow immediately, mainly
by coalescence. The surfactant solubilized into the aqueous solu-
tion will progressively coat the droplet surface and droplets will
continue to grow until their surface is saturated by surfactants.
The droplet size is then stabilized to a value D. Thus, the desired
droplet size D can be tuned by modifying the concentration of
surfactant in the aqueous solution. In our case, we used a quan-
tity of surfactant that lead to a droplet diameter of approxima-
tively 270 nm, in the absence of paclitaxel. The fact that a large
amount of encapsulated paclitaxel reduced the nanodroplet size,
suggests that paclitaxel was partly located at the surfactant shell.
These emulsions remain stable for months. During this time, the
droplet size slowly grows due to Oswald ripening when kept at a
constant volume fraction®2. In our case the size barely change as



the emulsion were kept for no more than a few days.

In the paclitaxel-delivery experiments, we used peak-to-peak
pressures of 0.4 MPa and 3.5 MPa that correspond to peak nega-
tive pressures (PNP) of 0.2 and 1.75 MPa, respectively. These val-
ues have been chosen because in medical echograph, the mechan-
ical index2 MI = PNP/+/f is limited to 1.9 and a value smaller
than 0.3 is recognized to induce no bioeffects? . This translates in
our case to P,y values of approximately 4 and 0.6 MPa, respec-
tively (with the frequency equals to f = 1.1 MHz), which were
respectively larger than the values 3.5 and 0.4 MPa we have cho-
sen. In our case, no inertial cavitation occured at 0.4 (MI = 0.2)
and at 3.5 MPa ( MI = 1.7), while inertial cavitation was present
at 7 MPa (MI > 1.9) as shown by Fig. [3] In addition, the signal
recorded by the focused transducer contained no signal charac-
teristic of stable cavitation due to the appearance of bubbles or to
droplet vaporization.

In most investigations dealing with ultrasound triggered drug
release, one of the three following mechanisms is used. The first
mechanism uses the temperature elevation induced by ultrasound
to stimulate temperature sensitive carriers such as thermosensi-
tive liposomes-1©
trasound induces cavitation from gas dissolved into the medium
or thanks to the presence of injected microbubbles. In the first
case, the carriers are liposomes4344 polymeric nanoparticles“>
or emulsions® while in the second case, they are either microbub-
ble2012146| 51 microbubbles encapsulated into liposomes2247, 1n
the third mechanism, ultrasound induces the vaporization of per-
fluorocarbon droplets8 which requires carriers containing one'®
or several®? perfluorocarbon droplets. In our case, we wished
not to use any of these three mechanisms but another less com-
mon one which been observed by Oerlemans et al.”? for non-
thermosensitive liposomes or by Howard et al. for polymeric mi-
celles’?, In this mechanism, the release is expected to be due to a
higher permeabilization of the shell that is enhanced by the ultra-
sonic radiation force, leading to a faster diffusion of the encapsu-
lated drug out of the carrier. To establish if ultrasound can release
an hydrophobic molecule encapsulated in our nanodroplets using
this mechanism, Nile red was used over paclitaxel as the latter
is not fluorescent. In Fig. [4 a continuous increase in Nile red
concentration in the upper ATBC solution as a function of 7 re-
flects an ultrasound-triggered release of Nile red since a passive
release (i.e. without insonification) is characterized by a con-
stant Nile red concentration (green symbols). The absence of
cavitation or droplet vaporization observed at 3.5 MPa (orange
symbols) combined with the linear increase in red nile concentra-
tion suggests a diffusion mechanism with a diffusion rate given by
the linear slope. The release rate decreases with lower acoustic
pressure (and temperature elevation) as shown at 0.4 MPa (for
which AT = 1°C) as the slope of the fit is five times lower than
at 3.5 MPa and became not significantly different from the curve
corresponding to no insonification. The presence of cavitation
clearly changes the release kinetics of the encapsulated Nile red
(red symbols in Fig. [4). Even if cavitation greatly improves Nile
red release and can offer advantageous effects (e.g. cell sono-
porationL, opening of the brain-blood barrier®*>3 blood vessel
damage™*) that may improve drug efficiency, it is still better to

or polymers?42, In a second mechanism, ul-

avoid it as the benefit for a patient has yet to be clinically demon-
strated 22127,

For viability experiments performed with CT26 cells, there was
no statistical difference between experiments performed 24 or
48 h after incubation or insonification. The larger contribution
to the overall variance comes from the presence or absence of
paclitaxel as emphasized by the difference in viability variations
observed between the middle and bottom figures of Fig. [5} Over-
all, the values of viability significantly depends (with p < 1073)
on the presence/absence of paclitaxel, ultrasound and droplets as
well as on the insonification/incubation time.

The control measurements displayed in Fig. |5| indicates that
the conditions (droplet concentration and ultrasonic parameters)
used in this study weakly affect CT26 cell viability with a variation
never exceeding 7%. In the absence of ultrasound, the presence
of paclitaxel-loaded emulsion reduces the viability by approxima-
tively 10% due to the passive release of paclitaxel during the time
of incubation. Indeed, both paclitaxel and ATBC have a small but
non-negligible solubility in water, 0.4 ug/mL>8 and 4.49 mg/mL,
respectively. So both compounds continuously diffuse out of the
droplets until the solvent is saturated with PTX and ATBC, which
can be the case in vitro but rarely in vivo.

The further decrease in cell viability observed in the pres-
ence of ultrasound (bottom figure of Fig. confirms an ultra-
sound triggered delivery of paclitaxel. An ultrasonic pressure of
0.4 MPa, accompanying by a small induced temperature elevation
(AT = 1°C), is enough to induce paclitaxel delivery with an effi-
cient effect of CT26 tumors. However, it is surprising that after
24 h there is no apparent difference due to pressure, while exper-
iments performed with Nile red (Fig. suggests that a higher
release of paclitaxel is expected at 3.5 MPa than at 0.4 MPa. In
addition, the variation of viability was clearly different between
24 and 48 h at 3.5 MPa and this was the only conditions exhibit-
ing such an important difference between the two times. A defini-
tive explanation of the differences observed between 0.4 MPa and
3.5 MPa will require further investigations. It may originate from
a synergistic action of ultrasound and paclitaxel®?. The difference
could also have been enhanced due to the higher temperature el-
evation (AT = 4°C) and radiation force at 3.5 MPa.

5 Conclusion

We investigated a paclitaxel carrier made of nanodroplets, parti-
tioned in PFOB (for 1°F MRI purpose) and in ATBC (to solubilize
paclitaxel), stabilized by a recently patented biocompatible fluori-
nated surfactant. Our carriers allows a delivery using lower peak-
to-peak pressures, with peak negative pressures of PNP = 0.2 and
1.75 MPa, corresponding to mechanical indexes (MI) of 0.2 and
1.7, respectively. This means that our carriers are compatible with
the use of clinical echographs and lies within safe ultrasonic stan-
dards. Because the insonification time should last several min-
utes, the approach is more suited to treat tumoral tissues where
nanodroplets have accumulated due to active or passive target-
ing. The mechanism of delivery is not related to cavitation nor
acoustic droplet vaporization but is probably due to an enhanced
permeabilization of the nanodroplet shell induced by ultrasonic
radiation force.
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