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ABSTRACT: The attractive colloidal and physicochemical
properties of cellulose nanoﬁbers (CNFs) at interfaces have
recently been exploited in the facile production of a number of
environmentally benign materials, e.g. foams, emulsions, and
capsules. Herein, these unique properties are exploited in a new
type of CNF-stabilized perﬂuoropentane droplets produced via a
straightforward and simple mixing protocol. Droplets with a
comparatively narrow size distribution (ca. 1−5 μm in diameter)
were fabricated, and their potential in the acoustic droplet
vaporization process was evaluated. For this, the particlestabilized droplets were assessed in three independent experimental examinations, namely temperature, acoustic, and ultrasonic standing wave tests. During the acoustic droplet vaporization (ADV) process, droplets were converted to gas-ﬁlled
microbubbles, oﬀering enhanced visualization by ultrasound. The acoustic pressure threshold of about 0.62 MPa was identiﬁed
for the cellulose-stabilized droplets. A phase transition temperature of about 22 °C was observed, at which a signiﬁcant fraction
of larger droplets (above ca. 3 μm in diameter) were converted into bubbles, whereas a large part of the population of smaller
droplets were stable up to higher temperatures (temperatures up to 45 °C tested). Moreover, under ultrasound standing wave
conditions, droplets were relocated to antinodes demonstrating the behavior associated with the negative contrast particles. The
combined results make the CNF-stabilized droplets interesting in cell-droplet interaction experiments and ultrasound imaging.

1. INTRODUCTION
Studies on acoustic droplet vaporization (ADV), also denoted
“phase-shift emulsion” and “ultrasonic droplet vaporization”,
have been broadened in recent years due to its potential in
medical applications such as embolotherapy,1,2 targeted drug
delivery3 and high intensity focused ultrasound (HIFU)
enhancement.4 ADV is a progressive cycle of droplet
vaporization, bubble formation, and bubble rupture. It has
potential for meeting echogenicity enhancement needs with
localized noninvasive energy exposure, which could improve
imaging5 and possibly enable diagnostic imaging combined
with critical medical treatment.6 The recent attempts to
develop the ADV concept have widened the use of ultrasound
agitated microbubbles to embolotherapy, which includes
cancer and tumor treatments. Apart from the dependency on
the characteristics of applied ultrasound waves, the treatment
can be further enhanced by ADV-induced droplet size increase,
which modiﬁes the surrounding ﬂuid properties.7 Additionally,
the droplet-to-bubble transition can be combined with
controlled ultrasound excitation frequency (both in space
© 2019 American Chemical Society

and time), which aﬀects the location of the initial nucleation
generation.8 Seda et al.9 reported an improved treatment of
vascularized tumors by manipulating the pulse repetition
frequency (PRF). They showed that vaporization at higher
PRF results in occluding the vessels and therefore enhances the
local therapeutic eﬃciency. Moreover, the medical diagnosis
and therapy for the extravascular ultrasound imaging can be
further enhanced with the knowledge of the phase shift
threshold.10 Ho et al. demonstrated that ultrasound-induced
nanodroplets, which in this case possessed a long lifetime, can
provide a persistent treatment in tumor therapy.11 The long
lifetime of nanodroplets, in combination with ADV induced
vascular disruption, enabled the drug to penetrate and aﬀect a
larger tumor volume.
Droplets suitable for ADV are typically formed by
encapsulating a liquid with a boiling point near or below
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and pressure threshold value associated with ADV. Finally, the
droplets were further investigated by the use of acoustophoresis, in order to evaluate their potential in such
applications.

body temperature. Fluorocarbons are good candidates because
they have relatively low toxicity.12 Fluorocarbon droplets are
typically emulsiﬁed using lipids or proteins, such as
albumin.13,14 To further increase shelf life, stability, and
address clinical compatibility, other emulsifying agents have
been proposed. As an example, Rapoport et al. prepared robust
block copolymer stabilized perﬂuorocarbon (PFP) nanoemulsions to decrease PFP droplet instability during the
storage and phase transition.15 These PFP droplets were
utilized in cancer cell treatment. Similarly, Aliabouzar et al.
investigated lipid-coated PFP droplets and found that the
excitation threshold pressure, required for phase shift, occurred
at higher magnitudes when exposing droplets to higher
frequencies.16 In another study, Capece et al. used dextran
and hyaluronic acid (HA) to prepare capsules with
perﬂuorocarbon (PFC) cores which were both biocompatible
and biodegradable.17 A 2-fold rise and recovery in the mean
diameter was reported during ultrasound exposure (transition
to microbubbles) and dissipation, respectively. The authors
claimed that these polymer-shelled microbubbles (MBs) could
be used as theranostic devices.
A new type of PFC droplets can be obtained by using solid
particles, were the oil/water (O/W) interface is stabilized via a
Pickering mechanism.18,19 Droplets stabilized with particles are
much more stable compared to surfactant-stabilized droplets,
due to the much higher desorption energies needed to remove
particles from the interface.20 Particle-stabilized PFC droplets
should therefore demonstrate increased shelf life stability and,
potentially, biological half-time.21 The performance of such
systems also depends on the material used in the stabilization
of the PFC droplets.22 Studies using stabilizing proteins23 and
poly(lactic-co-glycolic acid) (PLGA) particles24 have been
performed focusing on their potential for therapeutic
applications.
In this study, cellulose nanoﬁbers (CNF) were used as
stabilizing particles of the O/W interface to create a new type
of Pickering stabilized perﬂuorodroplets. Cellulose nanoﬁbers
have successfully been used to stabilize the O/W interface of
oil-droplet consisting of, e.g., hexadecane,25−27 styrene,28
vegetable oil,29,30 and toluene,31 but there are no studies on
perﬂuorocarbon. Also, none of the previous studies focused on
acoustic and acoustophoresis applications. The advantage with
CNFs with respect to acoustic applications is that micrometersized PFC5 droplets are attained, in a comparatively narrow
range, only with a very simple mixing step. This is possible due
to the unique physicochemical properties of CNFs at
interfaces.26 The optimal size of a contrast agent is typically
between 100 nm to 10 μm, and the obtained CNF-stabilized
droplets sizes ﬁt nicely into this range. In the case of
surfactants, the droplets will be more polydisperse, ranging
over a few of orders of magnitude, when a similar mixing
protocol is employed. For example, in the case of
phospholipid-based PCF droplets, a narrow droplet size can
only be achieved by running the mixture through, e.g., an
extruder.
The prepared droplets were investigated in three sets of
independent experiments to evaluate their potential in the
acoustic droplet vaporization process. To assess temperature
inﬂuence on the system, the particle-stabilized droplets were
exposed to diﬀerent temperatures, ranging from 4 to 45 °C,
while acquiring droplet size and volume distributions.
Additionally, acoustic tests were performed at diﬀerent
frequencies and acoustic pressures to study the phase transition

2. MATERIAL AND METHODS
2.1. Materials. Perﬂuoropentane (PFC5, 99%) was purchased
from Apollo Scientiﬁc (City, U.K.). Bleached sulﬁte pulp (from
Nordic Paper Seﬄe AB, Sweden) was used in the production of the
cationic cellulose nanoﬁbers (CNFs). The cationic CNF, which was a
quaternary ammonium salt-modiﬁed CNF (1.32 wt %), was produced
as described previously.32 The CNFs were ca. 4 nm in width and with
a length in the micrometer range. However, occasional larger
nonﬁbrillated aggregates were also observed in the suspension.32
The amount of cationic groups, obtained by conductometric titration,
was 0.13 mmol per g of ﬁber.32
2.2. Preparation of CNF-Stabilized PFC5 Droplets. A
suspension of CNF (0.28 wt %) was prepared by diluting the stock
CNF with Milli-Q-water (pH of diluted CNF suspension was 9.5).
The CNFs were dispersed with an ultrasonic liquid processor (Sonics
Vibracell W750, U.S.). The suspension was treated at an amplitude of
90% for 180 s (using a 1/2” tip) as described previously.32 The
suspension was brought to room temperature, and afterward, 36 g of
the (0.28 wt %) CNF suspension was mixed with 1 g of PFC5. The
mixture was then processed for another 60 s at an amplitude of 80%
under ice-cooling to obtain the stock suspension of CNF-stabilized
PFC5 droplets.
2.3. Atomic Force Microscopy (AFM). AFM images were
obtained using a Bruker NanoScope (U.S.A) with Scanasyst-air
cantilevers. The substrate was a silicon wafer, which was ﬁrst
thoroughly cleaned with ethanol and Milli-Q water followed by
plasma cleaning for 2 min. A 0.0035 wt % CNF in Milli-Q water was
prepared, and a drop was dropped on the silicon wafer. After 1 min, it
was drained (with ﬁlter paper) and dried with N2 and imaged
immediately.
2.4. Scanning Electron Microscopy (SEM). A Hitachi SEM S4800 (Japan) at an accelerating voltage of 1 kV was used. A drop on
the stock suspension of CNF-stabilized PFC5 droplets was dropped
on top of Si wafers, allowed to dry at ambient conditions in the room,
and then sputter-coated (Cressington 208HR sputter coater) with a
Pt/Pd (60/40) coating (1.5 nm) prior to imaging.
2.5. Pendant Drop−Drop/Bubble Proﬁle Tensiometry
(DPT). Experiments were performed using a DataPhysics OCA-40
with an oscillating drop generator. The shape of the oscillating drop
was monitored by a computer that records the droplet shape as a
function of area change. Experiments were performed at 0.3 Hz by
oscillating a droplet of CNF suspension (0.28 wt % CNF in Milli-Q
water, pH 9.5) in a vial containing PFC5. The droplet was oscillated
10 times at ambient conditions (T = 22 °C), and the procedure was
repeated every 10 min for 1 h. As a reference, a pure water droplet was
also oscillated (10 times, frequency of 0.3 Hz) in a vial containing
PFC5; however, in this case, the procedure was only performed once.
The complex viscoelastic modulus was calculated from
E=

Δγ
ΔA
A0

= E0 + i2π ϑη
(1)

where γ(t) is the interfacial tension at time t and Δγ = γ (t) − γ (t =
0). Also, ΔA = (A(t) − A0), where A(t) is the area at a speciﬁc time
and A0 is the area at time = 0. ϑ is the perturbation frequency, and η is
the dilatational surface viscosity. E is the sum of the elastic modulus
(E0) and the viscoelastic modulus (2πϑη). All data points are an
average of two separate measurements.
2.6. Thermal Tests. In the thermal experiments, 200 μL of CNFstabilized PFC5 droplets suspension was added to 1800 μL of
deionized water. The experiments were performed at three steps and
were repeated four times to ensure the reproducibility. In the ﬁrst
step, the diluted solution was injected to the counting chamber at
room temperature in order to measure the size, volume, and number
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Figure 1. (a) AFM image of the cationic CNF used to stabilize the O/W interface of the perﬂuoropentane droplets. (b) Molecular structure of
perﬂuoropentane (PFC5). (c) Suspension of CNF (0.28 wt %) and PFC prior to and after ultrasonication. The arrow points the PFC5 phase,
residing on the bottom of the Falcon tube, prior to ultrasonication. (d) Optical micrographs of CNF-stabilized PFC5 droplets (imaged ca. 1 h after
preparation). The sample was taken from the bulk. The suspension was diluted 10 times prior to imaging.
2.8. Acoustic Tests. The acoustic tests were performed on a Vivid
E9 ultrasound scanner (GE Healthcare, Wauwatosa, WI) equipped
with a linear transducer (9L-D; GE Healthcare, Inc., Phoenix, AZ)
operating at two diﬀerent octave modes 2.4/4.8 MHz and 4/8 MHz.
A suspension of CNF-stabilized PFC5 droplets (stock suspension
diluted 10 times with Milli-Q water) was injected using a peristaltic
pump (Watson-Marlow, Cornwall, UK) at a ﬂow rate of 35 μL s−1 to
a tissue-mimicking Doppler ﬂow phantom (Model 524, ATS
Laboratories, Bridgeport, CT). The transducer was adjusted along
the lumen of the channel perpendicular to the surface of the phantom.
Ultrasound waves were focused on the lower part of the channel. At
each mode, measurements were conducted in six independently
fabricated samples to optimize the phase transition point. Real-time
measurement and visualization were recorded at the stationary
condition for the electrical attenuations between −24 and 0 dB (0.061
and 0.93 MPa as peak negative pressure) corresponding to a
mechanical index (MI) from 0.02 to 1.2 at ultrasound frequency of
3.5 MHz. The attenuation was increased stepwise to monitor the
increasing trend for the ultrasound wave and ﬁnd out the pressure
level at which phase transition occurred.

distribution in the sample to establish a reference case. In the second
step, the temperature of the suspension was decreased to 4 °C, and
the second step was ﬁnalized with assessing the droplet properties at
10 and 15 °C. In the third step, the solution was heated up to 45 °C
starting from 25 °C with 5 °C increment. During heating, the solution
was stirred using a magnetic stirrer. The samples were introduced in
the counting chamber (with glass cover) and imaged at 20×
magniﬁcation using an upright transmitted light microscope
(ECLIPSE Ci-S, Nikon, Tokyo, Japan). Only the droplets that had
settled or are in the vicinity of the bottom of the measurement
container were investigated. This was done in order to ensure that the
studied droplets were in their liquid-form. The size and volume
distributions were obtained using in-house developed ImageJ script
(version 1.50b, National institutes of health, USA). The ImageJ script
eliminates objects smaller than 1 μm. For each set of experiments,
corresponding to a given temperature, 32 images were taken. The
presented diagrams show the normalized droplet size distribution.
2.7. Acoustophoresis Tests. The ultrasonic standing wave
(USW)-based manipulation of droplets was performed in a straight
microﬂuidic silicon/glass channel connected to an ultrasonic
transducer. The setup is then placed in a temperature-controlled
platform and is described in detail in a previous study.33 In short, the
microﬂuidic channel is a glass/silicon/glass sandwich construction
where a 450 μm wide channel geometry was dry-etched straight
through a 110 μm thick silicon wafer before being bonded to two
glass wafers with drilled holes for ﬂuid inlet and outlet. A 3 MHz
ultrasonic piezo transducer was attached to the microﬂuidic chip and
placed in a ﬂuid-based temperature control platform. The ﬂuid-based
temperature control systems is described in detail in a previous
study.33 During 3.28 MHz actuation of the piezo transducer, which
corresponds to the λ standing wave criterion, a stationary pressure
ﬁeld is established across the channel width and particles suspended
in the liquid ﬁlled channel will be manipulated by ultrasonic radiation
forces.34,35
To investigate the droplet behavior during ultrasonic standing wave
(USW) exposure, a solution of droplets and 10 μm polystyrene beads
with well-characterized material properties was prepared (8 × 105
beads/ml and 2 × 106 droplets/ml in Milli-Q water). The
temperature control unit was set to regulate the temperature around
15 °C to decouple possible temperature-dependent ADV from USWinduced ADV. The initial particle position manipulation after turning
on the ultrasound was recorded in a microscope (Axiovert 40 CFL,
Zeiss, Germany) ﬁtted with a camera (Alpha77, Sony, Japan). To
estimate the acoustic pressure amplitude in the microﬂuidic channel
during actuation, the 10 μm polystyrene beads were segmented in the
video recordings and tracked in the ImageJ plugin TrackMate.36 The
bead trajectories were analyzed in a MATLAB script where the
position-dependent velocity was ﬁtted against the acoustic pressure.37

3. RESULTS AND DISCUSSION
3.1. Preparation of CNF-Stabilized PFC Droplets.
Particle-stabilized PFC5 droplets were prepared in a
straightforward manner by mixing cationic CNF with PFC5.
The CNFs form a shell around the droplets suggesting a
Pickering emulsion type of stabilization. Previous studies have
emphasized the importance of nanocellulose with a low surface
charge density in order to stabilize hydrocarbon oils such as
hexadecane.27 However, in the present study, due to the
presence of electronegative ﬂuorine atoms in PFC5, a cationic
CNF was chosen. The expected electrostatic interactions
between the positively charged quaternary ammonium groups
on the CNF surface and the electronegative ﬂuorine atoms in
PFC5 most likely aided in the adsorption of CNFs at the O/W
interface and thereby improved emulsion stability. In Figure
1a, a AFM image of the CNFs is presented, which shows CNFs
with a width of ca. 4 nm and a length in the micrometer range.
As discussed in the introduction, a particular advantage with
CNFs, is that micrometer-sized PFC5 droplet, in a
comparatively narrow range (ca. 1−5 μm in size), can be
achieved in a simple and straightforward way by merely
mixing,26 see Figure 1d as well as the discussion and results in
the next section 3.2. The comparatively narrow size range and
lower limit in droplet size is because CNFs consist of stiﬀ
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crystalline segments interconnected via more ﬂexible amorphous regions. The size of the ﬁnal droplets will, however, also
depend on the amount of CNF used during preparation;18
therefore, a high amount of CNF was used herein to achieve as
small droplets as possible. The size of commercial ultrasound
contrast agents is generally between 1 and 10 μm in diameter,
which is much larger than the cell spaces, and the present
particle-stabilized droplets ﬁts nicely within this size range.38
Another advantage with particle-stabilized droplets is that
desorption energies for solid particles stabilizing an O/W
interface are much higher than for surfactants, which makes
particle-stabilized droplets remarkably stable.20 Such particles
can be thought of as being “irreversible” adsorbed at the
interface. Stabilizing particles prevent the droplets from
coalescing by creating a steric barrier at the interface (a high
particle concentration at the interface further increases the
stability), which enables increased shelf life.8,20 Surfactants, on
the other hand, are highly mobile and in dynamic equilibrium
with the surfactants in the bulk and do not provide the same
stability.8,39 To prove that our CNFs can impart Pickering
stabilization at the O/W interface, the complex viscoelastic
modulus (E) and interfacial tensions (γ) were measured for an
oscillating droplet of CNF suspension (0.28 wt %) in PFC5.
The results from the DPT experiments are presented in Figure
2. The DPT technique can be used to quantify the
accumulation of the CNF at the PFC5/water (oil/water)
interface and also the stability of the created CNF-covered
PFC5 droplets. The stability criterion, as formulated by
Gibbs,20,40 states that E should be equal to or exceed half
the interfacial tension, i.e. E ≥ γ/2. For the present system, the
complex viscoelastic modulus increased with time, which
shows that the accumulation of CNF at the O/W interface
required some time to establish. Additionally, the interfacial
tension decreased with time, see Figure 2a. The results show
that, at long times (t ≈ 60 min), Gibb’s stability criterion is
achieved, showing that CNF is able to stabilize the PFC5/
water interface, and the stability is achieved by a Pickering
mechanism.21 The results also showed that any formed CNFstabilized PFC5 droplets will be stable enough at long times,
which is advantageous from the point of view of storage
stability. In Figure 2b, a SEM image of CNF-stabilized droplets
is included, which shows that a coherent CNF-layer was indeed
formed on top of the PFC5 droplets. The results in Figure 2a
can also be compared to the results for a “naked” PFC5/water
system, where the interface is not stabilized with particles. The
reported interfacial tension at the PFC5/water interface in
literature is 56 ± 1 mN m−1.15 This value ﬁts nicely with the
obtained interfacial tension herein, which was γ = 53.2 ± 0.5
mN m−1. The attained complex viscoelastic modulus was E =
4.8 ± 3 mN m−1 (both values are an average of two
measurements), which gives E ≪ γ/2 for a “naked” PFC5
droplet in water. In this case, Gibb’s stability criterion is not
fulﬁlled, meaning that any formed PFC5 droplets in water will
eventually merge into bigger droplets and the oil phase will
coarsen and separate from the water phase.
3.2. Eﬀect of the Temperature Variation on CNF/
PFC5 Droplets. Acoustic droplet vaporization depends not
only on the ultrasound parameters, such as ultrasound
frequency and power, but also on temperature. To assess the
feasibility of the present CNF-stabilized PFC5 droplets for the
ultrasound-assisted vaporization, their behavior was studied by
exposing them to the thermal variations. The size of droplets
was investigated at diﬀerent temperatures from 4 to 45 °C with

Figure 2. (a) DPT results. The complex viscoelastic modulus (E) and
interfacial tension (γ) at the CNF-stabilized water/oil interface at
diﬀerent time points. The oscillation frequency was 0.3 Hz and
measurements were performed at ambient conditions (T = 22). The
values are an average of two separate measurements. (b) SEM image
of collapsed CNF-stabilized PFC5 droplets, where the PFC5 has
evaporated. The left-over enchasing CNF shell collapsed to diﬀerent
degrees.

5 °C increments at each step. The average diameter of the
droplets at room temperature is approximately 3.5 μm as
shown in Figure 3b. The number of droplets was counted
using a cell counter, which detects the number of droplets that
have settled or are in the vicinity of the bottom of the
measurement container. This was used as a ﬁrst approximation
to understand how many droplets were present in its liquid
form, and thus heavier than water, at the diﬀerent temperatures. In this way, we distinguish liquid droplets from liquid
droplets converted to gas bubbles. Also, as larger droplets are
also expected to settle faster at the bottom of the measurement
container, the obtained sizes should not be confused with the
average sizes for the entire samples, which would also require
measurement of CNF-stabilized PFC5 droplets present in the
bulk. The density of liquid PFC5 is 1.69 g cm−3 (1 atm), 1.63 g
cm−3 (1 atm), and 1.578 cm−3 (1.209 atm) at 4, 20, and 35 °C,
respectively.41
As the temperature was decreased to 4 °C, the average size
of the CNF-stabilized droplets decreased to approximately 3
μm. The temperature decrease leads to an increased
population of smaller droplets. Figure 3a shows that both
mean and volume distributions reduced to ∼3 μm at 4 °C,
which is due to the density increase of the encapsulated PFC5,
and consequently droplet shrinkage, as the temperature
decreased.
13093
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Figure 3. Normalized number and volume distributions for droplets at (a) 4 °C, (b) 20 °C, and (c) 45 °C on the bottom (or vicinity of the
bottom) of the counting chamber.

population of smaller liquid PFC5 droplets, with a maximum at
around 2.5 μm at the bottom of the counting chamber. It was
also observed that, after the temperature of 45 °C,
agglomerates were observed as illustrated in Figure 3c. The
agglomerates extend the size to bigger values, around 10 μm at
higher temperatures. However, the agglomerates did not
coalescence within the experimental time frame.
The PFC5 boiling point of 29.2 °C at the standard pressure
of 1 atm is close to the room temperature. However, the
present particle-stabilized droplets will experience an increased
pressure inside the droplet (Pinside), according to the Laplace
pressure relationship:

The distribution in droplet size and volume was narrow,
indicating the formation of tiny droplets with relatively small
volume. The droplets return to their original size as the
temperature was increased to the room temperature. Particular
attention was paid to the size and volume distributions of the
droplets at room temperature. The droplets in Figure 3b shows
the regular view and distribution range of the CNF-stabilized
PFC5 droplets at the room temperature where the magnitude
of the droplets with moderate volumes (around 4 μm) was
increased while there were considerable amounts of tiny
droplets with a diameter of approximately 1 μm. Note that 1
μm is the lower detection limit in the analysis script.
As a result of the temperature increase to 45 °C (Figure 3c),
bigger sizes were observed in addition to a decrease in the
population of droplets. This observation is due to the fact that
PFC5 droplets are converted from liquid to bubbles and
migrate from the counting chamber bottom to the cover glass
surface. This relocation happens due to the lower density of
the bubbles (density of PFC5 gas is 0.012 g cm−3) in
comparison to the water. Despite this, there still exists a

ΔP = Pinside − Poutside = 2γ /r

(2)

where γ is the interfacial tension and r is the radius of the
droplets. The boiling point for the PFC inside the CNFstabilized PFC droplets will be a function of the pressure and
hence the size of the particle-stabilized droplet.15
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i B zy
zz
log10 P = A − jjj
(3)
kT + C {
With the use of the Antoine eq (eq 3) for the pressure
dependence of the vaporization temperature, it is possible to
deduct the droplet vaporization temperature as a function of
the droplet size. The values of the A, B, and C parameters in
the Antoine equation were reported in the study of Barber et
al.42 In Figure 4, the droplet-to-bubble transition temperature

and volume fraction at the temperature of 20 °C which is
considered the room temperature in our experiments started to
decrease due to nucleation from the boundaries and
subcooling arrival. While both quantities presented a sharp
decrease with increased temperature above the room temperature, with the arrival of bulk boiling point for the droplets at
the temperature of approximately 22 °C, the concentration and
volume fraction shows a smoother decreasing trend implying
the phase transition to gaseous microbubbles at 29 °C and
movement of the evaporated droplets to the glass cover due to
the density diﬀerence. This trend is also observed in the
deviations of the repeated test results, where the deviations at
higher temperatures, over 22 °C, are much smaller than at
lower temperatures. The volume fraction and concentration
values for the cooling part show an approximately constant
trend prior to the arrival of the room temperature implying
that there is no considerable transitions.
3.3. Acoustic and Acoustophoresis Tests. The crucial
step of the ADV is the point where the droplet is entirely
converted to the bubble. This stage can be described by the
Keller−Miksis equation43 where the classical Navier−Stokes
equations together with the equation of state are considered.
The instantaneous bubble radius and pressure inside the
bubbles is assumed at the ﬁnal moment of the droplet
evolution. Apart from the droplet geometrical parameters and
shell elasticity, the properties of the ultrasound waves, such as
nonlinear distortion, play a signiﬁcant role in the initial phase
of the generated bubble and stability of the droplet activation
pressure range.10
Figure 6 shows the phase transition steps for the CNFstabilized PFC5 droplets at two diﬀerent excitation frequencies
2.4 and 4 MHz. The droplets were introduced in the phantom
at a regular ﬂow rate, and the ultrasound wave was applied to
the regions of interest (ROI) at the stationary condition,
marked with circles of diﬀerent colors in the ultrasound images
of the tissue mimicking phantom. Two ROI:s (red and green
circles inside the ﬂow channel in the phantom) with the size
covering the whole cross section of the tube were selected to
follow the video intensity variations and sudden change
corresponding to the phase transition of the droplet to bubble.
Two ROI:s (yellow and blue) of the same size and shape were
placed above and below the tube lumen (as references) to
follow the video intensity during a stepwise electrical
attenuation increase from −32 to 0 dB (0.03 and 0.93 MPa
as peak negative pressure). As expected, at a low electrical
attenuation (MI = 0.02, Pneg = 0.03 MPa), the video intensity

Figure 4. Droplet-to-bubble transition temperature (°C) as a function
of droplet size (μm) for two diﬀerent interfacial tensions (γ).

is shown in the case of “naked” PFC5 droplets (using γ = 53.2
mN m−1 in the calculations) and PFC5 droplets stabilized with
CNF (γ = 42.1 mN m−1).
In accordance with Figure 4, CNF-stabilized droplets smaller
than ca. 2.4 μm in diameter can only exist at temperatures
around 45 °C, which ﬁts well with the experimental trend in
Figure 3c (compare with results in Figure 3b).
In Figure 5, the volume fraction and concentration of the
droplets as a function of temperature is presented. As
illustrated in Figure 3, the population and size of the droplets
reduce as the temperature increases from 4 to 45 °C.
Concentration and volume fraction have values at approximately 0.027 vol % and 108 droplets mL−1 below and at room
temperature which could be explained by the fact that the
liquid content inside the droplets and size distributions do not
vary at the values below room temperature. The concentration

Figure 5. Volume fraction (vol, %) and concentration of the droplets (conc, droplets mL−1) exposed to (a) cooling and (b) heating.
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Figure 6. Snapshots of acoustic tests. B-Mode ultrasound image acquired at octave mode with frequencies (a) freq: 2.4 MHz/4.8 MHz and (b)
freq: 4 MHz/8 MHz. The plots include video intensity curves following a stepwise increase of electrical attenuation (in dB) during 16 s of
recording (x axis). The curves were constructed from four to ﬁve regions of interest, marked with yellow, blue, green, orange, and red circles in the
ultrasound images of a tissue-mimicking phantom (inset images). The yellow and blue regions are the phantom material (used a references),
whereas the other regions are within the tubular cavity, through which the CNF-stabilized PFC5 droplet suspension ﬂows at a rate of 35 μL s−1.
The red vertical lines in the plots mark the acoustic power at which droplets start converting to bubbles. The readers are also referred to Movies S1
and S2.

(see Movies S1 and S2) increases linearly both for the solid
tissue mimicking phantom and for CNF-stabilized droplets

with respect to the applied pressure, suggesting that droplets
remain liquid-ﬁlled within the time of insonation. However, at
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Figure 7. Droplets relocate to the pressure antinode and polystyrene beads relocate to the pressure nodes. A CNF/PFC5 droplet and 10 μm
polystyrene bead suspension (magniﬁcations in inserts) are introduced into a 450 μm wide silicon/glass microchannel and recorded during initial
ultrasonic radiation force position manipulation. The images show video frames at diﬀerent time points, t, and the stationary acoustic pressure ﬁeld
is schematically visualized to the right. The droplets and beads are in the same plane of focus. The scale bar is 100 μm in all images.

(MI = 0.4, Pneg = 0.62 MPa), the video intensity starts to
ﬂuctuate and ﬂicker with each following insonation period.
These points are marked with vertical red lines in the plots in
Figure 6. The sudden changes in the consecutive peak values of
the video intensity suggest the signiﬁcant changes in the media
corresponding to the phase transition of droplets to bubbles.
The behavior of single perﬂuoropentane droplets exposed to
the ultrasonic waves induced by a transducer at diﬀerent
frequencies has been studied previously.44 Furthermore, it is
reported that the incident nucleation pressure is much lower
than the pressure inducing bubble collapse and condensation.9
These studies imply the signiﬁcant role of the applied
frequency regarding droplet phase shift and subsequent
mechanisms as a result of the acoustic wave exposure. The
recent studies also show that the acoustic pressure threshold
for the nucleation is inversely proportional to the size of the
droplets.45
In general, microbubbles (MBs) with diﬀerent shell
thicknesses can be utilized as an independent drug delivery
system due to diﬀerences in mechanical stability. It was shown
that while the thin-shelled MBs have a buckling response to the
ultrasound pressure at low magnitudes, the thicker ones have
instant destructive behavior, violent gas evacuation, and
dissipation at activation pressures above the threshold.46 This
might hinder currently available ultrasound contrast agents as a
tool in modern theranostic applications. In the current study,
the ADV event is further conﬁrmed by the fact that gas-ﬁlled
bubbles while oscillating in a nonlinear fashion will emit the
acoustic signal at higher harmonics and will be detected by an
ultrasound system operated in octave mode, i.e. harmonic
imaging, used in this study. As illustrated in Figure 6b, with
increasing the excitation frequency from 2.4 to 4 MHz the
ADV occurs at the higher peak negative pressure [MI = 0.5
Pneg = 1 MPa (for 4 MHz); Pneg = 0.62 MPa (for 2.4 MHz)]
and more sudden and dramatic changes between each image
frame were observed. The latter suggests that, at a maximum
power delivered from the system (MI = 0.6, TI = 0.2, Pneg = 1.2
MPa), we might visualize not only ADV but also the cavitation
and collapse of the resulting microbubbles.
To further understand the particle-stabilized PFC5 droplet
characteristics, a diluted CNF/PFC5 droplet and 10 μm
polystyrene bead suspension were introduced in a temperature-controlled silicon/glass microﬂuidic channel, mounted in
a camera-equipped microscope, prior to ultrasonic standing

wave (USW) actuation, see Figure 7. The temperature was
regulated around 15 °C to decouple possible temperaturedependent ADV from USW-induced ADV. The CNF/PFC5
droplets sedimented to the channel bottom, which was
conﬁrmed by visually verifying that they were in the same
focal plane as the polystyrene beads, see lower left part of panel
in Figure 7. When the ultrasound was turned on, the droplets
were manipulated into the pressure antinodes along the
channel (Figure 7, right part) and the 10 μm polystyrene beads
were, as expected to theory, focused to the pressure node. The
acoustic pressure amplitude in the channel was estimated to
0.16 ± 0.04 MPa by tracking 57 polystyrene beads during
initial focusing and ﬁt their trajectory velocities to the acoustic
pressure. The droplet trapping into the pressure antinodes
indicated a negative acoustic contrast factor of the droplets
compared to the surrounding water. The acoustic contrast
factor depends on the density and compressibility diﬀerences
between a small particle and the surrounding wave carrying
medium.47 The CNF/PFC5 droplet density is higher than
water at 15 °C since the droplets sediment to the channel
bottom, and therefore, the negative acoustic contrast factor is
due to the higher compressibility of the droplet compared to
water. A positive contrast factor would have resulted in
droplets being trapped in the pressure nodes together with the
polystyrene beads which have both higher density and lower
compressibility compared to the surrounding water.35 Hence,
even though droplets are liquid-ﬁlled and heavier than water,
with basically similar properties as red blood cells or other
types of human cells, the droplets relocate to another place
(pressure antinode instead of node as for the cells). This opens
up the possibility to separate cells and droplets, thereby
providing knowledge of interaction between those two
compounds.48 This is a ﬁrst step toward developing not only
localized but also rather targeted and speciﬁc drug delivery if
antibodies will be attached to the surface of the droplets.

■

CONCLUSIONS
A novel class of PFC5 droplets stabilized with cationic
cellulose nanoﬁbers (CNFs) has successfully been prepared.
DPT results conﬁrmed that the PFC5/water interface was
stabilized via a Pickering mechanism. The sizes of the attained
droplets, ca. 1−5 μm, were in the right size range for acoustic
applications (100 nm −10 μm). However, only a simple and
straightforward mixing protocol was necessary to achieve these
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sizes, which makes CNFs an interesting material in ultrasound
contrast-agent fabrication. Two major mechanisms: thermal
and acoustic, which aﬀect droplet vaporization, were
individually investigated at a broad range of temperatures (4
to 45 °C) and peak negative pressures (0 to 1.2 MPa). The
study reveals a vaporization temperature threshold at 22 °C
where primarily larger droplets, above ca. 3 μm in diameter,
were converted into bubbles, whereas a larger fraction of the
smaller droplet population could withstand higher temperatures. Acoustic pressure thresholds of 0.62 MPa at 2.4 MHz
and 1 MPa when the frequency was increased to 4 MHz, were
identiﬁed using the clinical ultrasound machine operated in
harmonic imaging mode.
Ultrasound standing wave experiments performed at 0.16
MPa, which is below vaporization pressure threshold,
demonstrated that liquid-ﬁlled droplets behave as the negative
contrast particles and form clusters at the antinodes, which is
an unexpected result considering their high density, but due to
the higher compressibility of the droplet compared to water.
We are presently investigating the compressibility and density
of the PFC5 droplets from the experimental point of view
using microﬂuidic systems. This property makes the CNFstabilized PFC5 droplets interesting in cell sortation and celldroplet interaction experiments in microﬂuidics channels. Also,
as CNF are rich in hydroxyl groups, it is possible to further
modify the surface, potentially rendering present systems
suitable for, e.g., combined targeted drug delivery and
ultrasound imaging.
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Ultrasonic three-dimensional on-chip cell culture for dynamic studies
of tumor immune surveillance by natural killer cells. Lab Chip 2015,
15 (15), 3222−3231.
(35) Vanherberghen, B.; Manneberg, O.; Christakou, A.; Frisk, T.;
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