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A B S T R A C T   

Acoustic droplet vaporization (ADV) capable of converting liquid perfluorocarbon (PFC) micro/nanodroplets 
into gaseous microbubbles has gained much attention due to its medical potentials. However, its physical 
mechanisms for nanodroplets have not been well understood due to the disappeared superharmonic focusing 
effect and the prominent Laplace pressure compared to microdroplets, especially for the initial ADV nucleation 
occurring in a metastable PFC nanodroplet. The classical nucleation theory (CNT) was modified to describe the 
ADV nucleation via combining the phase-change thermodynamics of perfluoropentane (PFP) and the Laplace 
pressure effect on PFP nanodroplets. The thermodynamics was exactly predicted by the Redlich–Kwong equation 
of state (EoS) rather than the van der Waals EoS, based on which the surface tension of the vapor nucleus as a 
crucial parameter in the CNT was successfully obtained to modify the CNT. Compared to the CNT, the modified 
CNT eliminated the intrinsic limitations of the CNT, and it predicted a larger nucleation rate and a lower ADV 
nucleation threshold, which agree much better with experimental results. Furthermore, it indicated that the 
nanodroplet properties exert very strong influences on the nucleation threshold instead of the acoustic param-
eters, providing a potential strategy with an appropriate droplet design to reduce the ADV nucleation threshold. 
This study may contribute to further understanding the ADV mechanism for PFC nanodroplets and promoting its 
potential theranostic applications in clinical practice.   

1. Introduction 

Phase-change nanodroplets emerging as an alternative to conven-
tional microbubbles are highly attractive for cancer theranostics. They 
are usually composed of a volatile perfluorocarbon (PFC) liquid core and 
a stabilizing shell of lipid, polymer, protein, or fluorinated surfactant 
[1–4]. Thanks to their smaller size and longer circulation time in vivo 
relative to microbubbles, the PFC nanodroplets are able to passively 
accumulate in solid tumors via the enhanced permeability and retention 
(EPR) effect [5]. Upon external ultrasound stimulation above a certain 
threshold, these nanodroplets can be vaporized into microbubbles in 
situ, a process known as acoustic droplet vaporization (ADV) [1–4]. It 
can significantly enhance the ultrasound imaging in the tumor region for 
treatment guidance/monitoring [6,7], meanwhile, can also perform 
therapeutic actions such as on-demand drug release [8,9], cell sonopo-
ration [10,11], HIFU sensitization [12,13], and targeted neuro-
modulation [14], etc. For these theranostic applications, the PFC 
nanodroplets are expected to be reliable and effective only if they do not 

spontaneously vaporize or dissolve after intravenous injection in vivo, 
and also can be vaporized in situ with a low enough threshold to avoid 
adverse effects, hence requiring a trade-off between in vivo stability and 
ADV threshold [2,4]. 

It is challenging to achieve an optimal balance between in vivo sta-
bility and ADV threshold due to the discrepancy of high stability and low 
ADV threshold, as well as the complex effects of various parameters, 
such as nanodroplet properties (e.g., PFC core species, shell composition 
and droplet size), acoustic parameters (e.g., ultrasound frequency and 
pulse duration), medium rheology and ambient pressure/temperature, 
etc. [15–19]. One attempt has been made to reduce the ADV threshold 
via utilizing PFC species with lower boiling points (e.g., per-
fluoropropane or perfluorobutane) [20,21], but these PFCs are more 
water soluble [22], faster clear and more likely to occur spontaneous 
vaporization during in vivo circulation [1–4], which would limit their 
utility. Alternatively, replacing them with perfluoropentane (PFP) hav-
ing a relatively higher boiling point and lower solubility should notably 
increase the circulation persistence, but the latter is more difficult to 
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vaporize because of a higher ADV threshold [1–4]. Droplet vaporization 
is a thermodynamic phenomenon. The equilibrium phase-change ther-
modynamics of perfluoropropane and perfluorobutane have been 
described by the simplest cubic equation of state (EoS), i.e., van der 
Waals (vdW) EoS [23]. It can give a qualitative prediction of phase 
equilibrium, but there is generally a vast difference as compared with 
the experimental values [24]. Moreover, for now, there has been little 
research on the phase-change thermodynamics of the PFP that has a 
relatively higher in vivo stability while requiring a higher ADV threshold. 
Thus, understanding the phase-change thermodynamics of different PFC 
species and the physical mechanisms driving ADV is of great importance 
for optimal application of ADV in theranostics. 

Numerous experiments have been carried out to investigate the ADV 
process and determine the ADV threshold, nevertheless, it exhibited a 
large difference among them, probably due to the experimental in-
consistencies and the sensitivity of ADV threshold to multiple parame-
ters [15–19]. Alternatively, theoretical prediction of ADV threshold has 
also been performed via investigating bubble growth in the PFC droplet 
[25–28]. However, note that a small vapor bubble nucleus was assumed 
to be existed prior to the bubble growth, and it has demonstrated that 
the bubble growth and the predicted ADV threshold strongly depend on 
the initial radius of the bubble nucleus [25,28]. The formation of the 
initial vapor bubble nucleus (i.e., bubble nucleation) is a prerequisite for 
ADV and it also needs a threshold, so that the ADV threshold is co- 
determined by the thresholds of initial bubble nucleation and subse-
quent bubble growth. To date, less attention has been paid to the initial 
ADV nucleation in a PFC nanodroplet, because it can hardly be detected 
experimentally even using a microscopic imaging system with a high- 
resolution and high-speed camera. Therefore, numerical investigation 
of the initial bubble nucleation events occurred in a PFC nanodroplet, 
taking the phase-change thermodynamics of PFC liquids into account, is 
essential for subsequent bubble growth and ultimate ADV threshold 
prediction. 

During ADV process, bubble nucleation could occur by heteroge-
neous nucleation originating on the pre-existing interfaces or imper-
fection [29], or by homogeneous nucleation in the pure liquid phase 
devoid of such interfaces [23,30]. Classical nucleation theory (CNT), the 
most commonly-used theory of nucleation, has been used to predict the 
ADV threshold of PFP microdroplets via homogeneous or heterogeneous 
nucleation [23,29,30]. Especially, Miles et al. first combined the CNT 
with the superharmonic focusing effect of the microdroplets to predict 
the ADV nucleation threshold of PFP microdroplets [30], but this 
mechanism may disappear for small droplets of 2 μm or less [28]. 
Moreover, compared to the PFP microdroplet, the nanodroplet always 
experiences a much larger Laplace pressure and significantly elevates 
the liquid pressure in the nanodroplet, resulting in a greater impact on 
the initial ADV nucleation that occurs in the pressurized PFP core [23]. 
More research is necessary to understand the ADV mechanism for 
nanodroplets. More importantly, the CNT is usually criticized for 
assuming the surface tension of critical bubble σr equal to the macro-
scopic surface tension of flat interface σ∞, also known as the ‘‘capillarity 
approximation’’ [31]. Consequently, it leads to large errors in the 
nucleation rate at a higher degree of metastability, and fails to predict 
the loss of stability at the spinodal. These intrinsic limitations have 
caused an obvious overestimation of nucleation threshold [32,33]. 
Therefore, accurately estimating the σr with experimentally controllable 
parameters is crucial to overcome the current limitations. It has 
demonstrated that the σr can be expressed as a function of the experi-
mentally controlled overpressure of liquid phase, which depends on the 
actual liquid pressure and temperature as well as the phase-change 
thermodynamics of the liquid [34–36]. 

In this study, a modified CNT with the σr rather than the σ∞ was 
developed to predict the ADV nucleation threshold of nanodroplets via 
combining the phase-change thermodynamics of PFP and the Laplace 
pressure effect on PFP nanodroplets. The thermodynamics over a wide 
range of pressures and temperatures in the liquid state, the metastable 

state and the vapor state was predicted by different EoS, and the superior 
one was chosen compared to experimental results. Furthermore, the 
effects of droplet properties and acoustic parameters on the ADV 
nucleation threshold were examined. 

2. Theory and methods 

The schematic diagram of the ADV nucleation occurring in a PFP 
nanodroplet is illustrated by Fig. 1. Upon ultrasound stimulation, a 
spherical vapor bubble nucleus with radius r* and surface tension σr is 
formed by spontaneous fluctuations in the metastable PFP nanodroplet 
immersed in ambient water, which has a droplet radius of Rd and a 
surface tension of σdw at the droplet-water interface. The ADV nucleation 
is assumed to occur by the homogeneous nucleation at the ultrasound 
phase where acoustic pressure values Pa(t) are the lowest and remain 
reasonably constant, and it is accurately described by the modified CNT. 

2.1. Phase-change thermodynamics of PFP 

The phase-change thermodynamics of PFP from liquid to vapor is 
estimated by the classic cubic EoS, presenting an algebraic relation be-
tween pressure (P), molar volume (V) and temperature (T). They have 
been widely used due to their reliability and simple form, which can in 
general be represented as [37] 

P =
RT

V − b
−

aα(T)(V − η)
(V − b)

(
V2 + δV + ε

), (1)  

where R is the universal gas constant, the parameters a and b are eval-
uated as [37] 

a =
ΩaR2T2

c

Pc
, b =

ΩbRTc

Pc
. (2) 

The equation-dependent parameters α(T), η, δ and ε, as well as the 
constants Ωa and Ωb are given in Table 1. Note that the Eq. (1) only needs 
two universal properties of the PFP liquid, i.e., the critical temperature 
(Tc = 420.55 K) and critical pressure (Pc = 2.045 MPa), which are ob-
tained from the National Institute of Standards and Technology (NIST, 
USA) data [38]. 

2.2. Local pressure description in PFP nanodroplets 

As shown in Fig. 1, for a spherical PFP nanodroplet, the local liquid 
pressure Pl in the nanodroplet when subjected to ultrasound stimulation 
is determined by 

Pl = P∞ +PLap +Pa(t), (3) 

Fig. 1. Schematic diagram for modeling initial bubble nucleation in a per-
fluoropentane (PFP) nanodroplet during acoustic droplet vaporization (ADV). 
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where P∞, PLap and Pa are the ambient pressure, Laplace pressure and 
applied acoustic pressure, respectively. The acoustic pressure Pa is given 
by Pa = PAsin(2πft), where PA is the ultrasound amplitude and f is the 
ultrasound frequency. 

The Laplace pressure PLap experienced by a PFP nanodroplet is given 
by 

PLap =
2σdw

Rd
. (4) 

The Laplace pressure is determined by the radius of the PFP nano-
droplet Rd and the surface tension at the droplet-water interface σdw. The 
surface tension is dependent on the droplet shell composition, such as 
surfactants, proteins, lipids and polymers that exhibit a variety of sur-
face tension values [2]. 

2.3. A modified CNT for ADV nucleation in a PFP nanodroplet 

The occurrence of ADV nucleation in a PFP nanodroplet means that a 
vapor bubble nucleus is formed through spontaneous fluctuations in 
pure PFP liquid, which has been moved from a stable liquid state to a 
metastable liquid state by a decrease in pressure. Nucleation is an acti-
vated process, in which an energy barrier must be surmounted to 
transform the metastable liquid phase to the stable vapor phase. The 
work W required for the formation of a vapor bubble nucleus with a 
radius r in the metastable liquid is given by [33] 

W(r) = 4πr2σ +
4πr3

3
(Pl − Pv)+N(μv − μl), (5)  

where σ is the surface tension at the PFC liquid–vapor interface, Pv is the 
vapor pressure in a newly formed vapor bubble nucleus, N is the number 
of molecules inside the bubble nucleus, μv and μl are the chemical po-
tentials of the gas phase and the liquid phase, respectively. 

It is well-known that the work W exhibits a maximum W* at the 
critical bubble radius r* given by ∂W/∂r|r=r* = 0, where superscript * 
denotes conditions at the critical size [33]. The probability of growth is 
greater than the probability of shrinking for vapor bubble nuclei whose 
radii are greater than the critical radius, whereas the probability of 
shrinking prevails for smaller bubble nuclei. For a critical bubble nu-
cleus, the probability of shrinking is equal to that of growth, which 
implies chemical equilibrium (μ*

v = μ*
l ) in the condition of r = r*. The 

critical size can be obtained by applying these conditions to Eq. (5), 
resulting in a Young-Laplace-type equation: 

r* =
2σ

Pv − Pl
. (6) 

Note that the surface tension σ is usually approximated to the 
macroscopic surface tension of flat interface σ∞ in the CNT. To overcome 
the intrinsic limitations of the CNT caused by this ‘‘capillarity approxi-
mation’’, the accurate surface tension of the critical nucleus σr as a 
function of the experimentally controllable scaled overpressure of liquid 
phase ξ is given by [34,35] 

σr(ξ) = σ∞(Tl)ϕ(ξ)1/3  

where ϕ(ξ) = (1 − ξ)(1 + 0.5ξ)2. The ξ is determined by the actual 
liquid pressure Pl and temperature Tl as well as the phase-change 

thermodynamics of the PFP. At the same temperature, the ξ is given 
by [35,36] 

ξ =
ΔP
ΔPs

=
Psat(Tl) − Pl(Tl)

Psat(Tl) − Pspin(Tl)

where Psat and Pspin are the saturation vapor pressure and spinodal 
pressure, respectively. The variable overpressure ΔP is experimentally 
controlled via the actual pressure and temperature of the metastable 
liquid. It is a measure of the degree of liquid metastability, ranging from 
ΔP = 0 at the binodal (ξ = 0) to ΔP = ΔPs at the spinodal (ξ = 1). Thus, 
the CNT is modified as 

r*(Tl,Pl) =
2σr(Tl,Pl)

Pv(Tl,Pl) − Pl
, (9)  

W*(Tl,Pl) =
16πσr(Tl,Pl)

3

3[Pv(Tl,Pl) − Pl]
2, (10)  

J(Tl,Pl) = J0exp{
− 16πσr(Tl,Pl)

3

3kBTl[Pv(Tl,Pl) − Pl]
2}, (11)  

where W* is the critical work required to form the critical vapor bubble 
nucleus, J is the nucleation rate that denotes the number of critical 

nuclei formed per unit time and volume, J0 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

3σr(Tl,Pl)ρ2
l /πm3

√

is the 
pre-exponential factor, ρl is the liquid density, m is the mass of single 
molecule, kB is the Boltzmann constant. Furthermore, a correction be-
tween the vapor pressure inside the vapor bubble nucleus Pv and the 
saturation pressure Psat is introduced as follows [39]: 

Pv(Tl,Pl) = Psat(Tl)exp(−
Psat(Tl) − Pl

ρlRTl
). (12)  

2.4. ADV nucleation thresholds 

In the CNT, for a sample of volume V, the probability of bubble 
nucleation Σ within a time τ is [40] 

Σ = 1 − exp( − JVτ), (13)  

where V represents the nanodroplet volume, τ is modelled as a fraction 
of the ultrasound wave where acoustic pressure values are the lowest 
and remain reasonably constant. Thus, τ is approximated as 1/10f to 
ensure that Pl variations within this time interval are negligible, similar 
to that used previously [33]. The ADV nucleation threshold Pth is defined 
as the absolute value of the acoustic pressure Pa at which Σ reaches 50%, 
thus the Pth is given by 

Pth = |Pa| = Pv − P∞ − PLap −

[
16πσ3

r

3kBTlln(J0Vτ/ln2)

]1/2

. (14) 

It is worth noting that the τ appears within the logarithm in Eq. (14), 
and so, the ADV nucleation threshold Pth would has a weak dependence 
on τ. 

2.5. Computational conditions 

Unless otherwise indicated, we consider ADV of PFP nanodroplets in 
water at P∞ = 1 atm and Tl = 310 K, as depicted in Fig. 1. The applied 
ultrasound frequency f is 6 MHz, pulse duration τp is 16.7 μs (i.e., 100 
cycles per pulse), pulse-repetition frequency is 10 Hz and total irradia-
tion time is 10 s, referring to the experimental condition used in previous 
experiments [18]. 

The temperature-dependent properties of PFP liquid (σ∞ and ρl) were 
obtained from NIST data [38], and corresponding expressions as a 
function of temperature were further found by fitting with the NIST 
data. An appropriate asymptotic relation for the temperature-dependent 

Table 1 
Parameters and functions of cubic equation of state (EoS).  

EoS α(T) η  δ  ε  Ωa Ωb 

vdW 1 b 0 0  0.421875  0.125 
RK 1/

̅̅̅̅̅
Tr

√ b b 0  0.42748  0.08664 

Abbreviations of EoS: van der Waals (vdW) and Redlich–Kwong (RK). 
Tr = T/Tc is the reduced temperature, where Tc is the critical temperature of PFP. 
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surface tension is used [41] 

σ∞(Tl) = A(1 − Tl/Tc)
2υ
, (15)  

where A is the coefficient and υ is the critical exponent that describes the 
behavior of the surface tension as approaching the critical point. The 
values obtained for the coefficients in Eq. (15) were A = 0.0425 and υ =
0.6 with a root mean square deviation (RMSD) of 3.66× 10− 6. For the 
temperature-dependent liquid density, a power series of the type is given 
by [42] 

ρl = ρc[1 +
∑6

i=1
Bi(1 − Tl/Tc)

i/3
] (16)  

where ρc = 759.53 kg∙m− 3 is the critical density of PFP liquid. The 
values for constants Bi were given by B1 = –0.4245, B2 = 8.919; B3 =

–17.61, B4 = 19.63, B5 = –10.92 and B6 = 2.655 with a RMSD of 0.077. 
As shown in Fig. 2, it demonstrated that the obtained expressions exhibit 
a great representation of the surface tension and the liquid density over a 
wide temperature range from 280 K to 420 K. 

3. Results and discussion 

3.1. Phase-change thermodynamics of PFP 

By solving the cubic EoS shown in Eqs. (1) and (2) with the param-
eters given in the Table I, one can derive the pressure–volume isotherms 
of the PFP for different temperatures, as illustrated in Fig. 3(a). For one 
isotherm, there is an isobaric line that represents equilibrium between 
the gas phase and liquid phase as displayed by the dotted line in Fig. 3 
(b). It means that the areas above and below the isobaric line must be 
equal, i.e., the area of region 1 is equal to the area of region 2. This is the 
so-called Maxwell’s construction [43]. The intersection points of the 
isobaric line and isotherm (points A and D) are known as the binodal 
points. For one temperature below the critical temperature, local mini-
mum and maximum are found on the isotherm, which represent the 
liquid spinodal point (point B) and vapor spinodal point (point C), 

respectively. Using these methods, the binodal curve (saturation curve) 
and spinodal curve can be constructed as shown in Fig. 3(c). Finally, a 
pressure–volume phase diagram of the PFP was constructed, as dis-
played in Fig. 3(d). The PFP can be in the liquid phase, in the vapor 
phase, in the liquid–vapor coexistence phase, at liquid–vapor equilib-
rium (binodal curve), at the spinodal curve, or in the metastable (su-
perheated or supercooled) domains. 

According to the calculation procedures shown in Fig. 3, the pres-
sure–temperature phase diagram of the PFP derived from the vdW and 
Redlich–Kwong (RK) EoS was presented in Fig. 4(a). The dashed and 
solid curves as a function of temperature are the binodal curves and 
spinodal curves for vdW (blue) and RK EoS (red), respectively. The 
binodal curve is the liquid–vapor coexistence or the saturation curve of 
PFP, while the spinodal curve represents its thermodynamic stability 
limit. The extremum of the binodal curve coincides with the one of the 
spinodal curve and it is known as the critical point (green point). The 
saturation pressures Psat predicted by the vdW and RK EoS were 
compared with the experimental values obtained from the NIST data 
(black points) [38]. Moreover, the predicted superheat limit tempera-
ture Tsp at the atmospheric pressure (358.2 K by vdW EoS and 378.8 K by 
RK EoS) were also compared with the experimental measurement 
(381.5 K [44], pink point). It is obvious that the Psat and Tsp predicted by 
the RK EoS are more accurate than the ones predicted by the vdW EoS 
owning to a better agreement of both Psat and Tsp with experimental 
results. Therefore, the superior RK EoS was eventually selected to pre-
dict the phase-change thermodynamics of the PFP over a wide range of 
the liquid state, metastable state, and vapor state for a higher accuracy. 

Based on the predicted phase diagram, a schematic diagram dis-
playing the procedures of ADV nucleation occurring in a metastable PFP 
nanodroplet under ultrasound stimulation was illustrated in Fig. 4(b). 
The dashed arrow depicts the isothermal depressurization path at the 
physiological temperature (310 K) throughout the entire procedures (A 
→ D). At the initial thermodynamic state (point A), the PFP nanodroplet 
is stable as long as its initial internal pressure Pl0 is larger than the 
saturation pressure Psat (point B), where the liquid is in equilibrium with 
its vapor. Note that the Pl0 is generally larger than the Psat due to the PFP 
nanodroplet always experiences a relatively high Laplace pressure PLap. 
With the liquid pressure Pl in the PFP nanodroplet decreasing due to the 
negative ultrasound pressures Pa, the PFP liquid enters a metastable 
state as Pl < Psat, and it would be remained until the ADV nucleation 
occurs (point C) in the metastable liquid, which is accurately described 
by the modified CNT. Once the depressurization reaching the spinodal 
pressure Pspin (point D, − 5.26 MPa obtained from the RK EoS), liquid-to- 
vapor phase change occurs spontaneously due to spinodal decomposi-
tion [45]. 

3.2. Description of ADV nucleation in a PFP nanodroplet 

Fig. 5 showed the predicted (a) critical work W*, (b) critical radius r* 
and (c) nucleation rate J of the ADV nucleation events occurred in a PFP 
nanodroplet versus varying ultrasound amplitude PA using the CNT and 
the modified CNT with/without the Laplace pressure effect. When the PA 
increases, the scaled overpressure ξ increases, resulting in much smaller 
critical work and critical radii, but larger nucleation rates. Both CNT and 
modified CNT have similar variation tendencies, that is, the ADV 
nucleation is facilitated by the ultrasound with larger amplitudes. 
However, the closer to the spinodal point (ξ = 1) the thermodynamic 
condition is, the larger difference between the CNT and the modified 
CNT will be. Near saturation condition (ξ = 0), the CNT is expected to 
provide accurate results, whereas its predictions become increasingly 
inaccurate as the thermodynamic condition is approaching to the spi-
nodal point [33]. At the spinodal, the critical work and critical radius 
predicted by the CNT are larger than zero, as an indication of the 
intrinsic limitations of the CNT. By contrast, the corresponding values 
predicted by the modified CNT become zero, in accordance with the fact 
that the critical work disappears at the spinodal and spinodal 

Fig. 2. (a) The surface tension at the PFP liquid–vapor interface and (b) the 
density of PFP liquid as a function of temperature. The points represent the data 
obtained from NIST date and the lines represent the fitting results of Eqs. (15) 
and (16), respectively. 
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decomposition takes place spontaneously [45]. This discrepancy 
exemplified the intrinsic limitations of the CNT in the description of 
microscopic ADV nucleation events, especially for larger negative 
acoustic pressures; meanwhile, it also highlighted the necessity to 

modify the CNT and the superiority of the modified CNT while dealing 
with the microscopic ADV nucleation. Moreover, note that the Laplace 
pressure PLap increases the value of Pl according to Eq. (3), and thereby 
increases the critical radius and reduces the nucleation rate, suggesting 

Fig. 3. Phase-change thermodynamics 
of the PFP determined by the Redlich- 
Kwong cubic equation of state. (a) Iso-
therms showing the relationship be-
tween pressure and volume for 4 
different temperatures. (b) Plot showing 
the isobaric line at an isotherm for a 
liquid–vapor equilibrium. The areas of 
regions 1 and 2 are equivalent and it is 
the so-called Maxwell’s construction. (c) 
Construction of the binodal (saturation) 
curve and spinodal curve based on the 
isothermal pressure–volume curves. (d) 
A pressure–volume phase diagram of the 
PFP.   

Fig. 4. (a) The pressure–temperature phase diagram of PFP predicted by the van der Waals (vdW) and the Redlich–Kwong (RK) equations of state. The experimental 
values of saturation pressure Psat (black points) and superheated limit temperature Tsp (pink point) were obtained from the NIST data [38] and Ref. [44], respectively. 
(b) Phase diagram to describe the procedures of ADV nucleation that occurs in a metastable PFP nanodroplet (A → D). The metastable liquid state is bounded by the 
spinodal and binodal (saturation) curves, which meet in at the critical point (green point). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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that the Laplace pressure is an important factor adversely to the 
occurrence of ADV nucleation in a PFP nanodroplet. This may also 
contribute to the experimentally observed in vivo stability of super-
heated PFP nanodroplets against spontaneous vaporization. 

3.3. ADV nucleation thresholds of PFP nanodroplets 

Under ultrasound stimulation with varying amplitudes, the proba-
bilities of ADV nucleation Σ predicted by the CNT and the modified CNT 
with/without the Laplace pressure effect were presented in Fig. 6(a). 
Introducing Σ = 50% as a criterion, the CNT predicted a much larger 
ADV nucleation threshold Pth (8.98 MPa) than that predicted by the 
modified CNT (4.55 MPa) taking the Laplace pressure effect into ac-
count, as displayed by the points in Fig. 6(a). The great difference in the 
predicted ADV nucleation thresholds can be explained that the CNT 

predicts a reduced nucleation rate because of its intrinsic limitations 
(Fig. 5(c)) and consequently might lead to an obvious overestimation of 
ADV nucleation threshold, especially for larger negative acoustic pres-
sures. Note that the Laplace pressure obviously increased the ADV 
nucleation thresholds of the PFP nanodroplets, indicating the necessity 
to consider the effect of Laplace pressure on the ADV nucleation. 
Furthermore, the Pth at different liquid temperatures Tl were predicted 
by the CNT and the modified CNT, and the liquid pressure thresholds of 
ADV nucleation PN

l were calculated according to Eqs. (3) and (14), as 
shown in Fig. 6(b). All values predicted by the CNT are much smaller 
than those predicted by the modified CNT. It should be noted that the PN

l 
predicted by the CNT are far below the corresponding spinodal pressures 
Pspin(Tl) at all temperatures, whereas all values predicted by the modi-
fied CNT are larger than the corresponding Pspin(Tl). As shown in Fig. 4 
(b), spinodal decomposition takes place spontaneously when the liquid 
pressure Pl is decreased to the Pspin [45], thus the predictions of PN

l by the 
CNT that are below the Pspin should be deemed invalid. These results give 
further verification that the modified CNT is more accurate and pref-
erable for predicting the ADV nucleation threshold of PFP nanodroplets. 

3.4. Effects of droplet properties on ADV nucleation thresholds 

The effects of droplet radius Rd and surface tension at the droplet- 
water interface σdw on the ADV nucleation of PFP nanodroplets were 
presented in Fig. 7. With ultrasound amplitude PA increasing, the 
mappings of nucleation probability Σ at different Rd and σdw were 
plotted in Fig. 7(a) and (b), respectively. It showed that the Σ gradually 
increases with an increase in the PA or Rd (or both), while it decreases as 
the σdw increases. Consequently, the predicted ADV nucleation threshold 
Pth decreases with the Rd increasing and σdw decreasing as shown in 
Fig. 7(c) and (d), exhibiting much stronger influences for smaller 
nanodroplets. This dependence can be attributed to the effect of Laplace 
pressure PLap on the nanodroplets. The σdw for ‘naked’ (i.e., without 
coating) PFP nanodroplets is 56 ± 1 mN m− 1 [46], and it would be 
significantly reduced by coating a shell with lipid, surfactant, albumin, 
or polymer [2]. The predictions of Pth with reduced σdw = 14 mN m− 1 

and σdw = 32 mN m− 1 agree well with the experimental ADV thresholds 
of PFP nanodroplets coated by lipids (red point), fluorinated surfactant 
(Zonyl FSO, blue point) and polymer (PLGA, black point) shells, 
respectively [18]. 

According to Eq. (4), the Laplace pressure PLap is inversely propor-
tional to droplet radius Rd and directly proportional to surface tension 
σdw, so that the initial liquid pressure Pl0 in the PFP nanodroplet is larger 
for a smaller nanodroplet that is more stable against droplet vapor-
ization, as shown in Fig. 8(a). The presence of a shell reduces the surface 
tension σdw and the experienced PLap of the nanodroplet, resulting in a 
linear decrease in the Pth as summarized from 76 nanodroplets with 

Fig. 5. Comparison of the ADV nucleation occurring in PFP nanodroplets predicted by the CNT and the modified CNT with/without the Laplace pressure effect. (a) 
The critical work W*, (b) critical radius r* and (c) nucleation rate J of the ADV nucleation subjected to ultrasound with different amplitudes PA. The experimentally 
controllable scaled overpressure of liquid phase ξ ranges from 0 at the binodal (phase coexistence) to 1 at the spinodal. 

Fig. 6. The ADV nucleation thresholds of PFP nanodroplets predicted by the 
CNT and the modified CNT with/without the Laplace pressure effect at a fixed 
temperature (Tl = 310 K). (a) Nucleation probability Σ as a function of ultra-
sound amplitude PA. (b) The calculated liquid pressure thresholds of ADV 
nucleation PN

l with the CNT and the modified CNT at different temperatures Tl. 
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different Rd and σdw as shown in Fig. 8(b). Encapsulating the nano-
droplet in a shell (e.g., lipids/fluorinated surfactant) not only stabilizes 
them from coalescence, but also leads to a lower surface tension and a 
significant decrease in ADV nucleation threshold, which could act as a 

practical strategy to achieve an optimal balance between the in vivo 
stability and the ADV threshold of the PFC nanodroplet. 

3.5. Effects of acoustic parameters on ADV nucleation thresholds 

The effects of ultrasound frequency f and pulse duration τp on the 
ADV nucleation threshold Pth of the PFP nanodroplets with different 
radius Rd were further investigated as presented in Fig. 9. The ADV 
nucleation threshold slightly increases with the ultrasound frequency 
increasing, while it slightly decreases with the ultrasound pulse duration 
increasing. The decreasing trend of the ADV nucleation threshold with 
decreasing frequency and/or increasing pulse duration can be explained 
that the nanodroplets experience a longer duration of negative acoustic 
pressure at lower frequency and/or longer pulse duration, which in turn 
increases the probability of ADV nucleation and consequently decreases 
the ADV nucleation threshold. Such weak dependence agrees well with 
previous studies that using the CNT to describe the ADV nucleation of 
the PFP microdroplets [29,30]. Moreover, a similar variation tendency 
has also been observed in previous experiments, but the experimentally 
measured ADV threshold shows a stronger dependence on the ultra-
sound frequency as compared to the ADV nucleation threshold [15,16]. 
It can be explained that the ultrasound pulse with lower frequency or 
longer pulse duration would also provide a longer time window for 
growth of the nano-sized bubble nuclei (r* < 10 nm according to Fig. 5 
(b)), making them easier to be detected experimentally. In addition, 
numerical investigations have also demonstrated that the ADV threshold 
determined by the bubble growth behavior obviously increases with the 
ultrasound frequency increasing [27,28], which is consistent with the 
experimental data for ADV threshold [15,16]. 

4. Conclusions 

A modified CNT was developed for describing the initial ADV 
nucleation that occurs in a metastable PFP nanodroplet by utilizing the 

Fig. 7. The effects of droplet radius Rd and surface tension σdw on the ADV nucleation threshold of PFP nanodroplets. (a) The mapping of nucleation probability Σ at 
different PA and Rd, while (b) representing that at different PA and σdw. (c) and (d) representing the predicted nucleation thresholds Pth as a function of Rd and σdw, 
respectively. In the figure (c), the points with bar represent the experimental measurements [18]. 

Fig. 8. (a) The initial liquid pressure Pl0 in the PFP nanodroplets with different 
droplet radius Rd and surface tension σdw taking into account the Laplace 
pressure effect. (b) The relationship between the predicted ADV nucleation 
thresholds Pth and the Laplace pressures PLap summarized from 76 different PFP 
nanodroplets. 
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surface tension σr(ξ) instead of the σ∞, and meanwhile considering the 
Laplace pressure effect. The scaled overpressure ξ is determined by the 
actual pressure and temperature in the PFP nanodroplet, as well as its 
phase-change thermodynamics that can be accurately predicted by the 
cubic RK EoS rather than the vdW EoS. Compared to the CNT, the 
modified CNT could overcome the intrinsic limitations of the CNT, and it 
predicted a larger nucleation rate and a lower ADV nucleation threshold, 
which agree much better with experimental results. Furthermore, the 
predicted ADV nucleation thresholds of the PFP nanodroplets increase 
considerably as the droplet radius decreases and the surface tension at 
the droplet-water interface increases, especially for smaller nano-
droplets. The presence of a stabilizing shell reduces the effective surface 
tension at the droplet-water interface and consequently reduces the ADV 
nucleation threshold, providing a practical strategy for optimal balance 
of in vivo stability and ADV threshold. In contrast, ultrasound frequency 
and pulse duration both have little effects on the ADV nucleation 
threshold. This study may contribute to further understanding ADV 
mechanisms for PFC nanodroplet and promoting its potential thera-
nostic applications in vivo. 
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