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Hypothesis: Cavitation in water under tension is often initiated at nanoscale hydrophobic surface defects that 
stabilize preexisting nanobubbles. We hypothesize that amphiphilic molecules, such as polar lipids, can adsorb 
onto these defects and suppress cavitation by removing nanobubble nucleation sites.
Simulations: To test this mechanism, we performed atomistic molecular dynamics simulations in combination 
with classical nucleation theory to model lipid bilayers and monolayer coatings at hydrophobic surfaces 
containing nanoscale pits and to investigate their response to applied negative pressures.
Findings: We find that lipids readily adsorb onto hydrophobic surfaces, conform to nanoscale features, and 
eliminate bubble-hosting cavities. This passivation shifts the cavitation-limiting step from nanobubble expansion 
at defects to rupture of lipid bilayers, which exhibit much higher cavitation resistance. These results provide 
a molecular basis for how amphiphilic additives enhance the stability of aqueous liquids against cavitation, 
even in the presence of unavoidable surface imperfections. This mechanism also offers a physically grounded 
explanation for how vascular plants sustain sap transport under substantial negative pressures despite structural 
heterogeneities in their water-conducting vessels.
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Fig. 1. Schematic overview of cavitation pathways considered in this work, com
bining existing literature and our new simulation results: (a) homogeneous cavi
tation in pure bulk water (𝑝cav ∼ −160 to −110 MPa [18,19]); (b) heterogeneous 
cavitation at a smooth hydrophobic surface (𝑝cav ∼ −70 to −60 MPa [16,17]); (c) 
expansion of a preexisting vapor bubble within a surface pit (𝑝cav scales inversely 
with the pit radius; see Eqs. (14) and (15) for details [20,21]); (d) cavitation via 
separation of lipid bilayer leaflets (concept introduced in Ref. [22], 𝑝cav refined 
in this study); (e) cavitation in a lipid monolayer film adsorbed on a smooth sur
face (𝑝cav determined in this study); (f) cavitation of a lipid monolayer film at 
a surface pit, where lipids suppress pit-hosted nanobubbles (𝑝cav determined in 
this study).

1. Introduction

Water can sustain substantial negative pressure—also referred to 
as tension—for remarkably long times. Such metastable states are re
alized in a variety of systems: in plant xylem during transpiration
driven flow [1], in drying plant cells [2], in synthetic microfluidic 
devices [3,4], during nanopore wetting [5,6], or in acoustic cavitation 
experiments [7]. In vascular plants, sap is routinely transported under 
negative pressures, reaching down to −10 MPa in some species [1,8], 
generated by water evaporation from leaves. This remarkable feat en
ables trees to move the sap from the roots to the treetops without me
chanical pumping.

At the same time, water under tension is in a thermodynamically 
metastable state and thus prone to cavitation—the sudden formation of 
vapor bubbles that rapidly expand. Cavitation is often undesirable: it 
can disrupt flow, damage materials, and lead to embolism and loss of 
hydraulic function in biological systems such as plants. The threshold for 
cavitation depends strongly on the nucleation pathway. Homogeneous 
cavitation in pure bulk water (as sketched in Fig. 1a) requires extreme 
negative pressures, generally between −160 to −110 MPa [9--14]. How
ever, this nucleation pathway can only be reached under carefully con
trolled laboratory conditions, for example, in micron-sized hydrophilic 
containers [12,15]. Instead, cavitation typically proceeds via heteroge
neous nucleation at surfaces or impurities (as shown in Fig. 1b). For 
instance, atomically smooth hydrophobic surfaces bring the cavitation 
threshold up to −70 to −60 MPa [16,17], while insoluble nonpolar ag
gregates increase it further to −30 MPa [14].

Geometrical irregularities on the surface, such as crevices, pits, and 
other concavities, can lead to even lower energy barriers for the for
mation of critical cavitation nuclei, especially when they host preexist
ing gas or vapor bubbles [20,21]. Whereas free gas bubbles suspended 

in bulk typically dissolve quickly, concave hydrophobic features can 
stabilize them—either as spontaneously dewetted vapor pockets or as 
trapped gas inclusions, commonly referred to as Harvey nuclei (Fig. 1c), 
a concept first proposed by Harvey et al. in 1944 [20]. Because of this 
Harvey-type nucleation pathway, water typically cavitates at pressures 
near the saturated vapor pressure—set by the size of the largest trapped 
bubble—despite its high theoretical bulk tensile strength in the absence 
of impurities [17,21,23--25].

While the expansion of such preexisting nanobubbles does not repre
sent nucleation in the strict thermodynamic sense, as it does not involve 
the formation of a new phase, it still requires overcoming a free energy 
barrier and thus shares key features with classical nucleation, some
times referred to as pseudo-classical nucleation [26]. For consistency 
with prior literature, we use the terms nucleation and cavitation to also 
include such bubble expansion mechanisms.

Achieving high tensile strengths in water, therefore, seems to require 
extreme purity: degassing, contaminant removal, and defect-free hy
drophilic surfaces [9,11,27,28]. In practice, however, reaching defect
free conditions in large volumes is nearly impossible. Even a single 
hydrophobic defect that hosts a stable nanobubble can trigger cavita
tion at relatively modest negative pressures [17].

It is therefore remarkable that plant xylem conduits—macroscopic 
channels responsible for water transport—can sustain substantial neg
ative pressures without immediate failure. After all, the sap they carry 
is far from pure water: it contains dissolved gases, organic molecules 
such as proteins, sugars, and lipids [29,30], and the xylem walls are 
not uniformly hydrophilic but contain hydrophobic heterogeneities [30--
32]�-factors that are expected to promote cavitation in physical sys
tems.

Yet, despite these apparent vulnerabilities, plants maintain embolism
free sap transport over long distances and extended periods. Several 
studies suggest that naturally occurring amphiphiles may play a stabi
lizing role. Experiments have shown that adding alcohols [33], or even 
trace amounts of surfactants [34,35] or polymer additives [36], can sup
press cavitation, remove bubbles from surfaces [37], and reduce damage 
caused by cavitation erosion [38]. Notably, siphon hoses treated with 
surfactants have been demonstrated to support water columns beyond 
the Torricellian limit (i.e., the maximum height achievable under at
mospheric pressure in equilibrium, approximately 10 m), suggesting that 
negative pressures can be maintained without cavitation [39].

Direct experimental evidence for the surfactant-mediated suppres
sion of cavitation remains limited, which is unsurprising given the chal
lenges of controlling and characterizing nanoscopic cavitation nuclei. 
These nuclei are highly sensitive to surface topography, chemistry, and 
contamination, making reproducible experiments exceedingly difficult. 
Nevertheless, existing observations point toward a plausible mechanism: 
surfactants may inhibit cavitation by coating hydrophobic surfaces, 
passivating nucleation sites, and eliminating nanobubbles [30,32], al
though the precise mechanisms remain unclear. In the same vein, natu
rally occurring polar lipids in plant xylem may play a similar protective 
role. The primary lipids identified in the xylem sap are phospholipids 
and galactolipids, which coat lumen-facing vessel walls and pit mem
branes (mesoporous layers between xylem conduits) [30,32,40,41].

Above the critical vesiculation concentration (CVC), lipids self
assemble into bilayers in the bulk and adsorb as monolayers onto 
hydrophobic surfaces [42--46]. It is therefore plausible that lipids can 
passivate hydrophobic nucleation sites, but they may also introduce new 
cavitation-prone structures. For example, the two leaflets in a bilayer are 
held together by relatively weak adhesion interactions, and can separate 
under sufficient tension, giving rise to cavitation (Fig. 1d). Nonetheless, 
simulations suggest that bilayers can withstand the negative pressures 
typical of plant xylem [22]. The cavitation resistance of monolayer films 
on solid surfaces is even less well understood—particularly their ability 
to remain attached under tension, whether on generally smooth surfaces 
or at nanoscale defects, as illustrated in Figs. 1e and f.
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The present study is motivated by these open questions and focuses 
on the role of lipid assemblies in modulating cavitation thresholds. 
We adopt a multi-scale approach, using molecular dynamics (MD) sim
ulations to inform a framework based on classical nucleation theory 
(CNT) to systematically examine cavitation in lipid bilayers (Fig. 1d) 
and in lipid-coated hydrophobic surfaces (Fig. 1e), including those con
taining nanoscale defects (Fig. 1f). Our goal is to identify the weakest 
among these structures, which ultimately sets the cavitation threshold. 
Although inspired by plant xylem transport, our findings have broader 
implications for soft matter research, interfacial physics, and the design 
of long-lived metastable liquid systems under negative pressures.

2. Methods

2.1. Simulation model

Our approach consists of molecular-level modeling of water, dilauroyl
phosphatidylcholine (DLPC) lipids, and a smooth hydrophobic surface. 
For water, we used the TIP4P/2005 model [47], a four-site model known 
for accurately reproducing experimental interfacial tension (68 vs. 72 
mN/m) and density (0.998 vs. 0.996 g/cm3) at 300 K [45,48]. To sim
ulate DLPC lipids, we chose the all-atom CHARMM36/LJ-PME force 
field [49], which was specifically optimized for Lennard-Jones (LJ) 
interactions treated via Particle–Mesh Ewald (PME) summation. This 
choice was motivated both by its demonstrated accuracy in modeling 
lipid bilayers [50] and by our own benchmarking with liquid decane, 
chosen because lipid tails are chemically equivalent to alkanes. This 
force field reproduces the experimental density (0.728 g/cm3) and 
liquid–vapor surface tension (23 mN/m) of decane at 300 K with es
sentially quantitative agreement (simulated values 0.727 g/cm3 and 23 
mN/m) [45]. The lipid components (i.e., the monolayer and bilayer) 
were generated and equilibrated with the CHARMM-GUI Membrane 
Builder [51]. Simulations of bilayers were conducted in a box of size 
7 nm × 7 nm × 10 nm (containing 150 lipids and ≈11,000 water 
molecules).

To model the solid surface, we adopted the setup from our previous 
works [17,45]. The surface consisted of two self-assembled monolay
ers (SAMs) with lateral dimensions of 10.4 nm × 10.3 nm, with their 
hydrophobic sides joined together. Each SAM was composed of 504 
hydroxyl-terminated (-OH) alkyl chains (i.e., 𝑛-decanols) modeled with 
the CHARMM36 force field, arranged in a hexagonal lattice with a lat
tice constant of 0.497 nm, and stabilized by harmonic restraints. This 
structure thus represents an atomically smooth surface.

To render the surface fully hydrophobic, we set the polarity of the OH 
groups to zero by switching off their partial charges, achieving a con
tact angle of approximately 115° [17]. Although a methyl-terminated 
SAM would be chemically more realistic, with a slightly higher con
tact angle [52], we opted for the nonpolar OH-terminated variant to 
build on our previous studies, which systematically examined the role 
of surface polarity [17,45]. In fact, the precise chemical identity of ter
minal groups (and thus the contact angle) has only minimal influence on 
lipid monolayer adhesion, as lipid tails are nonpolar and thus interact 
with the surface almost entirely via dispersion forces [45]. Since disper
sion forces scale with substrate atom density, which varies only within 
a narrow range for most biological and polymeric materials (≈0.7--0.9 
g/cm3), our model captures the generic behavior of lipid adhesion on 
smooth organic surfaces [45].

The simulation box extended around 11 nm in the 𝑧-direction and 
contained 1008 decanol (SAM) molecules, 332 lipids, and ≈ 20,000
water molecules. Prior to pressure-ramp simulations, the systems were 
equilibrated for 3 ns at 1 bar. The equilibrated configurations were then 
used as starting points for the pressure-ramp simulations.

2.2. Simulation details

The MD simulations were conducted using Gromacs 2022.1, with a 
timestep of 2 fs. Bonds involving hydrogen atoms were constrained with 

the LINCS algorithm, enabling stable integration. Periodic boundary 
conditions were applied in all three spatial directions. Both electrostatic 
and LJ interactions were treated with PME methods, employing a real
space cutoff of 1.4 nm [53,54]. The system temperature was maintained 
at 300 K using the v-rescale thermostat [55] with a time constant of 0.1 
ps. Pressure was controlled with the C-rescale barostat [56] with a time 
constant of 1 ps and a compressibility of 4.5×10−5 bar−1. As shown pre
viously [22], the specific choice of barostat does not significantly affect 
the cavitation behavior. The pressure coupling was applied along the 
𝑧-direction (normal to the surface or membrane) only, while the lateral 
box dimensions were kept fixed. Nevertheless, the water phase experi
ences an isotropic negative pressure, as expected for a liquid.

2.3. Pressure ramp method

Cavitation is a stochastic process that requires overcoming a free 
energy barrier, 𝐺∗. The rate of cavitation events is described by reaction 
rate theory [22,57] as

𝑘 = 𝑘0e−𝛽𝐺
∗

(1)

where 𝛽 = 1∕(𝑘B𝑇 ), 𝑘B is the Boltzmann constant, and 𝑇 is the absolute 
temperature. The kinetic prefactor 𝑘0 represents the attempt frequency 
for nucleation, while the exponential factor reflects the probability of 
overcoming the free energy barrier at a given pressure.

Directly measuring the cavitation rate 𝑘 from simulations at constant 
negative pressure is generally impractical due to the long waiting times 
involved. To circumvent this challenge, we employed a pressure-ramp 
protocol, as introduced in our earlier works [14,17,22].

In this method, the pressure is decreased linearly in time as 𝑝(𝑡) = 𝑝̇𝑡, 
where 𝑝̇ < 0 denotes the pressure ramp rate. As the pressure drops, 
the free energy barrier 𝐺∗(𝑡) gradually decreases, eventually reaching 
a point where cavitation is likely to occur within the accessible simula
tion time. The corresponding pressure 𝑝∗cav, denoted with an asterisk, is 
referred to as the dynamic cavitation pressure. Note that the latter should 
not be confused with the cavitation pressure, 𝑝cav , which represents the 
cavitation limit under constant-pressure conditions and is ultimately es
timated using CNT.

The pressure ramp, 𝑝(𝑡), renders the cavitation rate 𝑘(𝑡) in Eq. (1) 
time-dependent. Solving the time-dependent rate equations [22] yields 
an expression for the dynamic cavitation pressure, 𝑝∗cav:

𝑝∗cav = 𝑝̇

∞ 

∫
0 

e−𝑘0𝐼(𝑡) d𝑡 (2)

where

𝐼(𝑡) =

𝑡 

∫
0 

e−𝛽𝐺∗(𝑡′) d𝑡′ (3)

and 𝐺∗(𝑡) is the barrier height at time-dependent pressure 𝑝(𝑡). The 
kinetic theory (Eq. (2)) predicts the mean pressure, 𝑝∗cav, at which cav
itation occurs during a pressure ramp, and captures its dependence on 
the ramp rate.

Since GROMACS does not directly support time-dependent pressure 
control, we approximated the ramp by running a sequence of short simu
lations at fixed pressures that decrease incrementally. A cavitation event 
was identified by a sudden jump in system volume, as shown in the ex
ample in Fig. S1 in the Supplementary Material.

All input files required to reproduce the simulations are openly avail
able in the data repository (see Data Availability).
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Fig. 2. Snapshots from pressure-ramp simulations showing cavitation in (a) a lipid bilayer (at 𝑝∗cav = −68 MPa), (b) a bare planar hydrophobic surface (at 𝑝∗cav = −88
MPa), and (c) a lipid-coated hydrophobic surface (at 𝑝∗cav = −84 MPa). The top panels show the systems immediately before cavitation, and the bottom panels show 
the subsequent bubble growth. Each snapshot represents a vertical cross-section through the cavity center. (d) Correlation between the cavity volume (𝑉cav) and the 
cross-sectional area of the cavity (𝐴3∕2

cav ) obtained from 5 independent simulations of a lipid bilayer and a lipid-coated surface. Lines represent linear fits to the data 
with 𝛼ll and 𝛼ls as fitting parameters. (e) Mean dynamic cavitation pressures from pressure-ramp simulations of a lipid bilayer and of a lipid-coated surface, plotted 
against the pressure rate (symbols). Each data point is averaged over 10 independent simulations. Solid lines represent fits based on the kinetic theory (Eq. (2)), 
with 𝑘0 as the fitting parameter, providing 𝜅ll and 𝜅ls. (f) Cavitation pressures computed using CNT parameterized with simulation data for the three systems: a lipid 
bilayer in water (Eq. (8)), a bare atomically smooth hydrophobic surface in contact with water (computed in Ref. [17]), and a lipid-coated hydrophobic surface in 
contact with water (Eq. (10)). Results are shown as a function of the lateral dimension 𝐿 for a square system (𝐿×𝐿) and a fixed observation time of 𝜏 = 1 s.

3. Results and discussion

3.1. Cavitation of a lipid bilayer

We begin by examining cavitation in a lipid bilayer in water under 
negative pressure (Fig. 1d). This system was previously investigated in 
our earlier work [22]. Here, we revisit the underlying free energy con
cepts and perform new simulations of a DLPC lipid bilayer using an 
improved and more reliable force field (see the Methods section) [58]. 
While the qualitative conclusions remain the same, our updated simu
lations yield significant quantitative corrections.

As the negative pressure decreases in a ramp simulation, it eventu
ally reaches the point at which the two leaflets of the bilayer separate, 
forming a lens-shaped cavity (Fig. 2a). To extend these results to static 
conditions and larger system sizes beyond the reach of simulations, we 
adopt a theoretical framework inspired by CNT. While originally de
veloped for homogeneous liquids [59], CNT can be extended to soft 
materials such as lipid bilayers by properly defining the interfacial work 
and geometry. To this end, the free energy of the cavity within the bi
layer is expressed as [22]

𝐺ll =𝑤ll𝐴cav + 𝑝𝑉cav (4)

The first term represents the surface free energy required to create a 
cavity with cross-sectional area 𝐴cav (i.e., the surface of lost contacts 
between lipid tails of the two leaflets), where 𝑤ll is the lipid–lipid (ll) 
adhesion tension. The second term accounts for the energy gained dur
ing cavity expansion of volume 𝑉cav under negative pressure 𝑝.

The cavity volume and cross-sectional area are evaluated from our 
simulations; see Section S2 of the Supplementary Material for method

ological details. The results, shown in Fig. 2d as 𝑉cav versus 𝐴3∕2
cav , indi

cate an empirical relationship of the form 𝑉cav = 𝛼ll𝐴
3∕2
cav , where 𝛼ll is a 

dimensionless geometric factor characterizing the cavity shape. A linear 
fit to the data yields 𝛼ll = 0.14�-slightly larger than the value 𝛼ll = 0.11
reported in our previous work [22].

The free energy barrier for cavitation (corresponding to the maxi
mum of 𝐺ll in Eq. (4)) is given by [22]

𝐺∗
ll =

4 
27

𝑤3
ll

𝛼2ll𝑝
2

(5)

and the critical cavity lateral area at this barrier is

𝐴∗
cav =

(
2𝑤ll
3𝛼ll𝑝

)2
(6)

According to the reaction rate theory (Eq. (1)), the rate of cavitation 
events within a bilayer of dimensions 𝐿 ×𝐿 is expressed as

𝑘ll = 𝜅ll𝐿
2e−𝛽𝐺

∗
ll (7)

The prefactor represents the frequency of cavitation ``attempts'' in the 
bilayer, with 𝜅ll being the areal density of this attempt frequency (i.e., 
average number of attempts per area and time), which will be deter
mined by our simulations.

Although cavitation could, in principle, also occur in the surround
ing water via homogeneous nucleation at a rate 𝑘w , this process requires 
much lower pressures and is therefore negligible compared to cavitation 
within the bilayer (𝑘w ≪ 𝑘ll). The mean time it takes for the first cavi
tation event to occur is given by 𝜏 = 𝑘−1ll [57].

We define the cavitation pressure as the pressure at which cavitation 
occurs within an observation time 𝜏 . The corresponding expression is 
obtained from Eqs. (5) and (7) as [22]

𝑝cav = −

√√√√ 4𝑤3
ll

27𝑘B𝑇𝛼
2
ll ln(𝜅ll𝐿

2𝜏)
(8)

As seen, the adhesion tension 𝑤ll and geometric factor 𝛼ll are the key pa
rameters governing the cavitation pressure. The former is obtained from 
simulations by gradually separating two lipid leaflets and integrating the 
resulting interleaflet force (see Section S3 of the Supplementary Mate
rial). At ambient pressure (𝑝 ≈ 0), we obtain 𝑤ll ≈ 50 mN/m, about twice 
the value of the surface tension of alkanes (23--28 mN/m) [60]. This 
is expected since lipid tails behave similarly to liquid alkanes, which 
validates the value of 𝑤ll obtained with the current force field. Under 
negative pressure, the adhesion decreases slightly to 𝑤ll ≈ 47 mN/m at 
−50 MPa because the applied tension slightly separates the two leaflets 
(see Fig. S3b for the full 𝑤ll(𝑝) dependence). Accounting for this weak 
pressure dependence is essential for accurate evaluation, which renders 
Eq. (8) implicit in 𝑝cav.

Finally, to compute 𝑝cav from Eq. (8), we have to determine the 
attempt frequency density, 𝜅ll, from pressure-ramp simulations. These 
yield the mean dynamic cavitation pressures, 𝑝∗cav, as a function of pres
sure rate, shown as symbols in Fig. 2e. The data are fitted with the 
kinetic theory (Eq. (2)), using 𝑘0 = 𝜅ll𝐴𝑥𝑦 as the fitting parameter, where 
𝐴𝑥𝑦 is the lateral simulation box area. The resulting fit, shown as a solid 
line, gives 𝜅ll = 2.62×1014 s−1 nm−2. Although the cavitation rate in the 
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Table 1
Simulation-derived parameters used in CNT calculations.

System Parameter values

Lipid bilayer 𝑤ll = 44--47 mN/m†
𝜅ll = 2.62 × 1014 s−1 nm−2

𝛼ll = 0.141
Lipid–surface (no pits) 𝑤ls = 41--46 mN/m‡

𝜅ls = 1.76 × 1015 s−1 nm−2

𝛼ls = 0.097
Lipid–surface (with pits) 𝜅pit (1 nm) = 5.1 × 1020 s−1

𝛼pit (1 nm) = 0.093
𝜅pit (2 nm) = 1.2 × 1023 s−1
𝛼pit (2 nm) = 0.096

† For 𝑝≈ −60 to −50 MPa; full 𝑤ll(𝑝) curve in Fig. S3b.
‡ For 𝑝≈ −80 to −70 MPa; full 𝑤ls(𝑝) curve in Fig. S3b.

simulations scales linearly with the interfacial area, 𝐴𝑥𝑦 , the extracted 
intensive parameter 𝜅ll is independent of the system size, as explicitly 
demonstrated elsewhere [22]. In all simulations, the lateral box dimen
sions were chosen large enough to accommodate the critical cavity.

With all the necessary parameters at hand (Table 1), Eq. (8) allows 
us to compute the cavitation pressure of a lipid bilayer of various areas 
𝐿2 for a waiting time of 𝜏 = 1 s. The results, shown in Fig. 2f, indicate 
that across bilayer sizes from 𝐿 = 10 nm to 1 m, the cavitation pressure 
remains within a narrow range of −60 to −50 MPa. A similar weak de
pendence holds for the waiting time, as both 𝐿 and 𝜏 appear within a 
logarithm in Eq. (8). This weak dependence on size and time is a gen
eral characteristic of cavitation, allowing the cavitation pressure to be 
approximately treated as a length- and time-scale independent intensive 
material property, akin to tensile strength.

The uncertainty in CNT-based cavitation pressures is governed by 
𝑤ll and 𝛼ll. While the statistical errors of these simulation-derived pa
rameters are only a few percent, we do not propagate them into formal 
error bars of 𝑝cav, as the total uncertainty is dominated by systematic 
factors (e.g., multiscale CNT approximations, forcefield accuracy). Nev
ertheless, these systematic effects do not alter the relative trends, which 
remain robust across all systems examined.

The cavitation pressures for lipid bilayers obtained in the present 
work are approximately seven times higher in magnitude than those 
reported in our earlier study [22]. This discrepancy originates from the 
Berger lipid force field used in the previous work, which underestimated 
lipid–lipid cohesion between alkyl tails. In contrast, the CHARMM36 
force field employed here quantitatively reproduces alkane surface ten
sions and thus provides a reliable description of lipid–lipid adhesion 
tension, 𝑤ll. Despite this quantitative difference, our earlier qualita
tive conclusion remains valid: lipid bilayers are significantly less stable 
than pure water against cavitation, but they are still strong enough not 
to trigger cavitation at the pressures typically found in plants (several 
MPa) [1,8].

3.2. Cavitation at smooth lipid-free and lipid-coated surfaces

Building on the insights from cavitation in lipid bilayers, we now 
turn to cavitation at smooth hydrophobic surfaces, modeled as atom
istically smooth SAMs; see the Methods section. Before we discuss the 
influence of the lipid coating, we first recapitulate heterogeneous cavi
tation at a bare SAM in water, which has been analyzed in our previous 
work [17]. A representative snapshot of a cavitation event is shown in 
Fig. 2b, where a vapor bubble in the shape of a spherical cap nucle
ates at the surface. The cavitation pressures, computed via CNT (for 
details see our previous work [17]), are plotted in Fig. 2f. These re
sults indicate that cavitation at the bare hydrophobic surface occurs at 
slightly lower pressures than in lipid bilayers of equal area. This sim
ilarity in cavitation pressures arises because the lipid–lipid adhesion 
tension, 𝑤ll, is comparable to the work required to remove a water layer 
from the solid surface. The latter is given by the Young–Dupré equa

tion as 𝛾w(1 + cos𝜃) ≈ 42 mN/m, assuming a surface tension of 𝛾w = 68
mN/m for TIP4P/2005 water and a contact angle of 𝜃 = 115◦.

In the next step, we use the same SAM, place a lipid monolayer on 
top, and equilibrate the system at atmospheric pressure to allow the 
monolayer to adsorb to the SAM. We assume the same area per lipid as 
in the bilayer, noting that small variations have a negligible impact on 
adhesion because of the liquid-like nature of the lipid tails [45]. During 
the subsequent pressure ramp simulations, the lipid monolayer first re
mains adsorbed to the surface, as shown in Fig. 2c (upper panel). Density 
profiles of water and lipids (see Section S4 in the Supplementary Ma
terial) decrease only slightly—by a few percent—as expected from the 
low compressibility of these phases, with no indication of significant 
structural changes near the interface. This indicates that cavitation on
set is not preceded by interfacial reorganization or drying, but occurs 
via a sudden nucleation event, whose likelihood increases steeply as the 
pressure approaches the critical value 𝑝∗cav. At this point, the monolayer 
locally detaches from the surface, forming a half-lens-shaped cavity, as 
shown in Fig. 2c (bottom panel). This detachment closely resembles the 
cavitation observed in bilayers (Fig. 2a), albeit only in one half-space.

Because of this similarity, we can reuse the theoretical framework 
developed for bilayers (Eqs. (4)--(8)) by substituting the relevant quan
tities from the lipid–lipid (ll) to the lipid–surface (ls) case: 𝑤ll → 𝑤ls, 
𝛼ll → 𝛼ls, and 𝜅ll → 𝜅ls. The key geometric difference—where the cavity 
forms a half-lens rather than a full lens—is fully captured by the param
eter 𝛼ls, which accounts for the altered surface-to-volume ratio of the 
cavity.

In analogy to Eqs. (7) and (8), the cavitation rate and pressure for a 
monolayer adsorbed to a smooth surface follow as

𝑘ls = 𝜅ls𝐿
2e−𝛽𝐺

∗
ls (9)

and

𝑝cav = −

√√√√ 4𝑤3
ls

27𝑘B𝑇𝛼
2
ls ln(𝜅ls𝐿

2𝜏)
(10)

The lipid–surface adhesion tension, 𝑤ls, for this system was evaluated in 
our previous work [45] and reanalyzed here (Section S3 in the Supple
mentary Material). We found that 𝑤ls slightly depends on the applied 
pressure, and that 𝑤ls ≈𝑤ll, which aligns with expectations since adhe
sion between the substrate and lipid tails is primarily governed by dis
persion interactions, just as in the adhesion between two lipid leaflets.

In Fig. 2d, we plot the relationship between cavity volume and area 
during monolayer cavitation. A fit to the data gives a geometric factor 
𝛼ls = 0.097. As expected, this value is smaller than 𝛼ll for bilayers, since 
the cavity beneath a monolayer film can only expand upward, unlike in 
a bilayer, where the cavity expands in both directions.

Finally, the attempt frequency density is obtained by fitting the 
pressure-ramp data in Fig. 2e (with 𝑘0 = 𝜅ls𝐴𝑥𝑦 as the fitting param

eter) yielding 𝜅ls = 1.76 × 1015 s−1 nm−2. Using this value in Eq. (10), 
we compute the cavitation pressures for a lipid monolayer adsorbed on 
a solid surface; shown in Fig. 2f. The pressures span a range from −80 
and −70 MPa across a wide range of monolayer areas.

Interestingly, these pressures are lower (i.e., more negative) than 
those for bilayers and those for bare hydrophobic surfaces. This slightly 
larger stability compared to bilayers is expected, primarily because the 
monolayer forms a smaller cavity volume during cavitation for a given 
areal detachment (𝛼ls < 𝛼ll), making it more resistant against cavitation.

In our previous work [45], it was established that in aqueous sys
tems, lipids adsorb onto smooth surfaces with contact angles above 
approximately 𝜃adh ≈ 65◦, while excess lipids self-assemble into bilayers 
in the bulk. Building on this, the results in Fig. 2f show that under such 
conditions, the bilayers—not the coated surfaces—become the weakest 
structural component, exhibiting slightly lower resistance to cavitation 
than bare atomically smooth hydrophobic surfaces.

In other words, for defect-free containers with hydrophobic walls, 
adding lipids (or other amphiphiles) to the aqueous medium does not 
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Fig. 3. (a) Metastable vapor nanobubble spontaneously formed inside a hydrophobic nanopit of radius 2 nm. As the ramping pressure reaches 𝑝∗cav = −45 MPa (top 
panel), the bubble abruptly spreads over the surface, triggering cavitation (bottom panel). Adapted from Ref. [17]. (b) Lipid monolayer adsorbed on a surface with 
a nanopit of radius 𝑎0 = 0.5 nm (top snapshot). During pressure-ramp simulations (at 𝑝∗cav = −84 MPa), cavitation consistently initiates on the smooth surface region 
rather than at the nanopit (bottom snapshot). (c) Same system with a larger nanopit (𝑎0 = 2 nm). Here, cavitation nucleates at the nanopit during the pressure ramp 
(at 𝑝∗cav = −77 MPa). (d) Mean dynamic cavitation pressures from pressure-ramp simulations of lipid-coated surfaces with nanopits of different radii (indicated by 
labels), plotted against the pressure ramp rate (symbols). Each data point is averaged over 10 independent simulations. Solid lines represent fits based on the kinetic 
theory (Eq. (2)), with 𝑘 = 𝜅pit𝐴𝑥𝑦 as the fitting parameter, yielding 𝜅pit . (e) Cavitation pressure of a lipid-coated hydrophobic surface of lateral size 𝐿 = 1 m as a 
function of pit density 𝜌𝐴, shown for pit radii of 1 and 2 nm (as indicated); computed using Eq. (13).

enhance cavitation resistance but does not significantly compromise it 
either.

3.3. Lipid-coated surfaces with nanopits

Up to this point, our analysis has focused on idealized, atomically 
smooth hydrophobic surfaces. In reality, however, surfaces are rarely 
defect-free; they often feature cracks, crevices, and other topographic 
irregularities. It is important to distinguish between gently undulating 
topographies—smooth at the molecular scale—and sharp nanoscale de
fects. While the former are unlikely to interfere with lipid monolayer 
adsorption, the latter could disrupt its continuity, especially where the 
monolayer must bend sharply to conform to the underlying surface.

To probe the impact of such nanoscale roughness, we introduce 
cylindrical nanometer-sized pits—referred to as nanopits�-into our SAM 
model. The pits are created by removing decanol molecules from one of 
the SAMs within a specified radius (𝑎0 = 0.5, 0.7, 1, and 2 nm) [17].

The cavitation behavior of such nanopits without lipids was investi
gated in our previous work [17]. As shown in the equilibrated snapshot 
in Fig. 3a, water does not enter the nanopit because its hydrophobic 
interior undergoes spontaneous dewetting [61]. A simple free-energy 
estimate (see Section S5 in the Supplementary Material) supports the 
expectation that hydrophobic cylindrical pits of the studied dimensions 
indeed remain dry at ambient, or at least mildly negative, pressures. 
The resulting vapor pocket is thermodynamically stable at ambient con
ditions but becomes metastable under tension, acting as a weak spot 
that readily triggers cavitation once the pressure drops below a critical 
threshold.

As a next step, we place a lipid monolayer onto the surface. Af
ter equilibration at atmospheric pressure, the simulation snapshots in 
Fig. 3b and c (top) show that the monolayer tightly conforms to the 
nanopits: the lipids fill the cavity and eliminate any voids. This is a cru
cial observation, as it suggests that lipid monolayer films can effectively 
seal nanoscale topographical defects, thereby preventing the formation 
of trapped gas or vapor pockets that would otherwise act as cavitation 
nuclei.

The ability of the lipid monolayer to conform to and fill the nanopit 
arises from a balance between two competing factors: adhesion, which 
favors coverage of exposed surfaces, and monolayer deformation en
ergy, which resists it. For wider pits, deformation is primarily due to 
bending (Fig. 3c); for narrower pits, protrusion becomes the dominant 
mode (Fig. 3b). In our case, adhesion always appears to prevail.

We can estimate the relevant energetic contributions. Prior to mono
layer deformation, the nanopit beneath resembles a cylindrical cavity, 
consisting of exposed alkyl tails of SAM decanols and lipid tails at the 
top. Its surface area is given by 𝐴 = 2𝜋𝑎0(𝑎0 + ℎ), where ℎ is the cavity 
height. When the monolayer fills the nanopit, the exposed hydropho
bic surfaces are eliminated, resulting in an adhesion energy gain of 
𝑊adh = 𝛾hc𝐴, where 𝛾hc ≈ 25 mN/m is the surface tension of hydro
carbons. For a representative nanopit with 𝑎0 ≈ ℎ ≈ 1 nm, this gives 
𝑊adh ≈ 80 𝑘B𝑇 . The cost of bending the monolayer to conform to the 
pit can be approximated by modeling the pit as a hemispherical cavity. 
The associated bending energy is 𝑊b = 4𝜋𝜅b, where 𝜅b is the bending 
rigidity of the monolayer [62]. Requiring that the gain in adhesion en
ergy outweigh the cost of bending, 𝑊b < 𝑊adh, leads to the condition 
𝜅b ≲ 6 𝑘B𝑇 , which falls within a realistic range for lipid monolayers.

We next investigate the stability of lipid-covered nanopits against 
cavitation using pressure-ramp simulations. For the smaller nanopits 
(𝑎0 ≲ 0.7 nm), the monolayer film is pinned to the pit and detaches from 
the smooth regions of the surface, as shown in Fig. 3b (bottom). Con
sequently, the dynamic cavitation pressures (𝑝∗cav) are indistinguishable 
from those of a lipid-coated defect-free surface (Fig. 3d). This means that 
lipid-coated sub-nanometer defects have a negligible impact on cavita
tion resistance—at least at low defect densities. In contrast, for the larger 
nanopits (𝑎0 ≳ 1 nm), cavitation occurs at the nanopit (Fig. 3c). These 
nanopits thus act as weak spots where cavitation is more likely to occur. 
As a result, 𝑝∗cav is slightly higher than for surfaces with smaller nanopits 
or no nanopits at all (Fig. 3d).

To quantify the cavitation rate at a lipid-covered nanopit, we express 
the free energy barrier for cavitation as 𝐺∗

pit (𝑝) =𝐺∗
ls(𝑝) + Δ𝐺pit , where 

𝐺∗
ls represents the free energy barrier of a smooth lipid-covered surface, 

and Δ𝐺pit is a free energy correction due to the nanopit. We assume 
that Δ𝐺pit is independent of pressure, allowing us to absorb this term 
into the kinetic prefactor, 𝜅pit (𝑎0), which simplifies the cavitation rate 
expression to

𝑘pit = 𝜅pit (𝑎0)e
−𝛽𝐺∗

ls (11)

In other words, cavitation at the lipid-covered nanopit follows the 
same fundamental behavior as on a smooth surface but with a modified 
prefactor that accounts for the nanopit. This approach is expected to 
work only when the nanopit size is smaller than the critical cavity size 
of the smooth lipid-coated surface, 𝐴∗

cav. From Eq. (6) (with ll→ ls) we 
find 𝐴∗

cav ≈ 15 nm2, corresponding to a critical cavity radius of about 
2.2 nm.

Journal of Colloid And Interface Science 703 (2026) 139286 

6 



M. Šako, S. Jansen, H.J. Schenk et al. 

The simulations indicate that the proportionality constant 𝛼pit , which 
relates the cavitation cross-sectional area to the cavity volume, is essen
tially the same as for the defect-free surface, 𝛼pit ≈ 𝛼ls (see Table 1 and 
Fig. S2c in the Supplementary Material). We therefore assume 𝛼pit = 𝛼ls
in the following analysis.

The kinetic prefactor 𝜅pit is determined from pressure-ramp simula
tions by fitting the kinetic theory (Eq. (2)) to the cavitation pressures 
for each nanopit size separately, as shown in Fig. 3d. The resulting val
ues are summarized in Table 1. Notably, the pressure-ramp simulations 
already reveal that a lipid-coated nanopit is significantly more resistant 
to cavitation than an uncoated one—a difference we will analyze more 
quantitatively in the following section.

To do so, we first extend the model to describe cavitation on a sur
face containing 𝑁 identical nanopits. In this case, cavitation can occur 
through one of two possible pathways: it can initiate either at one of the 
nanopits or on the surrounding smooth regions of the surface. The total 
cavitation rate is therefore the sum of all the contributions

𝑘 = 𝑘ls +𝑁𝑘pit (12)

where 𝑘ls is the cavitation rate for the smooth surface (Eq. (9)) and 
𝑘pit accounts for cavitation at an individual nanopit (Eq. (11)). We as
sume that the total area covered by the nanopits is much smaller than 
the smooth portion of the surface (𝑁𝜋𝑎20 ≪𝐿2), ensuring that the sur
face cavitation rate on the defect-free surface, 𝑘ls , remains virtually 
unchanged.

It is convenient to introduce the nanopit density, 𝜌𝐴 = 𝑁∕𝐿2 (the 
number of nanopits per unit area). Using this, the cavitation pressure 
for a system with nanopits follows from Eq. (12) as

𝑝cav = −

√√√√ 4𝑤3
ls

27𝑘B𝑇𝛼
2
ls ln

[
(𝜅ls + 𝜅pit𝜌𝐴)𝐿2𝜏

] (13)

In the limiting case of 𝜌𝐴 = 0 (i.e., no nanopits), the equation reduces 
to Eq. (10), recovering the cavitation pressure for a smooth lipid-coated 
surface.

The resulting cavitation pressures as a function of nanopit density, 
for radii 𝑎0 = 1 nm and 𝑎0 = 2 nm on a hydrophobic surface with linear 
dimension 𝐿 = 1 m, are shown in Fig. 3e. The pressure behavior exhibits 
a clear crossover: at low nanopit densities, cavitation occurs mainly on 
the smooth regions of the surface, and the nanopits have little to no im
pact. As the nanopit density increases, the nanopits become cavitation 
nuclei, crossing over to a nanopit-dominated regime. However, even 
when the nanopit density is high (𝜌𝐴 ≈ 106 μm−2), the increase in cav
itation pressure remains modest—only a few MPa, corresponding to a 
relative change of just a few percent.

These results demonstrate that lipid monolayers effectively stabilize 
liquids against cavitation under negative pressure, even in the presence 
of densely distributed nanoscale defects. The observed cavitation pres
sures (𝑝cav ≈ −65 MPa) are comparable to those for uncoated, defect-free 
surfaces (𝑝cav ≈ −55 MPa; Fig. 2f), and significantly more negative than 
those for uncoated surfaces with defects, as discussed next.

3.4. Cavitation in the presence of mesoscale pits

We now turn to surface defects with larger radii—ranging from tens 
of nanometers to microns—which are expected to greatly reduce the 
cavitation resistance. According to classical crevice models, larger pits 
trap larger bubbles, making them more effective cavitation nuclei.

Although atomistic simulations cannot directly access such meso
scale geometries, they still offer valuable insights. Lipid adsorption is 
governed by local surface structure rather than the absolute size of the 
pit. Importantly, since larger pits locally resemble flat surfaces, it is rea
sonable to extrapolate our nanoscale findings and argue that lipids will 
also coat and passivate larger pits.

To illustrate this concept, consider a cubic waterfilled container of 
size 𝐿 with smooth walls and rounded edges and corners; the latter is to 

exclude additional effects from sharp corners. One of the walls contains 
a single hydrophobic pit of radius 𝑎0, which hosts a vapor bubble, as 
illustrated in Fig. 4a. We only consider a single pit, as our prior work 
showed that cavitation is governed by the largest pit rather than by their 
number [17]. Thus, the pit in this model serves as a representative of 
the largest bubble-hosting feature in the system.

The behavior of this system is described by the total cavitation rate, 
which includes contributions from bulk water, flat surfaces, and pit
trapped bubbles, 𝑘 = 𝑘w + 𝑘s + 𝑘pit (details are provided in Ref. [17]).

Fig. 4c shows the cavitation pressure as a function of pit radius for 
smooth hydrophilic (𝜃 = 0◦) and hydrophobic (𝜃 = 115◦) walls without 
lipids. For sub-nanometer pits, cavitation occurs either in the bulk (for 
hydrophilic walls) or on flat hydrophobic surfaces. However, once 𝑎0 ≳ 1
nm, the bubble in the pit becomes the dominant nucleation site and 
dramatically elevates the cavitation pressure.

For larger pits (above several nanometers), the cavitation pres
sure asymptotically approaches the simple mechanical stability crite
rion [17],

𝑝cav ≈ 𝑝vap −
2𝛾w
𝑎0

(14)

on hydrophilic walls (𝜃 < 90◦) and

𝑝cav ≈ 𝑝vap −
2𝛾w
𝑎0

sin𝜃 (15)

on hydrophobic walls (𝜃 > 90°). Here, 𝑝vap stands for the saturated vapor 
pressure (∼ 2–3 kPa at ambient temperatures) and 𝛾w is again the water 
surface tension. These expressions highlight the drastic reduction in ten
sile strength caused by larger surface crevices. While sub-10-nanometer 
pits can withstand negative pressures of several tens of MPa, cavitation 
sets in at just a few MPa beyond ∼10 nm, and rises above −1 MPa for 
pits larger than ∼100 nm.

Although our study focuses on vapor cavities, gasfilled bubbles (e.g., 
air bubbles) exhibit similar expansion dynamics, with corrections arising 
from gas pressure in Eqs. (14) and (15). For more details, we refer the 
interested reader to Refs. [21,24,63].

Lipid adsorption dramatically changes the situation. When present in 
sufficient quantities, lipids coat hydrophobic surfaces, including rough 
or concave nanoscale features, rendering them effectively hydrophilic, 
which is critical because hydrophilic pits cannot host nanobubbles. This 
sealing mechanism removes Harvey-type nuclei (see Fig. 4b for an illus
tration). Once surface defects are passivated, the cavitation threshold is 
no longer determined by bubble expansion but by the stability of the re
maining lipid structures—typically the bilayers in the bulk, which are 
formed by the excess of lipids. These bilayers can resist negative pres
sures down to around −60 to −50 MPa, depending on their area (plotted 
as a shaded band in Fig. 4c). For comparison, the darker shaded band in 
Fig. 4c represents the cavitation pressure of lipid-coated surfaces, with 
the width reflecting the variation due to nanoscale corrugation (based 
on our nanopit analysis in Fig. 3e). These values are significantly more 
negative than the cavitation pressure induced by uncoated mesoscale 
surface defects, highlighting the effectiveness of lipid coatings.

These findings have important implications for understanding water 
transport in vascular plants. According to Eq. (14), a single uncoated 
hydrophobic crevice with a radius of 50 nm can trigger cavitation 
at a pressure of −3 MPa—a pressure commonly encountered in plant 
xylem [1,8]. Notably, xylem walls often contain structural irregularities 
such as helical thickenings, warts, pits, and vestures, many of which ex
tend up to several micrometers [31,32,64,65]. Yet, plants routinely sus
tain such negative pressures without frequent failure. Our results offer 
a possible explanation: lipids naturally present in xylem sap may adsorb 
to hydrophobic patches in vessel walls and seal off potential nucleation 
sites. By doing so, lipids shift the limiting factor from bubble-hosting 
defects to more robust structures like bilayers or other lipid aggregates. 
This mechanism provides a plausible and physically grounded explana
tion for how plants can suppress cavitation and maintain long-distance 
water transport under negative pressure.
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Fig. 4. Cavitation suppression by lipid coatings. (a) Schematic of a cubic container with smooth hydrophobic walls (yellow) filled with water (blue), featuring 
rounded edges and a single hydrophobic surface pit of radius 𝑎0. In the absence of lipids, the pit hosts a vapor bubble (white), which acts as a Harvey-type cavitation 
nucleus. (b) The same system, now with excess lipids that form bilayers in the bulk and adsorb onto the walls and the pit, rendering the walls effectively hydrophilic 
and eliminating the trapped vapor bubble. (c) Cavitation pressure as a function of pit radius for a container of size 𝐿= 1 m. Solid lines show the cavitation threshold 
for lipid-free systems (panel a) with hydrophilic (𝜃 = 0◦) and hydrophobic (𝜃 = 115◦) walls, based on kinetic theory with a 1 s observation time, as computed in 
Ref. [17]. Shaded green bands represent the cavitation pressure range for systems with lipids (panel b): the lighter band corresponds to bilayer cavitation (excess 
lipids, spanning areas from 100 nm2 to 1 m2) and the darker band to lipid-coated walls (with contact angles above the adhesion threshold 𝜃adh ≈ 65◦ [45,46]). In 
lipid-rich systems, cavitation is no longer dominated by pit-hosted bubbles (solid lines) but by bilayer stability (shaded bands). (For interpretation of the colors in 
the figure(s), the reader is referred to the web version of this article.)

4. Conclusions

This study reveals a new mechanism by which amphiphilic molecules 
stabilize liquids under negative pressure: lipid adsorption onto hy
drophobic surface defects passivates nanobubble-hosting cavities, there
by eliminating the dominant cavitation nuclei. Using a multiscale ap
proach, linking molecular dynamics simulations with classical nucle
ation theory, we show that once such sites are sealed, cavitation re
sistance shifts to the weakest remaining component—lipid bilayers or 
aggregates, which withstand substantially higher tensions than trapped 
nanobubbles.

The reality of biological and soft-matter interfaces—such as chemical 
heterogeneity, lipid mixtures, and dynamic adsorption—undoubtedly 
adds further layers of complexity. Nonetheless, our idealized frame
work provides a molecular-level explanation for long-standing experi
mental observations that trace amounts of surfactants or polymers can 
suppress cavitation in aqueous systems [33--36]. This protective mech
anism, however, is remarkably vulnerable: surface coverage must be 
nearly perfect. If even a single hydrophobic crevice remains uncoated 
and traps a bubble, it can serve as a nucleation site, making the passi
vation of all other sites irrelevant. This all-or-nothing nature is intrin
sic to cavitation and helps explain why lipid protection is difficult to 
demonstrate experimentally, given the slow dynamics and incomplete 
adsorption of lipids.

Such a protective mechanism may operate in plant xylem, where 
lipids coat vessel walls and passivate crevices to prevent cavitation and 
embolism formation [1,8,32]. A recent study suggested that freezing 
in xylem sap may originate from nanoscale crevices that dewet un
der tension [66]. Our findings imply that lipid coatings could likewise 
help prevent sap freezing by stabilizing these crevices against dewet
ting. Over time, lipid depletion and redistribution could expose defects, 
helping explain conduit aging and hydraulic vulnerability [67--69].

Beyond plants, this work establishes a general principle of interfa
cial stabilization: amphiphile coatings can deactivate cavitation nuclei 
and extend liquid metastability. This insight suggests practical strategies 
for suppressing cavitation in microfluidics, biomedical devices, and soft 
materials, where cavitation limits performance or causes erosion [38].

Future work should aim at experimental validation. In plant xylem, 
controlled depletion or modification of amphiphile layers could directly 
test the link between lipid coatings and cavitation resistance. More gen

erally, lipid adsorption could be examined on model surfaces (e.g., by 
AFM, cryo-EM), and cavitation thresholds could be measured in mi
crofluidic systems with well-defined amphiphile coverage.
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