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Redox signaling by glutathione peroxidase 2 links vascular 
modulation to metabolic plasticity of breast cancer
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In search of redox mechanisms in breast cancer, we uncovered a striking role for glu-
tathione peroxidase 2 (GPx2) in oncogenic signaling and patient survival. GPx2 loss 
stimulates malignant progression due to reactive oxygen species/hypoxia-inducible factor 
1-alpha/VEGFA signaling, causing poor perfusion and hypoxia, which were reversed by 
GPx2 re-expression or HIF1α inhibition. Ingenuity Pathway Analysis revealed a link 
between GPx2 loss, tumor angiogenesis, metabolic modulation, and HIF1α signaling. 
Single-cell RNA analysis and bioenergetic profiling revealed that GPx2 loss stimulated 
the Warburg effect in most tumor cell populations, except for one cluster which was 
capable of oxidative phosphorylation and glycolysis, as confirmed by discrete co-expres-
sion of phosphorylated AMPK and GLUT1. These findings underscore a unique role for 
redox signaling by GPx2 dysregulation in breast cancer, underlying tumor heterogeneity, 
leading to metabolic plasticity and malignant progression.

breast cancer | progression | glutathione peroxidase 2 | reactive oxygen species | hypoxia |  
HIF1α | VEGFA | angiogenesis | oxidative phosphorylation | glycolysis | scRNA-seq | metabolic 
plasticity

Tumor cell hyperproliferation results in cell crowding causing nutrients and oxygen dep-
rivation, leading to hypoxia (1). To meet the energetic demands of cancer cells, mito-
chondria consume the cellular oxygen, resulting in oxidative phosphorylation, leading to 
reactive oxygen species (ROS) production (2).

While low to mild ROS levels promote oncogenic signaling and malignancy, high levels 
of ROS cause DNA damage and apoptosis (3, 4), an effect that is often co-opted by 
chemotherapy or radiation to target cancer cells (5). Tumor cells evade ROS cytotoxicity 
by increasing the expression of antioxidant enzymes such as superoxide dismutase, peri-
odoxin-theriodoxin, catalases, and glutathione peroxidases (6, 7), which generally convert 
hydrogen peroxide produced by mitochondrial electron leak into water using glutathione 
(8).

ROS are known to stimulate oncogenic signaling with special emphasis on hypoxia-in-
ducible factor 1-alpha (HIF1α). ROS stabilize HIF1α protein via inhibition of the oxy-
gen-sensing propyl hydroxylase protein D (PHD), which normally marks HIF1α for 
proteasomal degradation (9, 10). HIF1α promotes malignancy via effects on tumor angi-
ogenesis, proliferation, epithelial-to-mesenchymal transition, stemness, and glucose metab-
olism (1, 11). HIF1α stimulates VEGFA gene transcription which promotes angiogenesis, 
thereby increasing nutrient availability and oxygen supply to hypoxic tumor areas (12, 
13). Paradoxically, VEGFA overproduction may also cause vascular malfunction, resulting 
in immature or poorly perfusing vessels, thereby exacerbating hypoxia (14). This further 
stabilizes HIF1α protein, which shifts cells from oxidative phosphorylation (OXPHOS) 
to aerobic glycolysis, known as the Warburg effect (12, 15). While OXPHOS generates 
high levels of ATP as compared to glycolysis, tumor cells leverage glucose metabolism to 
generate building blocks for biomass biosynthesis (16). However, aggressive cancer cells 
were also shown to be able to use OXPHOS and glycolysis, which might be necessary to 
survive under hypoxic and aerobic conditions that can be encountered at the primary 
tumor, in circulation, or at metastatic sites (17, 18).

A comparison of carcinoma cell lines derived from the polyoma middle T (PyMT) 
mammary tumor model unraveled a dramatic downregulation of glutathione peroxidase 
2 (GPx2) in metastatic relative to non-metastatic cells from the parental tumor. Moreover, 
the loss of GPx2 in several molecular breast cancer (BC) subtypes was correlated with 
poor patient survival, underscoring the clinical significance of GPx2 loss in BC. GPx2 
knockdown (KD) in murine and human BC cells stimulates ROS/HIF1α/VEGFA sign-
aling which enhanced malignant progression via vascular modulation, resulting in poor 
perfusion, hypoxia, and a shift from OXPHOS to aerobic glycolysis (the Warburg effect). 
Transcriptomic analysis of scRNA-seq data and bioenergetic profiling confirmed that 
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Redox regulation of breast 
cancer underlies malignant 
progression. Loss of the antioxi-
dant glutathione peroxidase 2 
(GPx2) in breast cancer cells 
increases reactive oxygen species 
(ROS), thereby activating hypox-
ia-inducible factor 1-alpha (HIF1α) 
signaling. This in turn causes 
vascular malfunction, resulting in 
hypoxia and metabolic heteroge-
neity. HIF1α suppresses oxidative 
phosphorylation and stimulates 
glycolysis (the Warburg effect) in 
most of the tumors, except for 
one cancer subpopulation which 
was able to use both metabolic 
modalities. Hence, adopting a 
hybrid metabolic state may allow 
tumor cells to survive under 
aerobic or hypoxic conditions, a 
vulnerability that may be 
exploited for therapeutic 
targeting by either metabolic or 
redox-based strategies.
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The origin of ice slipperiness has been a matter of great controversy for more than
a century, but an atomistic understanding of ice friction is still lacking. Here, we
perform computer simulations of an atomically smooth substrate sliding on ice.
In a large temperature range between 230 and 266 K, hydrophobic sliders exhibit
a premelting layer similar to that found at the ice/air interface. On the contrary,
hydrophilic sliders show larger premelting and a strong increase of the first adsorption
layer. The nonequilibrium simulations show that premelting films of barely one-
nanometer thickness are sufficient to provide a lubricating quasi-liquid layer with
rheological properties similar to bulk undercooled water. Upon shearing, the films
display a pattern consistent with lubricating Couette flow, but the boundary conditions
at the wall vary strongly with the substrate’s interactions. Hydrophobic walls exhibit
large slip, while hydrophilic walls obey stick boundary conditions with small negative
slip. By compressing ice above atmospheric pressure, the lubricating layer grows
continuously, and the rheological properties approach bulk-like behavior. Below 260
K, the equilibrium premelting films decrease significantly. However, a very large slip
persists on the hydrophobic walls, while the increased friction on hydrophilic walls is
sufficient to melt ice and create a lubrication layer in a few nanoseconds. Our results
show that the atomic-scale frictional behavior of ice is a combination of spontaneous
premelting, pressure melting, and frictional heating.

tribology | lubrication | slip | premelting | quasi-liquid layer

The slipperiness of ice has been exploited since ancient times as a means of transportation
in cold regions (1). But despite many advances in tribology (2–4), a first principles
understanding on this very familiar property is still lacking (5). A hypothesis dating back
to the 19th century is that a self-lubricating water film on the ice surface is formed due to
pressure melting (6, 7). Spontaneous equilibrium premelting (8) and frictional heating
(9) have also been invoked to explain ice friction. However, other authors disregard the
significance of water lubrication altogether (10–13), while recent experiments support
boundary or elastohydrodynamic models of friction (12–15). Experimental confirmation
of interfacial premelting films in the order of the nanometer does not resolve the
controversy (16–21), as it is arguable whether macroscopic hydrodynamics assumed
in most theories (22–24) is obeyed at such small length scales (25). In fact, computer
simulations of flow under confinement reveal consistent violation of the stick boundary
condition and the significance of water slip (26–30), while studies of water sliding on ice
and grain boundary friction suggest negative slip instead (31, 32).

Here, we report molecular dynamics simulations of ice sliding past an atomically
smooth substrate. Our results show that an interfacial premelting film formed
spontaneously upon compression or frictional heating exhibits hydrodynamic properties
similar to bulk undercooled water. This illustrates that a hydrodynamic theory of Couette
flow supplemented with slip boundary conditions can explain the friction of ice at smooth
contacts.

Results

In our study, we simulate explicitly ice sliding past an atomically smooth substrate under
pressure (Fig. 1). The ice sample consists of a large orthorhombic slab of water molecules
(30 bilayers thick) modeled with the TIP4P/Ice force field and oriented in the direction
of the basal surface (33). The slider is modeled as a rigid face-centered cubic arrangement
of atoms directed along the (111) plane, with lattice parameters selected to make a perfect
match with the ice surface.

The wall atoms interact with water oxygens via a Lennard-Jones potential. This
allows us to tune the hydrophobicity of the substrate merely by changing the strength
of wall–oxygen interactions. The quality of the substrate is monitored by measuring the

Significance

Sliding on ice is a familiar
experience, but we still do not
fully understand why is ice
slippery. Faraday hypothesized
that ice forms spontaneously a
thin quasi-liquid layer on its
surface, while Reynolds
suggested that this layer could act
as a lubricant. However,
experimentally probing the
structure of ice below a slider is
extremely challenging. Here, we
perform computer simulations of
a slider on ice and obtain
atomic-scale insight into ice
friction. We find that, depending
on their hydrophobicity, sliders
can either stick or slip atop a
nanometer-thick self-healing,
self-lubricating quasi-liquid layer
with properties similar to bulk
undercooled water. This allows us
to explain the low friction of ice
using macroscopic laws borrowed
from continuum hydrodynamics
and lubrication theory.
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Fig. 1. Sliding on ice with atomic resolution. An imperfectly terminated ice slab gently compressed to p = 1 atm by an inert solid substrate at T = 262 K
spontaneously develops a premelting film of thickness ca. h = 1 nm for both hydrophobic (A) and hydrophilic walls (C). The flow pattern after sliding over the
equilibrated film with sliding velocity U = 5 m/s during 0.5 ns is illustrated by liquid-like molecules tagged in blue and wall atoms tagged in green color at t = 0.
(B) For the hydrophobic substrate, the slider slips past the premelting film, and the liquid-like blue tagged molecules have hardly moved beyond their original
position at t = 0 (Movie S1). (D) For the hydrophilic substrate, an adsorption layer sticks to the wall, and the premelting film is dragged by the slider with a
pattern that resembles Couette flow (Movie S2). Solid-like orange colored molecules serve to illustrate stick boundary conditions at the ice/water interface and
the exchange of solid and liquid molecules.

contact angle of water droplets, θ , which is varied in a range
spanning both hydrophobic (θ = 120◦) and hydrophilic
(θ = 50◦) walls (SI Appendix, Text and Methods).

Under skating conditions, the slider does not step on a perfectly
terminated ice surface. Instead, the ice surface has been previously
exposed to air and exhibits a significant premelting layer (31, 34–
36). To mimic the contact of the slider with ice, we merely prepare
the ice surface with a half-terminated bilayer and place it at a small
distance from the substrate. The wall is then allowed to gently
compress the slab to the desired pressure (see Methods section).
At a temperature T = 262 K, somewhat lower but close to that
of skating rinks, we find that a premelting film of the order of
a nanometer thick evolves spontaneously and equilibrates in the
scale of decades of nanoseconds for all substrates and pressures
studied. The presence of premelting is obvious in the snapshots of
Fig. 1 as a layer of disordered water molecules between the ordered
bulk ice and the substrate. In the density profiles of Fig. 2 A–D,
the signature of premelting is the emergence of density peaks that
have lost the bilayer structure typical of bulk ice that is apparent
within the bulk region. This is confirmed by use of the CHILL+
order parameter (37), which allows to resolve solid-like from
liquid-like water molecules (SI Appendix, Methods).

After equilibration, we model sliding by moving the top and
bottom sliders with equal sliding speed U = 5 m/s and opposite
direction. Although the properties of premelting layers of ice
exposed to vacuum are often invoked as a proxy to explain ice
friction (5, 12, 31), inspection of simulation snapshots shows a
dramatic dependence of the sliding dynamics on the substrate
interactions. Here, we describe results obtained at ambient
pressure p = 1 atm and T = 262 K (Fig. 1 and Movies S1
and S2), but similar results are found in all the temperature range
from 230 to 266 K (SI Appendix, Figs. S1 and S2).

For the hydrophobic substrate, θ = 120◦, the slider slips past
the premelting film and generates an extremely small velocity
field. Molecules tagged in blue in Fig. 1A at t = 0 have diffused
almost equally in both directions after a sliding time of 0.5 ns
(Fig. 1B); i.e., as observed in the flow of water inside carbon

nanotubes (26, 28, 30, 38), friction is extremely small, and the
premelting film is hardly susceptible to the motion of the slider.
On the contrary, for the hydrophilic substrate, with θ = 50◦, an
adsorbed layer of water molecules next to the substrate at t = 0
(Fig. 1C) sticks to the wall and is displaced by the same amount
as the slider after 0.5 ns (Fig. 1D). The remaining blue tagged
molecules in the premelting film are loosely dragged by the slider
and display clear hints of Couette flow.

The large difference in the frictional behavior can be antici-
pated from the plot of equilibrium density profiles (39). Here,
we describe results obtained at T = 262 K (Fig. 2 A–D), but the
same trend is observed in all the temperature range studied
(SI Appendix, Figs. S3 and S4). For the hydrophobic substrate
(θ = 120◦), the structure of the premelting film is very similar
to that found when the ice surface is exposed to vacuum (green
dashed line in Fig. 2A). The density profiles differ significantly
only by the presence of a small density peak that appears in
the confined film close to the wall. However, increasing the
strength of the wall interactions results in an increase of the film
thickness and the appearance of a strongly layered liquid film.
Particularly, we see a large enhancement of the first adsorption
peak, with a density that can increase as much as a factor
of three compared to that observed in the hydrophobic wall
with θ = 120◦ (Fig. 2D). By visual inspection, we confirm
that the water molecules pertaining to the first adsorption peak
exhibit strong intralayer hydrogen bonding, with proliferation
of flattened hexagonal rings as observed in adsorbed thin films
on metals (40, 41), and undercooled water under confinement
(42, 43).

We expect the hydrogen bond network on the first adsorption
peak of hydrophilic substrates to have a significant impact on the
mobility of water molecules (31, 34, 39). To show this, we divide
the premelting film into regions that allow us to single out the wall
adsorption layer from the ice adsorption layer, as illustrated with
vertical dashed lines in Fig. 2 A–D. For each of these two regions,
we estimate an effective parallel self-diffusion coefficient, D‖,
by measuring the tangential mean squared displacement of the
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Fig. 2. Structure and dynamics of premelted films during sliding. Panels (A, B, C, and D) show equilibrium density profiles and velocity profiles for a sliding
experiment at p = 1 atm, T = 262 K, and U = 5 m/s during 10 ns. The total density profile (left axis) is shown as a continuous line, with blue color for the region
where liquid-like water is the majority phase and black color where ice is the majority phase. The premelting film is divided into a wall–adsorbed layer, an
ice–adsorbed layer, and a central quasi-bulk region, as illustrated by vertical dashed lines. Panel (A) also shows the total density of a premelting film for ice in
contact with a vacuum (green dashed line). The thick orange lines display the velocity profile in units of the sliding velocity (right axis, with tick marks as displayed
in the left axis). The dashed black line is the hydrodynamic flow profile predicted from the model of Eq.1. Panels correspond to different wall interactions: (A)
Hydrophobic wall, with � = 120◦, (B) � = 107◦, (C) � = 91◦. (D) Hydrophilic wall with � = 50◦. Panel (E): Diffusivity at the wall and ice adsorption layers as a
function of temperature. The orange diamonds stand for the bulk diffusion coefficients at p = 1 atm. The remaining symbols correspond to parallel diffusion
coefficients of the wall–adsorption layer (circles) and the ice–adsorption layer (squares); Green symbols stand for the hydrophobic wall with � = 120◦ and blue
symbols for the hydrophilic wall with � = 50◦. Panel (F): Quasi-bulk-like viscosity of the premelting film. The thick dashed line displays the shear viscosity of
bulk undercooled water as determined from Green–Kubo calculations. The circles display viscosities as determined from the Stokes–Einstein relation using the
parallel diffusion coefficient calculated in the central quasi-bulk-like region of the premelting films. The diamonds are hydrodynamic viscosities as determined
from the film thickness and shear stress of the simulations. Results are shown for T = 262 K, with p = 1 atm (blue) and p = 600 atm (green).

water-like molecules in that region (Fig. 2E). Our results confirm
a dramatic impact of the wall–water interactions on the mobility
of the wall–adsorption layer. For the hydrophobic substrate, θ =
120◦, the parallel diffusion coefficient is somewhat larger than
that of bulk undercooled water for most temperatures studied,
as observed in premelting films exposed to vacuum (12, 31,
34), and becomes an order of magnitude larger on approaching
230 K. However, for the hydrophilic substrate, θ = 50◦, the
diffusion coefficient of the wall–adsorption layer remains one
order of magnitude smaller than that of the hydrophobic substrate
all the way from 266 to 230 K. On the other hand, for the
ice–adsorption layer, the diffusion coefficient remains small and
almost independent of θ , implying that the details of the slider
do not impact the friction of premelted water at the ice interface.

For temperatures above 260 K, the premelting layer develops
a well-defined quasi-bulk region between the adsorption layers,
as observed in Fig. 2 and SI Appendix, Figs. S3 and S4. Our
results show that the parallel diffusion coefficient in this central
region is somewhat smaller, but of the same order of magnitude
as the diffusion coefficient of bulk water, even for the films
studied here, which are barely 1 nm thick (26) (SI Appendix,
Fig. S5). This is in agreement with measurements of mobility
in confined water (21, 26, 44, 45) and suggests that large

effective viscosities measured in mechanical tests (14) might not
be related to the actual hydrodynamics of the premelting film,
as noticed in ref. 21. This is not in conflict with the observation
of anomalous diffusion at grain boundaries, which is related to
the attachment/detachment of water molecules into the ordered
ice lattice due to motion in the perpendicular direction (46). We
find that in the time scale of about 2–8 ns in which premelted
water molecules remain within the central quasi-bulk region of
the premelting film, the mobility in the parallel direction remains
close to bulk-like. This suggests that the central region within the
premelting film will exhibit shearing similar to that observed in
bulk undercooled water. As a hint, we notice that the viscosity
predicted from the Stokes–Einstein relation ηSE = kBT /6πD‖a,
with a = 0.155 nm describing the molecular radius of a water
molecule, provides an order of magnitude approximation to
the viscosity of undercooled water calculated independently at
T = 262 K and p = 1 atm from bulk simulations (Fig. 2F).

In practice, sliding occurs at contact with surface asperities,
and the pressure on the contact zone can well reach several
hundred atmospheres (9, 12, 13, 15, 23, 24). However, increasing
pressure drives ice closer to the melting line. Therefore, the
thickness of the premelting film is expected to increase. We
confirm this by compressing our confined ice slabs and estimating
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Fig. 3. Increasing equilibrium premelting thickness by compression. Results
display the equilibrium interfacial premelting thickness as a function of
pressure for different substrates at T = 262 K. Blue circles: � = 120◦; green
squares: � = 107◦; orange triangles: � = 91◦; red triangles: � = 50◦. The
hashed region displays the estimated melting pressure for the model.

the equilibrium film thickness as heq = 0w/ρw, with 0w, the
number of liquid-like molecules per unit surface, and ρw, the
bulk liquid density. The results of Fig. 3 show that, independent
of the substrate quality, the interfacially premelted films increase
their thickness under compression, showing that pressure melting
and interfacial premelting are inextricably entangled (16, 18).

As a result of this surface-pressure melting, the diffusion
coefficient and the corresponding Stokes–Einstein viscosity of the
films approach bulk-like conditions as illustrated in SI Appendix,
Fig. S5 and Fig. 2F for interfacially premelted films compressed
at a pressure of p = 600 atm.

In order to check how bulk like is the sliding hydrodynamics
of a quasi-liquid layer barely one nanometer thick, we study
the shear response of the premelting film upon sliding the wall
with a constant lateral velocity U = 5 m/s at T = 262 K and
p = 1 atm for a period of 10 ns (Fig. 2 A–D). Similar calculations
are performed for p = 600 atm (SI Appendix, Fig. S6) and p =
1 atm in the temperature range 230–266 K (SI Appendix, Figs. S3
and S7).

Averaging the velocity components in the x direction parallel
to the slider, we obtain the hydrodynamic flow profile u(z) as
a function of the perpendicular distance to the wall. For the
hydrophobic wall (Fig. 2A), u(z) is hardly distinguishable from
thermal motion (28). It appears as a noisy curve with very small
positive velocity that hardly attains 10% of the total wall velocity.
However, as the wall hydrophilicity begins to increase (Fig. 2 B–
D), a roughly linear flow profile appears that strongly resembles
expectations from a model of simple Couette flow with partial
slip (2, 28, 38, 47, 48). By visual inspection, we can define
σ1 as the position close to the wall adsorption peak where the
approximately linear flow profile attains its maximal velocity,
us = u(z = σ1). Similarly, we define σ2, close to the ice
adsorption peak, where the extrapolated flow profile vanishes,
u(z = σ2) = 0 (SI Appendix, Fig. S8 and Tables S1 and S2).
Interestingly, we find that σ2 is at about one molecular diameter
away from the first ice bilayer, in agreement with reports of a
small negative slip length for water flow past bulk ice (49).

If the hydrodynamics of the premelting film follows a model
of Couette flow, we expect that the shear stress, τ , should obey
τ = η us

dC (2, 3, 48), where us is the slip velocity, us = u(z = σ1),
dC is the thickness of the region where the actual Couette flow

takes place, and η is the bulk viscosity. To check this, we calculate
the effective hydrodynamic viscosity as ηH = τdC/us, with τ
measured from the force exerted by the wall on the premelting
film, dC = σ2 − σ1, and us estimated by visual inspection of the
flow profile. The results for ηH are shown in Fig. 2F and appear
barely 10% above the viscosity of bulk water. Alternatively, we
can assume that the premelting film behaves as bulk water and
obtain a hydrodynamic film thickness as dH = ηus/τ , with η
being the bulk viscosity (38). We checked that the value thus
obtained agrees within ±0.3 nm with the estimated Couette
thickness, dC . Now, using dH , and us, we can obtain a synthetic
Couette flow profile under the assumption that u(z) = us at
z = σ1 and vanishes at z = σ1 + dH . The resulting model is
displayed in Fig. 2 A–D together with the actual velocity profiles
measured in the simulations. A qualitative agreement is obvious
for substrates θ = 107◦ and θ = 91◦ and is almost as good
as a linear regression for the hydrophilic substrate with θ =
50◦ (similar good agreement is found also for p = 600 atm,
SI Appendix, Fig. S6 and T = 266 K, SI Appendix, Figs. S3 and
S7). As a rule of thumb, we see that the Couette flow is established
between the wall and ice adsorption layers of liquid-like water, so
that the location of the hydrodynamic boundary conditions may
be inferred with little cost from equilibrium simulations.

Put together, our results strongly support that the shear force
of the slider on thin premelting films hardly one nanometer
thick may be described approximately by a very simple model of
Couette flow with slip:

τ =
ηU

hH + b
, [1]

where hH = σ1 + dH is the hydrodynamic film thickness, b
is a slip length and η is an effective viscosity similar to the
viscosity of undercooled bulk water (SI Appendix, Fig. S8).
We test the consistency of the model by performing additional
simulations at a smaller sliding velocity U = 0.5 m/s and find
that the calculated shear force is about 10 times smaller than
that measured at U = 5 m/s, consistent with Eq. 1 (SI Appendix,
Table S3).

We can estimate a Couette slip length bC for use in Eq. 1
directly from visual inspection of the velocity profile of Fig. 2 A–
D, noticing that U/(dC +σ1 +bC ) = us/dC . A figure of the slip
length as a function of wall strength illustrates the large difference
of frictional behavior. For θ = 120◦, bc is about five times larger
than the actual film thickness, consistent with observations of
giant slip lengths in confined undercooled water and water at
hydrophobic substrates (26, 30). As the wall strength increases,
however, the slip length decreases fast and becomes negative for
hydrophilic walls, illustrating a large impact of wall interactions
on the early stages of ice friction (Fig. 4).

To further check the consistency of the model, we can invoke
the Navier slip boundary condition, which assumes a shear stress
proportional to the velocity drop at the hydrodynamic boundary,
i.e., τ = λ(U − us), where λ = η/b is the interfacial friction
coefficient (27, 28, 38, 48). Combining these equations, we
estimate a hydrodynamic slip length bH = (U−us)η/τ by using
the shear stress obtained in the simulations, us from the velocity
profile, and η the viscosity of bulk water. The results in Fig. 4
show remarkable good agreement with the Couette slip length
measured previously and attest to the accuracy of Eq. 1 as a valid
model for the shear stress of atomically smooth sliders on ice.

Since increasing the temperature or pressure increases the
equilibrium film thickness, Eq. 1 is expected to hold everywhere
above T = 262 K and p = 1 atm. At lower temperature, however,

4 of 7 https://doi.org/10.1073/pnas.2209545119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 U
N

IV
E

R
SI

D
A

D
 C

O
M

PL
U

T
E

N
SE

 D
E

 M
A

D
R

ID
 B

IB
L

IO
T

E
C

A
 o

n 
N

ov
em

be
r 

29
, 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

14
7.

96
.2

03
.1

97
.

https://www.pnas.org/doi/10.1073/pnas.2209545119#supplementary-materials
https://www.pnas.org/doi/10.1073/pnas.2209545119#supplementary-materials
https://www.pnas.org/doi/10.1073/pnas.2209545119#supplementary-materials
https://www.pnas.org/doi/10.1073/pnas.2209545119#supplementary-materials
https://www.pnas.org/doi/10.1073/pnas.2209545119#supplementary-materials
https://www.pnas.org/doi/10.1073/pnas.2209545119#supplementary-materials
https://www.pnas.org/doi/10.1073/pnas.2209545119#supplementary-materials
https://www.pnas.org/doi/10.1073/pnas.2209545119#supplementary-materials
https://www.pnas.org/doi/10.1073/pnas.2209545119#supplementary-materials
https://www.pnas.org/doi/10.1073/pnas.2209545119#supplementary-materials
https://www.pnas.org/doi/10.1073/pnas.2209545119#supplementary-materials
https://www.pnas.org/doi/10.1073/pnas.2209545119#supplementary-materials
https://www.pnas.org/doi/10.1073/pnas.2209545119#supplementary-materials


Fig. 4. Slip and stick boundary conditions of premelted films. As wall
hydrophilicity increases, the premelting film dynamics evolves from large
to negative slip. Blue circles are Couette slip lengths, with bC estimated from
the average flow profile. Green diamonds are hydrodynamic slip lengths, with
bH calculated from the shear force.

SI Appendix, Figs. S3 and S4 show that the premelting films
consist of at most two adsorption layers and no quasi-bulk
region at all. This drives the system fully into the boundary
friction regime. Surprisingly, the ice surface remains slippery for
both hydrophobic and hydrophilic sliders. Indeed, using our
results for the shear stress from the nonequilibrium simulations
(SI Appendix, Tables S3 and S4), and indentation hardness results
for the applied load (13), we find order of magnitude agreement
with experimental friction coefficients in all the temperature
range studied (SI Appendix, Text and Fig. S9). The origin of
the small friction coefficients varies greatly with hydrophilicity,
however. In the case of hydrophobic sliders, the diffusion
coefficient of the adsorption layer remains always larger than
the bulk diffusion coefficient (Fig. 2E) and allows for a very
large slip (SI Appendix, Figs. S1 and S2), as suggested in ref. 12.
For hydrophilic sliders, on the contrary, shear is sufficiently
large to melt one full bilayer in barely 0.5 ns due to frictional
heating. As a result, an equilibrium premelting film consisting
of one single adsorption layer attains nanometer thickness in
less than 5 ns (SI Appendix, Fig. S1 and Movie S3). Therefore,
hydrophilic sliders develop a layer that is sufficiently thick to
achieve lubrication, even at low temperature. This is visible in the
close-to-linear velocity profiles observed in SI Appendix, Fig. S7.
However, for a nanometer-thick film at the large sliding speeds
U = 5 m/s that we study, the shear rate γ̇ = U/d attains
the scale of 5 · 109 s−1. Above 262 K, this is still small, and
the lubrication layer exhibits Newtonian flow. However, as the
temperature decreases, this becomes well above the threshold
of non-Newtonian flow (50). Indeed, from the velocity profiles
of Fig. S7, we find hydrodynamic viscosities that become up
to two orders of magnitude smaller than the bulk viscosity
at T = 230 K. The shear rate-dependent viscosities so obtained
roughly follow the Eyring model of shear thinning (SI Appendix,
Text and Fig. S10). Interestingly, the hydrophilic sliders at low
temperature display a small elastic deformation (Movie S3), but
this accounts only for a few percent of the total shear stress
(SI Appendix, Text).

Discussion

In practice, ice friction is a multiscale problem, and both the slider
and ice are atomically rough (4, 51). As a result, it is thought that

most of the slider’s load is supported locally in high-pressure zones
(9, 12, 13, 15, 23, 24). In conventional applications, low-viscosity
liquids such as water behave as very poor lubricants because the
large pressure between asperities squeezes out the lubrication film,
resulting in bare contact friction (2, 3, 13, 15, 23). This argument
was used recently by Canale et al. (14) and Bonn et al. (12, 13)
to put into question the role of premelting-mediated lubrication
in ice friction. Our results show that ice does not behave as an
ordinary inert substrate. Increasing the pressure drives it closer
to the melting line and leads to an increase of the equilibrium
premelting thickness (Fig. 3). Of course, a high contact pressure
will conspire to squeeze out the lubrication film (52). By Le
Chatelier’s principle, however, ice will melt in order to restore
the equilibrium thickness (16, 18, 53). Due to this self-healing
property of the premelting film, we expect that lubrication will
be enhanced at high pressure.

Based on these considerations, and the model of Eq. 1, we find
that the friction coefficient of an atomically smooth region on
the ice/slider system should obey µf = η(γ̇ )U

(hH+b)p , where p is the
pressure of the high-pressure zone (23, 24).

At T = 262 K, moderate sliding speeds of the order of
mm/s, assumed film thicknesses of ca. 1 nm and zero slip, this
gives already small friction coefficients at a pressure of one atm,
ca. µf = 0.1. Considering instead that the sliding contact is
exercised at the indentation hardness limit of ca. p = 100–
1000 atm (11–13, 24), we obtain friction coefficients two to
three orders of magnitude smaller. Increasing the sliding velocity
to the m/s range yields higher estimates of order µf ≈ 1, well
away from experimental measurements. However, at such ranges,
friction inputs heat at a large rate of ηU 2/(hH + b) ca. 35–200
MJ/m2 s, which is sufficient to melt roughly one full bilayer in
the scale of nanoseconds. Unless heat is dissipated within the
slider at a very fast rate, this will result in a large increase of the
film thickness within a few hundred nanoseconds, as assumed
tacitly in current theories of frictional heating (23, 24). Indeed,
we can see in our 10 ns sliding simulations clear evidence of
bilayer melting at temperatures as low as 230 K, despite the use
of a thermostat (Movie S3).

Our model is also consistent with the temperature dependence
observed for the friction coefficient (9–13). For hydrophobic
walls at low temperature, the slip length becomes very large
(30), and the lubrication model with slip yields µf = λU/p,
where λ is the interfacial friction (48). For undercooled water,
λ(T ) follows an anti-Arrhenius behavior (30) that is consistent
with a large increase of µf with decreasing temperature (10–13).
The result µf = λU/p also explains the velocity strengthening
observed for the friction coefficient at slow velocities (11, 13, 54).
At larger sliding velocities, shear thinning becomes significant.
This leads to a friction coefficient with a weaker, logarithmic
dependence on the sliding speed, µf ∝ ln(U )/p (SI Appendix,
Text). When the pressure is equated to the indentation hardness,
which increases faster than ln(U ) (13), this results in the velocity
weakening of the friction coefficient found in experiments
(9–11, 13, 54).

Overall, we find that our results lend strong support to the
hypothesis of lubricated ice friction that has been put into
question in recent experiments based on millimeter scale probes
(12–14). Contrary to findings by Canale et al. (14), for corrugated
probes, our results suggest that at atomically smooth contacts, the
effective viscosity η is a meaningful and well-defined parameter,
on the order of the bulk viscosity, which exhibits shear thinning
at low temperature. Unlike suggestions by Weber et al. (12), the
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dependence of ice friction on the substrate’s slip length b shows
that the sliding dynamics cannot be generally correlated with the
properties of premelting films at the ice/vapor interface, except
for highly hydrophobic sliders.

We emphasize, however that our results describe the frictional
behavior at atomically smooth contacts. At a larger scale, both
the slider and ice exhibit microscale roughness, and the total
load of the slider is supported by a small amount of asperities.
Accordingly, the friction coefficient is not only given by the shear
at the smooth contacts but also by the indentation hardness
of ice, which sets the fractional area supporting the slider’s
load (11–13, 24). At a larger scale, the formation of a slurry
of water and ice could result in a very complex viscoelastic
response (14, 15).

In summary, we have shown that a very small extent of
interfacial premelting in ice provides a lubricating quasi-liquid
layer that can be described close to quantitatively by a model
of bulk Couette flow with slip. The premelted layer can further
grow by compression and frictional heating. Our results reconcile
the long-standing controversy on the origin of ice slipperiness
and show that equilibrium premelting, pressure melting, and
frictional heating operate simultaneously.

Materials and Methods

Computer Simulations. Molecular dynamics simulations in the NpzAT ensem-
ble were performed using LAMMPS (55). Trajectories were evolved with the
velocity-Verlet algorithm, with a time step of 2 fs. Bonds and bond angles were
constrained by the use of the SHAKE algorithm. The temperature was set using the
velocity rescale algorithm with damping factorτ = 0.2 ps (56). The pressure was
set by applying a constant normal force Fz = ±pzA/Nw directed in the direction

of bulk ice on each of the Nw wall atoms (29, 30, 38). This avoids perturbation
of the dynamics that is usual in conventional barostats. To prevent strain effects
in the parallel direction, the lattice parameters are set to the equilibrium value
at pressure pz . Shear was imposed on ice by moving the walls tangentially in
the x direction at a constant sliding speed (with opposite direction on each
wall) (2, 32, 38, 48). All Lennard-Jones interactions were truncated beyond
1 nm. Electrostatic interactions were evaluated with a particle–particle particle–
mesh solver. The charge structure factors were evaluated with a grid spacing
of 1 Å and a fourth-order interpolation scheme. It resulted in 36 × 32 × 120
(72× 64× 120 during Couette flow simulations) vectors in the x, y, z reciprocal
directions, respectively. In the nonequilibrium simulations, equilibrated bulk
systems were replicated by a factor of two on each of the parallel directions to
gather sufficient statistics for the flow profile, and the thermostat was set only
in the directions perpendicular to the flow, using a damping factor τ = 1 ps.
Shear was imposed on ice by moving the walls tangentially in the x direction
at a constant sliding speed for 10 ns (with opposite direction on each wall).
The averages were collected over 10 independent runs. Further details on the
simulation setup and analysis may be found in SI Appendix, Methods and Figs.
S11–S15.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix.
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