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Understanding ice adhesion and detachment from solid surfaces is
essential for the rational design of effective icephobic coatings.
In this study, we present a peculiar regime of ice sliding on surfaces
with a roughness in the nanometer range, demonstrating that
sliding can be consistently observed on various surfaces, including
glass and polysaccharide-based monolayer coatings. Such sliding
can be interpreted as the macroscopic manifestation of an inter-
facial layer, often referred to as quasi-liquid layer or pre-molten
layer. To test the hypothesis, ice sliding experiments were con-
ducted at different pushing speeds, roughness values and tempera-
tures, on bare and coated glass, providing information on the
nanoscale surface properties and behavior of ice at the interface.
As such, we pave the way to the rational design of nanoscale-
smooth surfaces and materials, that take advantage of interfacial
quasi-liquid layer to reduce ice adhesion. Also, polysaccharides are
non-toxic and biodegradable, properties that make them suitable as
sustainable environmental-friendly coatings.

1. Introduction

Ice formation and accretion on solid surfaces, such as wind
turbines, solar panels and aircrafts," has a major impact on
system operation and human safety. Tackling the problem
requires a correct understanding of ice adhesion on surfaces,
which can help to design different classes of materials to
mitigate icing.> The most investigated are hydrophobic
surfaces,”” with the underlying assumption that hydrophobi-
city may promote icephobicity, even if this does not always
apply.®* ™ On the opposite side of the wetting spectrum, hydro-
philic surfaces are also attracting attention to control ice
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New concepts

Understanding the behaviour of ice on solid surfaces is relevant both
from a fundamental perspective and for the rational design of icephobic
materials and surfaces. One of the major debated questions is the
existence of a quasi-liquid layer at the ice-solid substrate interface,
similarly to the one observed at ice-air interfaces. In this study we
investigate ice sliding on nano-scale smooth surfaces, identify the depen-
dence of the mechanism upon temperature and discuss how these results
can be interpreted as a macroscopic manifestation of the interface ice
properties, providing indirect evidence of a quasi-liquid layer at the ice-
solid substrate interface. Specifically, tuning nano-scale roughness allows
an estimation of the quasi-ligiud layer as function of temperature.
Specifically, we demonstrate ice sliding on polysaccharide transparent
nanofilms, namely hyaluronic acid and chitosan. As such, we pave the
way to the rational design of nanoscale-smooth materials and surfaces,
that take advantage of interfacial quasi-liquid layer to reduce ice adhe-
sion. Also, polysaccharides are non-toxic and biodegradable, properties
that make them suitable as sustainable environmental-friendly coatings.

adhesion.***®

In this case, it has been suggested that the strong
interactions, such as hydrogen bonds (H-bonds), between a
hydrophilic surface and water molecules can influence ice
properties at the interface.'” Indeed, both calculations and
experimental tests performed by X-ray diffraction and absorp-
tion, or ellipsometry,'® customized attenuated total reflectance
(ATR) techniques™ and laser confocal microscopy combined
with differential interference contrast microscopy (LCM-DIM)*°
confirm the formation of a quasi-liquid layer (QLL), also called
pre-molten layer, on free surfaces,'®>" including the surface of
ice.?”2?2% On the ice surface, the QLL is a state of water 20
to 200 times more viscous than liquid water,”® with a thick-
ness in the nanometer range that decreases with decreasing
temperature.®**® In the case of ice-solid interfaces, the
presence of such QLL would affect ice adhesion, in particular
promoting ice sliding and easy removal, especially when sur-
face roughness is of the same order of magnitude.>® The
experimental investigation of the QLL on ice-solid interfaces
is very challenging when in presence of high amounts of water
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at relatively high temperatures. By experimental techniques
such as scanning tunneling microscopy (STM) or scanning
probe microscopy (SPM) in combination with X-ray photoelec-
tron spectroscopy, it has only been possible to characterize
monolayer water structures on metal oxides at temperatures
around —200 °C. Currently, there are no experimental techni-
ques available to estimate the QLL thickness at ice-solid
interfaces. However, controlling QLL characteristics to promote
sliding would be scientifically intriguing and desirable for
icephobicity applications.

In this study, we systematically investigated ice adhesion on
smooth surfaces (including glass and polysaccharide mono-
layer coatings), where the occurrence of peculiar regimes of ice
sliding provides the macroscopic manifestation of the existence
of an interfacial layer of quasi-liquid water. Glass was first
investigated by varying levels of roughness and temperature, to
define in which conditions sliding occurs. Then, polysac-
charides were used to further tune the amount of water
adsorbed on glass, grafting polysaccharide monolayers through
the nitrene-generating, adhesion-promotion polymer, AziGrip4™.>
Among hydrophilic substances, polysaccharides were chosen
for several reasons: (i) due to the presence of several hydro-
philic groups (i.e. hydroxyl moieties), they are able to interact
with many water molecules and to structure water in different
water states'’ possibly favoring the formation of a QLL on
polysaccharide-based materials; (ii) each polysaccharide can
establish different interactions with water depending on its
chemical structure, altering the water states at the interface;
(iii) polysaccharides have been already studied to fabricate
surfaces with reduced ice adhesion,**** and a QLL** has been
postulated; (iv) polysaccharides are non-toxic and biodegrad-
able, making them suitable as possible coatings in real
applications.”” Sliding experiments conducted at different
pushing speeds, roughness values and temperatures helped
to confirm nanoscale surface properties and behavior of ice at
the interface.

2. Results and discussion

Our investigation began with the study of ice detachment
behavior on glass by varying different parameters and conditions.
Ice adhesion measurements were performed on a custom-built
horizontal push test instrument® (Fig. 1(a)), that allows to record
the applied force over time. From the force vs. time curves, ice
adhesion strength (t) can be derived as t = F/A, where F is the
maximum force recorded, and A is the contact area between the
ice block and the sample. Additional details can be found in
materials and methods section.

Two different detachment behaviors were identified by
performing ice adhesion tests on the samples. The first one
was the instantaneous, brittle detachment of ice from the
sample. In this case, the recorded force increased linearly with
time after the force probe came into contact with ice, and then
suddenly decreased to zero when the ice block detached from
the surface (Fig. 1(b)). This detachment behavior is the most
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Fig. 1 (a) Schematic representation of the custom-built horizontal shear
test setup used to perform ice adhesion measurements (side and top view).
Schematic force vs. time curves of ice adhesion measurements. Identifi-
cation of two types of ice detachment regimes: (b) brittle detachment and
(c) sliding.

commonly observed regime, typical of hard materials such as
metallic surfaces.>® The second detachment behavior was ice
sliding on the sample. In this case, after a small initial linear
increase in force over time, a plateau was reached, which
corresponds to the force needed to slide the ice block on
the sample surface (Fig. 1(c)); detachment did not occur. This
behavior has been rarely observed only on silica-based
substrates,?*® or on lubricated soft materials.®”

For explaining the occurrence of ice sliding, three hypo-
theses can in principle be considered: (i) the presence of a
liquid lubricating layer, (ii) a solid-solid interaction, with
continuous ice-substrate attachment and detachment, and
(iii) an intermediate behavior, where the ice close to the inter-
face displays liquid-solid (plastic) behavior, i.e. in the presence
of the so called QLL. As such, a systematic study was conducted,
in which the pushing speed, surface roughness and the surface
temperature were changed, thereby validating one of the three
hypotheses.

The effect of pushing speed was investigated on standard
microscope glass slides (see Fig. S1 in SI). At —6 °C from
0.005 mm s ' up to 0.08 mm s, the sliding of ice on glass
was always observed at T ~400 kPa, while at 0.16 mm s " brittle
detachment of the ice block occurred at t = 705 + 64 kPa.
Similarly, at —9 °C, sliding was observed from 0.005 mm s~ " up
to 0.04 mm s ' at t ~700 kPa, while brittle detachment
happened instead at t = 1002 £ 36 kPa at a pushing speed of
0.08 mm s~ . The results show that, in the ice sliding regime,
there is no statistically significant dependence of 7 on the
pushing speed; T only depends on temperature, even for push-
ing speed varying by one order of magnitude. This provides
evidence against the hypothesis of pure liquid lubrication.
Indeed, one may consider that for a shear rate y = V/h =~
1072 mm s /10 nm = 10® s}, where V is the speed and # the
lubricant thickness, an effective viscosity could be estimated of
the order of uqiy, = /7 = 10* Pa s. However, for a Newtonian
fluid the force would scale linearly with velocity as F oc pqriV/A,
while our experiments clearly show that the force is constant

This journal is © The Royal Society of Chemistry 2026
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with increasing velocity. As such, the above scaling would be
preserved only if £ scaled with velocity, increasing by an order
of magnitude, which is unlikely. Among non-Newtonian fluids,
yield-like fluids show a yield strength, t = 7, + C}™, where 1,
is the yield stress, C is a material constant, y is the shear rate,
and m # 0 is the sensitivity index. Our data would indicate that
m = 0, behavior characteristically different from other yield-like
fluids.

Also, sliding is observed up to a maximum speed of
0.08 mm s~ at —6 °C or 0.04 mm s~ ' at —9 °C, above which
brittle detachment is observed. As such, from preliminary
analysis on glass, the first hypothesis of lubricant liquid layer
can be excluded.

2.1. Effect of surface roughness

Glass slides characterized by different surface roughness values
were prepared (see materials and methods section for more
details regarding preparation procedure) and tested to assess
the ice detachment behavior. The chosen surfaces have rough-
ness, S;, ~1 nm (the same standard microscope glass slides
used to study the effect of pushing speed; Fig. 2(a)), ~6 nm
(Fig. 2(b)), ~7 nm (Fig. 2(c)) and ~16 nm (Fig. 2(d)).
By performing ice adhesion tests it was observed that, by
increasing the roughness from ~1 nm to ~16 nm, an increase
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in ice adhesion strength occurred from ~400 kPa to ~700 kPa
at the highest temperature (—6 °C), and from ~800 kPa to
~2000 kPa at the lowest temperature (—15 °C) (Fig. 2(e)).
In general, by increasing roughness, higher ice adhesion
strength values were recorded in the whole temperature range,
and a steeper increase in v was observed for the roughest
samples. In addition, for each roughness, a change in the ice
detachment regime was observed at different temperatures: at
—6 °C ice slides at each roughness (closed symbols, Fig. 2(e)),
whereas at —15 °C brittle detachment occurred instead (open
symbols, Fig. 2(e)). At intermediate temperatures (—9 °C and
—12 °C), mixed behavior was observed (half symbols, Fig. 2(e)).
The transition temperature from sliding to brittle detachment
increased at higher roughness.

In the hypothesis of a solid-solid interaction with continuous
ice-substrate attachment and detachment, we would expect a
consistent increase in ice adhesion strength at increased rough-
ness across all temperatures, because of the increased ice-
substrate effective contact area. However, the dependence on
roughness is not consistent, as three out of four samples exhibited
the same ice adhesion strength at —6 °C, and different values at
lower temperatures: this trend cannot be explained using the
second hypothesis of a solid-solid interaction with continuous
ice-substrate attachment and detachment.
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Fig. 2 AFM measurements (scale bar = 500 nm) and mean roughness (S,, average of three measurements) of glass substrates with different roughness:
(@) ~1nm, (b) ~6 nm, (c) ~7 nm and (d) ~16 nm. (e) Ice adhesion strength on glass with different roughness: ~1 nm (grey line), ~6 nm (fuchsia line),
~7 nm (purple line) and ~16 nm (blue line), at —6, —9, —12 and —15 °C; open symbols indicate brittle detachment, while half symbols indicate a mixed
behavior. Ice adhesion strength was calculated as F/A (where F is the maximum force of the curve and A the contact area between ice and sample) for
both sliding and brittle detachment (average of three measurements). (f) Schematic representation of the dependence of the detachment regime on
roughness and QLL: when the QLL thickness is greater than the roughness ice slides on glass (top); when the QLL thickness and roughness are
comparable, a mixed behavior is observed (middle); when the QLL thickness is below the roughness level, brittle detachment happens (bottom).
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Alternatively, the presence of a QLL can explain why ice
adhesion strength and detachment behavior vary according to
surface roughness and temperature. According to this hypoth-
esis, sliding can happen only if the QLL thickness exceeds the
morphological features generated by roughness (Fig. 2(f)).*
Thus, when the thickness of the QLL exceeds the roughness,
sliding is observed. In contrast, when the QLL thickness is
smaller than the roughness, brittle detachment occurs, due to
mechanical interlocking between the ice and surface roughness
features.

Based on the experimental data presented above, it is
possible to infer the QLL thickness at different temperatures,
considering that the QLL thickness reduces by reducing
temperature.'® At —6 °C, ice slides at all roughness values up
to S, ~16 nm, suggesting a QLL thickness >16 nm. At —9 and
—12 °C, we observed ice sliding on all surfaces with roughness
values up to S, ~7 and 16 nm, where an intermediate behavior
occurs. As such, at these temperatures we can infer a QLL
thickness in the range between 7 and 16 nm. At —15 °C, since
no sliding is observed even on the smoothest sample, the QLL
thickness is <1 nm. This trend is in good agreement with
experimental studies performed with glancing-angle X-ray
scattering.*’

Therefore, the dependence of T upon temperature can be
interpreted as a macroscopic manifestation of the interface ice
properties. These results are in agreement with recent studies*’
that investigated ice sliding by molecular dynamic (MD) simu-
lations and identified that heat and pressure do not cause
melting. Instead, it has been reported that a displacement-
driven amorphization occurs, which becomes more significant
at temperatures near 0 °C. This mechanism is explained by
structural breakdown and plastic deformations happening
during sliding, which can fall under the third hypothesis stated
above. It has been reported that temperature can affect two QLL
properties: viscosity and thickness. By reducing the tempera-
ture, an increase in equivalent viscosity makes sliding more
difficult. This is also in agreement with the definition of
QLL,”>*® which is more viscous than liquid water*® due to
stronger H-bonds.>* Moreover, since the QLL thickness decreases
upon temperature reduction,'®?*2%! the force needed for sliding
increases, leading to a gradual increase of 7 and finally to a brittle
detachment instead of sliding.*®

2.2. Effect of surface chemistry

For evaluating the effect on surface chemistry on ice adhesion,
we coated standard microscope glass slides with S, ~1 nm,
corresponding to the samples that displayed the best perfor-
mance during the previous investigations. Two types of poly-
saccharides were chosen to tune the surface chemistry because
of their water-binding properties, which make them good
candidates for increasing water-substrate interactions. Thin
films were deposited ensuring a good morphological conforma-
tion of the coating with the substrate in terms of roughness.
Polysaccharide monolayers were obtained as shown in
Fig. 3(a)-(f), using the adhesion-promotion polymer, AziGrip4™,
to link the polysaccharide chains to the glass substrate.
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Fig. 3 (a) Schematic representation of the polysaccharide monolayers
preparation: (a) glass slide already functionalized with the adhesion pro-
moter; (b) drop casting of polysaccharide solution; (c) solvent evaporation;
these three steps were performed in darkness, to avoid adhesion promoter
degradation; (d) UV-C curing; (e) washing with solvent and distilled water
to remove excess of polysaccharide; (f) monolayer ready for testing.
(g) Picture of a glass slide only partially covered with a chitosan monolayer,
showing its complete transparency. (h) XPS spectra of F 1s region confirm
the successful polysaccharide layers deposition with the attenuation of
fluorine signal from underlaying adhesion promoter. (i) Water advancing
contact angles of glass (grey column), glass functionalized with the
adhesion promoter (AP, light blue column), hyaluronic acid monolayer
(HAM, orange column) and chitosan monolayer (ChM, yellow column)
(average of four measurements); receding contact angles always <10°
(not shown for simplicity). (j) AFM measurements (scale bar = 500 nm) and
mean roughness (S,, average of three measurements) of glass, hyaluronic
acid monolayer (HAM) and chitosan monolayer (ChM). Adhesion promoter
(AP) coated sample roughness is the same as glass.

This adhesion promoter contains a polymer backbone composed
of repeating aliphatic amine units grafted with fluorinated phenyl
rings containing azide groups, inducing covalent bonds with the
polysaccharide via C-H and/or N-H insertion reactions that are
activated by either UV-light or temperature to form highly reactive

This journal is © The Royal Society of Chemistry 2026
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nitrene groups.®*** The obtained polysaccharide monolayers were
visually transparent (Fig. 3(g)). See materials and methods section
for more details regarding samples preparation.

X-ray photoelectron spectroscopy (XPS) measurements con-
firmed the presence of the adhesion promoter on glass (AP) as
well as the successful deposition of hyaluronic acid and chit-
osan grafted layers (Fig. 3(h)). The characteristic fluorine signal
in F 1s region originating from the adhesion promoter is clearly
visible on the pretreated glass samples. Upon deposition of the
polysaccharide layers, the fluorine signal was completely atte-
nuated, indicating full coverage of the promoter layer (see also
Fig. S2(a) in SI for C 1s spectra). The thickness of the poly-
saccharide layers, namely hyaluronic acid monolayers (HAM)
and chitosan monolayers (ChM), was also estimated to be less
than 10 nm (Fig. S2(b) in SI). Since the probe depth of XPS is
maximum ~ 10 nm and in our data we can still observe the Si
2s and 2p signals, which are located at the lowest part of the
coating system, we can conclude that the coating is less than
10 nm thick. The fact that this type of approach results in a
single polymer layer has been already described in the paper of
Serano et al.®® for other polymers and a similar adhesion
promoting system.

Advancing contact angles of the four samples were also
significantly different from each other (Fig. 3(i) and Fig. S3 in
SI), confirming effective surface modification. HAM (advancing
contact angle, 0, = 12°) were the most hydrophilic samples,
while ChM were the most hydrophobic (0, = 89°). As a refer-
ence, glass (0, = 48°) and glass covered by the adhesion
promoter (AP, 0, = 66°) exhibited intermediate wetting beha-
vior, with AP slightly more hydrophobic due to the presence of
fluorine atoms, known for their hydrophobicity.***> Receding
contact angles were comparable, being lower than 10° for all
samples (Fig. S3 in SI). Atomic force macroscopy (AFM) mea-
surements confirmed that roughness of the glass substrate was
not significantly altered by the polysaccharide coatings
(Fig. 3(j); AP roughness (not shown) was the same as glass*?).
A slight increase in S, is observed in the case of ChM (1.3 nm +
0.2 nm), while a small decrease is visible in the case of HAM
(0.39 nm =+ 0.04 nm) in comparison to AP and glass (0.7 nm +
0.2 nm).

The coated samples were then tested for ice adhesion at
different temperatures, to evaluate the influence of surface
chemistry. Fig. 4 shows the results obtained by performing
ice adhesion tests on glass, AP, HAM and ChM at different
temperatures, namely —6 (Fig. 4(a)), —9 (Fig. 4(b)), —12
(Fig. 4(c)) and —15 °C (Fig. 4(d)). For these tests, the pushing
speed was set at 0.01 mm s . Over the whole temperature
range, glass and AP displayed similar behaviors (see also
Fig. 4(e)): ice sliding was observed down to —12 °C, but brittle
detachment occured at —15 °C, in agreement with previous
results.” For polysaccharides, chitosan exhibited the largest ice
sliding force at —6 °C (Fig. 4(a)), and at —9 °C brittle detach-
ment was observed. For this reason, no further tests were
performed for chitosan at lower temperatures. Differently,
hyaluronic acid was found to significantly reduce the ice
adhesion strength of bare glass at —6 °C, with corresponding

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Representative force profiles recorded during ice adhesion mea-
surements at (a) —6 °C, (b) =9 °C, (c) —12 °C and (d) —15 °C, for glass (grey
line), glass functionalized with the adhesion promoter (light blue line),
hyaluronic acid monolayer (orange line) and chitosan monolayer (yellow
line). Pushing speed = 0.01 mm s, (e) Ice adhesion strength on glass (grey
line), glass coated with the adhesion promoter (AP; light blue line),
hyaluronic acid monolayer (HAM; orange line) and chitosan monolayer
(ChM; yellow line), at —6, —9, —12 and —15 °C; closed symbols indicate
sliding while open symbols brittle detachment. Ice adhesion strength was
calculated as F/A (where F is the maximum force of the curve and A the
contact area between ice and sample) for both sliding and brittle detach-
ment (average of four measurements).

T =79 + 40 kPa. However, at the lowest tested temperature
(—12 and —15 °C), the HAM performance was worse than that
of glass, suggesting a higher impact of temperature on HAM
with respect to glass.

To explain these trends, we refer to the above-mentioned
dependence of the QLL on the surfaces’ wetting properties: an
increase in hydrophilicity increases QLL thickness due to the
establishment of stronger intermolecular interactions between
water and surface, reducing 7.*" Also in the case of coated
substrates, our results agree with these observations. Down to
—9 °C (Fig. 4(e)), the roughest and most hydrophobic sample
(ChM) showed the highest 7, whereas the smoothest and most
hydrophilic material (HAM, see also Fig. 4(e)), showed the
lowest 7. In the case of smoothest samples (glass, AP and
HAM), we observe a regime transition to brittle detachment
at —15 °C, resulting in a QLL estimated thickness <1 nm.
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In the case of ChM, we speculate that, due to increase in
hydrophobicity, the QLL thickness shrinks to <1 nm at higher
temperatures, already at —9 °C.

We have also verified that differences in molecular weight
do not significantly influence ice adhesion in the case of
chitosan (see Fig. S4 in SI for a comparison between two
chitosan coatings, with low and high molecular weight, showing
comparable results).

To evaluate the durability of the polysaccharide coatings, we
repeated multiple ice adhesion measurements on the same
sample (Fig. S5) and confirmed by XPS the persistence of the
coating (Fig. S1(a)).

Interestingly, polysaccharide monolayers showed stronger
variations in 7 as function of temperature compared to pristine
glass and AP (Fig. 4(e)). This behavior may suggest a strong
influence of the coating chemistry on QLL characteristics. Both
polysaccharides and glass surfaces bear hydroxyl groups able to
establish H-bonds with water molecules. However, the presence
of long polysaccharide chains greatly increases the number of
hydroxyl groups available to interact with water, especially for
hydrophilic hyaluronic acid (see contact angles, Fig. 3(i)). While
specific MD simulations would be prohibitive due to the high
computational resources required for the high molecular
weight polysaccharides tested here, speculative hypothesis
can be brought into the discussion. Hyaluronic acid is known
for its lubricating properties and ability to bind many water
molecules,*®*” thanks to its flexible conformation*® combined
with favorable functional groups orientation for H-bonds.
If compared to the rigid surface of glass, the increased flexi-
bility of the OH interface can likely arrange an increased
number of H-bonds geometrically oriented for maximizing
proton donor and proton acceptor alignment.*®*° Moreover,
hyaluronic acid was found to act as a structure maker to
increase water molecules order. Indeed, near-IR spectroscopic
investigations proved that low concentrations of hyaluronic
acid may promote the conversion of weaky-bound water states
into strongly hydrogen bonded water species.”’ This may
promote the formation of a thicker QLL on HAM, which is an
advantage at temperatures closer to 0 °C, facilitating sliding.
However, as temperature decreases, the ice resistance to sliding
sharply increases to values higher than those on glass. This
observation may be due to the presence of many water-poly-
saccharide interactions, that increase the strength of the
ice-polysaccharide interactions, making it more difficult to
displace or detach ice from HAM than glass. The ChM results
suggest a similar trend compared to HAM. However, chitosan
structure favors intramolecular H-bonds, promoting a more
rigid and elongated chain conformation®® that hinders the
exposure of functional groups able to interact with water, which
causes higher resistance to sliding on ChM even at tempera-
tures closer to 0 °C (specifically, —6 °C), leading to brittle
fracture already at —9 °C. Our hypothesis is that the complex
polysaccharide-water interactions affected by polysaccharide
conformation and the availability of OH groups may result in
a difference in the temperature dependance of the ice adhesion
strength.
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3. Conclusions

To summarize, we have investigated the effect on ice adhesion
properties of different substrate parameters including rough-
ness, temperature and chemical modification on bare and
coated glass. Beside a standard brittle detachment mode, our
experiments evidenced the occurrence of a rarely reported
sliding effect, particularly persistent at low surface roughness,
high temperature and on more hydrophilic substrates. The
observation of this peculiar regime and its dependency on
temperature is in agreement with the existence of a QLL, also
known as pre-molten layer, at the ice-substrate interface.
As expected, smooth glass samples provided the lowest ice
adhesion at all temperatures analyzed (from —6 to —15 °C),
due to a reduced interlocking mechanism occurring with ice.
A thin hyaluronic acid coating was found to significantly reduce
the ice adhesion strength at —6 °C, with corresponding 7 =79 +
40 kPa. All polysaccharide coatings show increased temperature
dependence in comparison with glass due to more complex ice-
substrate interactions. Moreover, our findings provide an indir-
ect experimental evaluation of QLL thickness by observation of
ice detachment modes on substrates of defined roughness.
Based on our experiments, we have estimated that the QLL
thickness at the ice-substrate interface is >16 nm at —6 °C,
while it shrinks to <1 nm at —15 °C.

We envision that the findings presented in this work can
pave the way for further studies on the QLL on nanoscale-
smooth surfaces, so that its thickness can be eventually tuned
based on the material choice. Some experimental techniques
such as AFM-IR and laser confocal microscopy combined
with differential interference contrast microscopy?® can help
to capture water and ice behavior in the presence of complex
macromolecules on a solid surface. In addition, with increased
computational power, MD simulations will further shed light
on this phenomenon.

4. Materials and methods

4.1. Materials

Chitosan 75/500 (200-300 kDa, 75% deacetylation degree, CAS
9012-76-4) and Chitosan 75/20 (50 kDa, 75% deacetylation
degree, CAS 9012-76-4) were bought from Heppe Medical
Chitosan GmbH. Hyaluronic acid (800 kDa) was kindly sup-
plied by Istituto di Ricerche Chimiche e Biochimiche G. Ron-
zoni. Acetic acid (glacial, 99+%, CAS 64-19-7) was bought from
ThermoFisher (Kandel) GmbH. Standard glass microscope
slides were purchased from Colaver s.r.l. (Art. No. 64CE2910,
76 mm x 26 mm X 1 mm) and VWR (Dietikon, Switzerland,
Art. No. 631-1550, 76 mm X 26 mm x 1 mm). Distilled water
was used throughout the study.

4.2. Glass etching

Glass substrates with different surface roughness were pre-
pared by plasma etching using a CF,/Ar mixture. In these
plasmas, SiO, erosion occurs via chemical reaction with fluor-
ine radicals (F*), which form volatile SiF, species, while ion
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bombardment (Ar" and CF,' ions) physically sputters the sur-
face and removes partially volatile products, introducing aniso-
tropy in the etching process. The nanostructuring of the glass is
governed by a self-masking dynamic mechanism, in which
clusters of less volatile fluorocarbon compounds are locally
deposited. Continuous film formation is inhibited by ion
sputtering, so these clusters act as temporary masks that locally
protect the surface, leading to the formation of self-organized
conical or pillar-like nanostructures. Conventional glass slides,
such as soda-lime or borosilicate substrates, contain impurities
including Na, Ca, and Al In contact with fluorine, these
elements can form non-volatile compounds that significantly
reduce the etch rate and hinder nanostructure formation. For
instance, soda-lime glass etched in CF,/CHF; plasma exhibits
etch rates of ~4 nm min ', compared to ~45 nm min " for
impurity-free SiO,, as reported in the literature.® To achieve
faster, controlled, and high-aspect-ratio nanostructuring, the
glass slides were first coated with a ~1 pm layer of pure SiOx
deposited by PECVD. The deposition conditions and chemical
characteristics of the SiOx coating are detailed in previous
publications.>® The morphology of the SiOx nanostructures is
controlled by the applied bias, CF,/Ar ratio, chamber pressure,
and etching time, which collectively determine the balance
between ion sputtering, fluorocarbon polymer deposition,
and chemical etching by fluorine radicals. To achieve rough-
ness on the order of tens of nanometers, the following process
parameters were used: CF,/Ar flow rate = 25/5 sccm, pressure =
6 Pa, and bias voltage = 500 V. By varying the etching time, the
density and dimensions of the nanostructures can be tuned.
The plasma etching apparatus used in this study is described in
previous publications.>*

4.3. Glass slides functionalization

The glass slides were coated with a nitrene-generating adhesion
promoter®® (AziGrip4™ amine, SuSoS AG, Diibendorf, Switzerland)
following exposure to oxygen plasma (< 0.3 mbar; Diener Electro-
nic Nano, Germany) for 2 min. The plasma-cleaned surfaces were
immersed in 0.1 mg mL~" AziGrip4™ amine solution, diluted with
a 2:3 10 mM 4-(2-hydroxyethyl)piperazine-1-ethane-sulfonic acid
(HEPES)/ethanol mixture for 30 min. Both surfaces were then
rinsed twice in a 2:3 HEPES/ethanol mixture, followed by
rinsing in ultrapure water, and finally blow-dried with filtered
(0.45 pm) nitrogen gas.

4.4. Polysaccharide monolayers production

To produce polysaccharide monolayers, solutions of the poly-
saccharides were deposited over the functionalized glass slides
by drop-casting using a micropipette. For chitosan monolayers
(ChM), 75 mg of polysaccharide solubilized in 4 mL of 5%
acetic acid were deposited over each glass slide. For hyaluronic
acid monolayers (HAM), 75 mg of polysaccharide solubilized in
5 mL of distilled water were deposited over each glass slide.
After total evaporation of the solvent, the samples were cured
under UV-C irradiation (15 W, 15 min), to form covalent bonds
between the adhesion promoter and the polysaccharide chains.
An important precaution is to work in dark conditions until the
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UV-C curing, because the adhesion promoter is sensible to
light, and can be degraded if exposed to it, thus lowering
its efficiency. The excess of polysaccharide was then washed
away using first the same solvent of the polysaccharide and
then distilled water. The obtained monolayers are completely
transparent and not distinguishable from a bare glass slide by
naked eye.

4.5. X-ray photoelectron spectroscopy measurements

The presence and thickness of the monolayers were assessed by
X-ray Photoelectron Spectroscopy using a PhI5000 VersaProbe
spectrometer (ULVAC-PHI, INC, at SuSoS AG) equipped with a
180° spherical capacitor energy analyzer and a multi-channel
detection system with 16 channels. See SI and the reference
therein® for further details.

4.6. Contact angle measurements

Wettability was assessed by measuring advancing and receding
contact angles using a camera (Fastcam Nova S6, Photron) with
backlight illumination and a syringe pump (Harvard Apparatus,
Pump 11 Pico Plus Elite). To measure advancing and receding
contact angles, the syringe pump was used to infuse and
withdraw deionized water with the following procedure: infu-
sion of 3 pL, 3 s delay, infusion of 5 UL (advancing contact angle
measurement), withdraw of 8 pL (receding contact angle
measurement). Infusion and withdrawal rates were always
10 uL min~". The images were then analyzed with the software
Image] (DropSnake plug-in).

4.7. Roughness measurements

Roughness was assessed by AFM under ambient conditions
using a Core AFM system (Nanosurf GmbH, Langen, Germany).
Dyn190Al cantilevers (nominal force constant 28-75 N m™ ", tip
radius ~10 nm) were operated in dynamic mode to measure
glass samples. The images of monolayers samples were
obtained in tapping mode (tip PPP-NCR, from Nanosensors),
with 10 nm radius, resonance frequency of ~280 kHz and
spring constant of 25-30 N m™'. The acquired topographic
images were processed and analyzed with Gwyddion software.

4.8. Ice adhesion strength measurements

Ice adhesion measurements were performed on a custom-built
horizontal shear (or push) test instrument, which included an
environmental chamber, a cooling system, a force sensor, and
an actuation system.*® The sample was placed in the environ-
mental chamber with controlled temperature (Tamp = 20 °C) and
relative humidity (RH ~ 2%) and was then cooled down by
Peltier plates with liquid-cooled heat sink. A cylindrical nylon
mold, with an inner diameter of 8 mm, was placed on the
sample and used to form the ice block. For ice adhesion
measurements, the cooling is imparted from the bottom, to
control the temperature and ensure that nucleation starts at the
sample surface. The temperature at the interface was actively
controlled by a PID controller. The substrate was first cooled
down to —20 °C, then 250 pL of water was added into the mold.
After 15 min of conditioning to ensure complete water freezing,
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the temperature was changed to the test temperature (—6, —9,
—12 or —15 °C, measured on the surface of the sample) and was
maintained for another 5 min of conditioning before perform-
ing the push-off test. The push-off test applied a force on the
outside of the mold, parallel to the sample, at a pushing height
of 1 mm. To do this, a force gauge (Mark-10 model M5-20,
resolution 0.01 N) equipped with a metallic rod was employed.
The force gauge was moved at a constant velocity through a
linear displacement system (Newport LTA-HL with Conex-CC
Controller). Since the cylindrical mold containing ice is made
of a low thermally conductive material, heat transfer
through the cylinder can be neglected, allowing full control of
ice temperature. For the tests performed at different tempera-
tures on different samples, the pushing speed was set to
0.01 mm s, a quasi-static regime where dynamic effects can
be excluded. Tests at different pushing speeds (0.005, 0.01,
0.02, 0.04, 0.08 and 0.16 mm s~ ') were also performed on glass.
The force gauge records the applied force and from the force vs.
time curves, the ice adhesion strength can be derived as 7 = F/A,
where F is the maximum force recorded, and A is the contact
area between the ice block and the sample.
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