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Abstract
Lipid monolayers are ubiquitous in biological systems and have multiple roles in biotechnological applications, such as lipid coatings that 
enhance colloidal stability or prevent surface fouling. Despite the great technological importance of surface-adsorbed lipid monolayers, 
the connection between their formation and the chemical characteristics of the underlying surfaces has remained poorly understood. 
Here, we elucidate the conditions required for stable lipid monolayers nonspecifically adsorbed on solid surfaces in aqueous solutions 
and water/alcohol mixtures. We use a framework that combines the general thermodynamic principles of monolayer adsorption with 
fully atomistic molecular dynamics simulations. We find that, very universally, the chief descriptor of adsorption free energy is the 
wetting contact angle of the solvent on the surface. It turns out that monolayers can form and remain thermodynamically stable only 
on substrates with contact angles above the adsorption contact angle, θads. Our analysis establishes that θads falls into a narrow range 
of around 60◦–70◦ in aqueous media and is only weakly dependent on the surface chemistry. Moreover, to a good approximation, θads 
is roughly determined by the ratio between the surface tensions of hydrocarbons and the solvent. Adding small amounts of alcohol to 
the aqueous medium lowers θads and thereby facilitates monolayer formation on hydrophilic solid surfaces. At the same time, 
alcohol addition weakens the adsorption strength on hydrophobic surfaces and results in a slowdown of the adsorption kinetics, 
which can be useful for the preparation of defect-free monolayers.
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Significance Statement

Lipids can spontaneously self-assemble into bilayer structures and adsorb to various interfaces as dense monolayers. Such mono
layers are essential in our lungs and eyes and are used in technological applications, for instance, to increase biocompatibility and 
block undesirable adhesion. Experience tells us that a monolayer will only form if the surface is hydrophobic enough. However, a pre
cise quantitative “hydrophobicity threshold” for monolayer adsorption has never been formulated. We demonstrate that the surface 
contact angle is the decisive parameter controlling monolayer formation, nearly irrespective of other chemical details. Stable mono
layers can form only on surfaces whose contact angles exceed a threshold of 65±5◦. This universal insight can serve as a guiding prin
ciple for applications utilizing lipid monolayers as surface coatings.
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Introduction
Lipids, an abundant component of all biological matter, have the 

remarkable ability to spontaneously self-organize into various 

supramolecular assemblies (1). The characteristic feature of these 

aggregates is the well-known bilayer structure in which two 

monolayers of lipids point their hydrophobic tails to each other. 

In contrast to lipid bilayers, lipid monolayers can also assemble 

at interfaces between the aqueous medium and a nonpolar, 

hydrophobic medium, where they drastically reduce the inter

facial tension with respect to the bare interface (2). Lipid layers, 

either in the form of solid-supported monolayers (3, 4) or bilayers 

(5–7) or as monolayers at air–water interfaces (Langmuir 

monolayers) (8–10), offer a versatile platform for fundamental 

studies in the fields of membrane biophysics, nanotechnology, 

and biochemistry. Lipid layers are also involved in a multitude 

of applications, ranging from antiadhesive, antimicrobial, and 

antifouling surface coatings (11–14) to biosensors (15) and con

trolled drug delivery by lipid nanoparticles (16–18). In the latter, 

very intensive research field, coating nanoparticle surfaces with 

lipids emerged as a crucial step to ensure their colloidal stability 

and biocompatibility. Nature uses this concept in the case of lip

oproteins—the major transporters of fats and cholesterol in the 

human body (19). Lipid layers have also been suggested to en

hance the biocompatibility of implant surfaces against adverse 
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immunological reactions, blood coagulation, biodegradation, pro
tein adsorption, and adhesion of cells and bacteria (20–22). In 
lipid-based monolayer coatings, the lipid tails point to the hydro
phobic phase, and the hydrophilic headgroups to the aqueous 
phase. In doing so, they link a water-incompatible hydrophobic 
structure with the aqueous environment. It has long been empir
ically established that a hydrophobic surface is a prerequisite for 
lipid monolayers to form (1, 3, 4, 16, 23, 24, 25, 26). In contrast, on 
hydrophilic surfaces, only bilayers can form under certain condi
tions (1, 25, 26, 27, 28, 29). The prime descriptor of surface hydro
phobicity is the water contact angle. However, remarkably few 
studies have considered the relation between the formation of lip
id monolayers on a solid surface with the contact angle of the sur
face (25). A quantitative link between the formation/adsorption of 
lipid monolayers and the contact angle of the solid surface has 
therefore still been lacking.

Here, we present a basic thermodynamic analysis that relates 
the water contact angle of the solid surface to the formation of lip
id monolayers. Our central question concerns the minimum con
tact angle required for the stable adsorption of a lipid monolayer 
onto a solid surface. Indeed, we obtain a threshold value for which 
we introduce the term adsorption contact angle, θads, above which 
monolayer adsorption occurs. We corroborate our reasoning 
with atomistic molecular dynamics simulations, which provide 
insights into the molecular interactions associated with the ad
sorption. We first focus on a pure aqueous medium and, after 
that, also show how gradually exchanging the solvent with an or
ganic component affects monolayer adsorption.

Results and discussion
Monolayer adsorption in water
To resolve the basic conditions for lipid monolayer formation, we 
introduce a simple system of a solid substrate in an aqueous envir
onment containing nonionic lipids. The substrate’s surface, which 
is assumed to be electroneutral, nonpolarizable, and molecularly 
flat, is characterized by the water contact angle θ. We suppose 
that the total concentration of lipids is well above their critical mi
celle concentration (CMC) so that they form bilayer aggregates in 
bulk, such as vesicles and bilayer disks, and monolayers on surfa
ces. Individual free lipids in bulk and lipids individually adsorbed to 
surfaces can be safely neglected because of the extremely low 
CMCs of all relevant lipids. The question then is, what kind of ag
gregates will form on the substrate in thermal equilibrium? We 
can envisage three distinct scenarios: (i) no adsorption, (ii) a weakly 
adsorbed bilayer, or (iii) an adsorbed monolayer. In such a simple 
setting, bilayers can nonspecifically adsorb only through attractive 
van der Waals forces, which are much weaker than hydrophobic 
interactions involved in monolayer adsorption, as we will comment 
on afterward. Therefore, a bilayer in bulk or weakly adsorbed to the 
surface (scenarios i and ii) will not be distinguished.

This brings us to a two-state model of a lipid layer that can exist 
either as an adsorbed monolayer of surface area A or as a bilayer 
of surface area A/2, as depicted in Fig. 1A. The question of whether 
a monolayer can form in thermodynamic equilibrium is then 
equivalent to the question of which of the two states has a lower 
free energy. Based on the general principles of water-mediated in
teractions between flat surfaces (30, 31), the free energy difference 
between the adsorbed monolayer and the bilayer states, referred 
to as the adsorption free energy, can be calculated from the follow
ing hypothetical three-stage thermodynamic route, depicted in 
Fig. 1B.

In the first step (i), we separate both leaflets of the bilayer 
across vacuum, which requires the work (A/2)wll. With wll we 
denoted the lipid–lipid (ll) monolayer adhesion tension in vac
uum. Next, we have to remove the water adsorbed on the sub
strate region of area A onto which the lipid monolayer will 
adsorb (step (ii) in Fig. 1B). The free energy cost for this water re
moval is A(γsv − γsw) = Aγ cos θ, where γsv is the substrate–vapor 
and γsw substrate–water surface tension. We have used the 
Young equation to express their difference in terms of the water 
adhesion tension, γ cos θ, where θ is the water contact angle on the 
substrate and γ the water–vapor surface tension. Finally, we at
tach the monolayer to the dry substrate (step (iii)) and gain the 
free energy of −Awsl, where wsl is the substrate–lipid (sl) mono
layer adhesion tension across vacuum. In general, this term is 
contact angle dependent, wsl(θ). Note that in total, no water– 
vapor interface is created or eliminated in the process, therefore, 
we disregarded possible temporary water–vapor interfaces that 
could accompany the above steps. Summing up all three contri
butions of the described route yields the adsorption free energy 
per monolayer area

ΔF/A = wll/2 − wsl(θ) + γ cos θ. (1) 

This equation is the basis of our forthcoming analysis. Unlike the 
third term, the first two are generally not easily accessible ex
perimentally, therefore, we shall rely on computer modeling. 
While the lipid–lipid work of adhesion (wll) only depends on the 
lipid type, the substrate–lipid work of adhesion (wsl) obviously 
depends also on the substrate. However, despite chemical speci
ficity, it will turn out that wsl(θ) is only very weakly dependent on 
the substrate materials involved.

To gain the essential principles behind the terms wll and wsl, we 
turn to classical fully atomistic molecular dynamics (MD) simula
tions of lipid layers and a solid substrate. These simulations ac
count for pairwise additive interaction forces between atoms 
arising from Lennard-Jones and Coulomb potentials representing 
the van der Waals and electrostatic interactions between atomic 
partial charges, respectively (32, 33). The substrate is modeled 
as a self-assembled monolayer (SAM) of alkyl chains terminated 
by modified hydroxyl (OH) groups, as shown in Fig. 2. By tuning 
the partial charges on the O and H atoms, and thereby the OH di
poles, we cover the whole spectrum of contact angles, ranging 
from θ = 0◦ for the original hydroxyl dipole strength, up to θ = 
113◦ for completely nonpolar OH groups, which is close to general 
atomically flat nonpolar surfaces (34). The choice of the lipid type 
in the simulations is of lesser importance, as only the alkyl tails 
govern the interactions in question, whereas the head groups 
are not directly involved. For simplicity, we choose dilauroyl- 
phosphatidylcholine (DLPC), which has alkyl tails composed of 
12 carbon atoms. More details on the MD simulations are given 
in the Methods section.

The adhesion free energies are determined by integrating the 
pressure–distance curves obtained by summing over the perpen
dicular components of all interaction forces while reversibly sep
arating both leaflets of a bilayer (for wll) or an adsorbed monolayer 
from the substrate (for wsl). The details are described in the 
Supplementary material (see Figs. S4 and S5). We assume the 
same area per lipid in the adsorbed monolayer as in the bilayer. 
Possible small variations in the area per lipid do not cause any sig
nificant differences in adhesion owing to the liquid-like behavior 
of lipid tails, as we show in the Supplementary material
(Table S2 and Fig. S7). In this way, we obtain the work of adhesion 
wll = 49(1) mN/m for separating two DLPC leaflets. This value is 
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roughly twice the value of the alkane–vapor surface tension, 
being 23–28 mN/m (35). This is hardly surprising as separating 
two monolayer leaflets essentially creates two alkane surfaces. 
The simulations in which we separate the monolayer from the 
substrate give the substrate–lipid work of adhesion that in
creases nearly linearly from wsl = 52(1) mN/m for the nonpolar 
substrate (with θ = 113◦) to 57(1) mN/m for the most polar one 
(with θ = 0◦). The prevalent interactions between the substrate 
and the lipids are dispersion interactions, like in the case of 
two lipid monolayers, therefore, wsl is quite similar in size to 
wll. The observed small variation of 10% across the entire polar
ity range stems from a weak electrostatic interaction of OH di
poles of the SAM with slightly polar alkyl tails of the lipids (33). 
This contact angle dependence in wsl(θ) presumably is model- 
specific. To analyze this effect adequately, one would need to 
use a chemically more accurate substrate model (e.g. with a 
mix of polar OH and nonpolar CH3 terminals (36)), which is left 
for future work.

All three contributions of Eq. 1 are shown as a function of θ in 
Fig. 3 by blue-shaded lines. We use γ = 72 mN/m (37) for calculat
ing the water adhesion tension, γ cos θ. The MD data for wsl (blue 
circles) are fitted by a linear function (dashed line). Summing up 
all three terms gives the monolayer adsorption free energy 
(Eq. 1), shown as a red solid line. The monolayer adsorption free 
energies are tens of mN/m in magnitude, which is much larger 
than the adsorption free energies of a bilayer, being below ∼ 1  
mN/m (estimated from the van der Waals attraction in the 
Supplementary material). This justifies our treatment, in which 
we do not distinguish between an adsorbed and a nonadsorbed bi
layer. The monolayer adsorption free energy is positive (ΔF > 0) for 
small contact angles (hydrophilic surfaces), favoring the bilayer 
over the monolayer. In these cases, a monolayer does not form, 
and adding more lipids to the system will only result in more bi
layer aggregates. With an increasing contact angle, ΔF monotonic
ally decreases and becomes negative (ΔF < 0) for less hydrophilic, 
that is, more hydrophobic surfaces, in which case the adsorbed 
monolayer is favored over the bilayer. In the latter scenario, lipids 
cover the substrate in the form of a monolayer before they start 
forming bilayer aggregates in bulk. They do so until the whole sub
strate is coated by a monolayer.

The two-state model establishes a well-defined threshold, 
termed the adsorption contact angle θads, above which adsorbed 
monolayers are thermodynamically stable against transform
ation into bilayers. The adsorption contact angle is defined by 

the condition ΔF(θads) = 0, from which the expression for the ad
sorption contact angle follows as

cos θads =
2wsl(θads) − wll

2γ
. (2) 

Using the results of our MD model gives θads = 66◦. This value lies 
in the hydrophilic regime, where θ < 90◦. Thus, monolayers can 
form on weakly hydrophilic and hydrophobic surfaces, whereas 
very hydrophilic surfaces resist monolayer formation.

The above evaluation inevitably poses the question of how uni
versal the value of 66◦ is and to what extent it depends on the sub
strate type. The only quantity that depends on the substrate type 
in Eq. 2 is wsl, which is primarily governed by dispersion interac
tions between the substrate atoms and lipid tails. Consequently, 
we expect that wsl scales linearly with the density of substrate 
atoms of a given type. Solid polymer materials in terms of their 
densities are similar to oils (0.7–0.9  g/cm3) (38, 39) and lipid hydro
carbon chains. A 20% variation in densities and in wsl over a wide 
range of organic matter gives a 10◦ variation in θads based on Eq. 2.

An alternative estimate, more generally applicable to solid sur
faces of all sorts, can be obtained in the following way: Lipid tails 
can be treated approximately as a hydrocarbon liquid. The work 
for separating two leaflets is then approximately the same as 
the work needed to create two hydrocarbon (hc) interfaces, thus, 
wll ≈ 2γhc, where γhc stands for the hydrocarbon–vapor surface 
tension. Furthermore, the work for separating a hydrocarbon li
quid from a solid surface is wsl = γhc(1 + cos θhc), where θhc is the 
contact angle of liquid hydrocarbons on that solid surface. With 
these approximative expressions for wll and wsl, Eq. 2 becomes

cos θads ≈
γhc

γ
cos θhc. (3) 

Because of their low surface tension, alkanes generally wet most 
solid surfaces very well, including silica (40) and graphite (41), 
such that θhc is very small or even zero. Hence, to a good approxi
mation, we may assume cos θhc ≈ 1, and with that, Eq. 3 further 
reduces to

cos θads ≈
γhc

γ
. (4) 

For alkane liquids ranging from C10 to C18, the surface tension 
spans in the range of γhc = 23−28 mN/m (35), for which Eq. 4 pre
dicts θads ≈ 67◦−71◦. The above estimates lead to an important 
conclusion that the adsorption contact angle θads is quite 

Fig. 1. (A) Schematic depiction of an unbound bilayer of surface area A/2 and an adsorbed monolayer of surface area A to a solid substrate with the 
contact angle θ. (B) Contributions in Eq. 1 of the hypothetical thermodynamic route for transforming a bilayer into an adsorbed monolayer: (i) The bilayer 
leaflets are separated across vacuum, (ii) the water is removed from the substrate (no water–vapor interface), and (iii) the lipid monolayer is attached to 
the dry substrate.
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universal in aqueous environments and almost independent of 
the chemical details of the surface. These conclusions may how
ever be of limited applicability to highly charged or highly polariz
able surfaces (e.g. metals) because in these cases additional 
interactions may further promote or suppress adhesion.

A thorough experimental examination of the adsorption con
tact angle has never been done. We believe that the transition be
tween adsorbed and nonadsorbed states is subject to considerable 
kinetic barriers and prone to hystereses, making precise analysis 
challenging. Lenz et al. (25) reported that bilayers formed on sub
strates with θ < 61◦ and monolayers on substrates with θ > 109◦, 
suggesting that θads lies somewhere between 61◦ and 109◦, in 
agreement with our predictions.

As we have seen from Fig. 3, wsl(θ) depends only weakly on the 
contact angle, which allows deducing another practical approxi
mation for the adhesion free energy. In a fairly good approxima
tion, we can replace the function wsl(θ) in Eq. 1 by the value 
wsl(θads). This simplification then allows expressing the first two 
terms in Eq. 1 by cos θads using Eq. 2, which leads to a simple ex
pression for the monolayer adsorption free energy

ΔF/A ≈ γ( cos θ − cos θads). (5) 

The equation implies that the monolayer adsorption free energy is 
a linear function of cos θ around cos θads. Moreover, since γ de
pends on the solvent, and θads is quite universal for a wide range 

Fig. 2. Snapshots of the MD model. Top: Bare SAM substrate, composed of hexagonally arranged alkyl molecules with OH termini with tunable polarity. 
Bottom: A lipid monolayer adsorbed on the SAM. The snapshots correspond to 2 × 2 replications of the simulation box in lateral directions.

Fig. 3. Monolayer adsorption free energy ΔF/A in water as a function of 
the substrate contact angle resulting from Eq. 1, along with its three 
contributions, namely the bilayer separation work of adhesion, wll, the 
monolayer–substrate work of adhesion, wsl, and the water adhesion, 
γ cos θ. The blue circles are explicit MD evaluations of wsl, which are fitted 
by a linear function (dashed line). The monolayer adsorption free energy 
turns from positive to negative at θads = 66◦.
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of materials, the adsorption strength for monolayer adsorption 
depends solely on the contact angle of the substrate. This is an im
portant conclusion, highlighting the significance of the contact 
angle as the exclusive parameter that controls the substrate pro
pensity for lipid monolayer adsorption.

Our analysis built on Eq. 1 is valid for sufficiently large lipid 
layers. For smaller layers, additional contributions can come to 
the fore, such as edge tensions of the monolayer and bilayer (in 
the case of a bilayer disk) and bending energy (in the case of a bi
layer vesicle). These finite-size corrections are assessed quantita
tively in the Supplementary material (Fig. S8), with the conclusion 
that they only become important for monolayer patches with radii 
smaller than about 10 nm.

Monolayer adsorption at the air–water interface
A special case of a substrate is the air–water interface, the most 
investigated interface for lipid adsorption, particularly for creat
ing Langmuir monolayers. Langmuir monolayers of insoluble am
phiphiles and biomolecules remain a lively area of interest for 
modern science and technology with plenty of potential applica
tions in hi-tech industries (1). Note that the considerations about 
the universality of θads for solid substrates (Eq. 4) do not apply to 
the air–water interface. However, Eq. 1 is general and valid also 
for the air–water interface by setting wsl = 0, as the interaction 
with air is negligible, and θ = 180◦, as the air phase represents a 
perfect hydrophobic interface. The monolayer adsorption free en
ergy to the air–water interface is then

ΔFair/A = wll/2 − γ (6) 

which results in ΔFair/A = −48 mN/m based on our simulation 
data for wll. The negative value implies that a full monolayer at 
the air–water interface is preferable over the bilayer in the bulk.

It is instructive to calculate the equivalent contact angle θ∗ of a 
solid substrate that has the same adsorption free energy as the 
air–water interface. We do this by equating Eqs. 1 and 6, which 
brings us to the expression cos θ∗ = wsl(θ∗)/γ − 1. From the data 
for our system, we compute the equivalent contact angle 
θ∗ ≈ 107◦. According to this analysis, solid surfaces with contact 
angles θ > θ∗ are stronger adsorbers of monolayers than the air– 
water interface. This suggests that in thermal equilibrium, mono
layers will form on these surfaces at lower lipid concentrations 
than needed for creating a full Langmuir layer at the air–water 
interface. However, the extremely slow exchange rate of lipids be
tween the interfaces and the bulk may make any experimental ob
servation difficult in practice.

Solvent exchange
A practical way of controlling the monolayer adsorption affinity is 
by tuning the property of the solvent. This can be achieved by add
ing a water-miscible organic solvent to water (typically alcohol), 
which is a more accessible approach than modifying the substrate 
functionalization. For instance, in the solvent-exchange method 
for lipid deposition, one starts from dissolved lipids in an organic 
solvent and then gradually replaces it with water, causing the lip
ids to deposit on the substrate (42–44). Our thermodynamic model 
for lipid coating formation (Eq. 1), so far demonstrated for an 
aqueous environment, also applies to other solvents that do not 
dissolve lipids and retain the integrity of the monolayer and bi
layer. In what follows, we elucidate the thermodynamics of mono
layer adsorption when water is gradually replaced by another 
solvent, which we showcase for the ethanol/water mixture.

The solvent generally affects all three terms in Eq. 1, although 
the first two only indirectly by affecting the monolayer and bilayer 
structures. Specifically, adding short-chained alcohols to water 
increases the lateral area per lipid and decreases the bilayer thick
ness, but the volume remains approximately constant (45, 46). 
Consequently, both works of adhesion, wll and wsl, which depend 
on the density of carbon atoms, should remain largely unaffected. 
We confirm the latter assumption with computer simulations in 
which we emulate the effect of ethanol by laterally expanding 
the lipid monolayer and bilayer, as described in detail in the 
Supplementary material (Figs. S6 and S7 and Tables S2 and S3). 
Even though we do observe small changes in both adhesion terms, 
they can be readily neglected for purposes of identifying the 
leading-order effects of solvent exchange. Note that although 
the area per lipid increases by up to 20% in alcohol/water solu
tions (45, 46), this does not affect free energies when expressed 
per surface area, as the absolute area drops out from the equa
tions. Introducing ethanol into water (below the lipid solubility 
limit) thus influences almost exclusively the third term, γ cos θ, 
in Eq. 1.

It is interesting first to look at how the adsorption contact angle 
θads changes as we move from a pure water environment to one 
with a higher organic content. The solvent mainly affects θads 

through the air–liquid surface tension γ in the denominator of 
Eq. 2 while the numerator (2wsl(θads) − wll) remains mainly un
affected, as we have clarified above. Thus, the adsorption contact 
angle depends primarily on the solvent and much less so on the 
substrate. The surface tension of ethanol/water mixtures ranges 
from γw = 72 mN/m in neat water down to around γalc = 22 mN/m 
in neat ethanol (37) (in this section, we will use the subscripts 
“w” and “alc” to refer to quantities in neat water and neat alcohol, 
respectively). Figure 4 A shows θads calculated from Eq. 2 where we 
have used γ fitted to experimental data (37) (see Fig. S9). We witness 
approximately a linear decrease of θads with ethanol mole fraction, 
from 66◦ in neat water down to ≈ 10◦ in a 20 mol% ethanol solution. 
Thus, the less polar the solvent, the more “solvophilic” the sub
strate should be to remain resistant to monolayer formation.

Note, however, that the addition of such organic cosolvents 
generally shifts also contact angles θ to lower values, which may 
compensate or even over-compensate for the decrease in θads for 
a given surface type. Hence, the effect of cosolvent on the mono
layer adsorption is more complicated than just examining θads. 
Namely, while γ decreases with alcohol concentration (37), cos θ 
increases at the same time, as surfactants enhance wetting quite 
universally (48, 49). Obviously then, the two antagonistic effects of 
alcohol partially cancel in the product γ cos θ, which is not univer
sal but can either increase or decrease, depending on the sub
strate type. In order to demonstrate the effect of solvent 
exchange on the adsorption free energy as dictated by Eq. 1, we re
sort to published experimental data (47, 37) to evaluate γ cos θ for a 
few examples. These include measured contact angles of ethanol/ 
water solutions on three different surfaces: two types of crystal
line silicon with water contact angles θw ≈ 45◦ (with oxide coating) 
and θw ≈ 66◦ (unoxidized) (47) and a silanized glass with θw = 104◦

(37). We fit the measured cos θ and γ (37) data as a function of etha
nol mole fraction (see Fig. S9), which enables us to calculate the 
product γ cos θ for an arbitrary ethanol mole fraction. It is illumin
ating to plot the liquid adhesion tension for the three different 
substrates against γ, which we do in Fig. 4B (shown by symbols). 
The trend depends on the water contact angle, but all three cases 
almost linearly converge into a single point in neat ethanol.

The observed trends can be understood in terms of the well- 
established Zisman plot—an empirical relation between the 
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contact angles and the surface tensions of various liquids on a giv
en substrate. The revised and improved version of the Zisman plot 
by Bera et al. (50) suggests a linear relationship between cos θ and 
1/γ of a probe liquid. Multiplying the relation by γ brings us to the 
following ansatz for the liquid adhesion tension

γ cos θ = c0 + c1γ, (7) 

where c0 and c1 are parameters, which depend on the substrate 
type, and should be determined by two reference states. The first 
reference state is neat water, for which the surface tension (γw) 
and contact angle (θw) are known. The other reference state is 
neat ethanol, which, owing to its hydrophobicity, wets most surfa
ces reasonably well, with cos θalc approaching unity, such that we 
may assume γ cos θ ≈ γalc for neat ethanol. With these two bound
ary conditions, Eq. 7 becomes

γ cos θ = γalc + (γ − γalc)
γw cos θw − γalc

γw − γalc
, (8) 

where the surface tension γ is the only parameter that character
izes the ethanol/water mixture.

The predictions of Eq. 8 are plotted in Fig. 4B as solid lines; they 
agree very well with the experimental data points (apart from one 
outlier point in neat water). The slope is dictated by the water con
tact angle and vanishes at the critical value of θc

w ≈ 72◦, given by 
cos θc

w = γalc/γw. For this contact angle, the liquid adhesion tension 
is γ cos θ = γalc and is independent of the mixture composition, as 
shown in Fig. 4B by a dashed red line. For contact angles below 
and above θc

w, adding alcohol has the opposite effect on γ cos θ.
With the obtained γ cos θ, we can finally compute how the ad

sorption free energy given by Eq. 1 varies with ethanol/water com
position. To that end, we use wll and wsl that we obtained from our 
simulation model and assume that they remain unaffected by 
ethanol. By solid lines, we show the prediction up to 20 mol% of 
ethanol in Fig. 4C. One should note that for higher ethanol frac
tions, lipids start to dissolve and form micelles in the solution 
(43), and our two-state model, which accounts only for adsorbed 
monolayer and bilayer, breaks down. As seen, the oxidized silicon 
substrate (θw ≈ 45◦) is resistant to monolayer adsorption in pure 
water. Ethanol reduces the repulsion, and at around 7 mol% 
(≈ 20 vol%), the substrate eventually becomes favorable to mono
layer adsorption. A similar, albeit much weaker, effect of ethanol 

is observed for the fresh silicon substrate (θw ≈ 66◦). Namely, both 
cases lie below the critical value of θc

w = 72◦, such that ethanol de
creases the liquid adhesion tension and, with that, the adsorption 
free energy. Finally, for the most hydrophobic surface (θw ≈ 104◦), 
the effect of ethanol is the opposite because, in this case, θw > θc

w: 
Ethanol now weakens strong adsorption, but not enough to cause 
desorption.

The overall conclusion drawn from Fig. 4C and the 
Zisman-derived relation (Eq. 8) is that increasing the ethanol con
tent gradually pushes the liquid adhesion tension toward 
γ cos θ→ γalc and with that, the free energy (Eq. 1) approaches

ΔFalc/A = wll/2 − wsl + γalc (9) 

whose value is ΔFalc/A ≈ −8 mN/m and is independent of the con
tact angle (shown by a dashed red line in Fig. 4C). Note again that 
this limit is hypothetical, as the lipids dissolve at high alcohol con
centrations. Nevertheless, the analysis suggests that organic co
solvent leads to weak adsorption states of the monolayer 
regardless of the contact angle. Namely, increasing the organic 
component makes the solvent less polar, thereby weakening the 
hydrophobic effect. In less polar solvents, the contrast between 
hydrophobic lipid tails and the solvent becomes smaller than in 
an aqueous solvent. We demonstrated solvent exchange in the 
case of ethanol/water mixtures. As per the general, albeit approxi
mate, validity of the Zisman relation, we can expect that qualita
tively the same behavior applies to other simple organic solvents 
as well. Since small amounts of organic cosolvents weaken the 
driving force for adsorption, one can also expect that they slow 
down the adsorption kinetics. Thus, a well-controlled exchange 
between the organic and aqueous components may be useful 
for preparing uniform and defect-free monolayers on hydropho
bic surfaces.

Conclusions
With basic free-energy principles corroborated by molecular sim
ulations, we have analyzed the thermodynamics of lipid mono
layer formation on noncharged and nonpolarizable solid 
surfaces in aqueous solutions and aqueous mixtures with organic 
solvents. Hydrophilic model substrates with water contact angles 
below the critical value of θads = 66◦ are resistant against 

A B C

Fig. 4. (A) Adsorption contact angle in an ethanol/water mixture as a function of ethanol mole fraction calculated from Eq. 2 by using γ from fitted 
experimental data. (B) Liquid adhesion tension versus air–liquid surface tension for three different substrates from literature: oxidized crystalline silicon 
(with water contact angles θw ≈ 45◦) (47), unoxidized crystalline silicon (θw ≈ 66◦) (47), and silanized glass (θw ≈ 104◦) (37). Solid lines are the predictions of 
Eq. 8. The data point for θw ≈ 66◦ in neat water is off the trend and was excluded from the fit (see Fig. S9). The dashed line shows the limiting scenario for 
the critical water contact angle θc

w = 72◦, defined as cos θc
w = γalc/γw, for which the adhesion tension of the mixture is independent of the composition. (C) 

Monolayer adsorption free energy in ethanol/water solution as a function of ethanol mole fraction based on Eq. 1 for the three systems in B. The dashed 
line shows the hypothetical limit of the model in neat ethanol.
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monolayer formation since the bilayer in bulk solution is thermo
dynamically preferred over the adsorbed monolayer. On the con
trary, hydrophobic and weakly hydrophilic substrates that exceed 
this critical value are susceptible to monolayer adsorption and 
thus suitable for lipid coating applications. The adsorption angle 
θads, which designates the onset of monolayer adsorption, turns 
out to be only weakly dependent on the substrate material and 
is surprisingly universal in aqueous environments. However, the 
addition of a less polar solvent to the aqueous medium generally 
lowers θads and increases the ability for monolayer formation on 
hydrophilic surfaces—as long as the layered lipid structures re
main stable. Organic solvent–water mixing therefore also repre
sents a viable and simple way to tune the driving force for 
monolayer adsorption and, consequently, its kinetics.

The introduced theoretical framework and its outcomes pro
vide not only insight into the thermodynamics of lipid monolayer 
adsorption on atomistically flat substrates but also offer a good 
starting point to investigate more complex surfaces. Additional 
layers of complexity may include surface charges, substrate po
larizability, surface topography, or curved surfaces, which can 
modify the current results and are vital in designing lipid coatings 
and, therefore, worth exploring in the future.

The significance of the adsorption contact angle established 
here (60◦ ≲ θads ≲ 70◦) extends beyond lipid monolayer adsorption 
alone. In a broader context, the same general principles also seem 
to apply to the adsorption of other (bio-)macromolecular layers to 
surfaces since layers of adsorbing molecules are typically of an 
amphiphilic character. In fact, our results appear to rationalize 
the value of a similar critical contact angle, sometimes referred 
to as the “Berg limit,” which was reported for the capability of solid 
surfaces to adsorb biological matter and to be colonized by organ
isms (51–53) and has more recently been associated also to the 
attraction-to-repulsion transition of planar surfaces in water 
(54, 30, 31).

Methods
Simulation details
We used the SPC/E (55) water model because of its simplicity and 
computational efficiency. Lipids and the substrate were modeled 
with the CHARMM36/LJ-PME force field (33), which is optimized 
for the Particle-Mesh-Ewald (PME) summation of Lennard-Jones 
(LJ) interactions. The use of the CHARMM36 force field was moti
vated by a known good performance for lipid bilayers (56) as 
well as our systematic analysis in which we analyzed how well 
various force fields reproduce the surface tension of decane. The 
analysis (shown Fig. S1) has demonstrated that the CHARMM36/ 
LJ-PME force field yields excellent agreement with experimental 
values and outperforms other force fields. The simulations were 
performed with the Gromacs 2022.1 simulation package (32). 
Electrostatic and LJ interactions were treated using PME methods 
with a 1.4 nm real-space cutoff. The temperature of 300 K was 
controlled by the v-rescale thermostat (57) with a time constant 
of 0.1 ps.

Substrate model (SAM)
The solid substrate was modeled as a self-assembled monolayer 
of ten-carbon-atom long alkyl chains terminated by hydroxyl 
(OH) groups (i.e. decanol molecules). The molecules were ar
ranged in a hexagonal lattice with a nearest-neighbor distance 
of 0.497 nm, mimicking SAMs on a gold surface, Au(111) (58, 59) 
—note that the gold surface was not simulated. The molecules 

were tilted by 30◦ relative to the normal of the substrate (60). To 
preserve the arrangement of the molecules, each of them was re
strained by harmonic potentials at two positions: The second 
C-atom from the OH group was restrained with a force constant 
of kx = ky = kz = 300 kJ mol−1 nm−2, and the terminal C-atom (in 
the CH3 group) with a force constant of kx = ky = kz = 500 kJ mol−1  

nm−2. The imposed restraints render the SAM quite rigid and 
solid-like, as can be seen from the layered nature of its density 
profile in Fig. S7B. However, the SAM’s rigidity, set by the choice 
of the restraints, is expected to have little effect on its adhesion 
properties with liquids, such as water and lipid tails (31).

The interaction potentials of the SAM were described by the 
CHARMM36/LJ-PME force field to be compatible with lipids. The 
substrate’s polarity and contact angle were tuned by scaling 
the partial charges of the hydroxyl group and its three nearest 
neighbors in the range from 0 to 1. The same philosophy of contact 
angle control was used before but with a different SAM structure 
and a different force field (30, 31, 54, 61). Since the current SAM 
model has not been used before, we had to measure the contact 
angles for each polarity. This was done with the sessile droplet 
method, in which cylindrical droplets of different sizes on the sub
strate were simulated (61). The macroscopic contact angle for 
each polarity was computed by extrapolating the measured con
tact angles to infinitely large droplets. See the Supplementary 
material for details (Figs. S2 and S3 and Table S1).
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