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ARTICLE INFO ABSTRACT
Keywords: Interface science, i.e., the study of adsorption, phase behavior and flow of matter at liquid interfaces, is a highly
Tensiometry interdisciplinary research area that brings together researchers from fundamental theory to industrial produc-

Interfacial rheology
Surface-active species
Database

Machine learning
Neural network models

tion. FAIR - Findable, Accessible, Interoperable, Reusable — reporting of data and metadata is currently not
common practice in interface science, although it could considerably promote the reuse of data across disciplines
and foster translations to industry. For research fields with heterogeneous, non-standardized datasets such as
interface science, community-driven agreement on relevant data, metadata, and reporting formats is an essential
prerequisite before more advanced machine-operable infrastructures can be developed. We here propose a
framework for relevant data and metadata for different interface science methods, surface-active species, and
liquid subphases. We further introduce the Interface Science Data Repository (zenodo.org/communities/isdr) to
provide a common platform for sharing interface science data. We discuss considerations for future machine-
operable interface science databases and how standardized reporting can facilitate the development of data-
driven modelling approaches, including machine learning. We hope that this work represents a first step to-
wards establishing an active culture of FAIR data sharing in interface science while laying the groundwork for
increasingly interoperable and automated data infrastructures.

1. Introduction that occur at liquid-liquid and liquid-gas interfaces. Such interfaces are
ubiquitous in nature and many industrial applications; they play a vital
Interface science is the study of physical and chemical phenomena role in physiology and medicine [1-7], biology [8-11], oceanography
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[12-14], as well as in drug delivery [15-17], cosmetics [18,19], foods
[20-23], and materials science [24,25]. Consequently, interface science
is a melting pot for researchers from diverse backgrounds and industries.
These areas all have different focuses, and the role of fluid interfaces
varies in each discipline. In some areas, they are the main scope of
research, while in others they may merely be a secondary boundary
condition. This leads to different cultures and traditions in the investi-
gation of these systems and communication of results, pointing to a need
for data standardization and the establishment of an internationally
accepted baseline for data reporting. Despite the diversity of fluid in-
terfaces and involved disciplines, the phenomena studied are often
closely related. Most interface science studies investigate the behavior of
surface-active species and other materials that assemble at fluid in-
terfaces, i.e., their adsorption, interfacial structure, and rheology. The
potential overlap of interface science studies is eminent, and it is likely
that findings from one discipline could be of considerable value also in
another field or industry. For example, the protein lysozyme found in
animals is a prominent model protein used to study the adsorption of
proteins in experiments [26] and simulations [27], whilst it is an
inherent constituent of the eye tear film [28], an important foaming
agent in egg white foam [29], or can be used for the assembly of anti-
microbial 2D coatings [25] (Fig. 1). However, there is currently no
active culture of data sharing in interface science, a consensus on data
standards, nor a common platform for data sharing. Interestingly,
interface science does have an active culture of data reuse. There are
several examples of studies that reused previous data to extend their
datasets or to draw new conclusions in a different context, for example
for proteins [30-33], surfactants [34-44], particles [45], or mixed
interfacial layers [46-48]. Robinson and colleagues [49] established an
extensive database for surfactant adsorption data, SurfPro, alongside a
graph neural network model that can predict surfactant adsorption
based on surfactant structure, which was recently updated to a relational
database with data curation workflow [50]. As a practical example,
several databases and related neural networks were established to link
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the structure of surfactants or their foams to their fire-extinguishing
performance [51-54]. These cases demonstrate the potential of data
reuse in interface science, but also stress the need for clear guidelines
and a common platform to share interface science data and facilitate
reuse.

There is an overall trend towards open science practices, partly
pushed by funding agencies and publishers, but also supported by an
increased acceptance and willingness of researchers [55]. Today, the
majority of researchers is willing to share and reuse data, and agree that
limited data access is ‘a major impediment to progress in science at
large’. [56] A recent cross-disciplinary survey found that combining
multiple previous datasets to answer new research questions is the most
common purpose for data reuse, but also pointed out that researchers
often struggle to find relevant datasets [57]. The open sharing of data is
correlated with higher citation rates [58-60], demonstrating the
increased reuse and transferability of studies that make their data
available. Last but not least, the emergence of machine learning makes
research data a veritable treasure for the training of neural networks and
predictive models [61,62]. However, any (meta)data not shared
appropriately must be considered lost, or at best incomplete, for any
future use.

We anticipate that there lies great potential in the reuse of interface
science data. An important requirement to fully harness this potential is
the meticulous sharing of data and metadata following open science
standards, e.g., according to FAIR-principles [63-65]. The FAIR princi-
ples aim at exploiting the full potential of scientific data by making it
Findable, Accessible, Interoperable, and Reusable for other researchers
and machines. The key guiding principles are to make data and sup-
plementing metadata:

e Findable, for instance, by depositing data along with rich metadata in

a trusted and indexed repository that assigns a persistent identifier
(e.g., DOD).
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Fig. 1. Example showcasing the potential transferability of interface science data: The protein lysozyme is an extensively investigated model protein used in
adsorption experiments and simulations. It is also an inherent constituent of the human eye tear film, plays an important role in egg white foam, and displays
antimicrobial properties which can be harnessed to create 2D antimicrobial films and coatings. Reproduced with permission from Freer et al. (Ref. 26, Arooj et al.
(simulation, Ref. 27, Bertsch et al. (tear film schematic, Ref. 28, Zhao et al. (egg white foam, Ref. 29, and Kummer et al. (2D film, Ref. 25.
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e Accessible, by making data as openly accessible as possible, providing
authentication and authorization procedures if necessary, and using
standardized communication protocols for machine-actionability.

o Interoperable, by using standard and commonly applicable file for-
mats, language, and vocabulary, and including qualified references
to other (meta)data.

e Reusable, by providing richly described (meta)data with detailed
provenance that meets discipline specific standards under a Creative
Common license.

The FAIR principles have been postulated as universal guidelines for
scientific data and must therefore be adapted and reinterpreted for
specific scientific disciplines [66,67]. In some disciplines, it is common
practice to deposit (meta)data in highly specialized repositories with
detailed guidelines for dataset structure and formats. Popular examples
include the GenBank [68], the Protein Data Bank [69], and the SIMBAD
database for astronomical objects [70]. Of course, such unified stan-
dards greatly facilitate the interoperability and reusability of deposited
(meta)data, particularly by machines. Many scientific disciplines,
including interface science, are not structured around such universally
standardized data. This lack of standards for data reporting makes it
hard to guarantee that (meta)data is sufficiently FAIR. Recent efforts to
collect and curate interface science data for surfactants [49] (zenodo.
org/records/14931937) and proteins [32] (zenodo.org/records
/18799688) exemplify the challenges encountered. In both cases, au-
thors reported hurdles to find and extract data in suitable form or
missing (meta)data. An important step towards ensuring data quality is
thus for communities to self-organize and define standards for FAIR
(meta)data sharing in their scientific sub-fields [66], as recently seen in
related research areas, particularly materials chemistry [71-74]. We
here aim to provide such a framework for FAIR (meta)data sharing in
experimental interface science, by defining what (meta)data reporting is
required for typical fluid interface science experiments, surface-active
species, and liquid subphases. We further establish an initial human-
operated data repository for the sharing of interface science data. We
hope that the presented guidelines and data repository provide a first
step towards a vivid culture of data sharing and reuse, as well as trig-
gering further discussions in the community on how to shape the future
of data sharing in fluid interface science.

2. Interface science data and metadata framework

The aim of the current framework is to define the data and metadata
required for facile and meaningful reuse of fluid interface science data.
We refer to Data as the values obtained in typical interface science ex-
periments, e.g., the interfacial tension as a function of time upon
adsorption of a surface-active species at interface. Metadata corresponds
to all extra information that puts this data in a meaningful context, i.e.,
all relevant information about the surface-active species, subphases, and
environmental conditions, as well as detailed information regarding the
methodology used.

2.1. Data and methodology

2.1.1. Surface and interfacial tension measurements

Tensiometry aims at measuring the air-water surface tension yay or
oil-water interfacial tension y,y, often in presence of surface-active
species that reduce y. Key parameters of interest include the adsorp-
tion kinetics, i.e., the reduction of interfacial tension versus adsorption
time y(t), or the equilibrium interfacial tension yeq of surface-active
species depending on their bulk concentration. Some species show an
induction time before adsorption during which the interfacial tension
remains close to that of the clean interface [75]. Furthermore, while
small molecular weight surfactants may reach yeq within seconds [41],
other materials like globular proteins [31] or hydrophilic nanoparticles
[76] may take 24 h or longer to reach (quasi-)stable y. It is thus
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important to report the criteria used to determine the formation of a
stable interfacial layer.

Reporting of yeq as a function of concentration of the surface-active
species is useful to extract additional information from adsorption
isotherm models [77], such as the surface excess I' or critical micelle
concentration (CMC) of surfactants via the Gibbs adsorption isotherm
[41,78] or the adsorption energy E,q of micro- or nanoparticles via a
displacement approach [79], as discussed in detail below. A control
measurement of yo for at least a few minutes, or ideally equivalent to
performed experiments, is critical to confirm the absence of surface-
active contaminants. The obtained yq further acts as a control that the
measuring setup is properly adjusted and should be ~ 72.4 mN/m for
Yaw at room temperature or close to literature values for yqy [80,81].
Reporting of yo allows calculation of the interfacial pressure II(t) = yq -
y(t) or normalized interfacial pressure n(t) = I1(t)/yo = (yo - Y(t))/yo. For
tensiometry techniques relying on drop or bubble shape, reporting the
Bond number Bo describing the balance of gravitational forces and y is
critical to comprehend reported data [82,83]:

_ ApgR®
Y

Bo

where Ap is the density difference between the two phases, g is the
gravitational force and R is the droplet radius. Bo should be in the range
of 0.1-1 to provide a balance of gravitational elongation and shape-
retaining y. Berry et al. [82] recently extended this concept and intro-
duced the Worthington number Wo accounting for needle radius.
Ideally, relevant drop images are provided to allow refitting of the drop
shape. For the Wilhelmy-plate technique, raw force data alongside the
plate and trough material and circumference will allow to reenact
interfacial tension calculations [84,85]. An overview of relevant data for
interfacial tension measurements is provided in Table 1.

2.1.2. Interfacial compression and dilatational rheology experiments
Some tensiometry setups, such as the pendant drop or Langmuir—-
Blodgett troughs further facilitate the modulation of the surface area A
by altering the drop volume or movable barriers, respectively [89,90].
This allows generation of surface pressure-area II-A isotherms to
investigate 2D phase transitions or obtain the compressibility modulus E

Table 1
Overview of relevant data and metadata for interfacial tension measurements.

Data Unit Equation Comment

Interfacial tension measurement data

Interfacial tension N/ - Ideally report raw data, i.e., bubble
change y(t) m shape image plus subphase densities
or force curves plus Wilhelmy-plate
material and dimensions [82,86]
Induction time s - -
Equilibrium N/ - Report at what time y.q was taken. For

interfacial tension m quasi-stable interfacial layers, report
Yeq criteria to define the plateau value

Interfacial tension of N/ - Important measure of subphase purity

clean interface yo m and oil polarity [80,81]

Method metadata

Method - - Report mode of measurement and
instrument details [85,86]

Materials - - Report material of used troughs,
needles, or Wilhelmy-plate [84,85]
Report radius of needles and
circumference of Wilhelmy-plate

Surface area A m? - For Langmuir-Blodgett troughs,

report shape and aspect ratio and
Wilhelmy-plate positioning and
orientation [87,88]

Bulk volume m - Particularly relevant if adsorption
occurs from a subphase
Bond number Bo - Bo = For drop shape analysis methods

ApgR? [82,83]
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of the interfacial film [91]:

_dr
dinA

Note that I1-A isotherms in both compression and expansion should
be reported to detect hysteresis or relaxation effects. Step expansion-
compression experiments can be valuable for complex interfaces that
exhibit dynamic heterogeneity [92]. Periodic (sinusoidal, triangular)
area oscillations applied to adsorbed interfacial layers allow determi-
nation of the interfacial dilatational storage modulus E’ and loss
modulus E”. The interfacial area is oscillated around a mean area Ag
with a certain strain amplitude e = AA/Aq and an oscillation frequency
o. E’ and E” are defined as:

E=

d
F=%coss
€
E = 9sin§

e

where § is the phase shift of y in response to the area change. E’ and E”
typically vary as a function of ® as well as for ¢ beyond the linear
viscoelastic regime. For comparability of E’ and E” across different
studies, it is therefore pivotal to unambiguously report ¢ and w, or
ideally, report E’ and E” for several € and o to show their strain- and
frequency-dependence. Full area oscillation-surface pressure cycles may
be depicted in Lissajous plots to identify hysteresis and to extract further
information on the (non-linear) behavior of interfacial layers under
compression and extension, respectively [93,94]. For Langmuir-
Blodgett trough experiments, the trough material and dimensions, as
well as Wilhelmy plate material, positioning, and orientation relative to
the compression should be reported as the uniaxial compression induces
a superposed shear flow [87,88]. Many state-of-the-art pendant drop or
Langmuir-Blodgett setups directly provide E’ and E”. The underlying
oscillation cycles of y and A or drop shape profiles are not routinely
reported, although it might help researchers, reviewers, and others
aiming to reproduce the data to understand contributions from aniso-
tropic stresses [83,86] or superimposed adsorption phenomena [95,96]
and support the development of new methods or numerical treatments
[83,86]. An overview of relevant data for interfacial compression and
dilatational rheology measurements is provided in Table 2.

Table 2
Overview of relevant data and metadata for Interfacial compression and dila-
tational rheology experiments. Method metadata corresponds to Table 1.

Data Unit Equation Comment

Interfacial compression & dilatational rheology data
Surface pressure -area N/m - Report interface formation
isotherms T1(A) procedure and equilibration
time. Surface shape can be
important due to superimposed
shear flow [87,88]

Compressibility N/m E=—- Can depend on compression rate
modulus E dy and aspect ratio [87,88]

dinA

Interfacial dilatational Paem = Report along with the oscillation
storage modulus E’ (e, dy frequency, strain and interfacial

—Cosd .
) & tension [90,97]

Interfacial dilatational Paem E = Report along with the oscillation

loss modulus E”(g, ») dy . frequency, strain and interfacial
—siné .
tension [90,97]

Complex interfacial N/m E =FE+ Report along with the oscillation
dilatational modulus iE' frequency, strain and interfacial
E* tension [90,97]

Oscillation strain - e AA -
amplitude & Ag

Oscillation frequency ® rad/s o =2af f corresponds to the frequency in

Hz
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2.1.3. Interfacial shear rheology experiments

In interfacial shear rheology, the 2D interfacial layers are subjected
to a shear flow field at constant area to determine their resistance to
deformation and extract shear viscoelastic properties. The interfacial
layers are exposed to sinusoidal shear deformations with a shear strain
amplitude ys and an oscillation frequency o to determine the shear
storage modulus G;’ and loss modulus Gi™:

;00
G = —cosd

s

. 00 .
G = Lsins
Vs

where oy is the shear stress amplitude and ys = 10y, r being the radial
distance and 6 the maximum deflection angle. A full stress-strain cycle
may be depicted in Lissajous plots to understand the behavior of the
interfacial layers at critically high strains [93,98]. An important
consideration in interfacial shear rheology is that the total shear stress is
a combination of interfacial and bulk shear stress as expressed by the
dimensionless complex Boussinesq Bo*:

< _

Bo = E

where n;* and n are the complex interfacial viscosity and bulk viscosity,
respectively, and L is a characteristic length scale that depends on the
used geometry [99-103]. A prerequisite for interfacial shear rheology
measurements is that the total shear stress is dominated by interfacial
drag rather than by bulk viscosity (Bo* > > 1). A detailed treatment of
the importance of Bo*, as well as further operating windows for inter-
facial shear rheology, is provided by Renggli et al. [104] The obtained
total shear stress thus needs to be corrected to obtain the interfacial
shear storage Gi’ and loss G;” moduli. Specific approaches for the
required corrections have been described for the double wall-ring [105],
the bicone geometry [106,107], and magnetic rod rheometers
[101,102]. Sanchez-Puga et al. [100,108] provided an open source
software package (BiconeDrag, dx.doi.org/10.17632/c245bmgf5n.1) to
correct interfacial shear rheology data. For full traceability, we recom-
mend the reporting of dimensions, viscosities, and densities used for the
correction, and ideally reporting the uncorrected data (G’, G”) or total
torque and angular displacement to extract G;” and G;”. An overview of
relevant data for interfacial shear rheology measurements and subphase
correction is provided in Table 3.

2.1.4. Structural analysis of interfacial layers

Structural analysis on the 2D structure and organization of adsorbed
interfacial layers can link observed I1-A isotherms or interfacial rheology
to specific interfacial structures. The most suitable technique(s) for
structural analyses varies considerably depending on the surface-active
species and subphases involved. Adsorbed microparticles may be visu-
alized directly by optical microscopy [109,110], while the structuring
and phase transitions of surfactant layers can be visualized by fluores-
cence or Brewster angle microscopy [111-113]. Other surface-active
species, e.g., proteins, nanoparticles, polymers, or polymeric micro-
gels, are often limited to indirect measurements based on dielectric
properties (ellipsometry) [114,115] or scattering length density (X-ray
or neutron reflectometry) [116-118] that are distinct from either sub-
phase, Langmuir-Schaefer deposition and imaging by atomic force mi-
croscopy (AFM) [119], or in situ liquid AFM [120,121]. Commonly
extracted data are the surface layer thickness d, surface roughness o, or
surface coverage n. The contact angle 6 of adsorbed particles or
spreading of microgels can further be obtained from reflectometry
[122], gel trapping [123], or freeze-fracture shadow-casting cryo-
scanning electron microscopy [124]. In ellipsometry and reflectometry
techniques, those quantities are obtained by data fitting, and respective
models and fitting parameters have to be meticulously reported. Large
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Table 3
Overview of relevant data and metadata for Interfacial shear rheology experi-
ments and subphase correction.

Data Unit Equation Comment

Interfacial shear rheology data

Interfacial shear storage =~ Paem G; = Report along with the
modulus Gjs’(yo, ®) o0 coss oscillation strain and

s frequency [90,97]

Interfacial shear loss Paem G = Report along with the
modulus G;i’(yo, ®) 90 ¢ins oscillation strain and
Vs frequency [90,97]
Complex interfacial Paem G =G+ Report along with the
shear modulus G;* iG] oscillation strain and

frequency [90,97]

Complex interfacial Paesem . G Report along with the
viscosity n;* = e oscillation strain and
frequency [90,97]
Oscillation strain - ys =1 -
amplitude ys
Oscillation frequency ® rad/s ® = 2zaf -
Data for correction
Storage modulus G’ Pa G = -
% cosé
Vs
Loss modulus G” Pa G = -
% coss
s
Subphase viscosities 1 Paes - From bulk rheology
experiments
Subphase densities p kg/m> - -
Characteristic length m - Depends on used setup/
scale L geometry [99,100,104]
Method metadata
Method - - Report mode of measurement
and instrument details [87,88]
Materials - - Report material and
dimensions of used cups and
geometries [104]
Surface area A m? - -
Bulk volume m® - Particularly relevant if

adsorption occurs from a
subphase

scale neutron facilities often have established data storage guidelines
and transparent data processing workflows in place [125]. Regarding
image files, the adequate analysis of images without bias and the open
sharing of image files and metadata are a major challenge across
research disciplines [126,127]. The unprocessed image files, ideally as
OME-TIFF files with rich metadata provided in one file, should be shared
alongside all code and processes used for image analysis and data
extraction. An overview of relevant data for interfacial structural ana-
lyses is provided in Table 4. Due to the diversity of interfacial structural
methods, we refer the reader to specialized literature for relevant
method metadata.

Table 4
Overview of relevant data for Interfacial structure experiments.

Data Unit Equation ~ Comment

Interfacial structure data

Structure - - Often qualitative, i.e., order/disorder or
detection of impurities in adsorbed
surfactant or particle layers. Share
respective image files including metadata
[126,127]

Layer m - Report used model and fit parameters

thickness

Layer m - Report used model and fit parameters

roughness

Surface % - Report used model and fit parameters

coverage

Contact degree  — For adsorbed particles

angle
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2.2. Metadata - surface-active species

Besides the data related to different interface science experiments,
datasets should be complemented with rich metadata to guarantee
traceability, reproducibility, and reusability of the data. In interface
science experiments, this concerns particularly the detailed description
of the surface-active species, the liquid subphases, and experimental
conditions used. In the following, we aim to define the metadata to be
reported to understand the primary data obtained from interface science
experiments.

2.2.1. Surfactants

The term ‘surfactant’ generally refers to low-molecular weight mol-
ecules with a polar headgroup and a hydrophobic tail which renders
them surface-active (Fig. 2A). Many surfactants are sold under trade-
mark names (e.g., Tween, Brij) necessitating their unambiguous iden-
tification using international chemical identifier (InChI). The self-
assembly of surfactants in bulk, and to some degree at liquid in-
terfaces, is correlated to their head and tail geometry, as expressed by
the critical packing parameter [128-131]. For surfactant partitioning at
fluid interfaces multiple concepts have been proposed over the years,
including the spontaneous curvature of adsorbed surfactants [132],
phase inversion temperature [133], packing parameter [134], or the
Winsor ratio [135], which are unified in the hydrophilic-lipophilic de-
viation (HLD) from optimum formulation concept which for anionic
surfactants reads [136-139]:

HLD = f(S) — K(EACN) — f(A) + 05 — ar(T)

where f(S) a function accounting for salinity, K an empirical constant
depending on the surfactant headgroup which is a function of the
equivalent alkane carbon number (EACN) of the oil, f(A) a term ac-
counting for alcohol type and content, g a surfactant-specific param-
eter, and aT the empirical temperature constant. HLD = 0 corresponds to
equivalent interactions of surfactants with both subphases and a
maximum affinity to partition at the interface, sometimes referred to as
‘optimum conditions’. The hydrophilic-lipophilic balance (HLB) of sur-
factants often is a good predictor for the preferred phase of surfactants
[140,141]:

HLB:ZO-%
M

where My, is the molecular mass of the hydrophilic part of the surfactant
and M the total molecular mass. Rather hydrophilic surfactants (HLB =~
8-16) tend to form oil-in-water emulsions, while hydrophobic surfac-
tants (HLB ~ 3-6) tend to stabilize water-in-oil emulsions (Fig. 2B)
[142].

The adsorption of surfactants at fluid interfaces is generally fast,
reversible, and not associated with changes in molecular structure
(although complex supramolecular structures are possible under
confinement [146,147]). A lot of relevant information on surfactant
adsorption can thus be obtained from adsorption isotherms. The sur-
factant concentration at which no more changes in y are measured
corresponds to the critical micelle concentration (CMC) of a surfactant
under the given measuring conditions (or critical aggregation concen-
tration (CAC) for phospholipids). Commercial surfactants are often not
pure and may be mixtures, which results in inconsistent behavior or a
minimum in adsorption isotherms close to the CMC [148]. The corre-
sponding minimum surface tension, ycmc, is limited by the surfactant
structure and its maximum surface excess ['max [149-153]. In practice,
there often remains an ambiguity about how to quantify the surface
activity of surfactants, i.e., by the minimum concentration that leads to a
measurable reduction in vy, the CMC, or ycmc [142]. Hence, ideally both
CMC and ycmc should be reported to facilitate the comparison of sur-
factant adsorption. Hodl et al. [49] demonstrated that a graph neural
network trained with several hundred partially incomplete datasets can
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Fig. 2. A) Line notation (SMILES) of anionic sodium dodecyl sulfate (SDS), cationic dodecyltrimethylammonium bromide (DTAB), and polyoxyethylene-(23)-
monododecyl ether (Brij 35) visualizing polar headgroups (red) and hydrophobic tail (green). B) Effect of hydrophilic-lipophilic balance (HLB) on emulsification. C)
Adsorption isotherms of nonionic (Brij 35) and cationic dodecyldimethylammonium bromide (DDAB) at 0, 0.1, and 1 M NaBr at the a/w surface. Two datasets, from
Bergfreund et al. (Ref. 41 and Pisaev et al. (Ref. 143 were replotted for Brij 35 and from Okuda et al. (Ref. 144 for DDAB as a function of ionic strength. D) Adsorption
isotherms of ampholytic N-Dodecyl-p-alanine at varying pH in its cationic state (pH 1.5), close to its pK, (pH 3) and in zwitterionic state (pH 6). Replotted from
Nakamura et al. (Ref. 145. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

predict missing information (e.g, CMC, ycmc, I'max) based on surfactant
structure. This underlines the possibilities of FAIR sharing and reuse of
interface science data in combination with machine learning, particu-
larly for surfactants who have a clear correlation of their structure and
interfacial assembly. There even is a first example of fully autonomous
acquisition and machine learning driven analysis of surfactant adsorp-
tion isotherms [154].

For ideal solution behavior, changes in y can be related to the sur-
factant surface excess I (rnol/mz) by the Gibbs adsorption isotherm
[155,156]:

__ 1 da
"~ RTmdinC

where R is the ideal gas constant, T the temperature and m a parameter
taking the charge of the adsorbed surfactant into account. For ideal
monolayers of non-interacting surfactants, the affinity of surfactants to
partition at the interface in the form of the empirical adsorption equi-
librium constant K can be extracted from the Langmuir model [38,157]:

KC
0=—"_
1+KC

Here, 0 is the fractional surface coverage (0 < 6 < 1). Besides non-
ionic surfactants, there are anionic, cationic, zwitterionic or mixed
‘catanionic’ surfactants, whose ionic interactions affect their interfacial
packing and CMC. The prefactor m in the Gibbs adsorption isotherm can
account for nonionic (m = 1) and ionic (m = 2) surfactants [155,156].
Note that the charge of surfactants depends on their pK, and respective
solution pH. For high ionic strength in the aqueous phase, charged
surfactants approximate the behavior of nonionic surfactants (m = 1). In

case of considerable electrostatic or steric surfactant interactions, more
complex models that account for non-ideality should be considered, as
elaborated in detail elsewhere [34,158].

Experimentally, it is observed that nonionic surfactants, e.g. Brij 35,
reduce y at lower concentrations, frequently making it difficult to
measure a plateau region without changes in y (Fig. 2C) [41,143]. Ionic
surfactants such as cationic dodecyldimethylammonium bromide
(DDAB) generally require higher concentrations to reduce y and have a
higher CMC. However, their adsorption isotherm and CMC are shifted to
lower concentrations at increasing ionic strength and approximate the
behavior of nonionic surfactants (Fig. 2C) [144,159]. Similarly, the
adsorption isotherm of surfactants with pH-dependent ionization can
shift depending on pH (Fig. 2D) [145,160]. The adsorption of ionic
surfactants thus depends on the aqueous subphase pH and ionic
strength, as discussed further below. Surfactant adsorption kinetics are
less frequently investigated compared to their isotherms, although they
can be useful to extract information on such adsorption barriers of
charged surfactants [37,38,161,162]. Viscoelastic properties of interfa-
cial surfactant layers are often negligible and below the threshold of
most shear rheometers in the nPa/m range [103]. An overview of rele-
vant data and metadata for surfactants in interface science experiments
is provided in Table 5.

2.2.2. Proteins

The adsorption behavior of proteins is more complex compared to
most other surface-active species, as their adsorption can be associated
with long-time intra- and intermolecular structural rearrangements.
Adsorbed proteins interact with each other and with proteins in the bulk
and may form solid-like layers (arrested states such as two-dimensional
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Table 5
Overview of relevant metadata for surfactants in interface science experiments.
Data Unit Equation Comment
Surfactant data & metadata
Name & molecular - - Line notation (SMILES) and InChl.
structure Report potential ionic nature of
surfactants. Report purity and
composition for commercial
surfactants that are mixtures
Concentration C mol/ - -
L
Critical micelle mol/ - From adsorption isotherm.
concentration L Alternatively, CAC for
CMC phospholipids [142]
Interfacial tension N/m - From adsorption isotherm [142]
at the CMC ycmc
Surface excess I' mol/ Ir=— From adsorption isotherm
m? 1 dy [155,156,159,163]
RTm dinC
Adsorption L/ 0— KC Use alternative model in case of
equilibrium mol 1+KC  considerable surfactant interactions

constant K [34,158]

jammed or gelled states) or aggregated multilayers, often making their
adsorption quasi-irreversible [164-170]. Due to this complexity of
protein adsorption, including long-timescale structural changes and
formation of solid-like layers, transient changes of protein interfacial
layers in terms of adsorption kinetics y(t) or interfacial rheology (E’, E”;
Gji’, Gi”) as a function of time, frequency, or deformation amplitude are
more frequently investigated. Furthermore, the adsorption of proteins is
affected considerably by their extraction procedure. Meticulous sharing
of extraction and experimental conditions is thus particularly important
for interfacial experiments with proteins to guarantee comparability and
reproducibility of results.

2.2.2.1. In-house protein extraction and characterization. While proteins
from whey, egg white, or soy have been well studied and characterized
for decades and are commercially available as purified isolates from
chemical suppliers, proteins from less common sources are often
extracted using laboratory-specific extraction protocols and purification
procedures. This is a particular challenge regarding the current trend of
investigating novel plant or unicellular protein extracts, as it results in
variations in the extracted protein content, fractions, and aggregation
state from the same raw material (Fig. 3A) [171-175]. For in-house
protein extraction, it is thus highly relevant to report the detailed
extraction protocol and adequately characterize the obtained protein
concentrate in terms of protein content (i.e., nitrogen measurement and
reporting of used nitrogen conversion factors), compositional analysis,
and confirmation of specific protein fractions using SDS-PAGE, size
exclusion chromatography, or high-performance liquid chromatography
[176].

2.2.2.2. Protein adsorption: several subprocesses limited by protein struc-
ture and mobility. The adsorption of proteins at fluid interfaces often
leads to the formation of solid-like films that evolve over time due to in-
plane rearrangements (aging), potentially associated with changes in
protein secondary or tertiary structure. These processes result in
measurable changes in y or interfacial viscoelasticity over several hours
to days, making adsorption experiments as a function of time more
relevant for proteins. Benjamins et al. [170] and later Graham and
Phillips [182-184] introduced the concept that protein adsorption can
be described as a series of subprocesses, including I) diffusion-limited
migration to the interface, II) penetration, II) interfacial rearrange-
ment, and potentially IV) multilayer formation. Steps II-IV are limited by
the proteins’ mobility and protein intermolecular interactions in the
interfacial plane. The latter is limited by the proteins’ structural stability
and leads to pronounced differences in adsorption kinetics for unstruc-
tured (‘random coil’) compared to structured (‘globular’) proteins
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[26,165,185-189], as visualized for random coil p-casein and highly
stable globular lysozyme in Fig. 3B. This structural limitation of globular
protein adsorption is reduced in case of partial denaturation or hydro-
lysis of proteins, and it is thus crucial to report processing steps like
heating or acid/base treatments that can potentially induce protein
denaturation or hydrolysis [165,190-194].

2.2.2.3. Protein amphoterism makes their adsorption pH and ionic strength
dependent. Proteins are ampholytic and their behavior in bulk and at the
interface varies considerably based on the aqueous subphase pH and
ionic strength. Most proteins contain both potentially cationic and
anionic amino acids, making their net charge and effective {-potential a
function of pH with a characteristic isoelectric point pI with zero net
charge (Fig. 3C). Many established animal-based proteins from milk as
well as proteins from legumes have a plI in the range of ~ 4-5 [177,178].
However, notable exceptions exist such as lysozyme (pI ~ 10-11) [179]
or proteins from certain microalgae strains which have an exceptionally
low pI ~ 2-3 [180]. Protein adsorption is favored and primarily
diffusion-limited at low net charge, i.e., close to their isoelectric point or
increased ionic strength, due to less electrostatic repulsion between and
within proteins. However, proteins may lose their surface-activity if
their {-potential is too low due to bulk aggregation and precipitation
[181,195-198]. This behavior is exemplified in Fig. 3D for p-lacto-
globulin [181]. At low concentrations (5 x 10°® mM), adsorption is
impaired at the pI compared to pH 7 due to reduced protein solubility.
However, at high protein concentration (10'2 mM) adsorption is faster at
the pl due to the excess protein. Similarly, p-lactoglobulin adsorption is
enhanced at increased ionic strength (Fig. 3E).

In summary, for experiments involving proteins, it is pivotal to report
a rich set of metadata including their composition and purity, (multi-
meric) structure and stability, potential pretreatments, and their {-po-
tential or net charge and resulting solubility S under the aqueous
subphase conditions. For protein mixtures, it is important to report the
composition and properties of individual protein fractions. An overview
of relevant metadata for proteins in interface science experiments is
provided in Table 6.

2.2.3. Polymers

There are several synthetic polymers that exhibit surface-activity
such as polyethylene oxide (PEO), partially hydrolyzed polyvinyl
alcohol, partially ionized acrylic acid, or hydrophobically modified
polyacrylamide [200-203]. Polymer adsorption is primarily affected by
their molecular weight My, and degree of polymerization DP, which
corresponds to My,/M, where M, is the molecular weight of the mono-
mer. Generally smaller polymers adsorb faster due to a higher diffusion
coefficient and fewer conformational rearrangements, however, larger
polymers adsorb more strongly due to increased contact points and
lower entropy loss per segment on adsorption [204-207]. The focus of
experimental interface science has been on complex amphiphilic poly-
mers in the past decades, specifically block copolymers and, more
recently, bottlebrush copolymers.

2.2.3.1. Block copolymers. Block copolymers consist of blocks of
different synthetic polymers, typically a more hydrophilic (A) and a
more hydrophobic (B) one. They adsorb at fluid interfaces due to the
different solvent selectivity of each block, which together with inter-
block segregation makes the interface the thermodynamically favor-
able location following Flory-Huggins’ solution theory [208,209]. Block
copolymers commonly investigated for interfacial partitioning are
diblock copolymers (A-B) or triblock copolymers (A-B-A, B-A-B). A
particularly widely investigated family of copolymers are poloxamers
(Pluronics) consisting of a hydrophobic chain of polyoxypropylene (poly
(propylene oxide)) (PPO) flanked by two hydrophilic chains of PEO. The
surface pressure of copolymers follows a scaling law [210-212]:

I =~ kgTI”
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Fig. 3. A) Example for step-by-step purification from biomass to protein powder by wet fractionation. Reprinted with permission from Yang et al. (Ref. 175. B)
Adsorption kinetics of random-coil f-casein and globular lysozyme at the a/w interface. Replotted from Freer et al. (Ref. 26. C) {-potential as a function of pH for
p-lactoglobulin (Bertsch et al., Ref. 177, pea protein isolate (Tang et al., Ref. 178, lysozyme (Kubiak-Ossowska et al., Ref. 179, and A. platensis isolate (Bocker et al.,
Ref. 180. D) Adsorption kinetics of f-lactoglobulin at the a/w interface at varying concentration at pH 7 and close to its isoelectric point (=~ 5) and E) at increasing

ionic strength. Replotted from Ulaganathan et al. (Ref. 181.

where kg is the Boltzmann constant and y is a scaling parameter
describing the solvent quality of the interface for the copolymer. At
increasing I' block copolymers experience several structural transitions
as evidenced by ellipsometry and manifested by distinct regimes in
elasticity versus.

I plots (Fig. 4A). In the dilute regime (I), copolymers adsorb in a
two-dimensional stretched chain conformation in the interfacial plane
with a linear increase of the limiting elasticity Eq with y = 2 (stretched
chains) [213,214]:

E() :yH

Copolymers may form self-assembled disk or worm-like structures in
this dilute regime, depending on block structure [216]. At the critical
overlap surface concentration (II), some of the hydrophilic blocks are
forced to extend into the aqueous subphase, leading to a drop in E* due
to inhomogeneous polymer conformations. At further increasing surface
load (III) E* increases again due to the formation of compact and

homogeneous 3D structures, where the hydrophobic block acts as an
anchoring point at the interface, and the hydrophilic block(s) extend
into the aqueous subphase. The hydrophilic blocks may loosely extend
into the aqueous phase as coils with some overlap (‘mushroom’) or
stretch out if overlap is energetically costly, i.e., in a good solvent
(‘brush’) [115,217-219]. Hydrophobic block copolymers may experi-
ence a further decrease in Ey (IV), which may be attributable to the
expulsion of the hydrophobic block into the aqueous phase or the
coexistence of mushroom and brush structures [213,214]. In a similar
fashion, these structural transitions can also be observed in the corre-
sponding I1-A isotherms [219-221].

Regarding adsorption kinetics, block copolymer adsorption is limited
by diffusion and an adsorption barrier due to chain reorientation at low
I' [215,217]. At the onset concentration of brush formation ¢; adsorp-
tion is further limited by reorganization into brush structures, and
adsorption kinetics are best described by a combined diffusion plus
reorientation model. Beyond c; diffusion is no longer limiting; the sur-
face is rapidly saturated and further adsorption is limited by the
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Table 6
Overview of relevant metadata for proteins in interface science experiments.

Data Unit Equation =~ Comment

Proteins metadata

Name - - For in-house extraction, report
isolation protocol and expected
fractions supported by SDS-
PAGE [175]

Concentration C kg/L - Report protein content for
extracts and individual
concentrations in protein
mixtures [175]

Purity (protein content) - - For in-house extraction, report
protein content, composition,
and determination method, e.g.,
Dumas or Kjeldahl method, and
used nitrogen conversion factor
[175]

Molecular weight M,, g/ - Obtained from SDS-PAGE or SEC

mol [176]
(Da)
Size in solution m Radius of gyration or

hydrodynamic radius from
scattering experiments
Globular or random coil
structure, if known multimeric
structure or aggregation state
[26]

Relevant for globular protein
adsorption [30,199]

Structure - -

Thermodynamic stability =~ J/mol -
AGy (Folded s
Unfolded)
Denaturation/Hydrolysis ~ — - Report pretreatments (heat,
pressure, acid/base) that may
affect protein structure and
ideally quantify, e.g., by DSC,
CD, FTIR, or SDS-PAGE
[165,190-194]
In protein mixtures,
experimental determination
(¢-potential) typically provides
pl of major fractions

Isoelectric point pI - -

(-potential (pH, I) A - Report for relevant buffer pH
and ionic strength

Net charge (pH) - - -

Solubility S (pH, I) kg/L - Determined by colorimetric

assay of supernatant or nitrogen
solubility [180]

reorganization of adsorbed copolymers which can lead to a temporary
stagnation of y(t) (Fig. 4 4B) [215].

The benefit of synthetic block copolymers in terms of metadata
reporting is that their monomer number and block sequence (e.g., PEOy-
PPOy-PEO,), which mostly determine their interfacial behavior, are
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generally known. The ratio of hydrophilic and hydrophobic monomers
Np/Np can provide a rough approximation of the hydrophilic-
hydrophobic balance of block copolymers, but a better estimate is pro-
vided by the ratio of the Flory radii Rr of hydrophilic and hydrophobic
blocks [115]:

5 R}(:B) Iy (N 3/5
B R(FA) L \Na

where |; is the length and N; the number of monomers of hydrophilic
blocks A and hydrophobic blocks B.

2.2.3.2. Bottlebrush copolymers. Bottlebrush copolymers, linear poly-
mers grafted with polymeric sidechains of altering hydrophobicity, have
recently been increasingly investigated for their interfacial assembly.
For bottlebrush copolymers, reporting of the backbone degree of poly-
merization Ngg, degree of sidechain polymerization Ngc, grafting density
(sidechain repeat units/backbone repeat units), as well as dispersity and
compositional heterogeneity are relevant to their interfacial assembly,
structure, and rheology [222-226]. Bottlebrush copolymers form denser
interfacial layers with lower yeq for shorter backbones and a higher
degree of hydrophobic side chains [224-227]. Higher packing and lower
Yeq is further favored by a blockwise distribution of hydrophilic and
hydrophobic sidechains compared to random distributions [226]. An
overview of relevant metadata for copolymers in interface science ex-
periments is provided in Table 7.

2.2.4. Surface-active polysaccharides

Most polysaccharides are not inherently surface-active, however,
there are a few examples of naturally occurring polysaccharides which
are surface-active due to peptide side-chains, such as gum Arabic or
sugar beet pectin [228-232]. Furthermore, some polysaccharides are
frequently modified to be surface-active, such as hydrophobically
modified starch [228,233] or dextran [234], methylcellulose [235], and
hydroxypropyl methylcellulose [231,236]. Due to natural variations and
different modification protocols, it is critical to report the structure and
characteristics of the used polysaccharides, such as their average M,, and
dispersity, e.g., by high-performance size-exclusion chromatography
[237,238], as well as the monosaccharide composition and the density
and distribution of hydrophobic groups. A practical guide for poly-
saccharide hydrolysis and monosaccharide determination was provided
by Liu et al. [239] Furthermore, the charge density obtained from
conductometric titration [240] and {-potential as a function of pH and
ionic strength in solution are important parameters for charged poly-
saccharides. An overview of relevant metadata for polymers in interface
science experiments is provided in Table 8. A recent trend is the for-
mation of microgel particles from surface-active polysaccharides, which
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Fig. 4. Limiting elasticity Eo as a function of o/w interfacial pressure of triblock copolymers showing different characteristic regimes due to interfacial transitions
from I) 2D stretched chains (y = 2), II) overlap and extension into aqueous phase, IIT) formation of ordered 3D mushroom or brush structures, and potentially IV)
expulsion of copolymers into the aqueous phase or coexistence of mushroom and brush structures. Replotted from Ramirez et al. (Ref. 214. B) Adsorption kinetics of
triblock copolymers at the a/w surface at the onset concentration of brush formation c¢; and at ¢ > ¢; showing the transition from diffusion- to reorganization-limited
adsorption. Replotted from Munoz et al. (Ref. 215. Created in BioRender. Bertsch, P. (2026) https://BioRender.com/x988b5f.
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Table 7
Overview of relevant metadata for polymers in interface science experiments.
Data Unit Equation Comment
Polymer metadata
Monomer name(s) — - -
Concentration C mol/ - -
L
Molecular weight M,, g/ - Include information on
mol dispersity [204]
(Da)
Degree of o - DP — M,
polymerization M,

Block copolymers (additional considerations)
Block structure - - Report number of monomers
and block sequence, e.g., PEOx-
PPO,-PEO, [115]
Hydrophilic/hydrophobic
monomer ratio Ng/N, can
provide rough estimate [115]

Hydrophobicity -
(Flory radii ratio p)

R
R;—;A)

Is (Ng\*®
i ()
Bottlebrush copolymers (additional considerations)
Degree of - - Report for backbone (Npp) and
polymerization sidechains (Ngc) [226]

Grafting density - - Sidechain/backbone repeat
units [226]

are themselves surface-active and behave as soft particles at fluid in-
terfaces [241], and are discussed further below.

2.2.5. Solid (nano)particles

2.2.5.1. Micron-sized particles. Solid particles, despite not being
amphiphilic, can still accumulate at fluid-fluid interfaces if the contact
between the particle and the subphases is energetically more favorable
compared to the direct contact of the subphases [242-244]. The inter-
facial adsorption energy E,q of solid particles is given by:

Eu= —Ay,,(1+ cosGOW)2

where A is the o/w interfacial area eliminated by the particle, and 0y is
the contact angle of the particle with the o/w interface, which results
from the wettability of the solid particle by the water and oil subphase
according to Young’s equation (Fig. 5A):

Vso — Vsw

€088, =
yOW

Hence, the adsorption energy and positioning of solid spherical

particles at fluid interfaces can be fully described by reporting particle

dimensions, solid-fluid contact angles, and vyow [249-254]. The

Table 8
Overview of relevant metadata for surface-active polysaccharides in interface
science experiments.

Data Unit Equation =~ Comment

Surface-active polysaccharides metadata

Concentration C mol/ - -
L
Source and extraction/ - - For in-house extraction, report
modification isolation protocol and composition
procedure (purity)
Structure - - Report backbone and side chain
monosaccharides, density and
distribution of sidechains [239]
Molecular weight M,, g/ - Include information on dispersity
mol [237,238],
(Da)
Charge density mol/ - From conductometric titration
g [240]
(-potential (pH, I) \ - For charged polysaccharides

10

Advances in Colloid and Interface Science 358 (2026) 104066

adsorption energy of spherical particles is a function of 6 and their size
(A = nr? at = 90°) and is usually irreversible with high adsorption
energies (Eoq > > 10° kgT) for micron-sized particles (Fig. 5B). For
charged particles, subphase conditions beyond wetting can be relevant
for adsorption, such as the pH and ionic strength of the aqueous phase
that determine the magnitude of electrostatic interactions [255], or the
relative permittivity e of the oil which determines long-range
Coulombic repulsion through the oil phase [256,257]. A high particle
surface charge can prevent adsorption due to electrostatic repulsion
between particles, adsorbed ions, and image charge effects at the
interface [243,257-260]. Besides the surface chemistry and size, the
surface morphology can also play an important role and should be re-
ported accordingly. To a certain extent, an increase in surface roughness
or chemical patchiness can enhance the wettability of particles by both
the hydrophilic and hydrophobic subphase, allowing for higher
adsorption energies, and particles that can stabilize both o/w and w/o
emulsions [261-264]. Although 6 can be estimated by Young’s equation,
experimental determinations remain important due to particle size dis-
persity, surface heterogeneities, contact angle hysteresis and kinetic
effects [123,124].

The matter is more complicated for non-spherical particles, such as
ellipsoids, oblates, or cylinders that orient in the interface plane and
induce anisotropic interface deformations, i.e., variations of 6., along
the contact line of the particles [265]. Depending on geometry (ellipsoid
vs. cylinder) and surface chemistry, this results in a depression of the
interface contact line along the sides of particles and a rise at the tips, or
vice versa (Fig. 5C) [266-268]. These anisotropic interface deformations
induce lateral capillary forces between particles that favor a side-by-side
or tip-to-tip orientation (Fig. 5D and E) [109,110,246,247,269-274].
Adsorbed anisotropic particles are further destabilized by line tension
along their long axis, which results in a lower © than predicted by
Young’s equation which demands a correction term (Fig. 5F)
[245,275,276].

2.2.5.2. Considerations for nanoparticles. Some considerations for solid
particle adsorption need to be revisited for nanoparticles. Due to their
smaller size, nanoparticles and their adsorption are subjected to diffu-
sion as described by a modified Ward-Tordai model [277]. They need to
overcome a considerable energy barrier for adsorption particularly in
case of hydrophilic or charged nanoparticles [278,279]. The adsorption
energy of nanosized particles is much lower in the range of ~ kgT
depending on size, adsorption angle, and yow (Fig. 5G), allowing for
nanoparticle desorption [79,280]. Determination of adsorption energies
using the standard capillary approach can fail for nanoparticles due to
the finite thickness and adsorption-induced curvature of the interface
that can be at relevant length scales for nanoparticles. The E,q of
nanoparticles is better approximated by an interfacial displacement
approach [79,281]:

Eu = 7i(70w(75w - ysa) )2 =
yUW

The second term exploits the fact that nanoparticles, unlike most
micrometer sized particles, induce considerable changes in interfacial
tension and their adsorption energy can thus be approximated experi-
mentally from changes in y and determination of their surface coverage
ns. Due to the increasing adsorption energy as a function of size, the
adsorption kinetics and vy, reduction are enhanced for larger nano-
particles (Fig. 5H) [248]. The lower adsorption energy makes nano-
particle adsorption susceptible to effects that counteract adsorption like
electrostatic repulsion, low y,y, already adsorbed particles, or line ten-
sion in case of anisotropic nanoparticles [276,282-287]. As a result, the
adsorption of charged nanoparticles can be slow, particularly at polar
oils with low y,y, but may be enhanced by an increase in ionic strength
that reduces electrostatic repulsion (Fig. 5I) [76]. An overview of rele-
vant metadata for particles in interface science experiments is provided
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(Ref. 245 D) Simulation of meniscus deformation relative to particle width h/b of adsorbed ellipsoids (k = 4, 6 = 40°) favoring lateral alignment. Reprinted with permission
from Luo et al. (Ref. 246. Optical microscopy images of ellipsoidal particles (k = 4.2) at the o/w interface favoring side-to-side (silica) or tip-to-tip (polystyrene) orientation
depending on surface chemistry (scale bar = 50 pm). Reprinted with permission from Loudet et al. (Ref. 247 F) Schematic effect of particle aspect ratio k on 6. G) Adsorption
energy of spherical particle as a function of radius for two different scenarios of 6 and y,,. H) Adsorption kinetics of spherical cadmium selenide nanoparticles of different size.
Replotted from Kutuzov et al. (Ref. 248. I) Adsorption kinetics of negatively charged nanoparticles at oils with increasing polarity, i.e., decreasing y,y, and upon increasing ionic
strength. Replotted from Bergfreund et al. (Ref. 76. Created in BioRender. Bertsch, P. (2026) https://BioRender.com/4qbxijf.

in Table 9.

2.2.6. Soft particles

Soft particles, i.e., synthetic and biopolymeric microgels, have
attracted interest in interface science due to their particular interfacial
behavior. The major differences compared to solid particles discussed
above are i) that they swell in either bulk phase and can adopt an
asymmetric shape at fluid interfaces and ii) their soft-solid nature allows
a certain spreading of the particles at the interface based on a compe-
tition of interfacial stresses and particle elasticity [288,289]. It is
important to note that the term ‘microgel’ is used for two classes of sub-
millimeter (frequently even sub-micrometer), soft-solid polymer aggre-
gates which differ significantly in their preparation and properties. On
the one hand, polymeric microgels can be produced by cross-linking of
synthetic monomers. On the other hand, soft particles based on bio-
polymers are produced by bottom-up (aggregation, precipitation) or
top-down (breaking of macroscopic cross-linked hydrogels) preparation.
Polymeric microgels with their characteristic core-shell structure adopt
a ‘fried- egg’ shape at fluid interfaces. The heat or pH-induced aggre-
gation of biopolymers, or particularly the top-down breaking of
macroscopic hydrogels often results in less uniform micron-sized gel
particles that can deform and adopt a lenticular shape at fluid interfaces
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based on particle wetting, interfacial stresses, and particle elasticity E
(Fig. 6A-E). Their positioning and spreading at a fluid interface
(assuming perfectly soft particles with negligible elasticity) is given by
the wetting of the particle by each subphase and the interfacial tension
following Neuman'’s triangle construction (Fig. 6F) [254]. The major
discrepancies between ‘synthetic’ and ‘biopolymeric’ microgels in bulk
and at interfaces were recently reviewed by Akgonullu et al. [241]

2.2.6.1. Synthetic microgels. Cross-linking of synthetic monomers, such
as commonly investigated poly(N-isopropylacrylamide) (pNIPAM)
[293], leads to microgels with a dense core of highly cross-linked
polymer and a looser polymer corona. At fluid interfaces, such micro-
gels adapt an asymmetric ‘fried-egg’ shape characterized by the dense
core, a loosely extended polymer corona in the aqueous bulk phase and
interfacial plane, and collapsed polymer chains in the bulk oil or gas
phase [121,294-296]. Tuning the polymerization protocol allows the
modulation of microgel size and stiffness [290,297,298], whilst the
polymerization around a solid inorganic core can be employed to obtain
core-shell particles [299,300], anisotropic [300] or hollow microgels
[300-302]. As the polymers are temperature sensitive, the respective
microgels exhibit a volume phase transition temperature (VPTT), e.g., ~
32 °C for pNIPAM. Microgels are thus swelling, soft, and compressible
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Table 9
Overview of relevant metadata for particles in interface science experiments.
Data Unit Equation Comment
Solid particles metadata
Concentration C kg/ - -
L
Particle dimensions m - Report relevant particle
and shape shape to determine
interfacial area A and
aspect ratio k for
anisotropic particles
[245,268]. Include
information on dispersity
Surface chemistry, rad 050y — Yso — Vsw Report contact angle
subphase contact Yow Report particle contact
angle angle and details on
measuring technique used
[123,124]
Report chemical
patchniness [264]
Consider correction term
for anisotropic particles
accounting for line tension
[245]
Adsorption energy J Eq = — Use second term if contact

Eaa angle approach fails, e.g.,

AY oy (1 + COSOpy)?
o o for nanoparticles [79]

Ey = —
A

m(}’ow (Yaw

pm -

~ 7))

Surface roughness Report in pm if possible or
otherwise qualitatively, e.
g., by imaging [262]
Report for relevant buffer
pH and ionic strength

(-potential (pH, I) A% -

above, and rigid below their VPTT [296,303]. The use of charged
microgels affects their adsorption and lattice structure at high surface
coverage or under compression [304,305]. Synthetic microgels are
usually synthesized in-house, requiring detailed reporting of the poly-
merization procedure and the characteristics of the particles obtained in
terms of their size and crosslinker content. The internal polymer density
profile, which affects conformations after adsorption, can be obtained by
small-angle X-rays or neutron scattering or static light scattering
depending on particle size [121,302]. Purification after synthesis
through dialysis and/or supernatant exchange is required for the
removal of surface-active impurities that influence the adsorption ki-
netics and interfacial reorganization [306].

The aqueous subphase affects the microgel interfacial behavior in
terms of polymer extension into the water phase and compressibility of
microgel layers [296]. Regarding the hydrophobic subphase, more hy-
drophobic oils with a high y,, promote a wider spreading of the
microgels in the interfacial plane and less extension into the oil phase
[297,307]. Oils with low vy, decrease the microgel stretching on the
interface plane, while the use of organic phases in which the polymer
solubility is significantly enhanced (e.g., fatty alcohols) facilitates the
swelling into the organic phase (Fig. 6B) [121,308].

2.2.6.2. Biopolymeric hydrogels. Microgels can be obtained from pro-
teins or polysaccharides by bottom-up assembly or top-down breaking of
macroscopic hydrogels. Particularly the latter leads to microgel particles
that are non-uniform in size, shape and stiffness [291,309-312]. A
precise numerical treatment of biopolymeric microparticles is usually
not possible due to their heterogeneous size, shape and stiffness. How-
ever, uniform microgels in smaller quantities can be obtained by
microfluidics (Fig. 6E) [292]. Biopolymeric microgels are often fabri-
cated from surface-active biopolymers like proteins or sugar-beet pectin,
and it is assumed that their amphiphilic nature contributes to the
adsorption of resulting microgels [313]. However, microgels obtained
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from non-surface-active polysaccharides still accumulate at interfaces as
soft particles [312]. It is thus important to report the biopolymer source
and microgel formation procedure and, best as possible, their size,
shape, and stiffness distribution. An overview of relevant metadata for
microgels in interface science experiments is provided in Table 10.

2.3. Metadata — surface-active species

2.3.1. Aqueous phase

Many surface-active species are dispersed or dissolved in the aqueous
phase and adsorb from there at the fluid a/w or o/w interface. Hence, it
is pivotal to meticulously report the aqueous phase conditions in terms
of the used temperature, pH, ionic strength, and employed buffer salts.
The CMC of ionic surfactants decreases as a function of ionic strength
(Fig. 2C and D) [142,314-316]. The surface-activity of proteins gener-
ally increases near their pl or at increased ionic strength due to
decreased interfacial electrostatic repulsion and aqueous solubility, but
is impaired upon precipitation at their pI (Fig. 3F and G)
[181,195-197]. The effect of buffer ion on the adsorption of proteins
[317,318] and surfactants [319,320] can follow a Hofmeister series or a
reversed Hofmeister series depending on protein charge. For micropar-
ticles with charged surface groups, adsorption also depends on the
aqueous phase pH and ionic strength [255]. Particularly the adsorption
of nanoparticles with lower E,q4 can be sensitive to electrostatic repulsion
at the interface, and adsorb more readily at increased ionic strength
(Fig. 5I) [76,285,286]. For all interfacial measurements, even small
amounts of surface-active contaminants present in the aqueous phase, e.
g., introduced via insufficiently purified materials or contaminated
labware, can considerably affect interfacial experiments. A measure-
ment of the clean air-water surface tension yy (= 72.4 mN/m at 20 °C)
that remains constant for several minutes is good practice prior to each
experiment to confirm the absence of surface-active contaminants in the
aqueous phase. The viscosity and density of the aqueous phase is rele-
vant in interfacial shear rheology experiments, where the obtained shear
stress needs to be corrected with respect to the bulk drag as discussed
above [104]. An overview of relevant metadata for the aqueous phase in
interface science experiments is provided in Table 11.

2.3.2. Gaseous phase

Most experiments performed at the liquid-gas interface are per-
formed with aqueous solutions in contact with ambient air. In this case,
information regarding the chemical composition and pressure of the gas
phase is implicit and does generally not require further specification. If
specialized gas mixtures are used, however, it is important to state the
composition, pressure, and flow rate of the gas phase, as it can affect the
adsorption of surface-active species. Particularly alkane vapors can
condense at fluid interfaces and compete with other adsorbed species
[158,321,322]. The gas composition and pressure affect y of the pure
gas-water interface [323,324], and a reduced y can result in a decreased
adsorption of surface-active species [325]. The use of inert gases can be
of benefit for the study of surface-active species that are prone to
oxidation, such as phospholipids or oleic acid [326,327]. At increased
gas pressure, the gas molecules also increasingly accumulate at the
interface and compete with the adsorption of surface-active species
[37], particularly for COy, which can form clathrate complexes with
water at the interface [328]. An overview of relevant metadata for the
gaseous phase in interface science experiments is provided in Table 12.

2.3.3. Oil phase

The oil subphase affects the adsorption via the interactions between
oil molecules and the adsorbed surface-active species. Furthermore, the
hydrophobicity (inverse polarity) of the oil phase determines yo, and
thus the thermodynamic driving force for adsorption. The y, of the
clean o/w interface is a good measure for the hydrophobicity of the used
oil, with hydrophobic oils exhibiting a higher y,,, [80]. For surfactants,
the interfacial competition with short-chained or polar oils can reduce
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Fig. 6. A) Schematic of synthetic microgels adopting a ‘fried-egg’ morphology (left) and biopolymeric microgels adopting a lenticular shape based on particle
wetting, interfacial stresses, and particle elasticity at fluid interfaces. B) Average height profile of pNIPAM microgels at oil/water interface for hydrophobic hex-
adecane (black dotted lines) and polar decanol (colored lines). Reprinted from Vialetto et al. (Ref. 121. C) AFM phase image of pNIPAM microgels transferred from
the o/w interface onto a solid substrate. Reprinted with permission from Scheidegger et al. (Ref. 290. D) p-lactoglobulin microgels formed by heat-aggregation at
85 °C and pH 5.8. Scale bar corresponds to 0.5 pm. Reprinted with permission from Schmitt et al. (Ref. 291. E) Microfluidic formation of agarose-gelatin composite
microgels. Scale bar corresponds to 250 pm. Reprinted with permission by Chau et al. (Ref. 292 F) Prediction of perfectly soft particle positioning and spreading at a
fluid interface depending on wetting and interfacial tension. I) Spherical particle in oil phase, II) particle adsorbs and deforms at the interface, III) particle completely
spreads in the interfacial plane, IV) spherical particle in aqueous phase. Adapted from Style et al. (Ref. 288. Created in BioRender. Bertsch, P. (2026) https://Bio

Render.com/8ocrqgn.

their interfacial coverage, while the co-solubility of polar oils in water or
and the interfacial layer decreases the CMC of charged surfactants
[36,41,44,131,158,329,330]. For proteins, more hydrophobic oils result
in a higher surface coverage and can lead to increased intramolecular
rearrangements due to the higher surface stresses [31,331-334]. The
adsorption of particles is inherently determined by particle wetting
which is determined by yow and ys, (Fig. 5A, B, and I) [251-253]. For
charged nanoparticles, e, further determines long-range Coulombic
repulsion between particles through the oil phase [256]. Some oils can
interact chemically with the surface-active species, e.g., the aldehyde
group of octanal that interacts with amino groups of proteins, and can
lead to extraordinarily high surface loads [31]. Oils rich in triglycerides
undergo slow autohydrolysis that is accelerated at high pH or by reac-
tive oxygen species, so that surface-active fatty acids and mono-
glycerides can be released that interfere with interfacial experiments
[335,336]. Similar to the aqueous phase, great care is required not to
introduce surface-active contaminants via the oil phase that may affect
interfacial experiments. Oils may contain polar contaminants which can
interfere with interfacial experiments and require purification using
magnesium silicate, or ideally, column chromatography prior to
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experiments [80,123,337]. Again, a measurement of the clean oil-water
interfacial tension yo, over the same timescale as adsorption experi-
ments is good practice to confirm the absence of surface-active con-
taminants. An overview of relevant metadata for the oil phase in
interface science experiments is provided in Table 13.

3. The ‘Interface Science Data Repository’

We have defined the relevant data of common fluid interface science
experiments, as well as metadata of relevant methods, surface-active
species and subphases. The relevant metadata is figuratively summa-
rized in Fig. 7. To foster the Findability, Accessibility, Interoperability,
and Reusability of interface science data, we establish the Interface
Science Data Repository (zenodo.org/communities/isdr) for the sharing
of fluid interface science data and metadata. Furthermore, templates for
specific interface science experiments, surface-active species, and sub-
phases are provided (zenodo.org/records/19680999) to enhance the
uniformity of data format. The different templates can be combined as
individual building blocks for interface science experiments, reporting:
i) all relevant data of the technique used, ii) relevant metadata for
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Table 10
Overview of relevant metadata for microgels in interface science experiments.
Data Unit  Equation = Comment
Microgels metadata
Concentration C kg/ - -
L
Polymerization - - Report used monomer(s),
procedure crosslinker and protocol used (e.g.
batch vs semi-batch
[290,297,298]
Report purification protocol [306]
Microgel size m - Include information on dispersity
and swelling behavior [121]
Microgel shape/ - - Report internal density profile
structure [121,302]
Report structure for core-shell or
anisotropic microgels in case of
polymerization around inorganic
core [299-302]
Microgel stiffness N/ - Often tuned qualitatively via
m crosslinking density [121]
Volume phase transition K - 32°C for pNIPAM microgels
temperature VPTT [296,303]

¢-potential (pH, I) \Y - -

Biopolymeric microgels (additional considerations)

Used biopolymer and - - Report details for in-house
microgel formation microgel production and
procedure characterizaion [241]

Table 11
Overview of relevant metadata for the aqueous phase in interface science
experiments.

Data Unit Equation Comment

Aqueous phase metadata

Temperature °C, K - Report means of temperature
control

pH - pH = — Determines charge of charged and

log[H"] particularly amphoteric surface-

active species

Ionic strength I mol/ = Relevant for ionic charge screening

L 1 n

2 Zi:l cizf
Buffer salts - - May affect surfactants [319,320]
and proteins [317,318] due to

lyotropic effects

Clean air-water N/m - Relevant to detect surface-active
surface tension contaminations in the aqueous
Yaw phase (clean a/w surface y,y, =~ 72.4
mN/m, oils see below)
Viscosity Paes - Relevant for interfacial shear
rheology correction [99,100,104]
Density kg/L - Relevant for interfacial shear

rheology correction [99,100,104]
and tensiometry methods relying
on drop shape (density difference)
[82,83]

surface-active species, and iii) metadata for subphases. An example
based on a recent dataset [338] is provided (zenodo.org/records
/19680554). Uploading a dataset on Zenodo creates a persistent iden-
tifier, i.e., DOI, that can be linked bidirectionally to published articles. A
further integral part of FAIR data reporting is the use of standardized
and open formats that allow interoperability and reuse across disci-
plines, systems, and time. In practice, this means sharing of data in
tabular form (instead of as PDF or images), avoiding export files from
specialized or paid software, using standard and unambiguous vocabu-
lary and units, as well as providing all information on software or code
used for data processing [63].

For the time being, making data available requires considerable
human efforts for data curation and uploading, while the readability and
interoperability of spreadsheets is limited for machines. An outlook on
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Table 12
Overview of relevant metadata for the gaseous phase in interface science
experiments.

Data Unit Equation =~ Comment
Gaseous phase metadata
Temperature °C, - Report means of temperature

K control
Gas composition - - Implicit for air
Report potential interactions
with aqueous phase [37,328]

Gas pressure (+ flow rate N/ - Implicit for air
when continuous gas m? Report potential interactions
flushing is used) with aqueous phase [37,328]

Viscosity Paes - Relevant for interfacial shear

rheology correction
[99,100,104]
Density kg/L - Relevant for interfacial shear

rheology correction
[99,100,104] and tensiometry
methods relying on drop shape
(density difference) [82,83]

Table 13

Overview of relevant metadata for the oil phase in interface science experiments.

Data Unit Equation =~ Comment

0il phase metadata

Temperature °C, K - Report means of temperature control

Name & molecular - - Report purity and composition or
structure purification protocol [80]

Clean oil-water N/m - Relevant to detect surface-active
interfacial tension contaminations in the aqueous and oil
Yow phase. Good measure for oil polarity

(more polar oils have lower y,y) [80]

Aqueous solubility mol/ - More aqueous soluble oils can act as

L co-solvents of surface-active species
and affect their behavior in solution or
adsorption [41]

Relative - - Determines electrostatic repulsion
permittivity e, through the oil phase [256,257]
Viscosity Paes - Relevant for interfacial shear rheology
correction [99,100,104]
Density kg/L - Relevant for interfacial shear rheology

correction [99,100,104] and
tensiometry methods relying on drop
shape (density difference) [82,83]

future developments, including automated machine-readable (meta)
data conversion, is given below. While we aimed for a universal defi-
nition of (meta)data, the diversity of fluid interface science disciplines is
large. Some of our proposed (meta)data may not be important in all
fields and applications of interface science, while others may appear
underrepresented in specialized fields. Our framework and templates
might thus not be applicable to all experiments, and users are encour-
aged to modify and upload adapted versions.

The definition of relevant data and metadata, data reporting tem-
plates, and the Interface Science Data Repository should greatly facili-
tate the FAIRness of fluid interface science data. We consider this a first
step towards an increased culture of FAIR data sharing and reuse in
interface science that can be actively and continuously advanced to-
wards machine-actionable and Al-assisted scientific data infrastructures.
We call upon the interface science community to put our initial propo-
sition for data sharing into practice, and together establish, and nourish,
a more FAIR data environment.

4. Outlook
4.1. Towards automated and machine-operable databases

The Interface Science Data Repository presented here is intended as a
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Fig. 7. Overview of relevant metadata for surface-active species and subphases for interface science experiments. Asterisks* indicate additional considerations for
surface-active polysaccharides (polymers) and biopolymeric microgels. Created in BioRender. Bertsch, P. (2026) https://BioRender.com/8q91yz2.

first step towards FAIR data sharing in experimental interface science. At
present, the repository relies on community-driven manual deposition of
experimental data and metadata in a general-purpose repository. Zen-
odo provides an accessible, sustainable, and widely adopted platform for
initiating community-wide data sharing. However, it is not intended to
provide advanced semantic data management, automated data pro-
cessing or knowledge discovery. Yet, it provides an important founda-
tion for the development of (meta)data schema and automated data
processing pipelines to enable scaling of the Interface Science Data Re-
pository. For highly heterogeneous research fields such as interface
science, establishing community consensus on which experimental
(meta)data should be reported and a centralized data repository is a
necessary prerequisite before more sophisticated automated data in-
frastructures can be developed [66,339]. This allows assembling a range
of data sources and an overview of available (meta)data formats present
in the current data corpus.

To move from this primarily human-operated repository towards a
machine-operable database (Fig. 8), a priority will be the automation of
converting human-readable (meta)data files to machine-readable met-
adata. While spreadsheets currently provide an accessible exchange
format, future implementations could provide standardized pipelines for
conversions to machine-readable representations such as JSON-LD,
JSON Schema, YAML, RO-Crate, or FAIR Digital Objects. Such repre-
sentations would facilitate automated validation of deposited datasets,
improve interoperability between repositories, and enable computa-
tional workflows to directly interpret experimental metadata without
manual intervention [62,63,340,341]. Automated analysis pipelines
provide an executable record of the operations performed on data (such
as unit conversions, column renaming, and calculations). As such, they
can be inspected for correctness and re-run in response to changes in the
source data or in data-processing requirements [50,342,343]. The large
diversity of interface science instruments and their manufacturers will
likely impair a fast transition to standardized machine-readable meta-
data files. While instrument and subphase metadata can likely be readily
integrated in instrument setups, automated metadata recording for
surface-active species will be challenging due to their structural and
physicochemical complexity discussed above.

Establishing semantic data models is a further important step to
improve interoperability. The development of ontologies and controlled
vocabularies for interface science would allow experimental variables,
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materials, measurement methods, and processing steps to be described
using standardized terminology. These semantic annotations could
support knowledge graphs linking related experiments across labora-
tories, allowing researchers to identify datasets based on scientific
concepts rather than only keyword searches [344,345]. The establish-
ment of controlled vocabularies may pose a challenge in interface sci-
ence, as exemplified, e.g., by the term ‘elasticity’, that may refer to
several phenomena within interface science as well as many other sci-
entific disciplines. Therefore, building ontologies is as much a scientific
consensus exercise as a technical one.

The combination of standardized metadata and semantic annota-
tions would enable more sophisticated data discovery methods. Rather
than relying solely on conventional metadata filtering, future re-
positories could incorporate semantic search, vector embeddings, and
recommendation algorithms to identify scientifically related experi-
ments based on experimental conditions, material compositions, or
measurement outcomes. This allows for large-scale meta-analyses and
accelerated hypothesis generation across previously disconnected
datasets [344,346,347]. Interface science datasets are often relatively
small and generated under widely varying physicochemical conditions
using chemically complex surface-active species. Here, artificial intel-
ligence could assist during data deposition and quality control (QC) by
identifying missing metadata, detecting inconsistencies between re-
ported experimental parameters, estimating confidence scores for met-
adata completeness, or recommending related datasets [348-350].
Relational databases queried using Structured Query Language (SQL)
can provide a standardized framework for organizing interfacial data
[50]. These technologies enable data models to be defined and struc-
tured concisely, facilitating efficient filtering and retrieval through the
use of queries. In this respect, we foresee large language models being of
great value. Such models can be provided with the database schema and
a user's question in natural language, which can then be translated into
an SQL query to extract the data required by the researcher.

An important direction will be the automation of metadata extrac-
tion and improved interoperability directly between instruments and
repositories. Most interface science experiments already produce
extensive digital records, including instrument settings, acquisition pa-
rameters, raw measurement files, lab notebooks, and data processing
protocols. Software tools could automatically extract relevant metadata
directly from these sources [73,341,351,352], reducing manual curation
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Fig. 8. Roadmap from human-operated repository to automated machine-
operable interface science database.

and improving consistency and completeness of deposited records.
However, tools for automated metadata extraction are often highly
method- or even file-specific [352], while interface science encompasses
numerous commercial and custom-built instruments with proprietary
file formats. The overlap of relevant metadata across different interface
science methods could facilitate metadata extraction across methods,
while the diversity of methods and surface-active species again poses
some potential challenges. Development of open conversion tools and
standardized export interfaces would enable automatic transformation
of heterogeneous instrument outputs into uniform metadata formats
suitable for repository deposition [353,354]. Such interoperability will
likely require collaboration between instrument manufacturers, soft-
ware developers, and the scientific community. We envisage that large
language models could be of great use in rapidly prototyping the range
of scripts required for these conversions, for example by providing the
source file and a schema of the desired structured target format.

Standardized machine-operable data infrastructures would enable
integration with autonomous experimentation platforms. Increasingly,
automated laboratories and closed-loop optimization systems combine
automated experimentation with machine learning [71]. Although such
systems are currently scarce in interface science [154], standardized
metadata schemas and interoperable repositories would provide an
important foundation for future autonomous experimental workflows.
As mentioned above, direct conversion from instrument vendor formats
would greatly facilitate interfacing, e.g., the Interface Science Data Re-
pository, with self-driving laboratories.

Ultimately, the combination of standardized metadata, semantic
interoperability, automated data ingestion, and Al-assisted curation
could enable the development of fully machine-operable interface sci-
ence knowledge platforms. Rather than functioning solely as
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repositories for storing datasets, such platforms can integrate hetero-
geneous experimental data into interconnected knowledge graphs that
capture relationships between materials, experimental conditions, and
measurement techniques. These structured knowledge representations
could support advanced analytics and enable reasoning across previ-
ously unrelated studies. Through standardized application program-
ming interfaces (APIs), these knowledge platforms could become
directly accessible to both human researchers and computational
workflows, allowing seamless integration into modelling environments,
digital twins, and autonomous experimentation platforms.

The framework presented here should therefore be viewed as the first
stage of a broader evolution from human-curated data sharing towards
increasingly machine-actionable and Al-assisted scientific data in-
frastructures (Fig. 8).

4.2. Considerations for the development of neural network models

The provision of aggregated, high-quality and diverse data offered by
the Interface Data Science Repository will also be essential to the
development of advanced models for interfacial property prediction.
Machine learning, particularly neural network-based modelling, has
become a powerful and accessible approach for developing quantitative
structure-property relationship (QSPR) models that map molecular or
biomolecular structure onto interfacial properties. This rise in popu-
larity is driven in part by the growing availability of technologies and
frameworks for programming and training neural networks, enabling
researchers to construct models capable of processing diverse data
structures such as molecular graphs, amino acid sequences, and grid-
based representations of materials. A range of neural network archi-
tectures have been applied within interface science of small molecules,
including multilayer perceptrons [355-357] and message-passing graph
neural networks [49,358-361]. The flexibility of graph neural networks
allows system components to be encoded in a variety of ways. For
example, graphs can be used to represent molecules, sequences for
proteins, or grids for materials such as metal-organic frameworks. In
addition to their modelling capabilities, neural network methods
increasingly support explainable AI techniques that map prediction
outcomes back onto input structures, aiding interpretability. Such ap-
proaches remain at an early stage within interface science, although
work on interpretability has been reported for adsorption at solid sur-
faces [362]. Neural network models are thus well suited to the devel-
opment of models which account for the diversity of components in
interfacial systems. However, their development is strongly dependent
on the provision of large, good quality, information-rich datasets which
contain enough information to train and validate them, stressing the
need for increased sharing of data and rich metadata in interface sci-
ence. Furthermore, model development between research groups re-
quires that teams have access to similar data for benchmarking. Such
data should be readily available and prepared via a provenance-
preserving, transparent process, which the Interface Science Data Re-
pository could provide.

When assembling datasets for interfacial property prediction, an
essential consideration is the information richness and structural di-
versity of the collected data. Models trained on datasets containing a
wide range of molecular structures are more likely to generalize well to
unseen compounds, whereas datasets dominated by repeated measure-
ments of structurally similar molecules may provide only limited benefit
for model development. Therefore, targeting the collection of a broad
coverage of chemical space is preferable to seeking out replicated
measurements if the aim is to target structure-to-property models.
Training models on multiple related properties can improve perfor-
mance, particularly when individual measurements are missing or
sparsely reported [363]. Such multiproperty training has been used to
model surfactant adsorption isotherms despite incomplete provision of a
complete set of properties for the full dataset [49,359]. Whilst this
approach may lend limited benefit to the prediction of well-represented



P. Bertsch et al.

properties such as CMC, it can enhance the predictions of properties
with fewer reported values such as ['yax. These examples illustrate that
even partially complete databases can be valuable when multiple related
properties are available. While the direct correlation of structure and
interfacial behavior usually allows reliable predictions for surfactants,
amino acid sequence alone often is not a reliable predictor for protein
interfacial adsorption, demanding additional considerations particularly
in the low-data regime [364,365].

Another consideration is characterization of irreducible noise in
experimental data that sets a lower bound on measurable model accu-
racy [366]. Aggregating data across multiple laboratories can help to
quantify both systematic and random errors, thereby enabling clearer
assessment of the discernible limits of model performance. Inter-
laboratory studies remain scarce in interface science [13,367], poten-
tially afflicting model accuracy, and stressing the need for detailed
(meta)data reporting.

Database versioning, e.g., via GitHub [49,359,368], ensures repro-
ducibility in modelling activities, contributing to preventing data
leakage, and tracking dataset changes during model development.
Version control also allows databases to be dynamic so that they can
grow and be updated. As discussed above, rigorous data curation and
advanced query functions, such as substructure searches and property-
based filtering, are critical for database development. Differences in
curation strategies have been shown to influence model performance
[369], reinforcing the importance of standardized procedures and
curation throughout data collection and processing.

Accurate and consistent sample identification and structural repre-
sentation are essential for model development. Unique identifiers are
required to ensure that samples are correctly curated and that duplicate
entries can be detected [73,370]. For instance, molecular structures
should be given as standardized, machine-readable representations such
as InChl strings. SMILES strings are often preferred as structural repre-
sentations for small molecules. Trivial, systematic, brand, or code names
may be included as supplementary identifiers, but they must be
accompanied, if possible, by unambiguous structural notations. Decod-
ing these names into structures is laborious and error prone, requiring
significant human intervention to ensure structures are reported accu-
rately. In interface science, this may not always be possible due to the
structural complexity or inhomogeneity of some surface-active species
as discussed above. For models such as graph neural networks, it is
important to ensure that small molecule entries include complete atomic
and bonding information such as charges, stereochemistry, and hy-
bridization states [49]. These features are frequently used by models and
inconsistencies can lead models either to misinterpret structurally
similar compounds as distinct or to disregard features altogether.
Structural reporting must also account for the diverse nature of inter-
facial system components such as macromolecules, proteins, and coor-
dination complexes, which cannot all be represented by SMILES strings
effectively. Indeed, systems containing an arbitrary number of compo-
nents must also be possible to represent in a database. Hierarchical data
formats such as JSON can be of help in this regard [371,372].

In addition to structural encodings, calculated molecular descriptors
can serve as useful features for modelling. Descriptors that are compu-
tationally inexpensive can be generated on demand [373,374], whereas
more costly quantum chemical or thermodynamic descriptors are often
better provided directly within the database to avoid unnecessary
repeated calculations, especially when computed using large computa-
tional resources or closed source software [375]. Where available, three-
dimensional structural information such as X-ray diffraction data or sets
of conformers can provide useful information for modelling. For
example, the SPICE dataset provides over 1.1 million conformers, tar-
geted at enabling and developing machine learning potentials for a
range of molecules and peptides [368]. Three-dimensional data can be
reported in a range of standard formats, such as SDF (structure data
format), PDB (Protein Data Bank Format), MOL (MolFile), mmCIF
(macromolecular Crystallographic Information Framework) or XYZ
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files.

Experimental conditions are highly important to interfacial proper-
ties and must be recorded alongside structural information. Detailed
information regarding the measurement method and metadata, as
defined above, should be stored in an accessible and standardized
format, as they influence both the behavior of chemical systems and the
interpretation of reported properties. Including condition factors in
models has been performed in some preliminary neural network pre-
dictors of interfacial properties [360,361]. However, the limited avail-
ability of well annotated datasets makes it difficult to evaluate these
models beyond small test sets. In particular, the effects of conditions that
alter molecular speciation, such as pH variations, are challenging to
model accurately due to insufficient training data. As a result, progress
towards condition-aware predictive models is constrained by the lack of
comprehensive experimental metadata. Including complete and consis-
tently reported (meta)data and making it available, e.g., via the Inter-
face Science Data Repository, is critical for advancing the development
and assessment of more detailed models.
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