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ABSTRACT: Proteins at interfaces play important roles in cell biology, immunology,
bioengineering, and biomimetic material design. Many biological processes are based on
interfacial protein action, ranging from cellular communication to immune responses and
the protein-driven mineralization of bone. Despite the importance of interfacial proteins,
comparatively little is known about their structure. The standard methods for studying
crystalline or solution-phase proteins (X-ray di�raction and NMR spectroscopy) are not
well-suited for studying proteins at interfaces, and for these proteins we still lack a
corresponding technique that can provide the same level of structural resolution. This is
not surprising in view of the challenges involved in probing the structure of proteins
within monomolecular �lms assembled at a very thin interface in situ. Vibrational sum-
frequency generation (SFG) spectroscopy has the potential to overcome this challenge
and investigate the structure and dynamics of proteins at interfaces at the molecular level
with subpicosecond time resolution. While SFG studies were initially limited to simple
model peptides, the past decade has seen a dramatic advancement of experimental techniques and data analysis methods that
has made it possible to also study interfacial proteins and their folding, binding, orientation, hydration, and dynamics. In this
review, we �rst explain the principles of SFG spectroscopy and the experimental and theoretical methods to measure and
analyze protein SFG spectra. Then we give an extensive overview of the interfacial proteins studied to date with SFG. We
highlight representative examples to demonstrate recent advances in probing the structure of proteins at the interfaces of liquids,
membranes, minerals, and synthetic materials.
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1. INTRODUCTION
Proteins are nature’s machinery: they drive key biological
processes, including sensing,1 immune response,2 molecular
transport,3 biogenesis of soft4 and hard5,6 tissue, and
manipulation of DNA.7 Many of these processes take place at
interfaces, such as membranes, biominerals, and arti�cial
materials,8 with the active proteins located at the interface.
Interfacial conditions such as concentration, pH, chemical
potential, and steric requirements can di�er considerably from
the bulk, and therefore, the protein structure at surfaces often
di�ers from the structure in solution. At the same time,
understanding such interfacial processes will be key in
diagnosing diseases, discovering new treatments, delivering
pharmaceutical compounds e�ciently and with limited side
e�ects, and even in developing novel biomaterials and
biosensors. An enormous amount of research has therefore
been dedicated to studying protein function in vivo and in vitro,
but the complexity of these systems and the lack of speci�city of

the analytical tools are often limiting factors in these studies.
While there has been a strong push over the past decades to
determine the structure of proteins with atomic detail using X-
ray crystallography, nuclear magnetic resonance (NMR)
spectroscopy, and cryo-electron microscopy (cryo-EM), protein
structure at interfaces remains poorly understood. Large
electronic archives such as the Protein Data Bank (PDB)
contain more than 100 000 resolved protein structures.
However, very few structures have been solved for surface-
bound proteins.

This lack of information about interfacial protein structure is
not surprising given the di�culties involved in examining
extremely thin (often monomolecular) layers at the very
interface between two material phases. Since an interface is a
physicochemical environment that is di�erent from the
homogeneous bulk phase, it is likely that the folding and
molecular structure (and thus the function) of proteins will
di�er signi�cantly from the crystal or solution-state structures
provided by X-ray crystallography, cryo-EM, and NMR
spectroscopy. Some interfaces, for instance arti�cial material
surfaces, can even deactivate proteins by denaturation.8 The
presence of interfaces can also lead to folding of a protein into a
functional state, as is typical for membrane and biomineral
proteins.

Over the past years, several techniques have emerged that can
capture protein structure at surfaces. Neutron re�ectometry,9
solid-state NMR spectroscopy,10 surface circular dichroism11

and computer simulations12�15 have demonstrated their
usefulness as probes of protein structure at hydrated interfaces.
Recently, vibrational sum-frequency generation (SFG) spec-
troscopy, which is inherently surface-sensitive, has evolved into a
versatile tool for studying protein structure and dynamics at
surfaces and biologically relevant interfaces. Substantial
advances have been made in the �eld over the past years,
which have been reviewed previously for certain types of
interfaces16 and SFG techniques.17�19 This review aims to
provide an overview of the fundamentals and recent advances in
studying proteins at all types of interfaces with all relevant forms

Figure 1. Overview of the di�erent research areas in which peptides and proteins have been studied at interfaces using SFG spectroscopy.
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