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Abstract
We provide here a general view on the interactions of surfac-
tants with viruses, with a particular emphasis on how such
interactions can be controlled and employed for inhibiting the
infectivity of enveloped viruses, including coronaviruses. The
aim is to provide to interested scientists from different fields,
including chemistry, physics, biochemistry, and medicine, an
overview of the basic properties of surfactants and (corona)
viruses, which are relevant to understanding the interactions
between the two. Various types of interactions between sur-
factant and virus are important, and they act on different
components of a virus such as the lipid envelope, membrane
(envelope) proteins and nucleocapsid proteins. Accordingly,
this cannot be a detailed account of all relevant aspects but
instead a summary that bridges between the different disci-
plines. We describe concepts and cover a selection of the
relevant literature as an incentive for diving deeper into the
relevant material. Our focus is on more recent developments
around the COVID-19 pandemic caused by SARS-CoV-2,
applications of surfactants against the virus, and on the po-
tential future use of surfactants for pandemic relief. We also
cover the most important aspects of the historical development
of using surfactants in combatting virus infections. We
conclude that surfactants are already playing very important
roles in various directions of defence against viruses, either
directly, as in disinfection, or as carrier components of drug
delivery systems for prophylaxis or treatment. By designing
tailor-made surfactants, and consequently, advanced formula-
tions, one can expect more and more effective use of surfac-
tants, either directly as antiviral compounds or as part of more
complex formulations.
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Introduction
TheCOVID-19 pandemic caused by SARS-CoV-2 that has
been ongoing for more than 18 months has drawn broader
attention to viruses and initiated widespread academic
researchactivitieswiththegoalof controllingor suppressing
the virus and the disease. From a physicochemical point of

view,viruses arecomplex, self-assembledcolloidsbuilt from
genetic material, either DNA or RNA, a proteinaceous
nucleocapsid, and in some instances, a lipid/glycoprotein
envelope (enveloped viruses). A prominent example of
envelopedviruses arecoronaviruses [1].Ofcourse, there is a
high interest in suppressing virus activity and spread,which
limit negative consequences on human health. When
looking at the scientific questions involved, one can justi-
fiably argue that control of SARS-CoV-2 is, at least to a
certain extent, a colloidal question [2]. In this context, the
topic of how nanotechnology can be employed for stopping

enveloped viruses has been reviewed recently [3], and the
same applies to the antiviral properties of polymers [4].
Current Opinion in Colloid & Interface Science 2021, 55:101479

mailto:Michael.Gradzielski@tu-berlin.de
mailto:Michael.Gradzielski@tu-berlin.de
mailto:no.34@fu-berlin.de
www.sciencedirect.com/journal/current-opinion-in-colloid-and-interface-science/special-issue/10W6G8SGRVK
https://doi.org/10.1016/j.cocis.2021.101479
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cocis.2021.101479&domain=pdf
www.sciencedirect.com/science/journal/13590294
www.sciencedirect.com/science/journal/13590294


2 Hot Topic: COVID-19
Another way of interfering with virus activity is by
employing surfactants, as they are known to interact
with DNA/RNA, proteins, and lipids, i.e., with all the
building blocks of a virus. Of course, there have been
many studies regarding the effect of individual surfac-
tants (or groups thereof) on virus activity, especially in
the context of disinfection [5e7], but a further reaching
general discussion is largely missing. In addition, one has

here a field where one has to bridge between the dis-
ciplines focussing on the virus, virology and biochem-
istry, and the ones focussing on surfactants, colloid
science and its physical chemistry. These disciplines
often operate quite independently, and a closer coop-
eration certainly is of mutual benefit.

Theaimof this reviewis toprovideageneraloverviewof the
prevailing conditions when we consider the interactions of
surfactants with viruses, mainly with the intent of inacti-
vating the viruses’ biochemical activity, with an emphasis

on the current developments regarding coronaviruses,
which are rapidly evolving at themoment. This will first be
done by giving a concise description of biological mem-
branes, including the embedded proteins, and their pres-
ence in enveloped viruses, and a short description of virus
structure and properties. We describe in some detail the
lipid bilayer composition and its properties and how that is
related to various organelles within a cell, which in turn
affects the lipid composition of a virus envelope. Next, we
will recall somebasic facts andpropertiesof surfactants that
are relevant to their ability to interact with components of

self-assembled colloids, including viruses. In the next
steps, we then focus on surfactant interactions with model
lipid membranes and different types of viral proteins
separately before reporting on recent work on the interac-
tionof surfactantswith real viruses.Wedosowitha focuson
enveloped viruses, including SARS-CoV-2, with the aim of
reducing or eliminating virus infectivity. Of course, for
enveloped viruses, the surfactant primarily interacts with
the protein-studded lipid envelope.

This review combines the complex and comprehensive
view from a virology perspective with the simplifying

approachfromthephysics andphysicalchemistryangle.By
doing so, our aim is to relate general physicochemical
principles to the actual behaviour of surfactants in a com-
plex situation, which is the case if surfactants are mixed
with viruses. This approach should deliver general guide-
lines for how to best apply surfactants in the context of
inhibiting virus infectivity and broaden the view with
respect to the aspects relevant in such undertakings.
Biological membranes
As the focus of this review is on enveloped viruses, we will
first describe their distinctive feature, the lipidmembrane
that constitutes the envelope. It is central to the function
of this group of viruses, andwewill recall some of the basic
properties of lipid membranes before describing in more
Current Opinion in Colloid & Interface Science 2021, 55:101479
detail their composition and properties in viruses, which is
a central aspect to be considered in any approach aiming at
disabling virus function by destroyingmembrane integrity.
The lipid envelope is usually themost vulnerable part of a
virus particle, and hence, enveloped viruses are easier to
inactivate when compared with nonenveloped viruses.

Biophysical properties of biological membranes
Biologicalmembranesarecomplex structures that consist of
many different lipids (phospholipids, sphingolipids,
cholesterol) and proteins. Depending on the temperature,

biomembranes occur in different phases: At low tempera-
tures, the lipids formasolidgel,where theorderof their acyl
chains is high and lateral movement is low. Upon warming,
the bilayer transitions into a fluid, ‘liquid-disordered’ (Ld)
phase, where individual lipid molecules diffuse in the
membrane’s plane, rotate along their vertical axes and show
considerable flexing and bending of their fatty acid tails.
The phase transition temperature of membranes depends
on the length of the lipids’ acyl chain and their number of
double bonds. Shorter and unsaturated acyl chains have
reduced possibilities to interact with each other, and as a

result, lower the phase transition temperature. Another
important regulator of lipid organisation is cholesterol,
which reduces themotion of lipids, and thus, the fluidity of
the bilayer and also broadens the temperature range in
which phase transition occurs [8].

Cholesterol is also essential for the formation of ‘mem-
brane rafts’, dynamic assemblies of cholesterol, sphingo-
lipids, andphospholipids containingmainly saturated fatty
acids, which are segregated from the bulk phase of the
membrane. Rafts form a ‘liquid-ordered’ (Lo) phase, in

which acyl chains are restricted in mobility, but lipids are
still able to diffuse and rotate. Rafts are kept together by
hydrophilic and hydrophobic forces. Due to the rigid
structure of the sterol ring, cholesterol molecules can be
densely packed with saturated fatty acid chains of phos-
pholipids, which restricts their motion. Sphingolipids, the
only lipid possessing both hydrogen bond donor and
acceptor groups, can form weak interactions with each
other and with the hydroxyl group of cholesterol. The
spatial separation of Lo and Ld domains causes a hydro-
phobicmismatch and a height difference between the two

membrane phases, leading to the formation of a ‘line ten-
sion’ at their interface,which isconceptuallycomparableto
surface tension in a three-dimensional system. Line ten-
sion results in the formation of a curved raft phase due to
the propensity of the system tominimize the contact area
between both phases [9]. Rafts are used by several viruses
as a platform for the assembly of their envelope proteins
and the subsequent budding event (see below).

Phase separation can be visualised and characterised in
modelmembranes composed of only three different lipids
[10]. Suchphase separation can experimentally be seenby
means of super-resolution opticalmicroscopy [11], even in
www.sciencedirect.com
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living cells [12], or atomic force microscopy (AFM) [13].
However, membranes consist of a much more complex
lipidmixture and proteins, and no large-scale, long-lasting
phase separation can be observed by conventional light
microscopy. Instead, highly dynamic (millisecond range)
and very small (10e200 nm) lipid assemblies have been
observed using biophysical methods that allow high tem-
poral and spatial resolution [14e17]. Under certain con-

ditions, such as upon ligand binding and receptor
oligomerisation, ‘resting state’ rafts can be coalesced and
stabilized to fulfil a biological function, such as facilitating
signal transduction [14] [e] [17]. The assembly and
budding of many viruses, including those of human im-
munodeficiency and influenza viruses, are dependent on
the formation of functionalised raft domains. In this
context, raftsprovidea scaffold that results intargetingand
concentrating on structural virus proteins and facilitating
their interactions, while cellular proteins are largely
excluded [18].

Interaction of lipids with proteins
Since both proteins and lipids are mobile within lipid

membranes, the membrane-contacting region of a protein
constantly interacts with various lipids. These interactions
are highly dynamic; a boundary lipid molecule typically re-
sides for less than 1 ms at the protein’s surface before it is
replaced by another lipid molecule; however, certain lipids
bind with higher specificity to recognition motifs of a
protein in a manner consistent with a typical ligand or
cofactor,which, in turn, can affect the activity of theprotein
bind. A prime example is cholesterol-binding to seven
transmembrane receptors, which was discovered by crys-
tallography and allowed the identification of protein

consensus motifs for cholesterol binding [19]. A similar
binding site for cholesterol is present in theouterpart of the
transmembrane region of the hemagglutinin of some
influenza virus strains [20], of the glycoprotein of theEbola
virus [21] and the spike glycoprotein (S) of SARS-CoV-2
[22]. The membrane proteins of the Zika virus (and
possibly other flaviviruses) contain two binding sites for a Y-
shaped lipid [23]. Inbothviruses,mutagenesis of the amino
acids involved in lipid-binding greatly reduced virus growth
in cell culture [20e23]. Furthermore, lipids may bind to
regionsofaproteinthatdonotcontact themembrane.Cryo-

EMof theSARS-CoV-2S revealed that its receptor-binding
domains tightly bind the unsaturated fatty acid, linoleic
acid, an interaction that stabilizes a locked conformation,
resulting in reduced binding to its receptor [24]. In addi-
tion, even nonenveloped viruses might contain lipids. For
example, more than 220 lipid species could be extracted
from purified iridoviruses that do not have an envelope and
identified by mass spectrometry [25].

The shape of lipids affects membrane curvature
A flat membrane must be transformed into a hollow
sphere to endow a new virus particle with a lipid enve-
lope, while the opposite shape change occurs during
www.sciencedirect.com
virus entry by membrane fusion. Thus, a force must act
on the bilayer to cause curvature, which is provided by
proteins that push or pull on the membrane. However,
lipids also contribute to these shape alterations since
individual lipids differ in intrinsic curvature. Most
phospholipids have a cylindrical shape, i.e., the hydro-
philic head group and the hydrophobic tail are about the
same size, and their side-by-side arrangement prefers to

generate flat membranes. Some lipids, such as choles-
terol, are cone-shaped, composed of a small head group
and a large tail. Other lipids, for example, lysophos-
pholipids, are shaped like an inverted cone having a large
head group and a small tail. Lipids with an intrinsic
curvature positively or negatively affect certain stages of
bud formation. Inverted cones present in the outer
leaflet and cones in the inner leaflet facilitate a positive
(outward facing) curvature of a flat membrane. Like-
wise, changes in curvature also occur during membrane
fusion, and certain lipids are known to facilitate or

hamper this process [26]. Similarly, one can expect
surfactants with their different spontaneous curvature
to have such effects that suppress membrane fusion and/
or virus budding.

It can be noted that the geometric effects just described
for the packing and curving of lipid bilayers typically are
described in surfactant science in a more quantitative
fashion by the dimensionless packing parameter p that is
defined as the ratio between the volume of the hydro-
phobic part of the amphiphile va, by the product of the

head group area ah (the area required by the molecule at
the amphiphilic interface) and the stretched length L of
the hydrophobic part, i.e., p = va/(ah$L) [27]. According
to a simple geometric consideration one then will form
spherical aggregates for: p < 1/3, cylindrical aggregates
for: 1/3 < p < 1/2, and bilayers for: 1/2 < p < 1.

Intracellular distribution of lipids
The main lipid biosynthetic organelle is the endoplasmic
reticulum(ER),which produces phospholipids, cholesterol
andceramide, theprecursor forcomplexglycosphingolipids.
However, theERdisplays only low concentrations of sterols
since they are rapidly transported to theGolgi complex and
to the plasma membrane. As a result, the molar ratio of

cholesterol to phospholipids is only around 0.15 in the ER,
but successively increases throughout the Golgi cisternae,
and finally reaches values of 1.0 at the plasma membrane.
This distribution is consistent with the function of these
organelles: insertion and transport of newly synthesized
lipids and proteins in the ER and resistance against me-
chanical stress of the plasmamembrane. Minor differences
also exist for the distribution of individual phospholipids
along the membranes of the exocytotic pathway, i.e. phos-
phatidylserine (PS) increases and phosphatidylinositol
(PI), phosphatidylethanolamine (PE) and phosphatidyl-

choline (PC) decrease. Likewise, the concentration of
glycosphingolipids, which are synthesized from ceramide
Current Opinion in Colloid & Interface Science 2021, 55:101479
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and then heterogeneously glycosylated in the Golgi com-
plex, also increases along the exocytotic pathway. In polar-
ized cells, they are exclusively transported to the apical
membrane, which is separated by a diffusion barrier from
the basolateral plasma membrane.

During intracellular transport, there is another reason why
anunevendistributionof lipidsbuildsup.Whereas all lipids

are symmetrically distributed between the two leaflets of
the ER bilayer, the Golgi and the plasma membranes
display an asymmetric lipid distribution: Glycolipids are
exclusivelypresentontheluminal side,whereasPE,PSand
PI are enriched in the cytosolic leaflet. Once established,
the asymmetric distribution of lipids is stable, and the flip-
flopof individualmolecules across themembraneoccurs on
the time scale of days [28,29], which is surprisingly slow for
the movement across such a small distance.
The basic architecture of enveloped viruses
A virus is a self-assembled system containing nucleic acid
(RNA or DNA) and proteins, where positively charged
proteins form a shell, the nucleocapsid, around the
condensedRNA/DNAmolecules [30].Nucleocapsids can
adopt an icosahedral or rod-like (helical) shape, and the
latter exemplified by TMV (tobacco mosaic virus), and
were one of the first important structures characterized by

electronmicroscopy in the 1930s. Inmany cases, the basic
structure is complementedby lipids that formanenvelope
around this basic assembly. Accordingly, one distinguishes
nonenveloped and enveloped viruses. Coronaviruses are
RNA viruses belonging to the latter group with a typical
spherical appearance, and the SARS-CoV-2 particle has a
mean outer diameter of 91� 11 nm (Figure 1) [31].
Most suited to gain detailed structural information
regarding themesoscopic structure ofmost viruses is cryo-
Figure 1

a) Cryo-TEM image of SARS-CoV-2 virions. Readily visible are the S trimers pr
also be seen in Ref. [40]. b) Sketch of a SARS-CoV.
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electron microscopy (cryo-EM) [31] or cryo-electron to-
mography (cryo-ET) [32], techniques that even allow
deduction of structural details, including those for the
spike [33]. Cyro-EM and cryo-ET are particularly suited
here as the vitrified film of an aqueous solution typically
has a thickness of 100e300 nm, and therefore, is perfectly
suited size-wise to host the virus particles and study them.

Proteins of coronaviruses
Of course, the main site of surfactant interaction with
coronaviruses (and this applies to any virus) are the

proteins contained in the virus envelope.

The most frequently encountered protein in the corona-
virusenvelope is theMprotein(1000e2000moleculesper
particle [34]) that has a short ectodomain, three trans-
membrane regions and a longer cytoplasmic tail. It forms
oligomers within the virus membrane and is controlling
membrane curvature by its conformers [35]. Another
abundant structural protein is the nucleocapsid proteinN
(1000e2000 molecules per particle), which forms com-
plexes with parts of genomic RNA, called ribonucleo-

particles (RNPs), with a bead-on-a-string morphology.
One virus particle contains around 25 RNPs, and some of
them are attached to the inner side of the envelope [36].
The most prominent protein of coronaviruses, not in
abundancebut in termsofprotruding from themembrane,
is theSprotein(around25þ-10 trimersperparticle) that is
the sole structural component of the viral spike [37], is
central for receptor recognition, cellular attachment and
entry. As this is the central point of infection, most atten-
tion is focused on blocking the activity of S proteins [38],
which are well visible in Figure 1a. Sixty-six carbohydrates

are covalently attached to one S trimer, and each carbo-
hydrate chain is composed of 7e12monosaccharides. As a
result, most of the surface of S is covered with hydrophilic
sugarmoieties.Thestalk regionof the spikecontains three
otruding from the virion surface (scale bar: 50 nm) [40]. Similar images can

www.sciencedirect.com
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flexible hinges, which allows the head domain to bend
relative to the membrane to scan the cell surface for pu-
tative receptors [39]. Only around 20 copies of the small
and hydrophobic E protein are present in the membrane,
where they form an ion channel facilitating virus entry.

Lipid composition of enveloped viruses
Enveloped viruses assemble at and bud from either the
plasma membrane or from membranes of the exocytic
pathway,whichexhibit different lipid compositions. Since a
viral capsid is coated with lipids when it buds through the

bilayer, it was suggested that the lipid composition of the
viral envelope is mostly determined by the host membrane
[41]. This has now been most convincingly shown for vi-
ruses from four different families that assemble at the
plasma membrane. Quantitative mass spectrometry
revealed that the lipid composition (~160 lipid species) of
Semliki Forest Virus (a togavirus) and Vesicular Stomatitis
Virus (a rhabdovirus) are indistinguishable if grown in the
same cell type, and only slight differences were detected
between the viral lipid composition and that of the plasma
membrane [42]. Viruses supposed to bud through raft-

domains, such as influenza viruses and HIV, are slightly
enriched in cholesterol and sphingolipids compared to the
apical plasma membrane (influenza) or are substantially
enriched in the rare sphingolipid dihydrosphingomyelin
(HIV) [43,44].

For viruses that bud from intracellular membranes, only
two sophisticated lipid analyses are available [45,46].
Strikingly, cholesterol ester, a storage form of cholesterol
that is not a component of cellular membranes, is the
major component of the envelope of Hepatitis C Virus

(HCV), followed by cholesterol, although the virus buds
through the ER membrane, which is low in cholesterol.
The unique lipid composition is a result of the unusual
egress pathway of HCV that coopts very-low-density li-
poprotein (VLDL) particles, which are secreted from liver
cells to supply the body via the bloodstream with lipids
[45]. However, cholesterol and sphingolipids are also
prominent in the envelope of Bovine Viral Diarrhea Virus
(BVDV), another member of the Flaviviridae, and its lipid
composition is very similar to that of the influenza virus. It
was, therefore, suggested that BVDV either buds through

(hypothetical) ER microdomains already enriched in
cholesterol and sphingolipids or recruits these lipids to the
budding site [46].

No detailed lipidomic analysis is available for other viruses
that bud through intracellular membranes, but sphingo-
myelin, a ‘raft-lipid’ is enriched relative to the lipid content
of the whole cell in the envelope of both Equine Arteritis
Virus, amemberof theArteriviridae thatareclosely relatedto
Coronaviridae, andmouse hepatitis virus, a coronavirus [47].

In summary, viruses tend to integrate lipids into their en-
velope that increase the mechanical stiffness of their
www.sciencedirect.com
membranes [48]. In fact, the lipid composition of envel-
oped viruses is remarkably similar, even if they derive from
different cellular membranes. The main constituent is
always cholesterol (37e52 mol%), followed by phospho-
lipids (30e37%) and sphingolipids (18e20%). In contrast
to cholesterol and sphingolipids, the content of the indi-
vidual phospholipid species roughly corresponds to the
membrane from which the virus is derived. The main

phospholipid in both HCVand BVDV is PC, which is also
predominant in the ER membrane, whereas viruses that
bud at the plasma membrane contain mainly PS that is
enriched in the plasmamembrane relative to theER [41e
47]. Furthermore, the surface proteins of the Dengue
virus that do not form spike-like protrusions but lie flat on
the membrane in an icosahedral-like symmetry interact
extensively with the lipids conferring ‘‘raft-like’’ robust-
ness even on a cholesterol-poor membrane [49].

It might be noted that, for instance, the influenza lipid

envelope is softer than expected for a gel phase bilayer
and its stiffness changes only rather little with
increasing temperature [50]. Certainly also the proteins
contained in the lipid envelope play a relevant role in
determining the membrane stiffness. For instance, AFM
experiments on the lipid envelope of the influenza virus
showed double the stiffness compared to just the pure
phosphatidylcholine liposomes, an effect attributed to
the membrane-attached protein components [51].

There are several requirements on the biophysical

properties of a viral envelope for optimal trans-
missibility: The viral pre-envelope must be fluid at body
temperature to allow the budding of new virus particles.
Once the virus is exposed to the environment, the
membrane should solidify (gel state) to protect virions
against damage during transmission between organisms.
After entry into a new host, the viral membrane must
liquefy again to allow infection by fusion of its envelope
with cellular membranes. It was shown for the influenza
virus that the temperature profile of its phase transitions
roughly fulfils these requirements [52]. Above 42 �C,
the virus membrane is uniformly liquid, but below

42 �C, ordered domains appear that coexist with liquid
phases. The fraction of the latter decreases with
decreasing temperature until at ~4 �C, the whole
membrane is solid. The presence of cholesterol was
critical for the formation of these phases.

Virus structure from a simple colloid perspective
Despite the fact that the detailed build-up of a virus in
terms of molecular components is very complex and
normally not fully known for a given virus, its description
as a colloidal object may be much too simplified. A very
comprehensive review regarding growth, form, and
properties, as seen from the physics point of view, has

recently been given [53]. As a virus must contain highly
charged DNA or RNA, compacted by (at least locally)
Current Opinion in Colloid & Interface Science 2021, 55:101479
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cationic proteins, the electrostatics in such systems are
important and an excellent discussion of the relevant
aspects has been given some years ago [54]. However,
electrostatics is not only important for understanding
the properties of viruses but is also the major driving
force for their self-assembly. For instance, the case of
equilibrium self-assembly of negatively charged single-
stranded (ss) RNA with positively charged capsid pro-

teins has been described based on fundamental physics,
which yield assembly equilibria in good agreement with
the experimentally observed behaviour [55]. It may be
noted that the positive charge of the core-directed tail
of the capsid protein does not suffice to neutralize the
negative RNA charge, so that even for a rather small
capsid, the negative core charge may still be in the range
of x$1000 e0. Accordingly, electrostatics is very impor-
tant for the interactions of viruses with their surround-
ings, and this issue has been addressed both
experimentally (measuring forces by AFM) and theo-

retically [56]. It should also be noted that the size of a
coronavirus and helical nucleocapsids in general in-
creases in lockstep with the length of RNA [57]. Cap-
sids are very well defined structurally, where many
viruses have an icosahedral symmetry and are built from
a given number of identical subunits. It might be noted
here that the icosahedron is the regular polyhedron with
the highest volume-to-surface ratio, i.e., optimised for
packaging and fast diffusion transport of this packaged
payload. The precise shape of polyhedral capsid shells is
determined by the proteins it is built from and can be

classified elegantly by the Caspar-Klug construction
[58]. A comprehensive collection of capsid structures
determined from cryo-electron microscopy and x-ray
crystallography can be found at the VIPER website [59].

Of course, capsid formation by protein self-assembly is a
highly interesting phenomenon in itself. A recent study
of capsid growth around an RNA genome followed the
growth process by an optical technique and showed that
the process proceeds by nucleation and subsequent
monotonic growth, and in the case studied, 90 chemi-
cally identical coat-protein dimers were assembled into

a capsid. Both nucleation and growth time decrease with
growing protein concentration, but the shortening is
much more pronounced for the nucleation time. In any
case, the time for the complete assembly was around 5e
10 min, with concentrations of the coat-protein dimer in
the range of 1e5 mM [60]. Accordingly, virus formation
is a relatively fast process of complex self-assembly.

Whether these mechanistic steps of the self-assembly pro-
cesses apply to other, more complicated viruses remains to
be shown. Several viruses, such as influenza and coronavi-

ruses, exhibit adifferenthelical capsid structure. In thecase
of the influenza virus, the nucleoprotein (NP) oligomerises
to form a double-helical hairpin structure, which contains
polymeraseproteins atoneend.ThegenomicRNAiscoiled
on the outside of the helical capsid like on a spool [61]. As
Current Opinion in Colloid & Interface Science 2021, 55:101479
explained earlier, similar structures, the RNPs are present
inside coronaviruses, but their precise structure still needs
to be elucidated further.
General aspects of the interaction of
surfactants with viruses
The interaction of surfactants with viruses has been a topic
of investigation formanyyears,mostlydrivenbythe interest
of inactivating viruses by dissolving their lipid envelopes or
denaturing proteins essential for their functioning, as the
two main mechanisms. With the ongoing COVID-19
pandemic caused by SARS-CoV-2, this topic has suddenly
regained the highest interest, as it brought into our focus

that disabling virus activity can be essential for human sur-
vival. In the following, we want to lay out the basic physical
chemistry of surfactants and their interaction with viruses,
thereby providing the basics for how to use surfactants to
suppress virus activity. Based on the fundamental aspects
reviewed, we later sketch out directions in which future
research activities might be directed to have more specific
andefficientuseofsurfactants inworkingagainsttheeffects
of viruses on human and animal health.

Thermodynamics
As discussed before, enveloped viruses have a variety of
positions, where surfactants (they can be subdivided
into anionic, cationic, and nonionic surfactants) can bind

and interact, in particular the lipid membrane and
membrane/envelope proteins. Looking at that aspect
from a thermodynamic point of view, the likelihood and
www.sciencedirect.com
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effectiveness of binding will depend in general on the
affinity of the surfactant for the different binding sites
at the virus (see Figure 2). In thermodynamics, this af-
finity is described by the chemical potential mi of a given
species i (here, typically, the surfactant molecule is
relevant). In thermodynamic equilibrium, mi of the
surfactant molecules bound at various places to the virus
has to be equal or lower for all positions of binding

compared to that of the monomeric surfactant in solu-
tion, whose concentration dependence is described by:

mi;mon ¼ m0i;mon þ R,T,lnai (1)

(see Figure 2, ai: activity of species i, for the ideal case
being identical to themole fraction; R: ideal gas constant,
T: temperature, m0i,mon: the standard chemical potential
of the monomeric species, typically taken for the case of
infinite dilution; its value will depend on the molecular
architecture of the surfactant, being more negative for
more hydrophobic surfactants, being more positive for

more hydrophilic surfactants; accordingly the whole
chemical potential curve canbe shifted in y-axis by choice
of the surfactant). Accordingly, the reference point that
determines whether binding of surfactant takes place or
not is naturally set by the concentration of free surfactant
in solution. This means that for a surfactant to be effec-
tively interacting with a virus, the chemical potentials of
its relevant binding sites have to be sufficiently low so
that this binding occurs at the lowest possible concen-
trations (see Figure 2, lower plateau for binding to pro-
tein). In particular, it should be below that of themicelles

that are formed above the cmc (critical micelle concen-
tration), as otherwise, any further addition of surfactant
would become micellised but not bind directly to the
virus (of course, micelles may also interact with viruses,
see below). In contrast, the lower the chemical potential
of the surfactant at the binding site, the lower the con-
centration at which the surfactant will be bound thered
to potentially inactivate the virus. This means that
ideally, the affinity of the surfactant to the virus binding
sites has to be more pronounced than its tendency for
micelle formation (mi,prot < mi,mic).
For enveloped viruses, a natural point of attraction for
surfactants is the lipid bilayer into which surfactant
molecules may become incorporated (defined in Figure 2
by mi,bil). The driving force will largely be hydrophobic
interaction, but potentially also electrostatics may play a
role, especially if the surfactant is oppositely charged
(cationic). One may expect that at least initially, some

surfactant may be bound within the lipid bilayer (see
Figure 2), but its incorporation will raise the chemical
potential of the surfactant in the bilayer, and one may
expect that it becomes thermodynamically unstable once
a certain percentage of surfactant is contained in the lipid
bilayer. Controlling the extent of the partitioning of a
www.sciencedirect.com
surfactant into a lipid bilayer is its chemical potentialmi,bil
within that bilayer. This can be studied by calorimetric
investigations, for instance, by isothermal titration calo-
rimetry (ITC), where for SDS, an exothermic partition
enthalpy of �25 kJ/mol (at 28 �C) for 1-Palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) bilayers
has been reported, and this investigation also yielded an
SDS-membrane equilibrium constant of 1.2e6$104 l/mol

for the range of conditions investigated [62]. In contrast,
nonionic and zwitterionic surfactants and free fatty acids
have been reported to have endothermic partition en-
thalpies at room temperature [63].

For any binding site, hydrophobic and electrostatic in-
teractions should play a role. In addition, especially for
the interaction with biomolecules, more specific in-
teractions may also play an important role, including
short-ranged H-bonding (however, it should be noted
that under physiological conditions also electrostatic

interactions are rather short range, controlled by a
Debye screening length of ~0.7 nm), whose strength
depends strongly on the match of the molecular archi-
tectures, p-interactions, and potentially even forces due
to complexation mediated by metal ions. A particular
binding site would be the proteins in the outside
structure of the virus, but given the varied structure of
potentially relevant proteins, like M, N, E or S proteins
(see 3.1), the binding affinity will depend largely on
their detailed structure and state of assembly. Accord-
ingly, the chemical potential mi,prot of the bound sur-

factant molecule can vary substantially from the
micellised state (mi,mic) of the surfactant (Figure 2).

In biochemistry, the binding affinity is typically analysed
via the Scatchard plot/equation that yields the dissoci-
ation or formation (binding) constant (both being the
inverse of each other), the number of binding sites, and
potentially information regarding the cooperativity of
the process. For a process of two components, A and S
(surfactant), forming a complex AS the formation con-
stant K is given as:

K ¼ expðm
0
A þ m0S � m0AS

R,T
Þ (2)

with m0A, m
0
S and m0AS, being the standard chemical po-

tentials of component (binding site) A, surfactant, and

formed complex AS, respectively. It becomes clear from

this formula that enhancing the standard chemical poten-

tial of the surfactant, m0S, for instance, by increasing its

hydrophobicity by lengthening its alkyl chain, will, in turn,

enhance the binding strength at a given binding site.

As an alternative way of interaction, above the cmc,
surfactants can solubilise lipids or other molecules
essential for the function of the virus within micellar
aggregates, i.e., they can induce the leaching out of
lipids from the membrane. This is to be expected above
Current Opinion in Colloid & Interface Science 2021, 55:101479
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the cmc and would likely lead to inactivation of envel-
oped viruses, but typically also requires relatively high
surfactant concentrations, which often one wants to
avoid due to general surfactant toxicity.

Accordingly, in order tohave surfactants that are efficiently
inactivating viruses, either their chemical potential at the
binding sites should be as low as possible, which will

depend on the specific molecular interactions with either
lipid membrane or protein, or one works with surfactants
having as low a cmc/critical aggregate concentration (cac)
as possible, This can be achieved by rendering the sur-
factant more hydrophobic and thereby increasing m0i,mon,
which, from thermodynamics, is the key parameter to
control surfactant activity. The latter is usually directly
relatedto the lengthof thehydrophobic chain(s)and lower
for nonionic than ionic surfactants [64]; however, for
straight chains, one typically faces the problem of insolu-
bility. Accordingly, the solution to achieve a low cmcwould

be employing branched chains or long chains containing
double bonds. Viable alternatives are double-chain sur-
factants, such as typical phospholipids or dialkyl(ester)
quats employed in fabric softeners [65]. They typically do
not formmicelles (due to their packing preference; having
a cylindrical shape), but vesicles are often present above
their critical aggregate concentration, and the cac is
normally in the nM to mM range. A further alternative are
amphiphilic copolymers of block or graft structure, which
generally have very low cmc values [66]. Such polymer
surfactants often interact strongly with lipid bilayers, and

even such highly biocompatible copolymers of the PEO-
PPO-PEO (Pluronic�) type have been shown to disturb
lipid bilayers substantially [67].

For maximizing the binding affinity of a surfactant to virus
components, one has to mainly consider that lipid mem-
branes, due to the presence of sialic acid-containing gly-
colipids, are generally negatively charged and that cationic
surfactants aremost strongly attracted,which also explains
the generally high biotoxicity of cationic surfactants
compared to others. As a basic rule, the affinity of a sur-
factant to become incorporated into a lipid bilayer (quan-

tified by mi,bil) will depend largely on the molecular
architecture of the surfactant and on the lipid composition
of the bilayer. It can be described by a distribution coeffi-
cient that gives the probability for being in a bilayer
compared to being in the corresponding aqueous solution.
Such distribution coefficients can be measured experi-
mentally, but their determination is not necessarily simple
and becomes more challenging if the affinity is very high.
The most direct and reliable way to determine the ther-
modynamics of the surfactant/bilayer interactions is
certainly isothermal titration calorimetry (ITC) that gives

not only the partition coefficient, but also enthalpy, en-
tropy, and free energy of the transfer process of the sur-
factant into the bilayer [68]. More recently, however, the
theoretical calculationofdistributioncoefficientsbasedon
molecular simulations has also been advanced, for
Current Opinion in Colloid & Interface Science 2021, 55:101479
instance, for describing the sorption data of single-chain
and double-chain cationic surfactants. This approach also
allows handling of more strongly membrane attracted
cationic surfactants [69].

By comparison, the binding to proteins is much more
complex. The binding at different protein sites will have
very different effects with respect to inactivation.

Binding to some sites may have no effect at all, while
binding at others may effectively disable protein func-
tion altogether. This means that smart molecular design
requires determination where surfactant should bind at
a given protein. For the binding, electrostatic and hy-
drophobic interactions may be most relevant but H-
bonding can also be important, as also even more spe-
cific molecular interactions. This will largely depend on
the molecular details of the protein binding site and,
hence, structural features with atomistic resolution will
be important as they can be obtained from highly

resolved scattering/diffraction experiments and NMR,
but also from molecular modelling approaches.
Investigations on the thermodynamics of the interaction of
surfactants with viruses are rare. In one notable exception,
human influenza (H3N2) and avian influenza virus strains
(H5N3)were investigatedwith respect to the effect of the
surfactants potassium oleate (KOl), SDS, and sodium
Laureth sulphate (SLES). Interestingly, infectivity was
reduced most dramatically by KOl, much less by SDS, and
still somewhat less by SLES. A parallel investigation by
isothermal titration calorimetry (ITC) for KOl showed a
markedexothermic interactionwith theH3N2virus,while
it was less exothermic for SDS, and even endothermic for
SLES. This was interpreted such that the interaction is

dominated by electrostatics in the case of KOl, while for
SLES, hydrophobic interactions prevail [70]. This inves-
tigation nicely shows that fundamental thermodynamic
investigations can help in understanding the interactions
relevant to reducing the infectivity of viruses.
Kinetics
While we discussed the thermodynamics of an equilibrated
situation for virus inactivationby surfactants in theprevious
chapter, the other essential issue is the time scale at which
the interaction/bindingwill takeplace.Thismeanswemust
look at the kinetics of surfactantevirus interaction, which
determines how fast such an equilibration is achieved.
The main point here is that a surfactant molecule must
diffuse to a given binding site of a virus. That process has
basically been described by von Smoluchowski more than
100yearsago[71].Typically,diffusion-controlled reactions
are very fast, but for some situations in surfactantevirus
interaction, this may no longer be the case as the virus
concentration is necessarily low. If surfactant concentra-
tion is equally low, and for many applications, one may
target a low cmc, for example, for reasons of surfactant
www.sciencedirect.com
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toxicity or ecological concerns, the reaction times may
become very long. Themean time t required for one virus
particle of radius RV to be hit by a surfactant molecule can
be estimated as:

t ¼ 1

4p,cS,NAv,DS,RV
(3)

where cS is the surfactant concentration, Ds the diffusion

coefficient of the surfactant, and NAv Avogadro’s constant.

Assuming a surfactant concentration of 0.1 mM, DS of

2*10�10 m2/s (neglecting the movement of the virus as its

diffusion coefficient is more than 50 times less than that of

the surfactant), and a virus radius RV of 50 nm, a charac-

teristic time of ~130 ns can be calculated, which means a

surfactant molecule encounters a virus particle every

130 ns. It might be noted here that, naturally, the time

required for micelles to encounter a virus will be much

longer, by a factor larger than their aggregation number,

simply due to the correspondingly lower concentration of

micelles. If we now look more quantitatively at the inter-

action of the surfactant with the lipid envelope, we have to

consider that for a radius of 50 nm, the virus envelope will

contain about 125,000 lipid molecules under the assump-

tion that their head group area is approximately 0.5 nm2.

This, in turn, means that for substituting just 1% of the

lipid molecules with surfactant molecules, it would take

about 0.15 ms. This is assuming the best-case scenario that

every encounter leads to incorporation of surfactant into

the bilayer, while, in reality, one may expect here a certain

activation energy to be required that would slow down this

process substantially.
Of course, the time required for a surfactant molecule to
encounter a protein by diffusion will be much longer as
the protein is much smaller. One may estimate it from
eq. (1) by assuming a protein size, where a radius of 2e
5 nm is realistic, but in addition, the proteins might also
be partly protected by being incorporated within a
bilayer or a larger protein assembly, so only a part of it is
free for contact. Somewhat different is the situation for
membrane proteins, as the mobility of surfactants

within a bilayer is very high, and accordingly, the ease of
encountering a membrane protein bind in the mem-
brane. In any case, just being in contact is not enough for
a surfactant to bind and interact further, because first,
the probability of hitting the virus surface at the proper
place for binding (e.g., location of a protein, see
Figure 1) is not necessarily very high; it is certainly much
higher for hitting the lipid membrane than for a specific
protein. Second, making contact does not mean binding,
as there will always be steric effects. For instance,
binding of a surfactant molecule to a protein requires

the proper orientation at the right position of the pro-
tein and an activation energy Ea must be exceeded
before binding can take place. Both aspects can be
accounted for by an effective activation energy Ea,eff that
is reducing the rate of this binding process by a factor
www.sciencedirect.com
exp(�Ea,eff/kT), compared to the probability of just
having a collision, which would be the maximum
possible rate. This concept applies similarly to the
incorporation of surfactant into the lipid bilayer, but this
process will be much faster due to the fact that by area,
the lipid envelope is much bigger and Ea,eff should be
much lower as the incorporation of a surfactant molecule
into an existing bilayer is relatively easy.
Surfactant interaction with model lipid
bilayers
Liposomes are vesicles composed of a lipid bilayer,
which are often used as model systems for biological

membranes. Their shell consists of lipids only and is
missing the proteins, cholesterol and other building
blocks of real membranes, which makes them suitable
for simplified experimental membrane studies. A lot of
research has been carried out on the interactions be-
tween surfactants and phospholipid bilayers that ranges
from coexistence to incorporation of the surfactant into
the lipid bilayer to solubilisation of the membrane into
mixed aggregates.

A general description of the processes occurring with

increasing surfactant to membrane ratios was proposed
by Helenius and Simons as early as 1975 [72] as the
‘three-stage model’: In stage I, at low surfactant con-
centrations, the surfactant is incorporated into the
bilayer and causes changes in its physical properties.
Such changes may include different spontaneous cur-
vatures as the typical surfactant has a relatively large
head groupd inverted cone shape, imperfections in the
highly ordered lipid arrangement, increased perme-
ability and even ruptures of the bilayer. This is found
already way below the cmc of the respective surfactant
as there typically is an affinity of the surfactant to

become incorporated into such a bilayer (see Figures 2
and 3). Upon increasing surfactant concentration,
more surfactant is incorporated in the bilayer, while the
bulk concentration of surfactant stays below the cmc,
and no micelles are formed. In stage II, when the bi-
layers are saturated with surfactant, the bilayers begin to
break, and mixed surfactant/phospholipid aggregates are
formed, mostly in the form of large cylindrical micelles.
The mixed cylindrical micelles coexist with the
remaining membranes at first, but with increasing sur-
factant concentration, this eventually results in a com-

plete phase transition. In stage III, after completed
phase transition, the surfactant/phospholipid ratio in the
mixed micelles increases while their size decreases.
This is often realised by a transition from cylindrical to
small spherical micelles.

The solubilisation of membranes by surfactants was
studied, for example, for the model system of lecithin/
DDAB/water [73]. Lecithin is a zwitterionic lipid,
which is practically insoluble in water but forms
Current Opinion in Colloid & Interface Science 2021, 55:101479
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lamellar liquid crystalline structures at high concen-
trations. These lamellar structures can serve as a
model for biological membranes. DDAB (dialkyldime-
thylammonium bromide) is a cationic surfactant with
two carbon tails. The ternary phase diagram of this
system is shown in Figure 4a. Here, the three corners
represent the pure components (surfactant: top,
water: bottom left, lecithin: bottom right), the borders

of the triangle show two-component mixtures in wt%,
while the inside area corresponds to all ternary com-
positions possible. The phase diagram shows a large
area with lamellar structures (Lam2), which is not
easily dissolved by DDAB. Only at very high DDAB
concentrations, a two-phase region is formed, and a
homogeneous micellar L2 phase is never reached. The
phase behaviour was also studied for the cationic
surfactant DTAB, which is similar to DDAB but has
only one carbon chain [74]. With DATB, it was
possible to dissolve the lamellar lecithin structures

into mixed micelles. This effect can be attributed to
the smaller packing parameter of DTAB compared to
DDAB, which is more effective in disrupting the
lecithin arrangement.

The phase diagram of a similar system with the nonionic
surfactant Triton X-100 is shown in Figure 4b and looks
slightly different [75]. It shows a large area with lamellar
structures (D), that, at higher Triton X-100 concentra-
tions, turns into a two-phase region of lamellar struc-
tures coexisting with micelles until finally, at very high

Triton X-100 concentrations, a mixed homogeneous L2

phase is formed. These findings follow nicely the three-
stage model described by Helenius and Simons, but it
can be seen that very high surfactant concentrations are
needed here to dissolve the lipid bilayer.
Figure 3

 

Different (simplified) ways of surfactant interacting with different virus compone
above and described by eq. (2) strongly depending on surfactant concentratio
migrate its way to the binding site at bilayer or protein, respectively.
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In order to achieve lipid bilayer disruption, single-chain
surfactants are more effective than double-chain sur-
factants and nonionic surfactants have a bigger solubi-
lization power than cationic. But the best results in
breaking phospholipid membranes are achieved by
anionic surfactants, as shown for the system of lecithin/
sodium cholate/water in Figure 5. Bile salts are popular
surfactants for lipid membrane solubilisation studies

since they are natural, biological compounds and highly
effective in solubilising lecithin and other lipids. Only
one mol of sodium cholate can solubilise two mols of
lecithin [76], whereas, for example, two [77] or 1.5 mol
[78] of Triton X-100 were claimed to be required for
solubilisation of 1 mol lecithin, irrespective of the total
concentration of lipid. Figure 5 shows the ternary phase
diagram of lecithin/sodium cholate/water mixtures. It
shows that lecithin in water forms lamellar structures, a
model for biological membranes. Upon addition of the
anionic surfactant, Na-cholate in this case, the lamellar

membranes are dissolved, and mixed cylindrical aggre-
gates are formed (red arrow).

While these phase diagrams give a good overview of all
the possible structures occurring in a three-component
lipid/surfactant/water system, they give little informa-
tion on the changes on the bilayer at surfactant/phos-
pholipid ratios lower than needed to obtain complete
phase transition from the lamellar to the isotropic
micellar phase. Walter et al. [79] have studied the ve-
sicular/micellar transition of cholate-egg PC vesicles

with increasing cholate content, using cryo-TEM.
Images taken at different cholate concentrations
nicely show the different stages of bilayer solubilisation
described by Helenius and Simons (see Figure 6). After
the addition of low levels of Na-cholate, the vesicle
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Figure 4

Ternary phase diagrams of lecithin/DDAB/water and lecithin/Triton X-100/
water. The lamellar phases are labelled as Lam2 and D, respectively, and
micellar phases are called L1 and L2. Reprinted with permission from
Ref. [73] Copyright 2002 American Chemical Society and from Ref. [75],
Copyright 1989, with permission from Elsevier.
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structure was maintained, but their morphology was
altered. At just slightly higher cholate concentrations,
openings of the bilayer sheets were observed. Long

flexible cylindrical structures coexist with open vesicles
over a wide range of concentrations before, finally, at
high cholate concentrations, no bilayers were present
anymore, and the cylindrical structures transformed into
small spherical micelles of ~4 nm diameter. A similar
structural evolution, documented by a combination of
static and dynamic light scattering with cryo-TEM, has
also been reported for the addition of dodecyloctaglycol
(C12E8) to egg PC. Here, the formation of worm-like
micelles sets in above a concentration of 40 mol%
C12E8 [80]. One might expect the formation of disk-like
www.sciencedirect.com
micelles as intermediates, but interestingly compre-
hensive work has shown that typically worm-like struc-
tures are formed once the lipid vesicles become
dissolved [81]. Lipid solubilisation by the micellar
mechanism typically proceeds such that the surfactant
does not migrate from the outer phospholipid leaflet of a
vesicle to the inner one. The excess of surfactant mol-
ecules in the outer monolayer then leads to shape

change and disruption of the bilayer structure [82,83].

The most common effect of added surfactant on mem-
branes is a curvature stress becausemost surfactants have
a rather large head group and one hydrophobic tail
(inverted cone shape, see 2.3), and therefore, possess a
packing parameter, favouring the formation of (spherical)
micelles. Accordingly, their incorporation disrupts bilayer
formation, but the effect typically requires the presence
of 30e60 mol% of surfactant in the lipid bilayer. Studies
using fluorescence probes and determining limiting

fluorescence anisotropy, which is related to the mem-
brane order, have shown that for typical synthetic sur-
factants, a continuous decrease of membrane order is
observed with increasing surfactant content, a process
referred to as homogeneous disordering. In contrast, for
several antimicrobial biosurfactants such as lipopeptides
and saponins, membrane lysis is observed without such a
prior decrease of membrane order. It has been speculated
that the lipid membrane becomes disrupted locally by
surfactant-rich defect structures [85]. This different
mechanism then would also be an explanation for their

effectiveness in membrane lysis already at much lower
concentrations. Of course, this different mechanism of
interaction has nothing to do with the biological origin of
these surfactants, but their more complex structure
disfavours homogeneous mixing with the lipid in the
membrane and instead favours segregation within such a
membrane.

Theoretical work on the interaction of lipopeptides with
different types of lipid membranes simulating bacterial
versus mammalian membranes showed that the overall
binding affinity is largely determined by the length of

the hydrophobic part, while the peptide part regulates
the selectivity of binding to the different types of
membranes [86]. The time scales involved in detergent
solubilisation of lipid bilayers can vary significantly, and
this has been attributed to the ability of the surfactant
to perform a trans-bilayer movement (flip-flop), and
only ones that can initiate this process rapidly will result
in fast bilayer solubilisation [87]. Model experiments by
means of time-resolved stopped-flow SAXS experiments
on small, extruded lipid vesicles showed that the effect
of adding an excess amount of sodium dodecyl sulphate

(SDS) leads to the dissolution of the bilayers, which can
be described by two characteristic times, one for com-
plete adsorption of the SDS on the liposome surface,
and one for the desorption of the first mixed micelles.
Current Opinion in Colloid & Interface Science 2021, 55:101479
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Figure 5

Ternary phase diagram of lecithin/sodium cholate/water and corre-
sponding structures. The red arrow shows the dissolving of lipid bilayers
upon the addition of surfactant. Reprinted with permission from Ref. [76]
Copyright 1968 WILEY.
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These times depend on the charge state of the bilayer
and are faster for positively and slower for negatively
charged vesicles. However, in general, vesicle dissolu-
tion takes place within 10e30 s [88].
Interactions of surfactants with proteins
Besides lipids, proteins are the othermajor building blocks
of biological membranes. In general, surfactants are well
known to bind to proteins, the main driving forces being
electrostatic, hydrophobic, and H-bonding. Given the
large number of structurally different proteins and sur-
factants, the topic of surfactanteprotein interactions is a
very large and fast-evolving field, which cannot be covered

in further depth here, but was reviewed some time ago
[89]. The binding of a surfactant often leads to denatur-
ationof theprotein,eitherbyunfoldingorby the formation
ofprotein-surfactant complexes [90].Here the strengthof
the binding will depend on the molecular architecture of
the protein binding site and how well the surfactant is
adapted for that. In contrast, in the case of membrane
proteins, the presence of lipids/surfactants is essential for
proper functioning. Accordingly, virus functions that rely
on the activity ofmembraneproteins can only be expected
tobeaffectedbysurfactant interactionswiththe lipidvirus

envelope into which such membrane proteins are
embedded.However, the effects onmembrane properties
can be expected to be weak as long as no larger percentage
of surfactants is incorporated. An alternative would be
Current Opinion in Colloid & Interface Science 2021, 55:101479
extractingmembraneproteins selectively from thebilayer,
where the detailed surfactant structure will be important
to achieve thehighest possible affinity of the surfactant for
membraneproteins.Ontheotherhand,capsidproteinsare
also essential for virion functionality and vulnerable to in-
teractionswithsurfactants.However, theyareprotected in
the case of enveloped viruses, where any added surfactant
will first have to encounter and interact with the lipid

envelopebefore itwould be able to reach and interactwith
capsid proteins. And as discussed before (see 2.4), the
crossing of a membrane, i.e., the jump from the outer to
innermonolayer (flip-flop), is typically a very slowprocess.

Rather well studied has been the binding of fatty acids
to proteins, as there is also a particular class of fatty acid-
binding proteins (FABP), which are involved in fatty
acid transport and metabolism. Interestingly fatty acid-
binding is largely driven by enthalpy, where van’t Hoff
enthalpies of ~�40 to 50 kJ/mol were observed for fatty

acids such as oleic acid, arachidonic acid, or palmitic
acid, the precise value depending to a certain extent on
the origin of the FABP [91]. This is different to the
typical hydrophobic association, which is driven by en-
tropy [92]. The binding affinity and the corresponding
Gibbs free energy of binding are systematically
increasing with increasing hydrophobicity of the fatty
acid. This has similarly been observed for the binding of
different fatty acids to bovine serum albumin (BSA), for
which also binding enthalpies of �50 to �30 kJ/mol
were reported, but the process becoming less

exothermic with increasing length (hydrophobicity) of
the fatty acid [93]. However, as discussed in Chapter 4,
not only the thermodynamics of this binding process but
also the kinetics are relevant. Here for different fatty
acids, a kinetic of off-rate constant in the range of 0.5e5
s�1 has been observed at room temperature, actually
becoming faster for fatty acids of increasing chain length
[94], which is a bit counterintuitive. However, in any
case, these complexes are rather long-lived.
Surfactant interactions with virus
membranes
The main component of virus envelopes are lipids, and
like all biological membranes, they can contain a large
variety of different lipids, with their main component
being phospholipids. However, the detailed lipid
composition of viral envelopes can vary largely, as has

been shown for the case of different strains of influenza
virus, which vary largely with respect to the types of
glycerophospholipids contained (head groups) and the
amounts of saturated and unsaturated acyl chains
contained in the respective lipid type [95].

However, even if biological membranes are extremely
complex mixtures of many lipids, cholesterol, proteins,
ions, etc., the general concepts of surfactant/membrane
interactions described above for simple phospholipid
www.sciencedirect.com
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Figure 6

Cryo-TEM images of egg PC vesicles (c = 9 mM PC in all images) with increasing surfactant concentration (sodium cholate)from left to right. Scale bar is
valid for all images. Reproduced from Ref. [79] Copyright 1991, with permission from Elsevier. Inspired by Ref. [84].
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bilayers also apply to virus membranes. In addition,
specific surfactant/protein interactions may occur, as
well as preferred solubilisation of different membrane
components. For instance, it has been observed for lipid
bilayers containing Ca2þ-ATPase that SDS extracts the
Ca2þ-ATPase from the membrane before actually solu-
bilising the lipids. In contrast, nonionic surfactants like
C12E8 or Triton X-100 predominantly interact with the
lipids [96]. This demonstrates that the choice of the
surfactant is of central importance for the observed in-

teractions. Here, it is mainly a charge effect, but the
length of the hydrophobic part and other molecular
details of the whole surfactant molecule will also be of
importance. A lot of research on surfactant/membrane
interactions was carried out with the goal to solubilise
and isolate lipids or proteins from the membrane. But
this knowledge can be transferred to virus inactivation,
as alterations in the lipid envelope will certainly affect
virus functionality and with it infectivity.

A nice example is the solubilisation of the Semliki Forest

Virus (SFV) membrane upon addition of the anionic
surfactant SDS, which was studied by Becker et al. by
density gradient centrifugation [97]. Lipids floated on
the top while DNA sedimented to the bottom of the
gradient as identified by radioactive labelling. From the
fractions of lipids and DNA collected, the different
stages of virus breakdown could be reconstructed
(Figure 7). When SDS is added to SFV in low concen-
trations, it starts binding to virus particles but without
any signs of disruption. Virus disruption started after
binding about 6000 SDS molecules. Assuming the virus

membrane consists of only 16,000 phospholipids and
www.sciencedirect.com
16,000 cholesterol molecules [98], the disruption would
start at just under 20% substitution of membrane mol-
ecules. Higher SDS concentrations led to complete
virus breakdown when the viral nucleocapsid dissociated
into RNA and protein, but the exact SDS concentration
needed for virus inactivation could not be determined. A
comparison with the nonionic surfactant Triton X-100
shows the milder impact of nonionic compared with
charged surfactants on membranes [99], which may be
attributed to the fact that nonionic surfactants have only

a small effect on the charge conditions of the membrane,
which are critical for overall membrane organisation and
proper functioning.

Regarding coronaviruses, especially the S glycoproteins
might be a weak point as S damage will lead to a loss of
virus infectivity, as was demonstrated for the murine
hepatitis coronavirus MHV-A59 [100]. It has been re-
ported for SARS-CoV-2 that the receptor-binding do-
mains of S tightly bind the linoleic acid in three
composite binding pockets. This binding apparently

reduces virus activity as one observes a synergistic effect
and enhanced suppression of SARS-CoV-2
replication when treatment with the polymerase inhib-
itor remdesivir is combined with linoleic acid addition
[24].

In addition, several glycoproteins of enveloped viruses
interact with cholesterol within the membrane, and this
interaction is vital for the function of the protein during
virus entry by membrane fusion and virus release by
budding [20e22]. Replacing the natural cholesterol in

the virus membrane with other sterols has been shown
Current Opinion in Colloid & Interface Science 2021, 55:101479
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Figure 7

Binding isotherm of sodium dodecylsulphate (SDS) to Semliki Forest
Virus (SFV) at 4� determined by sucrose gradient centrifugation.
Reprinted with permission from [97]. Copyright 1975 American Chemical
Society.
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to affect the rate of membrane fusion and hence might
inhibit virus entry [101].
Existing investigations and applications of
surfactant use against viruses
Quantification of (infectious) virus particles
The central point in assessing the effectiveness of a sur-
factant against a given virus is the quantification of viral

activity after such a treatment. For investigatingwhether a
particular procedure affects the infectivity of a virus
preparation, the number of infectious virus particles must
be quantified. A classical virological approach is the plaque
assay. A plaque develops when adjacent cells are killed by
virus replication, starting with a single infectious particle.
For quantifying the number of infectious virus particles,
the virus-containing solution is serially diluted, and then
the separate cell monolayers are inoculated with the di-
lutions. After virus entry (approximately 1 h), the mono-
layer is overlaid with a semi-solid medium (e.g. agar) to

allow the virus to spread only to adjacent cells. After in-
cubation of the cells for 2e3 viral replication cycles (2e7
days, depending on the virus), cell monolayers are treated
with a vital dye that stains only live, uninfected cells. If the
number of infectious viruses in the inoculum is equivalent
to or exceeds the number of cells in the monolayer, every
cell will become infected and killed, and hence, the whole
monolayer remains colourless. At a certain virus dilution,
only a few particles remain, each of which infects a single
cell and its progeny are spread to neighbouring cells.
Current Opinion in Colloid & Interface Science 2021, 55:101479
Individual plaques are visible to the eye as a colourless spot
against the background of a stained monolayer. The
number of plaques is multiplied by the reciprocal value of
the virus dilution to calculate the number of infectious
virus particles. A variation of the plaque assay is the tissue-
culture infectious dose 50 (TCID50) assay, where the cell
monolayer is not covered by an overlay, and hence even-
tually, all cells become infected even if only a single in-

fectious particle is present in the inoculum.Nevertheless,
infection titers determined with TCID50 tend to be
somewhat lower than those determined with a plaque
assay.Sincebothassaysonlycountvirusparticlescapableof
undergoing a complete replication cycle (virus entry, viral
genomereplication,viralproteinsynthesis, andproduction
of infectious progeny particles), they are the gold standard
for determining virus infectivity. However, virus titers
depend on the cell type used for the plaque assay, i.e., re-
sults obtained with the same solution titrated in different
cell typesmaydifferby asmuchas10-fold.Note that only a

small fraction of physical virus particles visible in the
electron microscope (10%e0.01%) are infectious.
Furthermore, the infectivity of most enveloped viruses is
very labile; an influenza virus preparation shows a titer
reduction of ~1 log (=90%) when incubated at room
temperature for two days.
Initial steps of virus replication (virus binding and entry)
can also be studied using fluorescence-based methods,
such as fluorescence-assisted cell sorting (FACS) and
fluorescence microscopy. They are more sensitive,
quantifiable and can be scaled up and automated but
require specialized equipment and expertise.

In summary, there is no definitive answer to the

seemingly simple question about the number of in-
fectious particles in a virus preparation. It depends on
the assay and cell types used. Methods that quantify
viral genome copy number, such as PCR, are not
suitable for determining the infectivity of viral parti-
cles because neither lipid- nor protein-targeted treat-
ments affect the viral genome, and hence, the genome
copy number remains the same before and after
treatment.
Disinfection of hard surfaces and skin
Coronaviruses seem to be remarkably stable on various
surfaces. Several studies for SARS, MERS and other
human coronaviruses show that the viruses can remain
infective for up to 9 days on many common hard sur-
faces, such as steel, glass or plastic, although virus titres
dropped significantly during that time [102]. Therefore,
disinfection of frequently touched surfaces is key to
stopping virus spread. While common disinfectants
mainly contain ethanol or isopropanol, it was shown that
the addition of surfactants increases virucidal efficiency

[103]. The different types of sanitising agents for virus
www.sciencedirect.com

www.sciencedirect.com/science/journal/13590294


Review on surfactant-virus interactions Simon et al. 15
inactivation and disinfection have been reviewed
recently, including which types of surfactants are used
but also with a large range of other chemical compounds
employed in that context [104]. A long while ago also
specifically, the inactivation of Coronaviruses has been
reviewed [105].

Due to its importance, the field of disinfecting virus-

contaminated surfaces is one that has been investi-
gated thoroughly for a long time, and surfactants tradi-
tionally play an important role when it comes to
disinfection [106]. A recent review not only describes in
a comprehensive fashion the antiviral activity of sur-
factants but also other health-related functions of sur-
factants, like antimicrobial activity or anti-oxidative
properties [107], and we have summarised the main
Table 1
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existing or developing antiviral applications of surfac-
tants in Table 1.

In general, the role of surfactants is not just that of
interacting with the lipid envelope (and typically
dissolving it) or of denaturing proteins. In most practical
situations on a dried surface, one may not encounter
individual viruses but mainly agglomerates, in which

many viruses are lumped together. The function of
surfactant then is to dissolve such agglomerates and
render the individual viruses accessible, which means
that surfactant activity is quite similar to that in one of
its principal actions in detergency. Otherwise, the vi-
ruses inside of such agglomerates would be rather well
protected from any type of inactivation [106,108].
Accordingly, surfactants can also be very important as an
‘access facilitator’ in formulations with other antiviral
sified according to their type (anionic: a, nonionic: n, cationic: c,
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components by allowing them to access individual vi-
ruses more easily.

Absolutely classic in the context of disinfection is the
use of soap for inactivation of influenza viruses shown
to be effective around neutral pH more than 80 years
ago [109], i.e., before even knowing much about virus
structure. In addition, conventional anionic detergents

like SDS were also shown early on to be similarly
effective in reducing the infectivity of tomato bushy
stunt and potato X viruses [110]. The rather general
activity of SDS against enveloped (for instance, HIV)
and nonenveloped viruses, which has already been
reviewed some 20 years ago, has been assumed to be
due to denaturing the lipid envelope and/or the capsid
proteins, and generally, its antiviral activity is already
present in non-cytotoxic concentrations [111]. As
anionic surfactants are primarily active against envel-
oped viruses but not against nonenveloped viruses, it

can be concluded that they primarily interact with the
lipid bilayer [106], despite the fact that the lipid
bilayer itself also has an anionic character. In general, it
has been observed that enveloped viruses are more
sensitive to the interaction with chemical agents such
as surfactants than nonenveloped viruses [112]. It
might also be noted that liquid soaps, e.g. made from
sodium lauryl ether sulphate and cocamidopropyl
betaine, are more effective against nonenveloped vi-
ruses such as human noroviruses than ethanol-based
hand sanitisers, while for the enveloped viruses, the

opposite behaviour has been observed [113]. This can
be explained such that alcohols like ethanol or isopro-
panol are very effective in dissolving lipid bilayers but
have only very little effect on nonenveloped viruses,
whereas surfactants work on both types of viruses but
are also more effective against enveloped viruses. In
that context it should also be noticed that simply
distinguishing the antiviral activity with respect to
having an enveloped or nonenveloped virus is over-
simplifying the situation as a different response is also
seen for different enveloped viruses and also with
respect to employing different surfactants, as for

instance, demonstrated for cationic compounds [114].

When looking more specifically at coronaviruses, the
activity of the replication/transcription complex of
SARS-CoV was greatly reduced by the presence of the
nonionic surfactant Triton X-100, indicating that its
effect on lipid membranes rendered this complex inac-
tive, thereby inhibiting virus replication [115]. Similarly,
for SARS-CoV-2, the effectiveness of classical, often
surfactant-based, disinfectants has been ascertained
[116]. Even simple household surfactants like sodium

Laureth sulphate (commonly found in shampoos) have
been shown to inactivate SARS-CoV-2 effectively at low
Current Opinion in Colloid & Interface Science 2021, 55:101479
concentrations of 0.1 wt% within 60 s on a large variety
of different inanimate surfaces [117].

In comparison, cationic surfactants are more established
bactericidal compounds and quaternary alkyl ammonium
(QUAT) compounds are commonly employed for disin-
fection,e.g.benzalkoniumchloride[118,119].Theantiviral
action or didecyldimethylammonium chloride, but also

pyridinium, imidazolium or isoquinolinium surfactants,
have been intensely studied in that context [120e123].

QUATs are the most widely employed group of disin-
fectants for hard surfaces. However, even though they
are very potent antimicrobial agents, they are generally
much less effective in inactivating viruses [124]. This is
particularly evident for nonenveloped viruses but still
markedly observed for enveloped ones, especially after
they have been dried on surfaces. However, antiviral
activity can become enhanced by rendering the systems

more acidic by addition of HCl [125]. This aspect has
been critically discussed [126] and comprehensively
reviewed recently [102]. The main reason for the lower
effectivity of QUATs may be attributed to the fact that
their main effect in antimicrobial activity is to modify
cell permeability [102], an effect much less relevant for
inactivating viruses, as the virus lipid envelope is mostly
for protection and transport across the bilayer is a
property of lesser importance. The particularly low ef-
ficacy of cationic surfactants with respect to viruses
under dry conditions on surfaces may also be attributed

to the fact that here, in addition to the interaction with
the virus lipid envelope, one has first to disperse the
viruses, like dirt in detergency. However, both typical
surfaces and viruses will be negatively charged, and
therefore, cationic surfactants will perform rather poorly
in dispersing them, similar to their relatively poor per-
formance in typical detergency. Nonetheless, the use of
QUATs for disinfection has naturally been increasing
substantially during the recent pandemic and has been
raising concerns regarding their environmental impact
[127]. Certainly, a very important aspect for future de-
velopments is having formulations that are effective

with respect to their antiviral properties but at the same
time mild with respect to toxic effects, and do not come
with the risk of environmental damage, as recently
discussed in the case of hand sanitation [128].

The field of hand sanitation is, of course, a central one in
controlling virus spread. Regular hand hygiene is very
important [129], but typical hand sanitisers are rather
harsh surfactants, as is the case for standard alkaline
soaps. Accordingly, their frequent application will lead to
compromised skin by removing lipids from the stratum

corneum, and such damaged skin then may become
itself more penetrable to viruses and other damaging
www.sciencedirect.com
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particles, and one also increases the risk of hand
dermatitis. Therefore, working at pH 5.5 to 7.0, i.e., that
of healthy skin and use of mild surfactants, is recom-
mended [130].

On the side of studying the effectivity of surfactants
against virus activity, recent studies have been dedi-
cated to not just using single surfactants but combi-

nations thereof in order to benefit from synergistic
interactions, similar as is conventionally done in
detergency, where typically anionic surfactants are
combined with a nonionic surfactant to reduce the
cmc, while retaining the negative charge required in
detergency. This was successfully shown for mixtures
of the cationic didecyldimethylammonium chloride
(DDeCl) with dodecyloctaglycol (C12E8) and cyclo-
dextrin (CD) [131]. Marked synergism in antiviral
activity was reported, and a 4-log10 virus inactivation
within 15 min contact time was seen for concentrations

around the cmc.

As just discussed, many surfactant mixtures are quite
effective with respect to their antiviral properties.
Accordingly, there is a very large number of commercial
products on the market, mostly for use in hospitals, in-
dustrial disinfection or preservation of food, which rely
on surfactants and mixtures thereof. A rather compre-
hensive and regularly updated list can be found on the
website of Health Canada [132].

However, it should be noted that the disinfection of
large surface areas requires extensive use of surfactants,
which will ultimately end up in the environment. It is,
therefore, necessary to increase the use of sustainable
and biodegradable surfactants in this area [133]. Prom-
ising compounds here are e.g. surfactin or rhamnolipids
and sophorolipids, which have all shown antiviral activity
against various enveloped and nonenveloped viruses
[134e136]. Also, saponins, which are plant-derived
biosurfactants, were shown to possess antiviral activity
against many viruses, including coronavirus H-CoV-
22E9 [137].

Antiviral use of surfactants in formulations for
personal care etc.
While disinfection of hard surfaces is an important topic in
circumstances where rooms, instruments, hands, etc. have
to be sterile and safe, a related topic is the use of surfac-
tants in formulations for personal care, which then become
important in protecting humans. Themain difference with
respect to requirements for the surfactant is that for hard
surfaces, one can accept rather harsh conditions; for per-

sonal care, it is important that the surfactant is as ‘mild’ as
possible, where, of course, mild depends on the environ-
ment, where it is supposed to be applied, being different
for skin versus in the mouth or nose.
www.sciencedirect.com
A frequently employed disinfectant agent in that field is
chlorhexidine (typically in the form of its salts, e.g. as
gluconate or digluconate), which is not a proper cationic
surfactant but forms aggregates in solution [151]. It is a
regular component in many pharmaceutical products
(e.g., antiseptic mouthwashes), cosmetics or disinfec-
tants, and shows antiviral activity against enveloped vi-
ruses, as demonstrated for SARS-CoV-2, where complete

inactivation within 30 s was observed, further enhanced
by the presence of molecular iodine [138]. Here an
interesting study by neutron diffraction, using a model
membrane of PC, has shown that chlorhexidine positions
itself at the head group of the phospholipid, suggesting a
mode of action where the molecule is bent in half and
inserts wedge-like into the lipid matrix, a mode of action
that is very similar to that employed by antimicrobial
peptides when they interact with bilayers [152]. Chlor-
hexidine is often employed in combination with CPyC,
which has been known for a long time to be a very

effective microbial for mouthwash formulation, but
recently was also shown to be very effective against SARS-
CoV-2 in different formulations [139]. The reduction in
virus titer was very high (between approximately 1000- to
10,000-fold, log10: 3.3e4.3), and in this study, it was also
reported that delmopinol (2-[3-(4-propylheptyl)morpho-
lin-4-yl]ethanol) hydrochloride, another amphiphilic
compound, even showed higher activity (log10 >5.3). In
all cases, the concentration of the active compound was
between 0.05 and 0.3 wt%, and the tests were done with
contact times of 20 or 30 s. A short overview regarding the

use of different agents in mouthwashes in dentistry has
recently been given, and one can expect them to be a
useful tool in virus prophylaxis [140]. However, still
further investigations are needed regarding the efficiency
of such approaches, which then could be the basis to
develop optimised formulations in that area.

Interestingly, rather mild surfactants like rhamnolipids
have also been reported to have marked antiviral activity,
e. g., against Herpes Simplex Viruses (HSV), where, as
an example, rhamnolipid PS-17 has been shown to be
very effective with IC50 values of ~25 mM and a Dlog10
CCID50 of 1.84e2.0 at ~35 mM [142]. The potential of
biosurfactants in the fight against COVID-19 has been
reviewed very recently, including options for using them
as delivery agents [144]. Rhamnolipids are particularly
attractive as they are very mild surfactants that are
increasingly employed in cosmetic and personal care
formulations but also have substantial antimicrobial
properties [153,154]. Especially the use of mild surfac-
tants can open up options for employing them in anti-
viral applications where extended contact times or
frequent applications are involved, e.g., mouthwashes,

skin lotions, etc., but also in hand washing, since
generally surfactants are irritating and therefore total
exposure times and concentrations are limited by the
Current Opinion in Colloid & Interface Science 2021, 55:101479
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irritating or even damaging effect of a given surfactant in
such applications. Accordingly, a mild interaction with
skin or other body tissue is an attractive feature for
surfactants to be applied more generally.

Another type of antiviral surfactant is the anionic pep-
tide surfactant surfactin, which has been shown to be
very effective against enveloped viruses and concentra-

tions of 80 mM already result in a reduction of larger than
4.4 log10 for HSV within 15 min [135]. However, at the
same time, the applicability of surfactin is severely
limited by its cytotoxicity. Accordingly, the synthesis
and evaluation of surfactin analogues has been done and
was shown to be a promising pathway for developing
tailor-made peptide surfactants with antiviral properties
and reduced hemolytic activity [155]. Furthermore,
other biosurfactants like sophorolipid, a glycolipid pro-
duced by yeast, have also been proven to show antiviral
activity, e.g., against HIV [141]. Cardiolipin (based on

1,3-bis(sn-30-phosphatidyl)-sn-glycerol) liposomes act
in a more direct way against HIV and can also be
employed topically, e.g., intravaginally [156].
Other applications
As discussed above, a major application of surfactants is
the disinfection of surfaces. However, they may also be

used to impregnate fabrics to inactivate viruses that come
in contact with them, which is particularly important if
these fabrics are used for personal protection. Recent
research has confirmed the antiviral activity of rhamno-
lipids in that context, and they have been advanced as an
additive to mask fabrics with the purpose to inactivate
enveloped viruses on a time scale of 3e5 min, thereby
potentially significantly enhancing the protection pro-
vided by face masks [143]. As stated before, the mildness
of rhamnolipids renders them attractive since masks may
be carried over extended lengths of time, and therefore,

more aggressive compounds could lead to corresponding
dermatological problems.

Of course, there is a variety of other applications in which
surfactants can be employed in the combat against vi-
ruses. An obvious one is in the formulation of antiviral
medications. The normal task of the surfactant here is to
function as an aiding compound to deliver the drug cargo
to an infected cell or to some other places where antiviral
activity is needed. A typical surfactant-based drug de-
livery system is liposomes, which also have been
employed successfully for the delivery of antiviral drugs

[157]. However, recently it has been shown in studies
with cell lines that cationic liposomes based on 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC) and
cholesterol, where the positive charge was introduced by
incorporating stearylamine into the lipid bilayer, are quite
effective by themselves in blocking the entry of envel-
oped viruses into cells. This study indicated that the
binding of the stearylamine liposomes to the cell
Current Opinion in Colloid & Interface Science 2021, 55:101479
membranes is at the origin of the effect [158]. In a
somewhat related study, the admixture of poly-
ethyleneimine (PEI) to lecithin liposomes (made from
egg phosphatidylcholine) resulted in vesicle formulation
(radius: ~150 nm), which performed quite well against
HSV [159].

In this context, it might be noted that also more com-

plex surfactant-based systems like nanoemulsions or
microemulsions have been shown to be very effective as
antiviral formulations, even when rather mild nonionic
surfactants like Tween-80 and Span-20 are employed
[145]. One reason might be that microemulsions
contain a wide range of hydrophilic and hydrophobic
components and microenvironments, which may be
more effective in interacting with different components
of a virus vital for its functioning. For example, the
inactivation of the Ebola virus was achieved after only
20 min of treatment with a nanoemulsion containing

disinfectant. Ebola virus is known to be relatively
resistant to many types of inactivation, and the nano-
emulsion treatment provides a mild and effective
alternative [120]. The nanoemulsion used for this pur-
pose contained a surfactant mixture of nonionic Triton
X-100, anionic tri-n-butyl phosphate (TBP) and cationic
cetylpyridinium chloride (CPyC) [121]. Especially
CPyC, which is widely employed in personal care
products like mouthwashes, has been advanced recently
to be a likely candidate for effectively disabling envel-
oped viruses, including SARS-CoV-2 [122], where its

effect is speculated to be a combination of destroying
the capsid, as well as lysosomotropic action [123].

Last but not least, we should also mention that surfac-
tants, particularly in the form of lipids, are essential
components of delivery vehicles of many vaccines,
which applies especially to mRNA-based formulations
[146], where typically small vesicles are used, and both
natural and synthetic lipids are employed [147]. How-
ever, also for the formulation of other COVID-19 vaccine
delivery systems, surfactants are widely employed
[148]. mRNA needs protection against potential

degradation once it is in a biological fluid, and therefore,
typically lipid-based vaccine delivery systems are used,
and not only in the case of antiviral vaccines [160]. Here
pH-sensitive lipids are interesting for controlling mRNA
escape from endosomes, and PEG-ylated lipids are
important to impart ‘stealth’ properties to the delivery
systems. The structure of such lipid nanoparticles as
mRNA delivery systems is essential for understanding
their performance and has been studied by many
methods. In particular, neutron scattering with its
unique contrast options has given detailed insights into

the internal structure of such lipid nanoparticles
(LNPs) [161,162]. While the topic of vaccine delivery is
a very interesting one, it is also a very broad topic in
itself, and we, therefore, decided not to cover it here in
any further detail. But with the help of the given
www.sciencedirect.com
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references, the interested reader should be able to find
his own way.

Finally, surfactants can also be important in the treat-
ment of the COVID-19 disease. As the disease is mainly
affecting the lungs, treatment with lung surfactant can
be expected to play an important role in remedying its
health effects and potentially contribute to curing the

disease [163].
Potential future developments of
surfactants against viruses
So far, we discussed applications in which surfactants are

either already used or ready for use. However, one may
well envision that there are still ample further de-
velopments of antiviral applications of surfactants
possible, not necessarily always in a direct fashion but
also in formulations where surfactants play an important
role in rendering this formulation more active by their
surface-activity, which typically allows other compounds
to become dissolved or to allow accessing areas, where
antiviral activity is needed, via their wetting properties.
The upper respiratory tract is a major site for virus
replication and transmission, especially in the early
stages of infection [164]. It is, therefore, a logical
conclusion to try to prevent infection and transmission
of the virus with surfactant-containing mouthwashes,
sprays, oral rinses, gargles, or even toothpaste. Especially
the potential role of oral rinses in targeting the lipid
envelope of SARS-CoV-2 has been reviewed recently

[165], and certainly, there is a lot of development
possible, both in the context of the current pandemic,
but also with respect to similar future challenges. In a
recent study, several commercially available oral rinses
were tested for their activity against SARS-CoV-2. It was
found that different SARS-CoV-2 variants can be effi-
ciently inactivated with these oral rinses under biologi-
cally relevant conditions [166]. It was suggested in
earlier studies already that the antiviral activity of
Listerine� is directed to the viral envelope [167]. In
that area, certainly, the use of still milder surfactants

might be desirable. One further option for potential
applications of surfactant as antiviral agents that has
been speculated about [168] is an intranasal application,
but that is a topic still to be explored. Quite related in
concept to gargles and mouthwashes would be the use of
antiviral surfactants in toothpaste, chewing gums or
drops, which regularly taken, could provide an additional
protective measure against becoming infected.

Another application of different surfactants is the
impregnation of protective masks or fabrics for inacti-

vating viruses that come into contact with such fabrics in
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masks or air filters (in air circulating systems), thereby
significantly enhancing their degree of protection.

Potentially surfactants could also play a role not just in
preventive measures but also as active compounds in
new treatment against the respiratory syndrome caused
by SARS-CoV-2. A study showed that the administration
of artificial pulmonary surfactant to mice infected with

the H1N1 influenza virus in combination with antibody
treatment increased the survival rate substantially. The
effect was attributed to the surfactant inhibiting alve-
olar collapse and diffuse alveolar damage in the lungs,
thereby preserving lung function for oxygenation [149].
Similarly, phosphatidylglycerol combined with lung
surfactant has been advanced for the potential treat-
ment of COVID-19 patients, for instance, with respect
to restoring lung surfactant damaged by infection [150].
However, this is beyond the scope of this review that
focuses on the interactions between surfactants and

viruses, even if it is of great potential importance. One
may expect that in the treatment of patients that have
suffered from an infection with SARS-CoV-2, surfac-
tants will also play an important role.
Conclusions and outlook
It is evident that surfactants are already a key player in
the inhibition of virus infectivity on many levels. Espe-
cially enveloped viruses, like SARS-CoV-2, where the

surfactants are interacting with and finally dissolving the
lipid bilayer, are prone to surfactant-driven deactivation.
This has been classically so in the field of disinfection of
hard surfaces, skin, hands, fabric, clothes, etc. However,
even in these long-established fields of application, one
can expect further and extended use of surfactants,
especially by employing more effective surfactants and by
extending such applications into the range of using mild
and ecofriendly surfactants that may come from the area
of biosurfactants for instance. Here, rhamnolipids, soph-
orolipids, and similar compounds hold the most promise.

Mild surfactants could also open other avenues of usage,
where longer or more frequent exposure of humans is
required, as for instance, in mouthwashes, impregnated
masks, or fabrics to be worn on the skin. Of course, at the
same time, one aims at having as effective surfactants as
possible, i.e., working at the lowest possible concentra-
tions, where the guidelines from physical and colloidal
chemistry can be applied shrewdly and effectively.

Tailor-made surfactants may work by specifically binding
to a given protein, thereby rendering only selected pro-

teins nonfunctional. In that instance, the surfactantwould
then function like a classical and specific drug. However,
also in formulations with drugs, which are not surfactants,
onemayexplore increasingly synergistic effects indelivery,
Current Opinion in Colloid & Interface Science 2021, 55:10147
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arising from enhanced effectiveness and rate of reducing
the infectivity of viruses.Hence, the role of surfactantwill
likely be dual by helping with delivery but also by
contributing more directly to the treatment.

In general, one can safely surmise that much more can
be expected with respect to the use of surfactants for
antiviral applications. More specifically, unravelling the

molecular details of their mode of action will certainly
become increasingly important as it would allow specific
tailoring of their molecular properties to the particular
needs, which would result in increased functional effi-
ciency and efficacy.
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Glossary
Activity ai: of a species i means a dimensionless concentration (typically directly related to the mole

fraction to which it becomes identical for ideal behaviour, i.e. when intermolecular interactions
are absent) that in addition takes into account intermolecular interactions, both with the other
molecules of species i, as well as with all other species present in the mixture

Chemical potential mi: is the partial molar Gibbs free energy (dG/dni)p,T,njsi of a given compound
i. It determines the thermodynamic potential of this compound and it will attain always the state
minimising the mi

Critical micelle concentration (cmc) / critical aggregate concentration (cac): is the sur-
factant concentration above which the formation of micelles, normally of spherical shape, sets in
(cmc). However, surfactants with bulkier hydrophobic tails (often double-chain ones, like
phospholipids), due to their packing constraints (cylindrical shape), do immediately above this
critical concentration form bilayer structures, often vesicles (cac)

Lipids: in biological membranes are divided into three classes: cholesterol, which is composed of a
rigid hydrophobic steroid backbone containing one hydroxyl group as the hydrophilic part,
phospholipids and glycolipids. Glycolipids, as the name indicates, contain a variety of carbo-
hydrates connected to a hydrophobic ceramide moiety containing two usually saturated acyl
chains. Phospholipids are composed of glycerol, which is esterified to two fatty acids, mostly one
saturated and one unsaturated acyl chain. The third hydroxyl group of glycerol is connected via a
phosphate to an alcoholic moiety, either to ethanolamine (the lipid is then called phosphatidyl-
ethanolamine, PE), or to choline (PC, also called lecithin), inositol (PI) or serine (PS),
which is also an amino acid. Permutations of these different hydrophilic head groups or car-
bohydrates with fatty acids of different chain length and/or number and location of double bonds
creates the very large variety of lipid species. More than 1000 different lipids have been identified
in cells and a viral envelope is composed of around 300 different lipid species

Microemulsion: Thermodynamically stable mixture of oil, water and surfactant, containing nm-
sized structural units

Surfactant: With surfactant we mean in this article: ‘A substance which lowers the surface tension of
the medium in which it is dissolved, and/or the interfacial tension with other phases, and,
accordingly, is positively adsorbed at the liquid/vapour and/or at other interfaces.’ as defined by
IUPAC. This means surface-active agents in the general sense. It might be noted that, different to
our use, in the medical literature the term ‘surfactant’ is often used exclusively for lung surfactant
(a complex composed of phospholipids and proteins) and detergent for other surface-active
compounds

The virus replication cycle: begins with virus entry, which includes receptor binding followed by
release of the viral genome into the cell. Both activities are executed by viral surface (in some cases
spike) proteins. In the case of coronaviruses, spikes are large surface projections protruding
from the viral membrane. These are transmembrane proteins having a usually short endodomain,
which is inside the particle, usually one transmembrane region and a large ectodomain. The
genome is then transcribed to generate messenger RNA (mRNA), but in the case of positive-
stranded RNA viruses, for example coronaviruses, the genome directly serves as mRNA. The
other viral proteins are either non-structural proteins, which have a variety of functions, such
as genome replication (polymerases) or interfering with the host�s immune response and structural
proteins. The latter assemble with the newly synthesized viral genome to create new virus
particles. Enveloped viruses acquire their membrane by pushing through cellular membranes
(budding), either at the plasma membrane or at membranes of the exocytic pathway, the ER or
the Golgi. In polarized cells, such as epithelial cells, some viruses bud exclusively from the apical
membrane, which usually restrict virus infection to the viral entry site; others from the baso-
lateral membrane, which allows the virus to get access to internal parts of the body. In computer
language terms, a virus particle can also be viewed as a vehicle that introduces malicious soft-
ware, the viral genome, into the cell. The software and the encoded proteins then hijack many of
the cell’s functionalities for its own benefit to produce more viral particles, which then spread to
neighbouring cells or to a new host. The most efficient viruses are able to induce the generation of
up to 3000 new virus particles (also called virions) from a single cell within 6 h
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