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ABSTRACT: Membrane-enveloped viruses are responsible for
most viral pandemics in history, and more effort is needed to
advance broadly applicable countermeasures to mitigate the impact
of future outbreaks. In this Perspective, we discuss how biosensing
techniques associated with lipid model membrane platforms are
contributing to improving our mechanistic knowledge of
membrane fusion and destabilization that is closely linked to
viral entry as well as vaccine and antiviral drug development. A key
benefit of these platforms is the simplicity of interpreting the
results which can be complemented by other techniques to
decipher more complicated biological observations and evaluate
the biophysical functionalities that can be correlated to biological activities. Then, we introduce exciting application examples of
membrane-targeting antivirals that have been refined over time and will continue to improve based on biophysical insights. Two
ways to abrogate the function of viral membranes are introduced here: (1) selective disruption of the viral membrane structure and
(2) alteration of the membrane component. While both methods are suitable for broadly useful antivirals, the latter also has the
potential to produce an inactivated vaccine. Collectively, we emphasize how biosensing tools based on membrane interfacial science
can provide valuable information that could be translated into biomedicines and improve their selectivity and performance.
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1. OVERVIEW

To combat unprecedented viral pandemics, global efforts have
been expended on vaccine and therapeutic development. While
emerging and re-emerging viral pathogens have continuously
generated global threats, many circulating viruses that have
caused high-profile viral outbreaks are enveloped with lipid

look distinct, both involve the cleavage or activation of an entry
protein to expose the fusion peptide (FP) that can partition into
the target membrane (either an endosome or plasma
membrane) to trigger virus—cell membrane fusion. Therefore,
the interactions between lipid bilayers and FPs have been
highlighted to explore how FPs destabilize bilayers, promote
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bilayers." Examples include coronaviruses (severe acute
respiratory syndrome coronaviruses), flaviviruses (Zika, dengue,
yellow fever, and West Nile viruses), and influenza viruses and
highly fatal ones such as Ebola virus. Although recent successes
of lipid-based vaccines and nonpharmacological measures have
curbed the health and economic damage, more effort is still
needed to advance broadly applicable countermeasures to
curtail the impact of future outbreaks.

As the ultimate goal of both viruses and gene delivery systems
is to express genes using the target cellular machinery, the core
steps in optimizing the gene delivery system resemble those of
the viral entry mechanisms (Figure 1). The viral entry of
enveloped viruses starts from the binding of the viral entry
glycoprotein (e.g., hemagglutinin of influenza virus, gp120/gp41
of HIV, and the spike glycoprotein of Ebola and coronaviruses)
to its receptor on host cell membranes. Generally, there are two
entry pathways, receptor-mediated endocytosis (endosomal)
and direct fusion (cell surface), depending on the site where
entry glycoproteins are activated by different pH values, cations,
or proteases.”” Although these internalization processes might
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negative curvature (for stalk formation), and lower the bilayer
rupture tension to eventually lead to the fusion pore, whereby
this Perspective also partially covers how biosensing technolo-
gies have contributed to this course of study.

Similarly, gene delivery systems such as prophylactic viral
vaccines also require effective membrane fusion (i.e., endosomal
escape) to maximize protein expression. Indeed, the inactivated
whole-virus vaccine can offer immunogenicity; however, the
inactivation process quite often damages the antigen structure,
resulting in weaker immune responses.’ Alternatively, a lipid-
based gene delivery system such as mRNA-loaded lipid
nanoparticles has gained increasing attention by offering unique
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Figure 1. Schematic illustration of entry pathways of enveloped viruses and gene delivery systems with the emphasis of the membrane interfacial aspect
of the resemblances between them. In all cases, effective membrane fusion is required to release the uncoated genetic material for further replication or
gene expression. For the representative lipid-based vaccine, an mRNA-loaded lipid nanoparticle is presented.

features including cell-free production, the potential for low cost,
reproducibility, and relatively higher safety. Lipid nanoparticles
are composed of ionizable lipids (pK, ~ 6.5), cholesterol, neutral
helper lipids, and poly(ethylene glycol) (PEG)-lipids, which do
not encompass other fusion-mediating functional proteins or
peptides. Therefore, once lipid nanoparticles are trapped in
endosomal compartments by various pathways depending on
the cell type and particle itself, the efficient endosomal escape is
dependent on the physicochemical properties of lipids. For
instance, ionizable lipids from lipid nanoparticles are protonated
at low endosomal pH to interact with a negatively charged
endosomal membrane, facilitating the fusion to release the
genetic material to the cytosol. Although numerous efforts have
been made to empirically improve the transfection efficiency by
modifying ionizable lipids, there is a great need to employ
biophysical characterization tools to corroborate the suggested
mechanism and optimize lipid-based gene delivery strategies.
In this Perspective, we will discuss how biosensing techniques
associated with various lipid model membrane platforms can
contribute to improving the mechanistic knowledge of
membrane fusion and destabilization that is closely linked to
the viral entry process as well as vaccine and antiviral drug
development. A key advantage of these platforms is the
simplicity to interpret the results which can be complemented
by other techniques to decipher more complicated biological
observations and evaluate the biophysical functionalities that
can be correlated to biological activities. In addition, we will
present exciting classes of antivirals that inhibit enveloped
viruses by targeting the lipid membrane of the viruses. As the
viral membrane is derived from host cell membranes, this
strategy offers a negligible chance for resistance development.
There are broadly two ways to inactivate the function of viral
membranes: (1) selectively disrupt the viral membrane structure
and (2) alter the membrane component while leaving the
integrity of the viral particle intact. While both methods are

suitable for broadly applicable antiviral treatment, the latter also
has the potential to produce an inactivated whole virus vaccine.
Furthermore, as the antiviral compounds introduced here are
aimed at targeting the viral envelope, an abundance of
biophysical characterizations was primarily conducted to
examine the mechanisms of action, especially to understand
the selectivity for impairing viral rather than host cell
membranes. Interestingly, some of them were serendipitously
discovered while studying the physicochemical properties of the
molecules and have been continuously improved over the past
years based on mechanistic details obtained from biophysical
characterizations. Collectively, we emphasize how biosensing
tools based on membrane interfacial science can provide
valuable information that can be translated into antivirals or
gene delivery vehicle screening and improvement of their
performance.

2. BIOSENSING TECHNIQUES FOR MEMBRANE
INTERFACIAL STUDY

In this section, we introduce compelling works of biosensing
techniques that were applied to provide mechanistic insights and
to advance strategies combating viral infections. The scope of
interfacial study here is focused on lipid interactions, especially
utilizing lipid model membranes such as lipid vesicles and
supported lipid bilayers (SLBs) that mimic the lipid bilayer of
enveloped viruses or target host cell membranes. Thus,
membrane permeabilization/disruption processes and fusion
events are of particular interest among many interactions.
Biosensing techniques that are widely used in studying interface
characterizations with model membranes are introduced in
Table 1.

2.1. Fluorescence-Based Techniques. 2.1.1. Membrane
Permeabilization and Lysis. Fluorescence-based assays are
widely used for biophysical profiling to quantitatively compare
the membrane permeability/lysis and fusogenicity among
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Table 1. Summary of Biosensing Tools to Characterize the Membrane Interface Discussed Here

Technique Principle

Fluorescence

spectroscopy/ v g
microscopy -

T Tme
Quartz crystal il

microbalance-
dissipation (QCM-D)

Frequency (AF)
(@v) uonedissiq

—» Peak shift
Localized surface

plasmon resonance i
(LSPR),

nanoplasmonic

sensors

Extinction (%)

Wavelength (nm)

Electron spin
resonance (ESR)
spectroscopy

-
Amplitude (a.u.)

Field (G)

Electrochemical i
impedance
spectroscopy (EIS)

9) @dueyoeden

Conductance (Gn)

Time

Characterization

- Fluorescent label, real-time (flow)
- Membrane permeabilization/lysis
- Morphological change

- Membrane fusion

- Single-particle level tracking

- Label-free, real-time (flow)

- Quantification of wet mass

- Penetration depth of 60—250 nm
- Viscoelastic properties

- Surface-specific kinetic analysis

- Spin label
- Membrane organization
- Chemical reactions involving radicals

- Label-free, real-time (flow)

- Membrane sealing properties

- Membrane destabilization kinetics

l ~ - Microplate design for high throughput

Model membrane

- Bulk vesicle

- Surface adsorbed vesicle

- Supported lipid bilayer (SLB)

- Tethered vesicle

- Tethered bilayer lipid
membrane (tBLM)

- Surface adsorbed vesicle

- Supported lipid bilayer (SLB)

- Tethered bilayer lipid
membrane (tBLM)

- Label-free, real-time (flow)

- Quantification of dry mass

- Decay length of 5-20 nm

- Nanohole geometrical diversity
- Surface-specific kinetic analysis

- Surface adsorbed vesicle
- Supported lipid bilayer (SLB)

- Bulk vesicle

- Tethered bilayer lipid
membrane (tBLM)

- Black lipid membrane

- Supported lipid bilayer (SLB)

different membrane-active agents. In this context, the extent of
membrane disruption induced by membrane-active agents can
be potentially translated to their efficacy of impairing viral
membranes of multiple enveloped viruses. Therefore, various
membrane permeability assays based on model membranes have
been utilized and developed not only to screen antiviral
candidates’ activities but also to investigate underlying
mechanisms of membrane disruption. The most accessible
platform is based on a bulk lipid vesicle suspension where the
probes are either encapsulated or embedded within the lipids.
The extent of membrane permeability induced by membrane-
active agents can be quantified by either a fluorescence increase
(dequenching) or decrease (quenching) (Figure 2A). The
amount of fluorescence intensity changes reflecting entrapped
dye leakage provides direct comparisons depending on the
membrane compositions or various compounds and can offer
efficient screening opportunities to evaluate the potencies.6'7 In
order to compensate for the transient permeabilizing effects,
two-step assays can be implemented to assess whether the pore
formation is permanent or transient after reaching equilibrium.”

Although these bulk vesicle suspension-based assays offer
valuable findings, there are limitations because the ensemble-
averaged result cannot distinguish each occurrence of vesicle
disruption involving binding, transient/permanent pore for-
mation, morphological deformation, lysis, and/or fusion. A
more sophisticated assay has utilized immobilized vesicles that
are doped with entrapped calcein and rhodamine-labeled

phospholipid to track membrane permeability and membrane
lysis in real time, respectively, whereby the concentrations of
both dyes are always below the self-quenching concentration
(Figure 2B). Unlike bulk ensemble-averaged measurements, one
of the advantages of visualizing at a single-vesicle level is that the
simultaneous tracking of pore formation (calcein, green) and
membrane disruption (rhodamine, red) kinetics can be analyzed
depending on the individual vesicle’s diameter (Figure 2C).”
The introduced membrane-targeting antiviral agent, AH
peptide, could induce complete pore formation, followed by
membrane lysis which was more efficient when the vesicle size
was below 125 nm. Interestingly, the membrane curvature
sensing ability could be tuned by incorporating p-enantiomers,
whereby the AH-D peptide showed more potent activity than
the AH-L peptide by rupturing ~100% of <150 nm vesicles and
exhibited vesicle rupturing activities for up to ~300 nm vesicles
(Figure 2D).IO

Moreover, multiply labeled giant unilamellar vesicles (GUVs)
can be employed to recreate and visualize coexisting lipid phases
consisting of raft-like liquid-ordered (L,) and liquid-disordered
(Lg) domains (Figure 2E). Lipid rafts are sphingolipids/
cholesterol-enriched domains that are involved in various
cellular processes including membrane fusion and viral entry.
By incorporating a large amount of sphingomyelin (SM) and
cholesterol among unsaturated lipids, GUVs with segregated
lipid phases can be prepared. The liquid-disordered region (rich
with unsaturated lipids) and the lipid raft region (rich with

https://doi.org/10.1021/acs.langmuir.2c02501
Langmuir XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02501?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02501?fig=tbl1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c02501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir pubs.acs.org/Langmuir

A + + N B a C Vesicle size> 125 nm D
e + N * > . 9 min 12 min
:’4\?&:}:’0 > 4 * Y e 8
+ . - 1.0
EE - Calcein PSR | 8 == N 100 nM AH-L
AL Lt é + + . g s
Dequenching + + + + + . 2 -
perr g o P o4 + + + > w
NBD-PE—+" -+ Dithionite & + + B
/4 1O ¢y % .* + 5 S0 . N
( Y1\ 14 \ . é 3 0a[RTN o : -
; P ) - =06 " £
‘ € g . ¢ Rh-PE S 04 H
«" Quenching ¥ g 0.2 100 nM AH z
¥ >1250m
: = s a8 :
s = +0.23 min +2.90 min ot
Az?é—" o * " : £ 5.06 % 0.50 min i o. s ke LY
+ 0‘: - et cg,gg 100 200 300 400 500
& . .
; ) + BT RI T © %2 7 & & 10 5101520253 3540 Vesicle Size (nm)
Dequenching Time (min) Time (min)
No CLRO5 15 min 60 min
Rh-PE BODIPY-
SM Cholesterol I
.l g
. . ., » < o
2 ) 2 a
o~ '3 ' Y
‘s — % v 4
+ o+ + ° ° °
+ =
o " ot Liquid-disordered (Ls) e _
+ + 3=
ts . ° . e g
+ SAARIA SRS S Sg
g IR U I & Zs
o ° S8
Liquid-ordered (L.) é =
Self-quenched TR-PE
-PE e b0, 0 60 120 180 240 300
NBD-PE i Dequenched TR-PE 8,000 uuuunuoocking
"% .
VY + o000 | EIEIEIEIRIE oo
N 2 oo | NN
Rh-PE ——=. 2™ (i
* Dequenching Scj 2,000 [‘\"
ol

0 100 200 300 400 500
Time (s)

Relative Vesicle Intensity (AU)

Figure 2. Fluorescence-based techniques that are used in membrane interfacial studies. (A) Bulk liposome suspension-based fluorescence
measurements are commonly used in membrane permeabilization assays. (B) Schematic of the dually labeled tethered vesicle platform. (C) Single
vesicle assay showing that the AH peptide (L-enantiomer) selectively ruptures vesicles with sizes below 125 nm. (Top) Time-lapse fluorescence
micrographs of encapsulated calcein (green) and Rh-PE (red) probes after the addition of 100 nM peptide to large vesicles (>125 nm). (Bottom)
Representative kinetic profiles and corresponding histograms of single-vesicle pore formation (green) and lysis (red) kinetics for different vesicle size
ranges. Reproduced with permission from ref 9. Copyright 2019 American Chemical Society. (D) Quantification of AH peptide enantiomer-induced
vesicle rupture as a function of vesicle diameter, whereby each symbol represents data from an individual vesicle. Reproduced with permission from ref
10. Copyright 2018 Springer Nature. (E) Schematic of GUV with coexisting lipid phases consisting of liquid-disordered (L;) and raft-like liquid-
ordered (L,) domains. (F) CLROS selectively disrupts the membrane with L, domains (bottom: DOPC/SM/cholesterol) but not the L; domains
(top: DOPC). Scale bars are S ym. Reproduced with permission from ref 7. Copyright 2020 American Chemical Society. (G) Schematic of the lipid
mixing assay using a FRET pair of NBD-PE and Rh-PE. (H) Lipid mixing was detected by surface-tethered virus particles and target membrane vesicles
upon lowering the pH. Reproduced with permission from ref 11. Copyright 2020 Elsevier. (I) FP-mediated binding and fusion occur at the interface of
L, (black) and L4 (green) domains. Individual vesicle fusion events with SLBs can be classified by docking, hemifusion, and full fusion events. The scale
of all inset images is 2.5 X 2.5 ym® Reproduced with permission from ref 12. Copyright 2016 Springer Nature. NBD-PE, nitrobenzoxadiazole-labeled
lipid; DPX, p-xylene-bis-pyridinium bromide; ANTS, 8-aminonapthalene-1,3,6 trisulfonic acid; Rh-PE, rhodamine-labeled lipid; F.I, fluorescence
intensity; TR-PE, Texas red-labeled lipid; SM, sphingomyelin.

cholesterol) can be mainly visualized by red (Rh-PE) and green critical event that has been extensively studied using model
(BODIPY-cholesterol) channels, respectively, while the en- membranes. It is well known that viruses attach to host cell
trapped fluorophore molecules can be simultaneously observed receptors mediated by the viral glycoprotein, and then the cell
by the blue channel. Upon adding a membrane-targeting entry is led by subunit(s) of glycoprotein to trigger the

antiviral agent, CLROS, to the pure DOPC GUYV, both the
entrapped dye and lipid bilayer have remained largely intact
(Figure 2F).” However, with the existence of the raft-like
domain, CLROS partially disrupted the membrane integrity.
Although the architecture and dimensions of GUVs do not
closely mimic those of viral membranes as small unilamellar
vesicles might offer, this biophysical result strongly supports the

membrane fusion between them. Therefore, the extent of
modeled virus—cell membrane fusion can be correlated with the
process of viral entry. Consequently, unraveling the interfacial
phenomenon of membrane fusion in relation to the
physicochemical environment within a controlled artificial
model platform can be translated to the development of

fact that the membrane disruption caused by CLROS is selective strategies to inhibit viral fusion. Furthermore, the extent of
depending on the target membrane lipid composition. fusion between (model) endosomal membranes and nucleic
2.1.2. Membrane Fusion. Other than biophysical assays acid-loaded lipid nanoparticles can be correlated with the
assessing membrane disruption, membrane fusion is another efficiency of the endosomal escape of genetic materials from the
D https://doi.org/10.1021/acs.langmuir.2c02501

Langmuir XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02501?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02501?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02501?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02501?fig=fig2&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c02501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

lipid carrier, offering biophysical screening opportunities to
enhance the transfection efficiency.

The most common assay to evaluate membrane fusion is
through lipid mixing, monitoring the redistribution of lipids
from the donor to the acceptor membrane. This can be done by
using either fluorescence resonance energy transfer (FRET)
pairs such as NBD and rhodamine-based lipid-labeled
fluorophores or the self-quenching concentration of a marker-
labeled lipid (Figure 2G). For example, in order to study the role
of FP in membrane fusion, FRET pair-labeled vesicles
(quenched) and label-free vesicles can be mixed together with
the FP. Then, the FP-mediated fusion can be monitored by the
increase in fluorescence intensity caused by the increase in
distance between FRET pairs (dequenched)."” Similar strategies
can be applied with labeled endosome-mimicking vesicles and
lipid nanoparticles to measure the degree of lipid mixing."*
However, in bulk measurements, all signals are ensemble-
averaged and convolved such that the interpretation of
mechanistic details is difficult. Moreover, it should be noted
that measuring the extent of lipid mixing in the bulk cannot
distinguish among membrane full fusion, hemifusion, and lipid
transfer without fusion, thus it requires additional character-
ization.

To overcome this, later efforts have engaged single-particle-
level monitoring of lipid mixing to deconvolve individual
vesicles’ or virus particles’ fusion rate/efficiency and to observe
the intermediates such as hemifusion and pore formation before
the full membrane merger. While most of the fundamental
studies and applications have been established on the basis of
lipid—protein interactions,">'® enveloped viral particles or FP-
bound vesicles were also widely used to detect the kinetics of
fusion events.'’~*” Most of the early single-particle fusion assays
utilized SLBs as a target membrane and fluorescently marked
virus particles with a self-quenching concentration, which
required a modification of the viral particles that might affect
the activity of envelope proteins.”’21 More recently, a different
configuration of substituting target membrane by vesicles with a
self-quenching concentration and immobilizing viral particles
requiring less membrane modification has been introduced
(Figure 2H)."" Upon lowering the pH, lipid mixing occurs, and
increased fluorescence due to dequenching can be detected on a
single-virus scale. By tuning the amount of cholesterol in
vesicles, the study found that cholesterol does enhance the
(hemi)fusion efficiency by presumably stabilizing the hemi-
fusion state but does not affect the fusion rate. To ensure the
fusion event, the target vesicles can be loaded with a self-
quenching concentration to monitor the pore formation, and the
tether length between the target vesicles and viral particles can
be modulated to study the effects of receptor length and
flexibility.”*

Furthermore, phase-separated SLBs can be also applied to
study the viral glycoprotein (GP)- or fusion peptide (FP)-
mediated binding and fusion that take place at the interface of L,
and L. For example, SLBs composed of 60 mol % raft-favoring
lipids (e.g., cholesterol, SM, and certain saturated lipids such as
DPPC) and 40 mol % unsaturated lipids (e.g., DOPC, DOPS,
etc.) labeled with unsaturated phospholipids may produce
segregated Ly (green) and L, (dark) phases (Figure 21).>° After
HIV FP was preincubated with the fabricated SLBs, vesicles
mimicking the viral envelope (red) were added to observe the
FP-mediated fusion of single vesicles, which were individually
tracked to quantify each possible interaction, namely, docking,
hemifusion, and fusion. By varying the membrane composition,

it was found that the line tension at the interface of L, and Ly
domain boundaries was required in both target (mimicking the
cellular membrane) and vesicle (mimicking the viral particle)
membranes to increase the successful fusion rate. Likewise, by
utilizing fluorescently labeled model membranes and tracking
single-vesicle fusion, FP-mediated fusion could be extensively
studied depending on the environmental conditions (e.g., pH
and salt concentrations), lipid types, and compositions, which
led to valuable insights such as identifying cholesterol-binding
motifs in glycoprotein and subsequent countermeasures to
lower the viral entry.”*

2.2. Surface-Specific Kinetics Monitoring. Acoustic- and
optical-based surface-sensitive measurements such as quartz
crystal microbalance with dissipation monitoring (QCM-D),
ellipsometry, and localized surface plasmon resonance (LSPR)
have been extensively used to study surface adsorption and
binding kinetics. While all techniques offer label-free, real-time
detection of surface-specific kinetic analysis, the combination of
acoustic and optical approaches is complementary and grants
several advantages. First, QCM-D can measure hydrodynami-
cally coupled mass (i.e, acoustic, wet mass) and energy-
dissipating (viscoelastic) properties whereas the optical
biosensors (ellipsometry and LSPR) can quantify the adsorbate
mass (i.e., optical, dry mass). Therefore, by combining both, the
hydrodynamically bound solvent (e.g., aqueous water) mass can
be deduced in each step of the interaction. For example, when
peptide-mediated vesicle destabilization was monitored via
simultaneous ellipsometry and QCM-D measurements, the
peptide-to-lipid ratio at the moment when peptides bind to
adsorbed vesicles could be revealed.”” Based on concentration-
dependent results, it was also discovered that a nearly constant
ratio of peptides was required for vesicle rupture, meaning that
the peptides’ attachment over a critical density would induce the
vesicle destabilization. Another interesting example of combin-
ing QCM-D and LSPR has utilized their different sensing depths
of 60—250 nm and 5—20 nm, respectively, to distinguish the
mechanistic steps during the peptide and vesicle interaction,
whereby the process of SLB formation could be temporally
separated from excess lipid and solvent release.”® In addition,
more recently developed diverse geometries of nanoplasmonic
sensor surfaces could enable the sensing of membrane
interactions depending on the degrees of membrane curva-
ture.”” Collectively, surface-sensitive measurements could lay
the groundwork for broader interfacial study applications and
improvements of functionalities for drug development.

2.3. Membrane Ordering Effect. Electron spin resonance
(ESR) spectroscopy can measure the membrane ordering effect
using multiple spin-labeled lipids, allowing the determination of
the penetration depth of inserted foreign agents such as viral
fusion peptides (FPs, N-terminal segment of glycopro-
tein).'”** 7% Generally, proper insertion of FPs into the host
cell membrane triggers membrane order, thus the viral fusion
efficiency could be correlated depending on the depth of FP
penetration because the higher lipid ordering value implies the
lower-energy barrier required for the virus—membrane fusion.
For instance, the changes in membrane ordering parameters
depending on the calcium ion concentration with various
mutated FP sequences could reveal that FPs indeed induce
membrane ordering, and the substitution of negatively charged
amino acids for neutral ones reduces the effect.”” A similar
experiment can be also done in a time-resolved manner with
lipid vesicles containing other glycoproteins to confirm the
membrane ordering effect while docking events between them

https://doi.org/10.1021/acs.langmuir.2c02501
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Figure 3. Two ways to abrogate enveloped virus particles: membrane disruption and membrane component alteration. To attain target selectivity for
viral envelope disruption, presented antiviral compounds discriminate viral membranes from host cellular membranes by (A) membrane-curvature
sensing and (B) membrane composition. To alter the membrane composition and/or fluidity, (C) oxidation (chemical) and (D) intercalation
(physical) approaches are displayed. The structure of the AH peptide is reproduced with permission from ref 9. Copyright 2019 American Chemical
Society. The structure of labyrinthopeptins Al and A2 are reproduced with permission from ref 55. Copyright 2013 the authors. The structure of
CLRO1a-i is reporoduced with permission from ref 7. Copyright 2020 American Chemical Society.

take place. Such an approach has also been proven useful in
systematically interpreting biological results on how calcium ion
or cholesterol depletion inhibits several types of enveloped virus
infections.”’ Combined with circular dichroism spectroscopy,
the conformational change in peptides can be also related to the
environmental conditions and corresponding membrane order-
ing effect,”® leading to the conclusion that the mechanistic
interpretation of viral fusion can shed light on the inhibition of
viral entry.

2.4. Label-Free Membrane Permeabilization Monitor-
ing. Finally, the tethered bilayer lipid membrane (tBLM)
platform coupled with the electrochemical impedance spectros-
copy (EIS) technique is introduced to identify types of
membrane interaction by monitoring the transmembrane ionic
conductance and capacitance. The tBLM offers a more flexible

configuration than the SLB due to free aqueous reservoirs
existing on both sides of the bilayer and enabling the
measurement of the ionic membrane permeability. Depending
on how membrane-active compounds partition into and interact
with the membrane, EIS measurements can identify mechanisms
ranging from the adsorption/aggregation of compounds within
membranes to transient/permanent transmembrane pore
formation, pore modulation, and the disruption of mem-
branes.>”*® For instance, human cathelicidin LL-37, known to
disrupt the viral envelope,”* has been shown to have surfactant-
like activity (large increases in both conductance and
capacitance) whereas a-hemolysin, known as an antibiotic, has
displayed pore-forming activity (a large increase only in
conductance).””** Similarly, when two antiviral peptides, AH
and CSA, have been assessed, the AH peptide disrupted
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membranes via pore formation while the CSA peptide
solubilized membranes in a surfactant-like manner, thereby
explaining why the CSA peptide exhibited less targeting
selectivity.” Another recent study utilized the EIS to characterize
the membrane disruption of antimicrobial lipids and showed
that glycerol monolaurate (GML) induced irreversible pore
formation whereas lauric acid (LA) caused reversible membrane
damage, which is aligned with the potency that GML has shown
over other compounds including LA in antiviral assays.’®
Therefore, there is outstanding potential to implement the EIS
associated with tBLM not only to gain mechanistic knowledge of
membrane-active compounds but also to screen new com-
pounds and further refine existing ones.

3. TARGETING VIRAL MEMBRANES:
BROAD-SPECTRUM TREATMENT TO VACCINE
DEVELOPMENT

Viral entry and replication are mediated by distinct binding
receptors or enzymes depending on the virus types, thus classical
strategies based on the inhibition of specific proteins are quite
often limited to a narrow spectrum of viruses and may induce
drug-resistant variants. Alternatively, an approach to target the
physicochemical properties of viral lipid membranes has
emerged to develop versatile antiviral treatments and inactivated
vaccines as well. There are broadly two ways to abrogate
enveloped virus particles in this approach: by disrupting the
structure of the lipid membrane or by changing the lipid
composition to obstruct membrane fusion (Figure 3). The
former strategy, viral membrane disruption, has been extensively
explored to promote selectivity for viral membranes over host
cellular membranes. Two approaches to attaining selectivity are
discussed here: membrane-curvature sensing and membrane
composition. On the other hand, the methods used to alter the
membrane composition and/or fluidity are divided into
chemical (oxidation) and physical (intercalation) interference,
whereby rigid amphipathic fusion inhibitors (RAFIs) are known
to exhibit both mechanisms. In addition, a few molecules from
the latter strategy have been exploited to generate inactivated
enveloped virus vaccines.

3.1. Viral Membrane Disruption. Various compounds
ranging from small molecules, fatty acids, and monoglycerides to
peptides and proteins can destabilize biological membranes. A
common property among these compounds is sufficiently high
hydrophobicity and amphipathicity to gain the propensity to
insert into membranes, which is termed interfacial activity.’’
Numerous compounds, especially cationic host defense
peptides, have been reported to show in vitro broad-spectrum
antiviral activities; however, the proposed mechanisms of action
are quite often diverse, and sometimes they also act against
nonenveloped viruses.”® To simplify the complicated biological
results, model membranes with biosensing measurements are
powerful tools for interrogating how membrane-active agents
affect the integrity of the lipid structure. One of the exemplary
works has proven that a library of interfacially active peptides
indeed showed inhibitory activity against enveloped viruses due
to their ability to interact with virions and destabilize the viral
membrane.”” Accordingly, the next most important aspect to
consider is the selectivity for the virus rather than the host cell,
and then the understanding of this mechanism should be
followed to further improve the function of antivirals. In this
section, several antivirals whose mechanism of selectivity has
been relatively well established are introduced.

The first category is curvature-dependent membrane
disruption by certain antiviral peptides, represented by a-helical
(AH) peptides, which are one of the most diversely studied in
biophysical perspectives among membrane-targeting drug
candidates (Figure 3A). The AH peptide, derived from hepatitis
C virus (HCV) nonstructural SA (NSSA) protein, was
empirically discovered to effectively rupture lipid vesicles
below a certain diameter while studying membrane interactions
that potentially might influence NSSA membrane associa-
tions.""~** The follow-up studies using biosensing tools have
demonstrated that this membrane-disruptive behavior was
related to the membrane curvature-dependent pore formation
and resulting strain-induced membrane lysis.”*~*® Also, the AH
peptide with a net charge of 0 has been shown to disrupt lipid
membranes independent of membrane compositions (surface
charges47 or cholesterol™®). The engineered D-amino acid
variant of the AH peptide has been shown to work in vivo to
therapeutically treat lethal Zika virus infection in mice by
reducing viral loads and blunting virus-related inflammation,
and the peptide was also able to cross the blood—brain barrier.'’
Recent molecular dynamics simulations have shown that the AH
peptide more preferentially binds to stretched membranes
where lipid packing defects are exposed and induces stable pore
formation in a tetrameric placement.”’

A shorter analog of the AH peptide with conserved mutations,
CSA peptide, is another antiviral peptide that was discovered
through high-throughput screening while investigating the
potential anti-HCV activity.”® Early works have shown that
the CSA peptide exerts potent antiviral activity against
numerous enveloped viruses; however, it was also reported
that the CSA peptide exhibits greater cytotoxicity than the AH
peptide, thus topical microbicide applications were pro-
posed.”*™>* From a mechanistic viewpoint, an important
distinction between the AH and CSA peptides is that the CSA
peptide exhibits less targeting selectivity possibly due to its more
pronounced coil-to-helix transitions regardless of membrane
curvature.”** Taken together, such functional differences
caused by conformation changes depending on the peptide
length among conserved mutations motivate a deeper
investigation of the membrane-interaction profiles.

The next interesting strategy involves a selective disruption
depending on the lipid composition (Figure 3B). The first
example is labyrinthopeptins (Al and A2) which belong to a
class of polycyclic peptide antibiotics produced by bacteria
(lantibiotics), partially composed of post-translationally modi-
fied amino acids. After the broad antiviral activity of labyrinth-
opeptins against enveloped viruses was biologically estab-
lished,” further studies utilized simple yet straightforward
biophysical assays involving model membranes to identify a
molecular target.”*® By monitoring lipid binding and in vitro
dose—response assays, it was confirmed that both labyrinth-
opeptins preferentially bound to the ethanolamine headgroup of
glycerophospholipids and their antiviral effects were indeed
suppressed by the presence of PE-containing liposomes,
respectively.’ Furthermore, the carboxyfluorescein leakage
assay delineated that both labyrinthopeptins not only bind to
PE but also disrupt the membrane integrity, while their activities
can be synergistic and more pronounced within the membrane
lipid raft compositions. A similar approach has been utilized in
establishing a mechanism of action of cationic CPXV012
peptide (derived from cowpox virus protein) that directly
interacts with negatively charged phosphatidylserine in the viral
envelope.”’
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Another class is termed supramolecular ligands or tweezers,
CLROI, and acts mainly by disrupting lipid raft-rich domains of
the lipid membrane. CLRO1 was developed for a lysine- and
arginine-specific ligand and was originally applied to inhibit
noncovalent molecular interactions during the abnormal self-
assembly of proteins (e.g, amyloid aggregates).”® After
observing the unexpected virucidal effect of CLRO1, the model
membrane permeability assay offered direct proof that a subset
of these molecular tweezers preferentially bind to the rigid lipid
raft domain, rich with sphingolipid and cholesterol, and disrupt
the membrane integrity.”” A recent study further unraveled that
the CLRO1 molecule inserts into phosphate groups of the outer
membrane leaflet, forming a more stable complex with
sphingomyelin rather than with phosphocholine (PC) lipids.”
This supramolecular docking increases the membrane surface
tension, leading to an eventual membrane disruption, which is a
more susceptible event in viral membranes than in host cell
membranes due to the much higher contents of lipid rafts in viral
membranes. This insight might also explain the observation
above where labyrinthopeptins induced greater leakage in the
lipid raft composition compared to liquid-disordered vesicles
when the PE amounts were equal. Furthermore, a series of
advanced tweezers with additional aliphatic anchors were
developed, showing significantly enhanced biophysical and
biological activities, which sets another great example of how
rational design based on established mechanistic details may
accelerate antiviral therapy development.

3.2. Viral Membrane Component Alteration. The next
group of antivirals includes photosensitizing agents that can alter
the membrane component by mainly oxidizing unsaturated
phospholipids to change the membrane fluidity (Figure 3C).
The first generation of this group is LJ001, showing potent in
vitro antiviral activity against various enveloped viruses.’’
However, as a photosensitizing agent, this molecule is light-
dependent and requires oxygen for its activity, thus the
application of LJ001 was pivoted to aquaculture environments.
For instance, the infectivity of the LJ0O1-preincubated fish virus
(infectious hematopoietic necrosis virus, IHNV) was largely
reduced in vitro and in vivo (in rainbow trout). Furthermore,
LJ0O1-inactivated IHNV showed appreciable immunogenicity,
suggesting the potential use of this approach in vaccine
applications.®’

In addition to chemically altering membrane components,
there is a physical way to prevent virus—cell fusion (Figure 3D).
A good example that acts by mechanical incorporation and
subsequent alteration of the membrane curvature is a class of
rigid amphipathic fusion inhibitors (RAFIs).” As the rigid,
planar hydrophobic domain of RAFIs was derived from
perylene, a well-known photosensitizer, it had been unclear
whether their antiviral efficacy is attributed to photogenerated
singlet oxygen (similar to the LJOO1 series) or the mechanical
alteration of the membrane curvature or an interplay of both
effects (which might involve other influences instead of the lipid
membrane).”® Nevertheless, a recent study has screened RAFI
analogs using fluorescence spectral measurements with model
membranes and has shown that the biophysical properties (e.g.,
molecular geometry, rigidity, and amphipathicity) rather than
certain chemical functional groups of RAFIs were highly
responsible for triggering intercalation, which is a prerequisite
for inactivating enveloped viruses in this group.”*

There are also certain hydrogen sulfide (H,S) donors that to
intercalate into viral membranes to inhibit infection. Initially, the
mechanism of H,S-releasing molecules such as GYY4137 has

been focused on biological effects, mainly to evaluate the role of
H,S in several paramyxovirus infections.”> Then, a series of
biological assays confirmed that the GYY4137 treatment inhibits
the virus—cell fusion process without influencing the viral
genome or protein; however, a clear mechanism of how this
molecule or H,S affects the viral membrane had remained
unclear.’® Later, in the course of developing controllable
hydrogen sulfide release donors, a new class of cysteine-based
molecules, the XM series, was discovered to show antiviral
efficacy against enveloped viruses.”” Recently, one of the
mechanisms of action was identified via ESR that XM-01
intercalates into the hydrophobic domain of lipid bilayers and
increases the membrane order, leading to the inhibition of
virus—cell membrane fusion while leaving the viral glycoproteins
and genomes largely unaffected.”® As mentioned above, XM-01
was applied to generate an inactivated influenza virus for vaccine
development that has the potential to produce multiple types of
enveloped virus vaccines in a timely manner.

4. CONCLUSIONS AND OUTLOOK

Despite the recent progress of lipid-based vaccines, there is an
outstanding need to further improve the delivery efficacy and
develop alternative antiviral strategies to prepare for future
disease X outbreaks that might be caused by newly emerging
viruses and variants of enveloped viruses. In the life cycle of
enveloped viruses, effective virus—cell membrane fusion is
critical to releasing uncoated genetic materials into the
cytoplasm for gene expression and replication. By studying
these biological phenomena using biosensing tools associated
with lipid model membranes, it is possible to not only decipher
complicated mechanisms involving membrane—protein envi-
ronments but also obtain valuable insights to develop antiviral
strategies and gene delivery systems.

Within this scope, we introduced exciting applications of
biosensing technologies to study lipid membrane interface
interactions, particularly membrane fusion (to correlate efficient
viral entry and gene delivery) and membrane destabilization (to
correlate the potency and selectivity of antivirals). Broadly, four
types of biosensing tools have been discussed: (1) fluorescence-
based assays to evaluate permeability and fusion using single-
particle-level profilings, GUVs, and SLBs including coexisting
lipid phases; (2) acoustic- and optical-based sensors for surface-
sensitive measurements to quantify biomolecular mass and
distinguish the mechanistic steps; (3) ESR spectroscopy to
study the membrane ordering effect caused by FPs or other
membrane-intercalating agents; and (4) EIS coupled with tBLM
to identify the types of membrane interaction and evaluate the
membrane permeability.

Finally, by addressing the latest works of various classes of
membrane-targeting agents for broadly applicable antiviral
agents, we emphasize that they have been refined over the
past years based on the efforts to understand membrane-related
mechanisms of action using various biophysical character-
izations. Importantly, this approach is not confined to the
antiviral field but extends to combat other microorganisms that
cause infectious diseases. Furthermore, there are many other
underexplored lipid-membrane-targeting compounds ranging
from interfacially active peptides including various host defense
peptides,”® antimicrobial peptoids,”” and analogs of the AH
peptide’’ to photosensitizers’' and H,S donors®® that
potentially act against enveloped viruses in a more potent and
selective way. In addition, there are numerous possibilities for
exploiting model membranes to improve the delivery efficacy of
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lipid-based gene delivery systems based on biophysical

) . . .73
characterizations’® and nanoarchitecture design strategies,
which can be done by adapting and extending the existing
frameworks built on membrane interface research.
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