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1 Introduction

1.1 Virus infection and binding at biological interface

1.1.1 Introduction to influenza A virus

Due to the globalization, pathogens nowadays can easily cross the continents with its host
and cause pandemic, especially the ones with high infectivity and transmissibility.[1] The
coronavirus infection disease 2019 (COVID-19) is a good example, which is caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Since the first case report
in late 2019, it has caused tens of millions of infections within 10 months. All the people on
earth are affected by COVID-19 due to its rapid transmission.[2-3]

Coronavirus, however, is not the only virus species that can cause mass pandemics, the
infection by influenza A virus (IAV) can be equally devastating as SARS-CoV-2.[4-5] IAV
has a long history of human infection, beginning with a global outbreak in 1918 in records
known as Spanish Flu. That pandemic lasted for nearly 3 years and caused more than 50
million of deaths (some also say 17 million).[6] After that, IAV has hit human society with
severe pandemics occasionally, each of which caused millions of infections (Figure 1a) with
hundreds of thousands of deaths.[7] Nowadays, IAV has become a seasonal viral strain,
which is reported to take more than half a million lives every year.[8] The possibility for a
new AV pandemic should not be underestimated, because IAV is a multi-host pathogen and
it is constantly evolving with antigen mutations. People still face the possibility of highly
infectious animal strains breaching the host barrier to infect human beings.[9-11]

Virology-wise, 1AV is an lipid-enveloped, negative-strand RNA virus.[12] As shown
in Figure 1, the virion of 1AV is a 100 nm nanoparticle. The surface of IAV virion is a lipid
envelop originated from its host cells. Two key proteins on the surface have been identified
that control the virus binding behavior with the host cells, hemagglutinin (HA) and
neuraminidase (NA).[7] HA and NA define the subtype of IAV. There are now 18 different
HA antigens and 11 different NA antigens being identified. Therefore, there is a huge antigen
heterogeneity for different IAV strains. The high error-rate of RNA polymerase induces the

possibility of mutations, which further increases the antigen heterogeneity.

Flu vaccines have been developed in a formulation of antigens from different IAV
strains and an adjuvant to boost the immune response. They have been used as powerful tools

to prevent influenza infections during flu season by generating 1AV neutralizing antibodies
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in human body. However, the antigen heterogeneity makes it difficult to prepare a universal
IAV vaccine, especially that the virus is constantly mutating.[13-15] Even though extensive
efforts are devoted to monitor IAV evolution amongst animal species, it is still difficult to
prepare correct vaccines for the coming IAV strains.[16-17] When infection occurred,
antiviral drugs are prescribed control the transmission, e.g., zanamivir and oseltamivir.[18]
However, zanamivir/oseltamivir-resisting IAV strains have emerged due to viral

mutations,[19-21] there is a huge need to develop new inhibitors.
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Figure 1. (a) Influenza pandemics of the past 100 years. (b) The virion of influenza A virus.

From Ref [7], reprinted with permission from AAAS.

1.1.2 Virus infection in host cells

To develop a virus inhibitor, it is necessary to know how the virion evades and infects the
host. As shown in Figure 2, to start the infection, the virion uses HA to bind to the sialic acid
(SA) terminated receptors on host cell membrane. The interaction with HA and SA stabilizes
the virion on host cell membrane and triggers the viral entry by either endocytosis or direct
viral membrane fusion. After the entry, the virion is transported into the endosomes, where
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the protons activate the fusion domain of HA and mediate viral-membrane fusion to release
viral genome.[22] After RNA replication and protein production with the host cell machinery,
the progeny virions are packaged on cell membrane and released by NA, which acts as a

sialidase to cleave SA from host cell membrane.

In principle, interfering the viral infection by compounds that block one or multiple
pathways in the infection cycle can result in the inhibition of viral replication.[23-24] Since
the binding with the host receptors is considered to the first step of infection, most of the
recent studies are focused on blocking HA-SA interaction. This has been reported in the
adaptive immune response for 1AV neutralization by flu vaccines. By the vaccines, HA
antibodies are generated to block the receptor binding site of on HA, hence blocking the HA-
SA interaction for viral entry inhibition.[25-26] However, the ability to generate HA
antibodies varies in people; aged people also show deficiency to produce sufficient protective
antibodies and are especially endangered during flu season.[27] The antibodies are degrading

upon time and fail to provide long-term protection from seasonal outbreaks.
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Figure 2. Infection cycle of influenza virus in the host cell. From Ref [28], reprinted with

permission from Nature Publishing Group.



1.1.3 HA-NA interplay for 1AV interaction with the host

Synthetic inhibitors that work similarly as the HA antibodies can compensate the deficiency
of producing HA antibodies for aged people. For an effective inhibition, these inhibitors
should be carefully designed with the knowledge of 1AV interactions at biointerfaces. In
biological systems, IAV uses HA to interaction with hosts; avian 1AV binds preferably to
sialic acid in 2,3-linkage and human IAV binds to sialic acid in 2,6-linkage. HA-SA
interaction is the trigger for virus entry, but it is also noticed that single HA-SA binding is
rather weak with a dissociation constant of 1-20 mM.[29] To facilitate virus entry, multiple
SA are recruited to engage HA simultaneously to cumulate the interactions for the
stabilization of virion on host cell membrane, so called multivalent interactions. Due to the
weak monovalent interaction, when approaching host cell membrane, the virion is mobile on
the host cell membrane when binding to SA in the beginning. Gradually, it recruits SA for

multivalent and stable bindings and then viral entry occurs via endocytosis.

The dynamic virus interaction at biological interface is not only due to the weak HA-
SA interaction, but also the activity of NA. NA acts as a sialidase to cleave SA group from
the conjugated glycans, which is known to promote the release of progeny IAV virions from
the host cells. HA and NA are presented in high numbers on viral surface in approximately
6:1 ratio. They are densely packed on the surface of IAV virion; small NA patches have also
been noticed. NA-related 1AV mobility has been observed in several different cases, which
come to a conclusion that NA is not only necessary for the release of progeny virions from
host cells, but also important for a virion to maintain its mobility when binding to its receptor.
In a total internal reflection fluorescence (TIRF) microscopy set-up with a fetuin-modified
support lipid bilayer, Sakai et al. noticed that an NA inhibitor could completely block the
virus movement.[30] Similarly, the NA-deficient IAV virions tended to bind tightly on
surface with low mobility. In another TIRF setup by Block et al., as shown in Figure 3, adding
NA inhibitor was noticed to enhance virus binding to the surface with increased off-rate
(related to virus residing time on the surface), indicating that virions were more stable on the
surface in the presence of NA inhibitors.[31] The on-rate was modified by zanamivir,
indicating that the virus binding to SA terminated ganglioside (GD1a) containing supported

lipid bilayer (SLB) was enhanced by zanamivir.
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Figure 3. (a) A TIRF-based set-up to investigate IAV mobility when binding to SA receptor
ina SLB. (b) Typical images for an IAV virion moving on the SLB. (c) Effects of zanamivir,
a NA inhibitor, on off-rate of IAV binding to GD1a-SLB. (d) Effects of zanamivir on the on-
rate of AV binding to GD1a-SLB. From Ref [31], reprinted with permission from ACS.

The SA-cleaving ability of NA prevents the aggregation and entrapment of 1AV by
biological systems, e. g. mucus, ensuring the effective infection in host cells.[29] Mucus is a
viscous barrier lying above the epithelial cells. Mucus consists mainly mucins with a dense
charge and multiple sialic acid moieties.[32-33] When approaching to the mucus, 1AV virions
are trapped in the mucus layer due to the binding to sialic acid; the high viscosity of mucus
limits virus penetration by diffusion. The constant propelling by the epithelial cilia promotes
the renewal of mucus and the clearance pathogens trapped in there.[34] NA is therefore
important for a successful mucus penetration for cleaving SA on mucins and enabling virions
to travel through mucus layer. The small NA patches on IAV surface can direct the IAV
movement in mucus layer and promote 1AV penetration.[35] In a recent study, it is noticed
that adding NA inhibitor significantly reduced the virion penetration in mucus layer and
decreased the virus infectivity to the underlying epithelial cells. On the other hand, adding
exogenous NA facilitated viral penetration of mucus and thus increases viral infectivity.[36]
IAV mutated with NA deficiency did not transmit efficiently by aerosol droplet, despite being
shed from infected animals and transmitted directly to the receipting animals, highlighting
the key role of NA in the barrier penetration of IAV.[37]
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NA balance for IAV penetration of mucus and movement on the surface of epithelial cell.

From Ref [33], reprinted with permission from Elsevier.

1.2 Multivalency as the principle for HA binding to block viral entry

1.2.1 SA-binding pockets on HA

For an effective virus inhibition, the virus-inhibitor binding should outperform the virus-cell
binding so that the virion would preferably interact with the decoy instead of its actual
receptor.[38-39] A potent binding decoy can even detach the virions that bind to its receptors
via a binding competition mechanism. Therefore, for a potent inhibitor, the SA distribution
should be carefully designed to maximize the interaction with HA. HA is a trimer protein
with a head domain (HA1) and a stalk domain (HA2), as shown in Figure 5a. The stalk
domain contains the fusion peptide that is activated by protons to mediate virus-membrane
fusion for virus entry and genome release. The SA binding sites are located at the HA1

domain and multiple binding sites have been revealed for the multivalent interaction with the



SA on host cell membrane.[40] These binding pockets are spatially distributed on the head
of HA trimer. Taking influenza A/X31 (H3N2) as an example, three SA binding pockets are
identified in a triangle presentation on top of the HA with a distance around 4 nm as shown
in Figure 5c-d. For effective influenza A/X31 (H3N2) inhibition, the distance of SA on the
inhibitor should also be around 4 nm for a strong binding.[41-42]
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Figure 5. (a) Structure of HA. From Ref [43], reprinted with permission from SpringerLink.
(b) Sialic acid receptors on host cell surface. (¢) Schematic illustration of HA on an IAV
virion. (d) Cryo-EM images for a virion of influenza A/X31 (H3N2) and the display of the
sialic acid binding pockets (marked yellow) on HA. From Ref [40], reprinted with permission
from ACS.

1.2.2 Multivalency as the principle for HA binding and blocking

Monovalent sialic acid did not show any activities due to the weak interaction (Figure 6a-b).
For the simultaneous interaction with all SA binding pockets, multiple SA on a single

inhibitor is needed, so called multivalent inhibitors.[38] The idea of multivalent interactions



can be noticed by multiple commercial products, e. g Velcro tapes, which utilize multiple
flexible hooks to interact with targets with tight connections. For HA binding, by cumulating
the weak HA-SA interaction in a single structure, the binding can be significantly improved
(Figure 6c¢-f), especially if the inhibitors are designed with matched SA distribute to the
binding pockets on HA.[38, 44] In a study by Whitesides et al., it is noticed that polymers
with middle sialic acid functionalization (0.2-0.6 mole ratio) was more potent than the ones
with higher or lower functionalization. Spatial matching to the SA binding pockets of HA
was concluded to be the key for a potent binding, for which the intermediate sample was the
one that shows matched SA distribution to the binding pockets of HA. Inspired by this study,
controlling the statistical SA distribution on the inhibitor surface via different
functionalization has been used as common approach to achieve robust HA binding, which

has been developed with multiple polymeric scaffolds.[45-48]

receptor binding site b

Figure 6. Multivalency as the acting principle for the design of pathogen inhibitors. (a)

Without an inhibitor, a virus can bind to the receptors for cellular entry and infection. (b) The



activity of monovalent inhibitor is not ideal due to uncomplete blocking of receptor binding
site. (c-f) Multivalent inhibitors can effectively block the receptor binding sites of virion and
blocking its binding to receptors, including but not limited to (c) small nanoparticles, (d)
dendritic structures, (e) linear structures and (f) 2D nanostructures. From Ref [38], reprinted

with permission from ACS.

With the spatial distribution SA binding pockets on HA being revealed (Figure 5d),
efforts have been taken for the precise topological design of inhibitors, in order to gain more
insight to the virus binding behavior and study the spatial matching for HA binding. Ebara et
al. used a three-armed polymer to study HA binding as shown in Figure 7a-b.[49] At the end
of each ‘arm’, 6’-sialyllactose was introduced. By altering the length of the spacer, the end
groups were distributed in a triangular shape. A detailed screening revealed the importance
of spatial matching for the multivalent interactions, as even at same functionalization, the
ones with topological-matched shape showed 10-fold better binding than others. The same
group also designed a DNA three-way junction that matches to the sialic acid binding pockets
of HA precisely (Figure 7c-d).[50] This structure showed 80,000-fold higher binding affinity
towards A/Puerto Rico/08/34 (H1N1) than the sialyllactose monomer. Three-way junction
showed better HA-binding ability than one-way or two-way junctions, highlighting the key

role of spatial optimization for multivalent interactions.
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HA, including (a) 6’-sialyllactose modified star glycopolymer [49] and (b) 3’-sialyllactose
modified DNA three way junction.[50] From [49] and [50], respectively, reprinted with

permission from ACS.

1.2.3 Structural factors for multivalent HA binder

Despite the ligand density/valency, the spacer flexibility and core sizes have been realized as
key parameters that affect the virus-inhibitor binding as shown in Figure 8a-b. Flexible
backbone/linker enables the inhibitor undergoing conformational changes to adapt the
receptor binding sites, with the loss of more conformational entropy in the process.[38] In a
thermodynamic investigation by Netz et al., it is pointed out that the spacer flexibility is
closely related to the dissociation of monovalent interactions (Kmono).[51] They defined
critical monovalent dissociation constant (Kmono*) as the constant for a spacer length when
bivalent structures show equal binding to the monovalent structures, indicating that there is
no cumulative effects for multivalency in this case. In the case that Kmono < Kmono™, a broader
range of spacer length will exist where divalent structure outperforms the monovalent
structure for the binding. In the case that Kmono > Kmono™, monovalent binder is better because

the entropy lose overcomes the gain in binding energy.

Since that monovalent HA-SA interaction exhibit a dissociation constant of 1-20 mM,
the divalent inhibitor with stiff spacer is expected to be better than the flexible one, which
has been proven by a comparison between DNA- and PEG-based sialic acid models.[40]
Perfectly designed DNA structures exhibited better binding that the optimal PEG structures.
The adoption of different conformations enables the flexible inhibitors to overcome the steric
obstruction in binding to the receptors without steric strain, where the rigid ones that are not
perfectly designed cannot do so. Therefore, when designing the 1AV inhibitors, the
monovalent affinity should be carefully considered for the usage of flexible or rigid spacers.
The idea is proved by a study from Pallavi et al., whereas trivalent sialoside structures were
synthesized in rigid or flexible backbone and compared for IAV binding as shown in Figure
8c-e.[52] Although these flexible structures showed millimolar binding constant, the rigid
one dominated flexible compound with binding constant in micromolar range. They also
emphasized the necessity of the optimizing the spacer length for inhibitor design as increased
conformational penalties for long PEG spacers was noticed from the molecular dynamic

simulations.
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Figure 8. (a) Schematic illustration for the matching of ligands to the receptor binding sites
for the design of virus inhibitors. (b) Influence of ligand core size dcore for the binding. From
[53], reprinted with permission from ACS. (c) Typical structures for the rigid (adamantane)
and flexible (4-(((Benzyloxy)carbonyl)amino)-4-(2-carboxyethly)heptanedioic acid, TRIS)
cores for HA binding. (d-e) Microscale thermophoresis measurements with intact R18
labeled influenza A/X31 (H3N2) virions against (d) different adamantane-based or (e) TRIS-
based constructs. From [52], reprinted with permission from Wiley.

1. 3 Rationally designed 1AV inhibitors

1.3.1 Synthetic polysialyated structures for AV inhibition

With the principles mentioned above, numerous polysialyated structures have been
developed in recent years.[38] Kwon et al. revealed the importance of nanostructured
polysialyllactose to achieve effective 1AV inhibition as shown in Figure 9a.[54] A dendritic
polymer, polyamidoamine (PAMAM), was used as the core for the sialyllactose

functionalization. Dendritic structure is rigid due to the internal steric hinderance, so the
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distance of the sialyllactose on PAMAM can be statistically controlled via the degree of
functionalization. The PAMAM-sialyllactose conjugate with a spacing around 3 nm showed
the best binding and inhibition of influenza A/California/04/2009 (H1N1). The SA binding
pockets was roughly 4 nm distanced for this virion, highlighting the importance of spatial

matching for the design of IAV inhibitors.

How the valency and scaffold flexibility affect the virus binding and inhibition was
thoroughly studied in a recent report by Bhatia et al.[41] Polyglycerol was used as the
polymeric platform for multivalent display of sialic acid as shown in Figure 9b. It was noticed
that, at a suitable valency that allowed the matching of sialic acid to the binding pockets, the
binding was maximized. It is also revealed that flexible scaffold (linear polyglycerol, LPG)
was much better than rigid scaffold (dendritic polyglycerol, dPG), due to the ability to adapt
to the SA-binding pockets of HA by changing polymer backbone conformation. The robust
virus-inhibitor binding enabled potent virus inhibition, with which four orders of magnitude
of reduction of virus titer was achieved. For a precise spatial design of polysialyated structure,
Lauster et al. developed a phage-capsid-based 1AV inhibitor that exhibited a well-defined
sialic acid display matching the SA-binding pockets as shown in Figure 9c.[42] Such a
rationally designed inhibitor showed robust binding with HA and blocked the virus binding
to the host cells. As a result, potent virus inhibition and efficient prevention of virus infection
were achieved, revealed by in vitro cell culture, ex vivo lung tissue culture, and in vivo mouse

tests.
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Figure 9. (a-c) Examples for the polysialyated structures for the inhibition of influenza A
virus. The scaffold materials are (@) PAMAM dendrimers, (b) linear and dendritic
polyglycerol, and (c) QB-phage capsid. From Ref [54], Ref [41], and Ref [42], reprinted with
permission from Elsevier and Nature Publishing Group, respectively.

1.3.2 Virucidal structures for irreversible deactivation of virions

In addition to receptor blocking, Stellacci group has further promoted the design of virus
inhibitors via a ‘virucidal’ mechanism as shown in Figure 10a-b.[55-56] Even being
multivalent, the virus interaction with its binder is still reversible. Upon dilution, the binder
can detach from the virion, especially at the concentration below its IC50 value, and the virus
would be infectious again. To preserve inhibitory activity upon dilution, they came up with
an idea of virucidal compounds. These compounds not only interact with the virion but also
deactivate the virions irreversibly via destroying the lipid structures or deform the surface
proteins by hydrophobic interactions. In a recent report, they have synthesized a cyclo-
dextrin-based virucidal compounds for 1AV inhibition as shown in Figure 10c.[57] They
noticed that only the sialic acid linked with a hydrophobic alkane spacer showed virucidality
towards 1AV, the one with hydrophilic PEG spacer was virustatic. The specificity of the

inhibitor was also noticed as the one with 6’ sialyl-N-acetyllactosamine (6’SLN) showed
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superior activity on human AV strains and 3’ sialyl-N-acetyllactosamine (3’SLN) worked
on avian AV strains, depending on the HA binding preference of the IAV. However, for the
designing of virucidal compounds, the cytotoxicity should be carefully investigated as these

amphiphilic compounds may also disrupt the cell membranes.
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Figure 10. (a) The acting mechanism for virustatic and virucidal compounds. (b) Typical
cryo-EM images of a virion incubated with virustatic and virucidal compounds respectively.
From Ref [55], reprinted with permission from Nature Publishing Group. (c) Sialyllactose
modified compounds for the irreversible deactivation of IAV virions. From Ref [57].

1.3.3 Nanoparticles-based virus inhibitors

Combination of multivalent polymeric structures and nanomaterials leads to the development
of novel nano-inhibitors. Compared with polymeric structures, these nano-inhibitors offer
the possibility to control ligand display in a nanoscale dimension, which can improve spatial
hinderance of viral particles as shown in Figure 11a-b.[58] In a theoretical study by Netz et
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al.,[58] it was noticed that at low virus concentration, the IC50 of an inhibitor predominantly
depended on the multivalent interactions, which exponentially increased with the
inhibitor/virus contact area. One major conclusion from the study is that larger inhibitors
often show better binding than the small ones at low virus concentration so that only steric
shielding effects can be observed for the binding, instead of forming virus/inhibitor clusters.
Considering that the concentration of viruses in the body fluids of infected individuals is
quite low, larger inhibitors would be of major advantage than the smaller ones. It is also

pointed out that the optimal size for a globular binder is 1/3 of the target.

The hypothesis is supported by a recent study by Block et al., where they proved that
2.6MDa dPG with size around 30 nm showed better influenza A/X31 (H3N2) binding ability
than the 10kDa dPG with the same sialic acid functionalization.[59] The size of IAV virions
is around 100 nm. Papp et al. also noticed that the size of the inhibitor could alter the
binding.[60] Sialic acid-modified gold nanoparticles (AuNP) were synthesized for 1AV
binding and they noticed that only 14 nm AuNP showed inhibitory effects towards A/X31
(HIN1), while the 2 nm AuNP did not show any significant impact. This is probably due to
the smaller AuNP could not hinder the HA effectively from the binding with the receptors

on host cell membrane.

The inhibitor flexibility significantly influents the virus/inhibitor binding, which is
even more pronounced than the polymer-based inhibitors. Compared with globular stiff
structure, the flexible ones can change it morphology upon binding, hence maximize the
interacting area and steric shielding for virus inhibition. In a report by Ziem et al., it was
found out the dendritic polyglycerol sulfate (dPGS) was not active for the inhibition of
Orthopoxvirus, but once dPGS was conjugated to graphene surface, a potent inhibitor was
obtained because of the steric hinderance by the 2D flexible graphene materials.[61] Even
the study was performed on 1AV, their study pointed out that soft/flexible substrates are
promising platform to develop virus inhibitors, due to its ability to adapt to the virion and
maximize the interface area for increased steric shielding.[62-64] For the proof of concept,
Bhatia et al. synthesized polyglycerol nanogels with different flexibilities with sialic acid on
the surface and compared their efficiency for IAV inhibition (Figure 11c).[63] They noticed
that 1AV virion binding could induce deformation of the nanogel at the binding site to
increase the interface area and enhance the binding, as shown in Figure 11d. The enhanced

binding led to the enhanced inhibition of IAV infection by blocking the virions from the cells.
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Figure 11. (a) Schematic illustration for the spatial hindering by the inhibitor. (d) Negative-
stained TEM images for the binding between binders and inhibitors. (b) Combination of the
experimental and theoretical volume normalized number of inhibitors, P(d/D)3, required to
inhibit a binder from attaching to a planar surface. From Ref [58], reprinted with permission
from ACS. (c) Synthesis of flexible SA-nanogel via the click conjugation of LPG-SA with
dPG. (d) Cryo-EM image for interaction between flexible SA-nanogel and 1AV virion. The
binding sites are marked with white triangles. The IAV virion are marked red, while the HA
and NA are marked orange. Scale bar: 50 nm. From Ref [63], reprinted with permission from
Wiley.

1.3.4 The need for new structures for virus inhibition

Even though significant progress has been made for the developing of multivalent binding
decoys for IAV inhibition, the status is not satisfactory for the lack of a broad-spectrum virus
inhibitor. As mentioned above, the HAs from different IAV subgroups are highly heterogenic,
which means that the SA-binding pockets vary for different IAV strains. The structures
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mentioned above are mostly designed with a fixed SA display. Therefore, they may only be
active on a very limited range of IAV strains. The intra-trimer targeting of HA from different
subgroups can hardly be achieved by the synthetic polymers. For example, the phage-capsid
inhibitor that Lauster reported showed HA inhibition against H3N2 AV strains (specifically,
A/X31 (H3N2) and A/Panama/2007/1999 (H3N2)), but not against HIN1 strains (A/Puerto
Rico/8/1934 (H1N1), A/WSN/1933 (H1N1), etc.).[42] The activity of PAMAM-based
inhibitors from Kwon et al. was rather limited to HIN1 strains.[54] Additionally, 1AV is a
highly mutative viral strain, the constant mutation of HA makes it even more difficult to
prepare a broad-spectrum inhibitor.[65-66] The treatment by HA inhibitors could also
promote IAV mutations with resistance.[67-69]

Also, because that IAV is mutating and evolving, a broad-spectrum virus inhibitor is
quite needed as a countermeasure for the next 1AV pandemic. To do that, the concept of
multivalency should be further improved with more binding dynamics being considered for
the inhibitor design. More efforts should be devoted to this field, seeking for new

opportunities for broad-spectrum 1AV inhibitors.

1. 4 Cellular membrane vesicle as a novel virus binder

1.4.1 Cellular membrane coating nanotechnology

Cellular membrane is the outermost layer of a cell for the biological interactions, and it is the
interface for the cells to sense the surrounding microenvironment and communicate with
other cells. Numerous receptors carrying different functions anchors on cell membrane
through hydrophobic transmembrane domains. These receptors, made of carbohydrates or
proteins, are the structural basis for the cell recognition at biological systems. For example,
Cluster of Differentiation 47 (CDA47) is expressed on most of the human cells and it delivers
a ‘do-not-eat-me’ signal to macrophages to avoid immune clearance.[70] The lipid-based
structure of cellular membrane enables the receptors to be highly mobile and to maintain its

function at different conditions.

Inspired by its versatile functions, scientists have begun research to make synthetic
nanoparticles exhibiting similar functions as cells by transferring the membrane receptors to
the surface of nanoparticles.[71] Recent developments of nano- and bio- technology have
allowed the extraction of whole membrane of cells and transfer it onto a nanoparticle surface,

making a highly biocompatible bio-interfaces for biomedical applications, as shown in Figure
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12.[72-73] Typically, the cells are disrupted mechanically and the cellular membrane is
isolated from other structures via centrifugation. As the membrane is highly mobile, it can
follow the curvature of the nanoparticle and stabilize by hydrophobic interactions. During
the membrane transfer, all the membrane components, including the lipid bilayer, membrane
proteins and glycans, are also transferred on the nanoparticle surface in an outside-out

orientation.[73]

As most of the biological interactions occur via the interaction with cell membrane, the
cell membrane-coated nanoparticles behave like cells when being injected into animals. For
instance, nanoparticles coated with red blood cell membrane (RBCm) exhibited reduced
clearance and prolonged circulation time.[74-75] This was because of the transferring of
CDA47 onto the nanoparticle surface, the lipid structure ensured that CD47 was at its native
form. Nanoparticles cloaked with platelet membrane were able to target pathogens, thrombus
and tumors, like platelets.[73, 76] The cell membrane-coated nanostructures have been used
for tumor therapy,[77-79] bio-absorbents,[80] and vaccine development.[81-83] The in vivo
studies demonstrated the safety of cell membrane coated nanoparticles for biomedical

applications, as no adverse effects are noticed.[72]
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Figure 12. Red blood cell membrane coated nanoparticles for biomedical applications. From

Ref [74], reprinted with permission from National Academy of Sciences.
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1.4.2 Cellular membrane vesicles for virus binding

As mentioned above, the viral receptors anchored the membrane of host cells. Therefore, the
cellular-based structures may also be used for virus binding. de Carvalho et al. revealed that
the exosomes of CD4+ T-cells could be used to inhibit the infection human
immunodeficiency virus 1 (HIV-1) in vitro. These exosomes exhibited the same protein
profile as the CD4+ T-cells, ensuring the binding with HIV-1 virion and competing with
actual CD4+ T-cells for gp120 interaction.[84] The emerging cell-engineering technologies
can be future used to modify the surface of cells for virus binding. In a report by Liu et al.,
the HepG2 cells were engineered to express human sodium taurocholate co-transporting
polypeptide (hNTCP) as the receptor for hepatitis B virus (HBV), as shown in Figure 13.[85]
The budded hNTCP membrane vesicles are revealed to be able to bind to HBV virions with
high sensitivity and specificity. The infection of HBV is effectively blocked hNTCP
membrane vesicle, which is proven both in vitro cell culture and in vivo chimeric mouse

models.
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Figure 13. hNTCP-engineered cell membrane vesicles for HBV infection inhibition. (a)
Generation of ANTCP cell membrane vesicles. (b) Binding of hNTCP membrane vesicles to
HBV virions. (c) In vitro HBV infection inhibition by hNTCP membrane vesicles. From Ref

[85], reprinted with permission from Wiley.

Membrane vesicles can be solution to the broad-spectrum virus inhibitors. Membrane
fluidity and the possibility of lateral diffusion of membrane proteins enable attachment

factors to adjust and possibly even be recruited by virions as needed, which indicates that the
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cellular membrane vesicle might overcome the HA heterogeneity of different IAV strains
and work as a broad-spectrum 1AV inhibitor. Additionally, the receptor on the cell membrane,
e.g., the receptor density, can be tuned via gene engineering. On the other hand, preparing
polymeric inhibitor requires extensive synthetic efforts to prepare a big library of candidate
compounds and multiple screening steps to identify active ones. The preparation of cellular
membrane-based inhibitors is considered to simple and easy. The membrane isolation can be
completed within a few hours, making it suitable to prepare inhibitors for sudden and
unexpected pandemics. It is envisioned that the combination of cellular membranes vesicles
with engineered nanoparticles can lead to the development of novel IAV inhibitors. However,
this has not been studied in detail.
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2 Scientific goals

RBCs exhibit a natural multivalent display of SA for IAV binding. Despite the heterogenicity
of HA, most of the 1AV virions from different subtypes bind strongly to red blood cells,
casing aggregation of the cells, namely, hemagglutination. Recent development of
biotechnology has allowed the extraction of RBCm and the coating of RBCm onto synthetic
nanoparticles surface without interfering the proteins and glycans of RBCm.[74] Cellular
membrane is a fluid system, on which the anchored receptors remain mobile. Therefore, it
has the potential to adapt to the sialic acid binding pocket of HA and overcome the
heterogenicity of HA. It is envisioned that the combination of RBCm with nanoparticles can
lead to broad-spectrum 1AV inhibitors.

To be a potent inhibitor, the virus binding ability of the cell membrane structures should
be further improved. As the membrane is originated from the host cells, when applying to the
cells, the virus binding preference to the membrane vesicle is considered to be the same as it
to the host cells. In this case, some virions may still interact with the host cells for virus entry
and infection. To improve virus-binding ability, heteromultivalency and topography
matching principle may be considered.

For IAV, NA acts as a sialidase to cleave HA-SA interactions for virus release. As
introduced above, the NA-HA interplay plays an important role for maintaining viral mobility
at the biointerface. It can also interfere the IAV/inhibitor binding, especially for the cellular
membrane-based structures. Inhibiting the activity of NA can reduce the negative impact of
NA on IAV/inhibitor binding. In earlier studies, it has been proven that when NA is inhibited,
the binding between IAV virion and host cells is significantly enhanced. The addition of NA
inhibitor may also provide additional binding sites for IAV virion, which further improves
the 1AV/inhibitor binding.

If the membrane is coated onto a nanoparticle for a nanoparticle-based inhibitor, the
core material can be designed to improve the IAV/inhibitor binding, e.g., maximizing the
interface area via match topography can also increase virus binding ability. As monovalent
HA-SA is weak, the virions are mobile when firstly interacting with the membrane-based
inhibitors. In this case, increasing the interface area can facilitate the multivalent virus
binding and reduce the possibility of virus escape via crawling and gliding. With the
development of nanomaterials science, many kinds of nanoparticles with special shapes have
been synthesized, including nanorods,[86] nanocubes,[87] nanofibers,[88] nanobowls,[89]
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spiky nanoparticles,[90] etc. It is envisioned that these nanostructures will exhibit different
binding patterns compared with spherical nanoparticles or 2D nanosheets.

Given to the above introduction about research background, we believe there is still a
huge need for developing influenza inhibitors integrating the knowledge from materials
science, cellular biology, and virology. The scientific goal of this PhD study is to overcome
the challenges for broad-spectrum and potent influenza inhibitors. The following research

projects are proposed to achieve the goal:

1. The membrane of RBC will be extracted and its ability to binding 1AV virions will
be studied thoroughly, including transmission electron microscope (TEM), total internal
reflection fluorescence (TIRF) microscope and hemagglutination inhibition (HAI) assay. The
binding ability will be compared with different human IAV strains and investigate the
potential of RBCm to be a broad-spectrum inhibitor. The inhibitory effects of RBCm will be
studied be cellular infection assays, including the investigation of cellular infections (staining

of infected cells) and virus replications (plaque assays).

2. Nanoparticles with different morphologies will be synthesized for RBCm coating,
including spiky nanostructures that target the nanostructures on 1AV surface, and concave
nanostructures that match the curvature and size of IAV virion. The IAV binding ability of
RBCm-coated nanoparticles will be quantified by western blot, while the inhibitory activity

will be investigated by HAI assay, cellular infection assays and so on.

3. For heteromultivalent inhibition of both HA and NA, zanamivir, a commercial and
approved NA inhibitor, will be used. To facilitate zanamivir incorporation, a lipidic
zanamivir will be synthesized. The 1AV binding of RBCm-zanamivir surface will be

investigated in detail by HAI assay and TIRF microscopy.

4. Finally, the heteromultivalent and topography matching RBCm-coated nanoparticles
will be developed integrating the information from 1-3 as a novel broad-spectrum IAV
inhibitor (Figure 14). The inhibitory activity will be studied thoroughly by cellular infection
assays with different human IAV strains. The cellular toxicity will also be carefully evaluated

to translate to potential in vivo experiment.
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Abstract. Herein, we report the topology-matched design of heteromultivalent nanostructures as
potent and broad-spectrum virus entry inhibitors based on the host cell membrane, which can be easily
achieved. Initially, we investigate the virus binding dynamics to validate the better binding
performance of the heteromultivalent moieties as compared to homomultivalent ones. Next, the
heteromultivalent binding moieties are transferred to nanostructures with a bowl-like shape matching
the viral spherical-surface. Unlike the conventional homomultivalent-inhibitors, the heteromultivalent
ones exhibit an IC50 of 32.4 + 13.7 pg/mL due to the synergistic multivalent effects and the topology-
matched shape. At a dose without causing cellular toxicity, >99.99% reduction of virus propagation
has been achieved. By this strategy, the efforts of developing virus inhibitors can be significantly
improved. Since that multiple binding sites (receptor binding domain, furin cleaverage site, fusion
domain etc.) have also been identified on the S-protein of SARS-CoV-2, we envision that the use of
heteromultivalent nanostructures may also be applied to develop a potent inhibitor to prevent

coronavirus infection.

INTRODUCTION.

The fast development of broad-spectrum solutions to prevent and inhibit viral infections is of great
societal need. COVID19, which is caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), has become a global health problem with tens of millions of infections and hundreds of
thousands of fatalities by now.(/, 2) Besides coronaviruses, influenza A virus (IAV) is also a highly
infectious pathogen circulating in human beings and many other kinds of animal species.(3, 4) Due to
a high error rate of the viral RNA polymerase, human IAV evolution is accompanied by unpredictable

antigenic drift and may involve the acquisition of mutations conferring resistance to many current
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antivirals.(5, 6) Therefore, methods to develop potent and broad-spectrum viral inhibitors to fast
respond to the unexpected outbreak are urgently required.(7, 8)

The viral infection cycle starts with the binding to the receptors on the host cell. Blocking the viral
entry via a binding decoy has been proved to be effective for many types of viruses, e. g. the use of
multivalent mannose structures is reported to be effective for inhibiting Ebola virus infection, which
is one of few options to fight with Ebola infection.(9-12) For IAV, two glycoproteins have been
identified to be associated with the binding behavior on the cellular membrane, hemagglutinin (HA)
and neuraminidase (NA). The multivalent binding between the HA and sialic acid on the host cell
triggers the viral entry. Therefore, polysialylated structures with synthetic scaffolds have been designed
for 1AV inhibition.(/3-15) However, as the HA binding pockets vary in different IAV strains,
developing broad-spectrum IAV inhibitors become a challenge. Inter-trimer targeting of IAV can
hardly be achieved with synthetic polysialyated structures. To this point, the cellular membrane-based
materials may accomplish. The cellular membrane is a highly stable self-assembled structure with a
native display of virus binding receptors. In principle, the native cell membrane can be a robust [AV
binder as it has the native, dynamic, and multivalent sialic acid display for the binding of various IAVs.
Moreover, the extraction of the cellular membrane is easier than synthesizing multivalent
nanostructures matching the sialic acid binding pockets on HA.

For the viral binding at the cell membrane, NA can cleave sialic acid from attached host cell
surface factors for the release of progeny virions. As a result of the HA-NA interplay, the interactions
between IAV virus and host cells are transient and need to be dynamically balanced during early and
late time-points of infection, respectively.(/6, 17) Therefore, for the potent inhibition of both HA and
NA, the heteromultivalent nanostructures are required to block both proteins. This is, however, rarely
achieved, as most of the current antiviral strategies rely on homomultivalent engagement of HA.(/3,
14, 18) Herein, we aim for generating a highly potent IAV inhibitor by combining three different
bioinspired design incentives: (i) coating the inhibitor surface with a cell-derived membrane that serves
as a native source of sialic acids (Fig. la), (ii) complementing the cell-derived membrane with
zanamivir (Zan), an approved NA inhibitor, that enhance the IAV-membrane interaction by
heteromultivalent binding (Fig. 1b), and (iii) employing a concave inhibitor topology-matched shape

that further enhances the IAV-membrane interaction by maximizing the total interaction area (Fig. 1c).

RESULTS.
RBCm as a potent binder but not inhibitor towards IAV.

As most of the human IAV strains bind to red blood cells actively, we firstly investigated if
membranes extracted from red blood cellss are efficient IAV binder. Vesicles made of red blood cell
membranes (RBCm) are obtained by disrupting human red blood cells and centrifugation, and the
obtained RBCm vesicles have the same protein presentation to the red blood cells (Fig. S1,
Supplementary Materials). The binding between RBCm and IAVs is investigated by an assay based on
total internal reflection fluorescence (TIRF) microscopy (Fig. 1d).(/9) The ganglioside GDla-

containing supported lipid bilayer (SLB) is created at a glass interface, and TIRF microscopy is used
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to monitor the transient binding of IAVs to this SLB. Subsequent application of single-virus tracking
allows for extracting various information about the multivalent IAV-sialic acid interaction, such as the
rate of IAV attachment to the sialic acid-containing SLB, and IAV mobility and off-rate
distributions.(/9)

A decrease in the IAV attachment rate for increasing RBCm vesicle concentration is observed,
indicating that RBCm vesicle can bind with IAV and block its interaction with GD1a SLB. The IC50
value from this measurement is 2.9 + 1.2 pg/mL. From the hemagglutination inhibition assays of
A/X31 (H3N2), A/PR/8/34 (H1H1), A/Panama/2007/1999 (H3N2), and A/Bayern/63/2009
(HIN1pdm), the broad-spectrum IAV binding ability of the RBCm vesicles is confirmed with a binding
constant (Kinar) in the nanomolar range (Table 1). The cellular infection assay, where the MDCK-II
cells, a host cell for IAV infection, are infected by influenza A/X31 (H3N2) in the presence of 100
png/mL RBCm vesicles, revealed the broad-spectrum inhibition potential of the RBCm vesicles.
However, the inhibitory activity of RBCm vesicle is not ideal; only a small decrease in infected cells
is noticed, as shown in Fig. le. The reduction of virus titre for RBCm vesicle is two orders of
magnitudes (Fig. 1f).

It should also be noted that even RBCm is quite similar as the membrane of MDCK-II cells, the
sialic acids, especially the underlying glycan structures, differ from each other. The membrane of
MDCK-IT cells is obtained and its binding with influenza A/X31 (H3N2) is studied via
hemagglutination inhibition assays.(20, 21) MDCK-II cell membrane exhibits a Kigar of 1.6 £+ 0.5 nM,
which is lower than RBCm in the same assay (8.4 = 4.2 nM). As a binding decoy, the binding to the
inhibitor should outperform the binding to the actual receptor to achieve potent inhibition.(22) When
applying RBCm to MDCK-II cells, the virions may still bind to the actual sialic acid receptor on
MDCK-II cells due to the higher binding affinity and then start the infection cycle. Therefore, to
develop a potent IAV inhibitor with RBCm, the virus binding ability must be further improved.
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Fig. 1. (a, b) Design and synthesis of a heteromultivalent nanobowl (Hetero-MNB) for influenza A
virus (IAV) inhibition, including the coating of RBCm onto the nanbowl surface and the further
modification with lipidic zanamivir. (¢) Proposed binding patterns between IAV and the Hetero-MNB,
whereas sialic acid and zanamivir bind to HA and NA, respectively, and the bowl-shape with
facilitating the capping to the surface of the virus particle. (d) Inhibition curves for RBCm vesicles at
different concentrations from a TIRF setup. Values are expressed as mean £SD, n=4. (e) Typical
immuno-fluorescent staining images of viral nucleoprotein (NP) to show the infected cells with the
treatment of RBCm vesicles. Scale bar: 50 um. Multiplicity of infection: 0.1. (f) Propagation of AV
in the presence of RBCm vesicles. Values are expressed as mean £SD, n=4.

Table 1. The binding constant of RBCm vesicles of different IAV strains from hemagglutination

inhibition assay. Values are expressed as mean +=SD, n=4.

KiHAI (ng/mL) KiHAI (nM sialic acid)
A/X31 (H3N2) 41.6 £20.6 8.4+4.2
A/PR/8/34 (HIN1) 23.4+9.0 4.8+1.8
A/Panama/2007/1999 (H3N2) 273+7.8 55+ 1.7

Heteromultivalent surface for enhanced virus binding.

Two concepts are introduced for improving the virus binding ability of RBCm: (1) additional NA
inhibitors to further promote the viral binding to the RBCm, and (2) transferring the RBCm to a
nanoparticle surface with matched topology to the IAV virion to maximize the interaction area (Fig.
1b and 1c). In order to prove the first concept that heteromultivalent targeting of both HA and NA on
IAV can further promote virus binding, hybrid vesicles of RBCm with an approved NA inhibitor,

zanamivir (Zan), are obtained. Zanamivir is firstly functionalized with lipid structure and then formed
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into a lipid vesicle (Fig. S2-S3, Supplementary Materials). The hybrid RBCm-Zan vesicle is obtained
via co-sonication. The binding of IAV virions for the vesicles is checked by hemagglutination
inhibition assays (Table 2). The addition of free zanamivir decreases Kinar value for RBCm vesicles,
indicating that inhibiting NA can improve the virion binding, due to the inhibition of HA -sialic acid
cleavage. The NA activity for RBCm-Zan treated virions is similar to those treated by ‘RBCm + Free
Zan’ (Fig. S4, Supplementary Materials), but a lower Kigar value is noticed. This means besides the
NA inhibitory activity, and zanamivir may also provide an additional binding for the virion and RBCm
vesicle, which is analyzed in detail via TIRF microscopy.

The TIRF-based assay is now operated using SLBs which have been fused with RBCm vesicles,
Zan-conjugated lipids, or a mixture of both, allowing to determine changes in the IAV binding
dynamics that are caused by the presence of different glycostructures (RBCm-originating sialic acid,
Zan-conjugated lipids, or a combination of both; Fig. 2). In this analysis, RBCm vesicles are fused
with POPC-based vesicles, allowing to form “hybrid” SLBs containing RBCm material and serving
as a homomultivalent inhibitor.(23) A heteromultivalent SLB membrane is generated by incorporating
lipidic Zan in the RBCm hybrid SLB (RBCm-Zan).

Application of the TIRF assay indicates that the rate of IAV attachment to the heteromultivalent
surface of RBCm-Zan shows 3-fold higher values with respect to the Zan- or RCBm-SLB (Fig. 2b).
Furthermore, single-virus tracking also provides information about the motion of IAV while being
SLB-bound. On RBCm-SLBs, most of the mobile tracks are very short, indicating that the viruses stay
at the surface for less than 1 s before being released (Fig. 2¢, Fig. S5a, and Video S1, Supplementary
Materials). This behavior is qualitatively similar to [AVs interacting with GD1a-containing SLBs.(/9)
The addition of Zan-conjugated lipids, however, strongly increases the duration of the mobile
population, which now exhibits very long tracks, and thus the IAV residence time being much larger
than 1 s (Fig. 2c, Fig. S5b and Video S2, Supplementary Materials). This behaviour is observed for
both membranes, the homomultivalent Zan-SLBs and the heteromultivalent RBCm-Zan-SLB. Hence,
while IAVs show only short residence times to sialic acid-containing SLBs, the NA-Zan interaction
generates very large IAV residence times to Zan-containing SLBs. These findings are in line with the
observation that the binding between Zan with NA is predominant to the binding between sialic acid
and [AV,(24) and with the concept that the inhibitory effect of Zan on NA plays a beneficial role for
the permanent binding, as NA is able to cleave the binding between HA and sialic acid as sialidase.
Hence, while a notable fraction of IAVs exhibit only short residence times to sialic acid-containing
SLBs and can, therefore, bind to a small number of sialic acids, the addition of lipid-Zan strongly
extends the IAV residence time by the formation of NA-Zan interactions. In the heteromultivalent SLB,
this behavior keeps the IAVs sufficiently long at the membrane to allow for binding a large number of
sialic acids, thereby promoting the IAV attachment rate and [AV entrapment by the membrane. Thus,

the heteromultivalent membrane provide a much better binding compared to homomultivalent ones.
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Fig. 2. (a) TIRF-based assay for assessing the interaction of IAVs with homo- or heteromultivalent
membranes. The corresponding glycostructures (either sialic acids or lipid-conjugated zanamivir) are
incorporated in a supported lipid bilayer (SLB) and the IAV-SLB interaction is recorded using TIRF
microscopy. Application of single-virus tracking allows for extracting changes of (b) the rate of IAV
attachment to the membranes and (c) the motion of SLB-bound IAVs, when employing the different
homo- and heteromultivalent structures. Each color represents the track of a single virion. Values in ()
are expressed as mean +£ SEM, n=10. **p<0.01, ***p <0.001 by Student t-test. Note the different scale
bars used for the immobile and mobile IAVs in (c).

Table 2. The binding constant of samples against A/X31 (H3N2) from hemagglutination inhibition

assay. Values are expressed as mean +SD, n=4.

Kinar (ng/mL) Kinar (nM sialic acid)
RBCm 41.6 £20.6 84+42
MDCK-II membrane 6.8+1.9 1.6 0.5
RBCm vesicles + free Zan 11.7+4.5 24+09
RBCm-Zan hybrid vesicles 59+23 1.24£0:5
NB-RBCm 51.9+23.8 3.1+14
NB-RBCm + Zan 19.5+7.8 1205
Hetero-MNB 13.7+30 0.8+0.2
6
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Nanobowl with a matched surface towards IAV virion for virus binding.

In order to prove the second concept that matching topology can benefit the virus binding, bioinert
and biostable nanoparticles with sphere (nanosphere, NS) and bowl-like (nanobowl, NB)
morphologies are synthesized, as shown in Fig. 3a and Fig. S6-S7, Supplementary Materials.(25) The
nanoparticle is homomultivalently coated with RBCm (Fig. S8-S9, Supplementary Materials), named
as NS-RBCm and NB-RBCm, respectively. The coating is carried out via co-sonicating RBCm vesicle
with NS and NB.(26, 27) Cellular membrane is a highly dynamic lipid system with the ability to
deform and adapt to the surrounding environment. In the coating process, the high-power sonication
drives the membrane vesicle to follow the curvature of nanobowl. After the sonication, the membrane
is stabilized on the surface of nanoparticle via hydrophobic interactions. Finally, free membrane
vesicles are removed by centrifugation.

The IAV virion is a nano-sized sphere around 100 nm in diameter, and in our synthesis, a nanobowl
with a concave structure around 120 nm is selected as it matches the size of the IAV virus to benefit
multivalent interactions (Fig. 3a). The binding for the NS-RBCm and NB-RBCm is studied by a
prophylactic infective assay (Fig. S10, Supplementary Materials). Less infected cells and higher cell
viability are noticed for NB-RBCm than those for NS-RBCm. The IC50 for NB-RBCm is about 4
times lower than that of NS-RBCm, as shown in Fig. 3b. The better inhibition by the NB-RBCm should
be attributed to its matched shape to the IAV virion, which can promote the binding of the virus, as
proved by our binding test in Fig. S11, Supplementary Materials.

Geometry analysis of the virus binding to NS-RBCm and NB-RBCm is performed with the model
of a convex virion binding to convex or concave inhibitor, respectively, as shown in Fig. 3c. The IAV
virion is illustrated as a particle around 100 nm. The steric shielding by the inhibitor is estimated by
placing new inhibitors with the same curvature, which are marked with dashed lines.(28) The actual
contact between the virion and inhibitor is marked white with an angle of ©, while the steric shielding
by the inhibitor is marked purple with an angel of ©,. In these two cases, the actual contact area is
quite similar, but the steric shielding is different. Concave inhibitor creates a much larger steric
shielding than a convex inhibitor; therefore, it shows better virus inhibition than the convex one.
Another difference between them is the edge distance. The concave inhibitor is much closer to the
virion than the convex one. Monovalent sialic acid-HA interaction is weak with a dissociation constant
of 1-20 mM.(/7, 29) When binding to a surface, e. g. cellular membrane, the virion remains mobile in
the begining. This is what we have observed from TIRF that IAV virions remain mobile when binding
to RBCm. The virion is transiently interacting with RBCm and then stabilize on the surface via
multivalent interactions. Many other studies also reported that influenza virions are mobile when
binding at the biological interfaces.(/7, 30-32) Therefore, we presume that in the case of convex
inhibitor (NS), a virion could be released by crawling and gliding, especially that NA is constantly
cleaving the sialic acid-HA interaction. For a concave inhibitor (NB), the small edge distance enables

a virion to recruit binding ligands more easily for multivalent interaction and then stabilize.
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Fig. 3. (a) HR-TEM images for the nanosphere (NS) and nanobowl (NB) with RBCm coating,
respectively. Scale bar: 50 nm. (b) IC50 values for the homomultivalent NS-RBCm and NB-RBCm.
Values are expressed as mean + SD, n=4. (¢) Geometry analysis for a virion binding to a convex
inhibitor and concave inhibitor. The actual contact between them is marked with ©1; the steric shielding
by the inhibitor is marked with purple lines with ©,. Steric shielding is estimated by placing new
inhibitors with the same curvature. (d) Negatively stained HR-TEM image for the IAV particle binding
with the Hetero-MNB. Scale bar: 50 nm. Images for other samples are shown in Fig. S11,
Supplementary Materials.

Heteromultivalent nanobowl as a potent and broad-spectrum IAV inhibitor.

Finally, concepts (/) and (2) are combined into a heteromultivalent nanobowl (Hetero-MNB) for
the in vitro viral inhibition studies, which is obtained by inserting the lipid-Zan to NB-RBCm. The
negatively stained HR-TEM images in Fig. 3¢ reveal the binding between IAV virion and Hetero-MNB.
The hemagglutination inhibition assay (Table 2) reveals that the Hetero-MNB is more predominant
than NB-RBCm for viral binding. As a result of heteromultivalent inhibition of HA and NA, the IAV
virion binding to MDCK-II cells is significantly inhibited as shown in Fig. 4a-c. Little-to-none virus
particles are detected on the surface of MDCK-II cells by flow cytometry and fluorescence microscopy,
indicating the entry of virus is effectively blocked by the inhibitors.

Next, we investigate whether the Hetero-MNB is able to inhibit the virus infection at the entry
step by counting cells expressing IAV nucleoprotein (NP) (Fig. 4d-e, and Fig. S12-S13, Supplementary
Materials). The treatment of NB-RBCm and Hetero-MNB reduces the infectivity of A/X31 (H3N2)
significantly, and Hetero-MNB shows better inhibitory effects than NB-RBCm. We have tested the
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inhibition towards 4 typical human IAV strains (A/X31 (H3N2), A/PR/8/34 (HINI),
A/Panama/2007/1999 (H3N2), and A/Bayern/63/2009 (HIN1pdm)). The Hetero-MNB shows broad-
spectrum inhibition as little to none infected cells are observed in these four tests. The cell viability
test further verifies the inhibitory effects of Hetero-MNB (Fig. 4¢), whereas the cells are more viable
after the treatment by Hetero-MNB. Herein, Hetero-MNB reveals an IC50 value 0f 32.4 + 13.7 ng/mL.
It should be noted that Hetero-MNB shows no clear toxicity in MDCK-II cells (Fig. S14,
Supplementary Materials). The CC50 value is 2.4 + 0.5 mg/mL, corresponding to a selective index of
74.07.

In addition to the cellular infections, the ability to reducing viral propagation is also studied by
plaque assay for the samples, as shown in Fig. 4g. In this test, to investigate if they can be used as a
therapeutic agent, the inhibitors are used after the cells have been infected by the viruses. Both the NB-
RBCm and Hetero-MNB reduced viral titres. Hetero-MNB outperforms the homomultivalent ones
with 4 orders of magnitude of reduction, which corresponds to inhibitory effects higher than 99.99%.
Fig. 4h further illustrates that the Hetero-MNB is active against the typical IAV strains circulating in
humans, revealing its potential to be a broad-spectrum IAV inhibitor.

IAV mutation with zanamivir resistance has been noticed recently.(33, 34) We also tested hetero-
MNB for the inhibition of a zanamivir resisting strain (influenza A/BLN/28/2012) via cellular infection
assays (Fig. S15, Supplementary Materials).(35) Hetero-MNB can inhibit viral replication with two
orders of magnitudes reduction of virus titre. However, in this case, because NA has mutated, NB-Zan
does not show any inhibitory effects; Hetero-MNB and NB-RBCm shows similar activities.
Considering the inhibitory effects of RBCm, it is also believed that NB-RBCm and Hetero-MNB can
be one possible solution to inhibit zanamivir resisting IAV strains.

The inhibitory activity of RBCm-based structures might be lower than the rationally designed
polysialylated structures,(/4, 15, 36) but compared with their complicated synthetic process and high
costs, the approach in this study is much simpler, sparing the efforts of preparing and screening a big
library of candidate compounds. If a significant alternation of sialic acid binding sites occurs, the
synthetic polysialylated structures may lose the activity. The easy preparation of RBCm-based
inhibitors makes it a good candidate to prepare for such a case. Even if IAV mutates to not bind RBC
anymore, we still have the option of taking the membrane from its host cells, e. g. A549 cells and
MDCK-II cells, for inhibitor development. It should be noted that the extraction of A549 and MDCK-
IT cells membrane takes more efforts and needs further optimization for large-scale production. The
idea of cell membrane-based inhibitors can also be used in other viral strains, especially for the

outbreak of a novel virus.
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Fig. 4. (a) Flow cytometry for the virus attachment to MDCK-II cells and (b) corresponding mean and
median fluorescence intensities (FI) for the samples. The error bars are generated by the CytExpert
Acquisition and Analysis Software Version 2.3. (c¢) Projection CLSM images for the viral attachment
to MDCK-II cells in the presence of Hetero-MNB. Scale bar: 20 um. (d) Typical immune-fluorescence
images to show the IAV (A/X31 (H3N2)) infection in the presence of the inhibitors. Other images are
shown in Fig. S12-S13, Supplementary Materials. Scale bar: 100 pm. (e) Detection of viral
nucleoprotein in cells infected with four typical human IAV strains, including A/X31 (H3N2),
A/PR/8/34 (HIN1), A/Panama/2007/1999 (H3N2), A/Bayern/63/2009 (HIN1pdm) in the presence or
absence of inhibitors. (f) The inhibition of A/X31 (H3N2) of the inhibitors at different dosages revealed
by cell viability. (g) Inhibition towards IAV propagation (A/X31 (H3N2)) for the inhibitors. (h)
Inhibition towards IAV propagation for the inhibitors against three other IAV strains, including
A/PR/8/34 (HIN1), A/Panama/2007/1999 (H3N2), A/Bayern/63/2009 (HIN1pdm). The inhibitors are
used after the first cycle of infection. Inhibitor dosage: 100 pg/mL. Values are expressed as mean +

SD, n=4. *p< 0.05, **p<0.01, ***p<0.001 by Student t-test, respectively.

CONCLUSIONS.
The development of heteromultivalent RBCm inhibitors with a topology-matched design is

believed to expand the toolbox for fighting the pathogens as alternatives for the rapidly emerging
resistance to the current drugs and therapies. In our study, the combination of the specific binding
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capabilities of sialic acid and Zan provide a unique heteromultivalent dynamic viral binding decoy to
achieve potent interactions with IAV, which is much better than the conventional homomultivalent
ones. When coated onto a fitting bowl-shaped nanostructure, the heteromultivalent membrane exhibits
99.99% viral inhibition due to the synergistic multivalent effects and topology-matched shape at a dose
causing no cellular toxicity. The IC50 value is 32.4 + 13.7 pg/mL (1.8 + 0.8 nM sialic acid) with a
selective index of 74.07. We also proved that Hetero-MNB could serve as a broad-spectrum binding
decoy and entry inhibitors for human IAV strains. Furthermore, this unique strategy using bioinspired
heteromultivalent topology-matching nanostructures is a general approach to fabricate broad virus
inhibitors and might compete with new or mutated viruses better than specifically designed drugs.
Recent studies have pointed out the in vivo safety of RBCm coated nanoparticles, of which the
intravenous injection does not induce any adverse effects in mice.(26, 37) They have been used for the
development of in vivo drug delivery vehicle, toxin absorber, and vaccine platform.(37-39) The
potential antigenicity of a foreign cell membrane can be addressed by taking the RBCs from the host.
The protocol for membrane extraction is simple and can be finished within one day. Therefore, it is
believed that cell membranes can serve as a promising platform to develop virus inhibitors.

There are many similarities between SARS-CoV-2 and AV, not only in disease symptoms but also
in the infection cycles. SARS-CoV-2 uses its spike protein (S-protein) to interact with the angiotensin-
converting enzyme 2 (ACE2) on host cells’ surface to mediate cellular entry. Structural analysis of S-
protein has revealed several binding sites for potential inhibitor design.(40, 41) On the head of S
protein (S1 domain) locates the receptor-binding domain (RBD) that interacts with ACE2. The stalk
domain (S2 domain) contains a fusion peptide that triggers the virus fusion with host cells to release
the viral genome for replication. A furin cleavage site is identified at the S1/S2 region, the cleavage by
furin or TMPRSS?2 is necessary to activate RBD interaction with ACE2. It has also been revealed by
a recent study that these domains can be targeted separately by non-competing antibodies. Antibodies
cocktails showed significantly improved virus neutralization ability compared to monovalent
antibodies.(42, 43) Taking together the information from this study, it is believed that the
heteromultivalent display of ligands that target different domains on S-proteins can result in a potent
SARS-CoV-2 inhibitor.(#4, 45) The membrane of the host cells, e. g. Vero E6 cell, may be used as one
target to the RBD.(46) For the design of such an inhibitor, the platform supporting the ligands should

be rationally designed to facilitate multiple interactions with heteromultivalency.

Materials and methods.
Materials and Characterizations.
All chemicals and solvents are reagent or HPLC grade, used as received, and purchased from Sigma
(Steinheim, Germany) unless stated otherwise. The deionized water used is purified using a Millipore
water purification system with a minimum resistivity of 18.0 MQ-cm. The human RBCs are obtained
from Haema Blutspendezentrum, Berlin, Germany.

'"H NMR spectra are recorded on a Bruker Avance 3 operating at 400 MHz or 500 MHz, at
concentrations of 100 mg-mL™'. The chemical shifts are reported in & (ppm) values and referenced for
different solvents. The spectra of Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass
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Spectroscopy (MALDI-ToF MS) are recorded using a Bruker Ultra-flex III in the positive ion mode
using a linear pathway (LP). Saturated Alpha-cyano-4-hydroxycinnamic acid in methanol is used as
the matrix. The sample is prepared via the “dried-droplet method” by dropping 0.5 uL of a mixture of
the matrix and the polymer solution (1:1). The mixture is placed on the target plate and allowed to air
dry. Fourier transform infrared (FTIR) Spectra are obtained with Nicolet iS50, Thermofisher. Dynamic
light scattering (DLS) measurements are performed using Malvern Zetasizer Nano ZS (Malvern
Instruments GmbH, Herrenberg, Germany). All samples are measured at a constant scattering angle of
173° at 25 °C and freshly prepared just before measurement in DI water or PBS buffer (1 mM, pH 7.4).
Ultrasonic bath (Model: SONOREX, RK255 HZ, made in Germany) is used to disperse materials in
solvents. Scanning electron microscope (SEM): The morphology of the nanoparticle is observed by
ultra-high-resolution FE-SEM (Hitachi S-4800). The samples are dried in the oven and then attached
to the sample supports using carbon tape. All the samples are observed directly without gold coating.
For the non-conductive substrates, the gold coating is deposited with about 1-2 nm. Fluorescence
images are taken on ZEISS Axio Observer (Carl Zeiss Microscopy GmbH, Jena, Germany).
Transmission electron microscopy (TEM): Droplets (~5 pL, ~ 0.02 mg/mL) of the sample solution are
placed on ultrathin carbon film on copper grids (Ted Pella, Inc. USA), and the supernatant liquid is
removed by blotting with a piece of filter paper. The grids are air-dried at least 40 min and are
subsequently transferred into a TEM machine, Talos L120c transmission electron microscope
(ThermoFisher Scientific, USA), and operated at 200 kV.

Viruses and cells.

MDCK-II (Madin-Darby canine kidney epithelial) cells are maintained in monolayer cultures in
DMEM (supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 mg/ml streptomycin and
100 units/ ml penicillin) at 37°C and 5% CO,. IAV strains, A/Panama/2007/1999 (H3N2), A/X31
(H3N2), A/PR/8/34 (HIN1), A/Bayern/63/2009 (HIN1) and A/BLN/28/2012 are taken from the strain
collection of Unit 17 at the Robert Koch Institut (Berlin, Germany) and propagated in ten-day-old
embryonated chicken eggs. The stock virus is quantitated by plaque titration on MDCK-II cells.

Extraction of RBC membrane (RBCm) and coating of RBCm onto the nanoparticle surface.

The RBCm is obtained by a hypotonic treatment and ultracentrifugation process. The human RBCs
are firstly washed with PBS buffer (pH 7.4) at 4 °C for at least 4 times to remove the residual platelets
and blood proteins and then treated overnight with DI water-diluted PBS buffer (0.25%) at 4 °C. The
RBCm is collected by centrifugation at 10, 000 rpm for 5 min and then washed with PBS buffer
extensively and then frozen at -20 °C for storage.

Extraction of MDCK-II cells membrane.

MDCK-II cells are cultured DMEM medium (supplemented with 10% fetal calf serum, 2 mM L-
glutamine, 100 mg/ml streptomycin, and 100 units/ ml penicillin) at 37°C and 5% CO2). The cells are
harvested by trypsin and collected by centrifugation at 1000 rpm for 5 min. The cells are washed 3
times with PBS and then placed in cold Tris buffer (pH = 7.4) containing 10 mM Tris, 10 mM MgCl,,
and 1xEDTA-free protease inhibitor. The cells are then disrupted by homogenizing with dounce
homogenizer on ice. The solution is centrifuged at 5000 rpm for 5 min, the supernatant containing
membrane vesicles is then centrifuged at 100,000 x g for 2 h (Optimal L-100XP, Beckman Coulter).
The pellet is washed with PBS and centrifuged again at 100,000 x g for 2 h. The resuspended cell
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membrane vesicles are extruded through 400 nm polycarbonate membranes (Millipore) and stored at
-80°C.

Hemagglutination inhibition assay.

The samples are diluted in 25 uLL PBS two-foldly in a U-shaped 96 well plate. 25uL IAV solution (in
PBS, containing 4 HA unit) is mixed with the samples by pipetting and incubated for 30 min at room
temperature. Afterward, 50 uL of 1% chicken red blood cells are added to each well and incubated for
another 30 min at room temperature. The hemagglutination is observed by tilting the plates. The
sample concentration of the last well-showing inhibition of hemagglutination is recorded the binding
constant Kinar.

Total internal reflection fluorescence (TIRF) microscopy.

TIRF microscopy is used to quantify the interaction of single, R18-labelled IAV with different
glycostructures embedded in SLBs with different compositions as described.(/9) The glycostructures
originated from native RBCm vesicles, zanamivir-conjugated lipids, or both. This method provides
information about various properties of the IAV-membrane interaction, such as the attachment rate to
the membrane, AV mobility, and off-rate distributions regarding the different membrane compositions.
The conduction of measurements is shown in Supplementary Materials.

Synthesis of spherical and bowl-like nanoparticles.

First, the resorcinol-formaldehyde coated SiO, nanoparticle is synthesized via a one-step reaction
according to an earlier report with slight modifications. Briefly, 2.5 mL ammonia aqueous solutions
(30 wt.%) is added into 100 mL ethanol/water (v/v 2/1) and stirred for 1 h at room temperature. With
vigorous stirring, 3 mL TEOS (19.2 mmol), 0.2 g resorcinol (4.5 mmol), and 0.7 mL formaldehyde
solution (37 wt. % in H20, 9 mmol) are added sequentially. The reaction is ceased by 10-minute
centrifugation at 10,000 rpm after 3 h, 6 h and 24 h, respectively. The final products are washed 5 times
with water and collected by centrifugation at 10,000 rpm for 10 min and then lyophilized. The
nanocomposites are carbonized at 600 °C, 700 °C, and 800 °C (5 °C/min) for 1 hour with argon,
respectively. The SiO; core is then removed by etching in 2 M NaOH for 2 days at 60 °C, and different
types of hollow nanocarbons, including the spherical and bowl-like nanoparticles, can be obtained by
centrifugation at 10,000 rpm for 10 min and washed extensively by water. Afterward, the nanoparticles
are carbonized again at 1100 °C (5 °C/min) for 1 hour with argon to fix the morphology.

Coating of RBCm onto the nanoparticle surface.
The RBCm is coated onto the nanoparticle surface with horn sonication (Sonopuls Ultrasonic
Homogenizers HD 2200, BANDELIN electronic GmbH & Co. KG, Berlin, Germany) at 4 °C for
30min, and then the RBCm coated nanocarbons are isolated by centrifugation at 5,000 rpm for 5 min
and washed for at least 4 times with PBS buffer. The morphology of the RBCm coated nanoparticles
is studied by SEM and TEM. For a better view of RBCm, the sample is stained with 1% sodium
phosphotungstate before the measurement. The protein content is studied by the Pierce BCA assay kit
(23225, ThermoFisher, USA) according to manual instructions. The RBCm coating weight ratio is
then estimated by the protein contents following the equation:
T Protein content (RBCm coated nanoparticle) % 100%
' Protein content (RBCm)
For SDS page, 10 ng of samples are loaded to 10% polyacrylamide (PAM) gel, and the gel is run
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at 200 V for 1 h and then stained with 10% (v/v) Coomassie Blue solution and the imaged by
ChemiDoc MP imaging system (Bio-Rad Laboratories GmbH, Miinchen, Germany). The sialic acid
content for the RBCm coated nanocarbons is studied by Sialic Acid (NANA) Assay Kit (ab83375,
Abcam, UK) according to the instructions by the provider.

Virus binding tests.

For the western blot test, 5 pL. concentrated A/X31 (H3N2) virus solution (protein content: 0.72 mg/mL)
is incubated with 15 pL 1 mg/mL solution with different nano-inhibitors for 45 min at 37 °C. Then, the

mixture is centrifuged at 10, 000 rpm for 10 min to collect the virus bound nano-inhibitors. The

precipitant is washed 3 times with PBS and loaded onto a 10% PAM gel. After running at 200 V for 1

h, the proteins are transferred onto the PVDF membrane, which is then blocked by 3 wt.% milk powder.

The nucleoprotein is marked by influenza A NP monoclonal antibody (HYB 156-01-02, Invitrogen,

USA) and HRP conjugated secondary antibody (G-21040, Invitrogen, USA). Then chemiluminescent

detection is performed using Pierce™ ECL Western Blotting Substrate (32106, ThermoFisher
Scientific, USA). The intensities of the bands are analyzed by Imagel pro.

Virus attachment and inhibition.

To study virus attachment, 100 pL A/X31 (H3N2) solution (protein content: 0.73 mg/mL) is incubated
with 10 pL 20 uM octadecyl rhodamine B chloride (R18, 0246, ThermoFisher Scientific, USA) in
PBS for 45 min firstly. The free R18 is removed by spinning column (3300 rpm, 2 min; Protein A HP
SpinTrap™, GE Healthcare, Germany). Then, 10 pL labeled virus is incubated with a 90 puL nano-
inhibitor solution (100 pg/mL) for 45 min at 37 °C. The mixture is then taken to incubate with MDCK-
IT cells for 1 h on ice. The unbound virus is removed by washing with PBS. The cell nucleus is stained
with DAPI, and then the cells are visualized by fluorescence microscopy. For a quantitative analysis
of virus attachment, the mixture of labeled virus and nano-inhibitor is incubated with 100,000 MDCK -
IT cells for 1 h, and then the unbounded virus is removed by centrifugation at 1500 rpm for 2 min. The
cells are washed 3 times with PBS and then analyzed by flow cytometry (CytoFLEX S, Beckman
Coulter GmbH, Krefeld, Germany).

For the infection inhibition test, 0.2x10° PFU of A/X31 (H3N2) virus is treated with the nano-
inhibitors for 45min at 37 °C and then used to infect MDCK-II cells. After 45 min of infection, the
cells are washed twice by PBS and cultured in DMEM medium (0.1% BSA, 1100 mg/ml streptomycin,
and 100 units/ ml penicillin). After 24 h, the cells are washed with PBS, fixed with 4% formaldehyde,
and permeabilized with 0.5% Triton X-100. The infected cells are marked by influenza A NP
monoclonal antibody (HYB 156-01-02, Invitrogen, USA) and Alexa Fluor 594 coupled secondary
antibody (A-11032, Invitrogen, USA). The cell nucleus is stained using DAPI. The infection is
estimated by counting infected cells from at least 10,000 cells in total and expressed as the number of
infected cells per 1,000 cells.

Multicyclic viral replication inhibition test.

MDCK-II cells are firstly infected with IAV at the MOI of 0.01 and cultured in infection medium
(DMEM, 0.1% BSA, 1% L-glutamine, 1% Penicillin-Streptomycin, 1 pg/mL TPCK-Trypsin)
containing the nano-inhibitors for 24 h. The virus in the supernatants are then titred by plaque assay
on MDCK-II cells and are expressed as plaque-forming units per mL (PFU/mL).
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Fig. 1. (a, b) Design and synthesis of a heteromultivalent nanobowl (Hetero-MNB) for influenza A
virus (IAV) inhibition, including the coating of RBCm onto the nanbowl surface and the further
modification with lipidic zanamivir. (¢) Proposed binding patterns between IAV and the Hetero-MNB,
whereas sialic acid and zanamivir bind to HA and NA, respectively, and the bowl-shape with

facilitating the capping to the surface of the virus particle. (d) Inhibition curves for RBCm vesicles at

different concentrations from a TIRF setup. Values are expressed as mean £SD, n=4. (e) Typical

immuno-fluorescent staining images of viral nucleoprotein (NP) to show the infected cells with the
treatment of RBCm vesicles. Scale bar: 50 um. Multiplicity of infection: 0.1. (f) Propagation of [AV

in the presence of RBCm vesicles. Values are expressed as mean £SD, n=4.
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Fig. 2. (a) TIRF-based assay for assessing the interaction of IAVs with homo- or heteromultivalent
membranes. The corresponding glycostructures (either sialic acids or lipid-conjugated zanamivir) are
incorporated in a supported lipid bilayer (SLB) and the IAV-SLB interaction is recorded using TIRF
microscopy. Application of single-virus tracking allows for extracting changes of (b) the rate of IAV
attachment to the membranes and (c) the motion of SLB-bound IAVs, when employing the different
homo- and heteromultivalent structures. Each color represents the track of a single virion. Values in (e)
are expressed as mean + SEM, n=10. **p<0.01, ***p < 0.001 by Student t-test. Note the different scale
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Fig. 3. (a) HR-TEM images for the nanosphere (NS) and nanobowl (NB) with RBCm coating,
respectively. Scale bar: 50 nm. (b) IC50 values for the homomultivalent RBCm coated NS (NS-RBCm)
and NB (NB-RBCm). Values are expressed as mean + SD, n=4. (¢) Geometry analysis for a virion
binding to a convex inhibitor and concave inhibitor. The actual contact between them is marked with
O1; the steric shielding by the inhibitor is marked with purple lines with ©, Steric shielding is estimated
by placing new inhibitors with the same curvature. (d) Negatively stained HR-TEM image for the IAV
particle binding with the Hetero-MNB. Scale bar: 50 nm.
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Fig. 4. (a) Flow cytometry for the virus attachment to MDCK-II cells and (b) corresponding mean and
median fluorescence intensities (FI) for the samples. The error bars are generated by the CytExpert
Acquisition and Analysis Software Version 2.3. (c¢) Projection CLSM images for the viral attachment
to MDCK-II cells in the presence of Hetero-MNB. Scale bar: 20 pm. (d) Typical immune-fluorescence
images to show the IAV (A/X31 (H3N2)) infection in the presence of the inhibitors. Other images are
shown in Fig. S11-S12, Supplementary Materials. Scale bar: 100 pm. (e) Detection of viral
nucleoprotein in cells infected with four typical human IAV strains, including A/X31 (H3N2),
A/PR/8/34 (HIN1), A/Panama/2007/1999 (H3N2), A/Bayern/63/2009 (HIN1pdm) in the presence or
absence of inhibitors. (f) The inhibition of A/X31 (H3N2) of the inhibitors at different dosages revealed
by cell viability. (g) Inhibition towards IAV propagation (A/X31 (H3N2)) for the inhibitors. (h)
Inhibition towards IAV propagation for the inhibitors against three other IAV strains, including
A/PR/8/34 (HIN1), A/Panama/2007/1999 (H3N2), A/Bayern/63/2009 (H1N1pdm). Inhibitor dosage:
100 pg/mL. Values are expressed as mean = SD, n=4. *p< 0.05, **p<0.01, ***p<0.001 by Student t-

test, respectively.
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Table 1. The binding constant of RBCm vesicles of different IAV strains from hemagglutination
inhibition assay. Values are expressed as mean +SD, n=4.

KiHAI (ng/mL) KiHAI (nM sialic acid)
A/X31 (H3N2) 41.6+20.6 8.4+4.2
A/PR/8/34 (HIN1) 23.4+9.0 48+1.8
A/Panama/2007/1999 (H3N2) 273+7.8 5.5+1.7

Table 2. The binding constant of samples against A/X31 (H3N2) from hemagglutination inhibition
assay. Values are expressed as mean =SD, n=4.

KiHAI (ng/mL) KiHAI (nM sialic acid)
RBCm 41.6 £20.6 84+42
MDCK-II membrane 6.8+1.9 1.6+0.5
RBCm vesicles + free Zan 11.7+4.5 24+09
RBCm-Zan hybrid vesicles 59423 1.2 £0.5
'NB-RBCm 5194238 3.1+ 1.4
NB-RBCm + Zan 19.5+ 7.8 1.2+0.5
Hetero-MNB 137439 1 0.8+0.2
Supplementary Materials:
Materials and Methods
Figs. SI1-S15
Movies S1-S2
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Materials and Methods

Characterazations

'H NMR spectra are recorded on a Bruker Avance 3 operating at 400 MHz or 500 MHz, at
concentrations of 100 mg-mL™. The chemical shifts are reported in & (ppm) values and
referenced for different solvents. The spectra of Matrix-Assisted Laser Desorption/Ionization
Time-of-Flight Mass Spectroscopy (MALDI-ToF MS) are recorded using a Bruker Ultra-flex III
in the positive ion mode using a linear pathway (LP). Saturated Alpha-cyano-4-hydroxycinnamic
acid in methanol is used as the matrix. The sample is prepared via the “dried-droplet method” by
dropping 0.5 puL of a mixture of the matrix and the polymer solution (1:1). The mixture is placed
on the target plate and allowed to air dry. Fourier transform infrared (FTIR) Spectra are obtained
with Nicolet iS50, Thermofisher. Dynamic light scattering (DLS) measurements are performed
using Malvern Zetasizer Nano ZS (Malvern Instruments GmbH, Herrenberg, Germany). All
samples are measured at a constant scattering angle of 173° at 25 °C and freshly prepared just
before measurement in DI water or PBS buffer (1 mM, pH 7.4). Ultrasonic bath (Model:
SONOREX, RK255 HZ, made in Germany) is used to disperse materials in solvents. Scanning
electron microscope (SEM): The morphology of the nanoparticle is observed by ultra-high-
resolution FE-SEM (Hitachi S-4800). The samples are dried in the oven and then attached to the
sample supports using carbon tape. All the samples are observed directly without gold coating.
For the non-conductive substrates, the gold coating is deposited with about 1-2 nm. Fluorescence
images are taken on ZEISS Axio Observer (Carl Zeiss Microscopy GmbH, Jena, Germany).
Transmission electron microscopy (TEM): Droplets (=5 uL, ~ 0.02 mg/mL) of the sample
solution are placed on ultrathin carbon film on copper grids (Ted Pella, Inc. USA), and the
supernatant liquid is removed by blotting with a piece of filter paper. The grids are air-dried at
least 40 min and are subsequently transferred into a TEM machine, Talos L120c transmission
electron microscope (ThermoFisher Scientific, USA), and operated at 200 kV.

Total internal reflection fluorescence (TIRF) microscopy

TIRF microscopy was used to quantify the interaction of single, R18-labelled Influenza A
viruses (IAV) with different glycostructures embedded in supported lipid bilayers (SLBs) with
different compositions as described.(79) The glycostructures originated from native red blood
cell membrane (RBCm) vesicles, zanamivir-conjugated lipids, or both. This method provides
information about various properties of the IAV-membrane interaction, such as the attachment
rate to the membrane, IAV mobility, and off-rate distributions regarding the different membrane
compositions. The measurements have been conducted as follows:

Materials:

POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine), and C16-PEGSk (N-palmitoyl-
sphingosine-1- {succinyl[methoxy(polyethylene glycol)5000]}) were purchased from Avanti
Polar Lipids Inc. (Alabaster, AL). DSPE-PEG-Zan was synthesized, as shown in Fig. S3. RBCm
vesicles were produced by disrupting human red blood cells and centrifugation as mentioned
above. R18 (octadecyl rhodamine B chloride), calcium chloride (=97 %), and Liquinox cleaning
solution were obtained from Sigma Aldrich (Steinheim, Germany). Phosphate buffered saline
was acquired from Carl Roth GmbH + Co. KG (Karlsruhe, Germany).

Supported Lipid Bilayer (SLB) Formation:

For the TIRF measurements, two batches of liposomes were generated, the lipid composition of
which are: (batch 1) 96.2 wt% POPC + 3.8 wt% C16-PEGS5k and (batch 2) 95.2 wt% POPC +
3.8 wt% C16-PEG5k + 1 wt% DSPE-PEG-Zan. The liposomes were generated by mixing the
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lipids (dissolved in chloroform) in a round flask, followed by drying the mixture in a steam of
dry nitrogen and in vacuum. After drying, the lipids were hydrated using PBS buffer (pH 7.4) to
the lipid content of 1 mg/mL, followed by small volume extrusion with a 100 nm polycarbonate
membrane. Batch 1 lacks any IAV attachment factors and allows to assess the unspecific IAV-
POPC interaction, while batch 2 exposes the sialic acid-analog zanamivir, allowing to assess the
homomultivalent IAV-zanamivir interaction.

In order to assess the IAV-RBCm interaction, two additional batches were generated by mixing
90 uL of either batch 1 or 2 (lipid content 1 mg/mL) with 10 L of RBCm vesicles (1 mg/mL).
The combination of batch 1 + RBCm vesicles allows for assessing the homomultivalent IAV-SA
interaction, while batch 2 + RBCm vesicles yield information about the binding enhancement by
heteromultivalent presentation of SA and zanamivir. The principle of generating hybrid liposome
solutions combining synthetic and native liposomes is performed in this study by mixing the
liposome solutions, followed by ultrasonication of the solutions at 37 °C for 30 minutes,
inducing transfer of material between the different liposome populations.

Prior to SLB formation, glass slides (No. 1 coverslips, 25 mm; Menzel Glas, Braunschweig,
Germany) were cleaned in a 0.5 vol% aqueous Liquinox solution of at 80 °C for 75 min.
Afterwards the glass slides were rinsed intensively with deionized water (Milli-Q; Merck
Millipore, Burlington, MA) and dried at room temperature. Home-made polydimethylsiloxane
(PDMS) piece with 6 wells was placed on the glass, and the (hybrid-)vesicle solution (lipid
content 0.33 mg/mL) was incubated in each well for approximately 10 minutes. The SLB is then
self-forming by adsorption and rupturing at high densities of the vesicles on the glass
surface.(26) Non-adsorbed vesicles were washed away by replacing the supernatant 10 times
with PBS (pH 7.4).

TIRF microscopy measurements:

An Nikon Eclipse Ti-E microscope (Nikon, Tokyo, Japan), equipped with a 100x Plan-Apo oil
immersion objective (NA 1.45, Nikon, Tokyo, Japan), a Zyla 4.2 sSCMOS camera (Andor,
Oxford, UK), and a white light source (Lumen 200; Prior Scientific, Cambridge, UK), was used
to record videos of IAVs interacting with (hybrid) SLBs with different membrane compositions.
TIRF microscopy videos with 1000 frames (acquisition rate 9 frames per second, exposure time
100 ms, 2 x 2 binning, the field of view 130 um x 130 um, pixel size 130 nm x 130 nm) were
recorded for each measurement condition to quantify the transient interaction of the IAVs with
the (h)SLB using single virus tracking and the equilibrium fluctuation analysis, (23, 24)
implemented by self-created MATLAB scripts.(79)
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Fig. S1. Extraction of RBCm from red blood cells.

(a) SDS page image that shows the protein components of lysed RBC and RBCm. (b) TEM
images for RBCm and corresponding size distribution by DLS. Scale bar: 400 nm.
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Fig. S2. Synthesis of zanamivir-alkyne.
(a) Synthesis of zanamivir-alkyne. (b) '"H NMR of zanamivir-alkyne in CDsOD at 500 MHz.

First, the protected Zanamivir-alkyne derivative 1 was synthesized by the procedure reported in
the literature by Wen et al. (1). The zanamivir derivative 1 (100 mg) was treated with 1 N aq.
NaOH (3 mL) at room temperature for 1 h. After the disappearance of starting material as
monitored by TLC, the reaction mixture was neutralized with H" resin (Dowex 50WX8) and
filtered off. The filtrate was concentrated to dryness and then taken with 5 mL. TFA/DCM (1:1)
and further stirred for 2 h at room temperature. The solvent was evaporated on rota-vapor. The
obtained crude product was washed with diethyl ether to get the desired deprotected zanamivir-
alkyne 2 as a white solid in 90% yield.
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'H NMR (500 MHz, CDsOD): & = 1.93 (s, 3H), 2.54 (t, 1H, ] = 2.4 Hz), 3.46-3.49 (m, 1H), 3.62
(dd, 1H, J=11.7, 2.6 Hz), 3.73-3.76 (m, 1H), 3.86-3.92 (m, 1H), 3.96-3.99 (m, 1H), 4.15 (t, 1H,
J=9.0Hz),4.37 (dd, 1H, J= 8.4, 2.1 Hz), 4.54 (dd, 1H, J=9.5,2.2 Hz), 4.98 (dd, 1H, J=9.0,
1.7 Hz), 5.87 (d, 1H, J= 2.3 Hz); HRMS (ESI): m/z calculated for C1sH>4N4O10: 436.1439
[M+Na"], found 436.1218.
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Fig. S3. Synthesis of DSPE-PEG conjugated zanamivir.

(a) Synthesis scheme for DSPE-PEG-Zan. (b) FTIR spectra DSPE-PEG-N; and DSPE-PEG-Zan,
respectively. (¢) "H NMR spectra for the DSPE-PEG-N; and DSPE-PEG-Zan in D,O at 500
MHz, respectively. (d) MALDI-ToF MS spectra for the DSPE-PEG-Zan.

100 mg DSPE-PEG-N3 (0.36 mmol) and 16.5mg Zanamivir-alkyne (0.4 mmol, 1.1 eq to N3
groups) are firstly dissolved in 10mL DMF/DI water (50/50). Then, 34.0 mg CuSO4 5H>O (0.72
mmol, 2.0 eq to N3 groups) is dissolved in 0.5mL DI water and then added sodium ascorbate
(1432.2 mg, 7.2 mmol, 20 eq with respect to N3 groups) in 1.0 ml H20. The resulted solution is
added to the solution of DSPE-PEG-N3 and Zanamivir-alkyne, and the mixture was degassed for
5 min and stirred at room temperature. The reaction is monitored by Fourier transform infrared
(FTIR) Spectroscopy (Nicolet 1S50, Thermofisher) and ceased when the characteristic peak of -
N3 at 2100 cm disappeared, which reveals the full conversion of DSPE-PEG-N; to DSPE-PEG-
Zan. It takes 2 days to complete the reaction due to the large side group (DSPE-PEG) coupled to
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-N3. The reaction mixture is dialyzed against 5 mg/mL EDTA solution for 2 days to remove
copper and then against DI water for 4 days. The final product is collected by lyophilization and
again checked by IR, and no peak at 2100 cm! is detected, indicating the final compound is free
of DSPE-PEG-Ns. The end group analysis from MALDI-ToF MS furthere verifies the synthesis
of DSPE-PEG-Zan.
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Fig. S4. NA inhibition by the lipid vesicles containing zanamivir.
NA activity of influenza A/X31 (H3N2) being incubated with the vesicles. Values are expressed
as mean +=SD, n=6.
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Fig. SS. Snapshots for the virus binding to the homomultivalent and heteromultivalent
surfaces.

Single particle analysis for the transient viral binding (a) and permanent binding (b),
respectively. Typically, when a virus is approaching the surface, it interacts with single sialic
acid in a monovalent binding manner at the beginning. In the next few seconds, the virus
circulates on the surface in order to recruit sialic acid to achieve multivalent and stable binding
on the surface, and if enough sialic acid in recruited, the binding is stable, and the virus can stay
at the surface permanently. Full videos are shown in Movie S1-S2.

10

92



a
\
oN?
°‘V

nanobowl

Carbonization

-ﬁ

c"re,.\
SiO,@RF Si0,@Carbon Moye

nanosphere
b OH OH
‘ Sata
o] ammonia solution, r.t i T 8. 0
— g OQ
5 W),
H JL H
formaldehyde carbon network

Fig. S6. Synthesis of nanoparticles with matched shape to IAV virions.

(a) Synthesis of the nanobowl and nanosphere via a carbonization-core removal process. RF:
resorcinol-formaldehyde polymer. (b) Schemes for the synthesis procedure. (¢) Corresponding
SEM images for the nanoparticle at each step. Scale bar: 200 nm.
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Fig. S7. Structures of the nanoparticles synthesized under different conditions.
Effects reaction time and carbonization temperatures on the morphologies of the nanoparticles.
To obtain a bowl-like nanoparticle, fine-tuning of the thickness and rigidity of the carbon
layer is necessary. In our synthesis, the thickness of the carbon layer is tuned by the reaction time
of the initial RF layer, where prolonged polymerizing time increases layer thickness. The layer
rigidity is regulated by the carbonization temperature since that higher temperatures gave more
sp- carbons into the carbon network. As shown, if the carbon layer is too flexible, the
morphology cannot be maintained after removing the core material, and the hollow particle
collapses like a soft hollow capsule. Increasing the carbonization temperature helps shape up the
morphology, but in the case of low reaction time and high carbonization temperature, the
particles are cracked into the fragments during the etching process. Therefore, to obtain a curved
surface, a suitable carbonization temperature is necessary. In the case of suitable carbonization
temperature, increasing the reaction time gives a spherical carbon nanoparticle, which is used as
a spherical counterpart to study the effects of surface morphology on the interaction with IAV.
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Fig. S8. Characterization of RBCm coated nanoparticles.

(a) HAADF-STEM images and corresponding elemental mapping for revealing the element
distribution on the surface of NB-RBCm. Red: carbon; yellow: oxygen; green: nitrogen; violet:
phosphorus. Nitrogen and phosphorus are the characteristic elements for the RBCm. (b)
Dynamic light scattering (DLS) data for the nanocarbons with (w) and without (w/0) the coating
of RBCm. Values are expressed as mean + SD, n=4. (¢) Sialic acid contents for the NS-RBCm
and NB-RBCm. Values are expressed as mean + SD, n=6. (d) SDS-PAGE for the RBCm and
NB-RBCm.
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Fig. S9. Stability of RBCm coating on the nanoparticles.

(a) TEM image for the NB-RBCm that has been stored in PBS in 4 °C for 2 months to
demonstrate its good stability. (b) Protein amounts, (c) nanoparticle sizes, and (d) zeta potentials
for the freshly prepared RBCm coated nanoparticles and the ones that have been stored in 4 °C
for 2 months. Values are expressed as mean + SD, n=4.
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Fig. S10. Inhibition of IAV infection by RBCm coated homomultivalent nanostructures.
(a) Typical immuno-fluorescent staining images of viral NP to show the infected cells with the
treatment of the NS-RBCm and NB-RBCm. Scale bar: 50 um. (b) the counting of infected cells
from the fluorescent images. At least 4 images with more than 5, 000 cells are included in the

counting. (c) Viability of the cells during the infection with the treatment of NS-RBCm. Values
are expressed as mean + SD, n=4.
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Fig. S11. . Binding of IAV virions by RBCm coated nanostructures.

(a) Western blot image for the IAV particles that have been centrifuged at 10, 000 rpm for 10
min in the absence and presence of RBCm. (b) Western blot images for the IAV centrifuged with
the nano-mhibitors and the corresponding band intensity analysis. Values are expressed as mean
+ SD, n=4. (c) Negatively stained TEM images for the virions of A/X31 (H3N2) and its binding
to nanoparticles.

16

98



mock NB-Zan

Fig. S12. Inhibition of IAV infection by zanamivir functionalized homomultivalent
nanostructure.

Immunofluorescent staining images of cells infected with IAV in the presence or absence of NB-
Zan for expression of viral NP. Scale bar: 50 pm. The infected cells are marked red by Alexa
fluor 594, while the total cells are marked blue by DAPL
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mock NB-RBCm Hetero-MNB

Fig. S13. Inhibition of IAV infection by homo- and hetero-multivalent topography-
matching nanostructures.

(H3N2) A/PR/8/34 (H1IN1)

A/Bayern/63/2009 A/Pananma/2007/1999
(H1IN1pdm)

Typical immunofluorescent staining images of viral NP to infection inhibition towards 3 typical

human IAV strains, including A/PR/8/34 (HIN1), A/Panama/2007/1999 (H3N2) and
A/Bayern/63/2009 (HIN1pdm). Scale bar: 50 um. The infected cells are marked red by Alexa
fluor 594 (red), while the total cells are marked blue by DAPI (blue).
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Fig. S14. Cellular toxicity of the hetero-multivalent topography-matching nanostructure.
Cellular toxicity on MDCK-II cells and inhibition of infection for Hetero-MNB at different

concentrations. Values are expressed at mean +SD, n=4.
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Fig. S15. Inhibition of zanamivir-resisting IAV infection by the hetero-multivalent
topography-matching nanostructure.

Inhibition of viral propagation of the zanamivir resisting influenza strain (A/BLN/28/2012) for the
inhibitors. The inhibitors were added to the culture medium after the initial infection of the cells.

Values are expressed at mean £SD, n=4.
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Movie S1. Video for the transient viral binding to the surface.

Movie S2. Video for the permanent viral binding to the surface.
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4 Summary and outlook

In this thesis, nanoparticle-based IAV inhibitors are developed via a combination of
heteromultivalent structures and topography-matching nanoparticles. Firstly, the geometry-
matching principle was studied by using nanoparticles with different spiky nanostructures on
the surface. The topography of IAV virion was obtained from cryo-EM images, where a gap
between HA and NA was noticed. With geometry modelling, it was revealed that compared
with smooth surfaces, spiky surfaces were more favored for the virus interaction due to the
increase of the interface area by spiky nanostructures. At a suitable spike length and spacing,
the spikes could firmly insert into the gap of HA and NA, resulting in maximized area.
Accordingly, the spiky nanoparticles were synthesized for the proof of concept and in a
western-blot-based binding study. It was confirmed that nanoparticles with short spikes
(approx. 10 nm in length and 10 nm spacing) were the best binders for IAV virions. The cryo-

EM images further verified the insertion of spikes into the protein gap at this case.

Even the spiky nanoparticles bound 1AV virions, they were not considered to effective
IAV inhibitors, due to that the binding was not strong enough to compete IAV-cell interaction.
To obtain a potent inhibitor, the surface of spiky nanoparticles was further functionalized by
RBCm to enhance the virus-inhibitor interaction. The RBCm coat nanoparticle bound
strongly to 1AV virion, hence blocking the 1AV interaction with its host cells, which was
confirmed by confocal laser scanning microscopy (CLSM) and flow cytometry. The cellular
infection study of IAV showed a clear decease of infected cells with RBCm coated
nanoparticle dispersed in the medium. As expected, the RBCm coated the nanoparticle with
short spikes was the best inhibitor, showing > 90% reduction of infected cells. The inhibitor
was also able to reduce the viral replication, for which 99.9% reduction of viral titers after
24 hours of infection. Being co-used with a small dose of an NA inhibitor, zanamivir, the
reduction of viral titers after 24 hours achieved 99.99%, possible due to the enhancement of

IAV-inhibitor interaction by zanamivir.

In the second project, a potent IAV inhibitor was developed by combining spiky
nanostructures with heteromultivalent surface functionalization. Two homo-multivalent
polymeric structure, linear polyglycerol (LPG) functionalized 6’-silalylactose (LPG-SAL)
and zanamivir (LPG-Zan) were synthesized and conjugated to the surface of nanoparticle
with 10 nm spikes, the best viral binder from the first study, via click chemistry. After the
functionalization, the inhibitor could engage HA and NA simultaneously for a robust binding,
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while the matched geometry to 1AV increased the interaction area and further enhanced the
virus-inhibitor binding. In the CLSM-based virus binding assays, it was noticed that the
inhibitor almost abolished the virions on the cell surface and the cellular infection assays
showed few-to-none infected cells in the presence of the inhibitor at a MOI of 0.1. Being
used after the first cycle of infection, the inhibitor showed virus-inhibition activity with a 6
order of magnitude reduction of viral propagation. Even being used 24 hours after the first
cycle of infection, a 5 order of magnitude reduction of viral propagation was also noticed,
demonstrating the potency of the inhibitor. The inhibitor was also found to be active against
three 1AV strained circulated in human, A/X31 (H3N2), A/PR/8/34 (H1N1), and
A/Panama/2007/1999 (H3N2), revealing its potential to be a broad-spectrum IAV’s inhibitor.
It was noticed that the heteromultivalent inhibitor was much better than the homo-multivalent
ones, which proves our hypothesis that heteromultivalency could further increase virus
inhibition.

In the final project, a new geometry-matching nanostructure towards IAV virion was
studied, a nanobowl with concave morphology that could cap the surface of virion. A carbon-
based nanobowl was synthesized and functionalized by RBCm and zanamivir. For the
generation of heteromultivalent surface, zanamivir was grafted to DSPE-PEG2000, which
could be inserted into the lipid bilayer of RBCm via hydrophobic interactions. In this project,
we also revealed the broad-spectrum virus binding ability of RBCm, which could bind the
virions of A/X31 (H3N2), A/PR/8/34 (H1N1), and A/Panama/2007/1999 (H3N2) at a
binding constant in nanomolar range. By TIRF microscopy, we noticed that zanamivir
significantly increased the virion binding to RBCm, with increased ‘on-rate.” The virions
were also found to stay on the heteromultivalent surface of RBCm and zanamivir for a longer
time with more tracks than RBCm, revealing the zanamivir could help stabilize the virions.
The stabilization of virions increased the virion binding. The inhibitor, nanobowl
functionalized with RBCm and zanamivir showed robust inhibition towards 1AV, revealed
by virion binding studies and cellular infection assays. Due to the broad-spectrum IAV-
binding ability, the inhibitor was found to the active against A/X31 (H3N2), A/PR/8/34
(HIN1), A/Panama/2007/1999 (H3N2) and a newly emerged A/Bayern/2009 (H1N1pdm).

Conclusively, potent influenza inhibitors were obtained by combining
heteromultivalency with geometry-matching topographies. The scientific goals were met by
the three above-mentioned individual projects. As most of enveloped virions enter the host
cells via similar pathways, it is envisioned such a strategy could be universal for the
development of entry inhibitors for other virus strains. For example, the receptor of severe
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acute respiratory syndrome coronavirus (SARS-CoV) and SARS-CoV-2 has been identified
to angiotensin-converting enzyme 2 (ACE2) that is expressed in abundant cell lines.[2, 91-
93] Taking the membrane of their host cells and combining with the geometry-matched

nanoparticles is envisioned to result in a coronavirus inhibitor.[94]

The core materials used in these projects are indeed mesoporous nanoparticles that can
be used as carrier systems. Loading pharmaceuticals into the nanostructures might promote
the development of new heteromultivalent structures and multifunctional systems.[95-96] It
should be noted that, for a proof-of-concept study, the nanoparticles in this PhD thesis are
bioinert SiO2 or carbon nanostructures and avoid the side effects of unspecific biological
interactions. They are also not biodegradable in biological conditions, therefore may not be
suitable as a clinical therapeutic for influenza infections. Nowadays, numerous new
nanostructures with special topography are reported with higher potential for in vivo and
clinical usages, which can be considered for the future development of virus inhibitors.[97-
100]
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4 Zusammenfassung und Ausblick

In der vorliegenden Arbeit wurden nanopartikelbasierte IAV-Inhibitoren ber eine
Kombination von heteromultivalenten Strukturen und topografischer Anpassung entwickelt.
Zun&hst wurde das Prinzip der Geometrieanpassung durch die Verwendung von
Nanopartikeln mit unterschiedlich stacheligen Nanostrukturen auf der Partikelobberfl&he
untersucht. Die Topografie von Influenza A Viruspartikeln wurde aus Kryo-EM-Bildern
gewonnen, wobei Freir&me zwischen den Spikeproteinen HA und NA festgestellt wurden.
Bei der Oberfl&chenanpassung von Nanopartikeln stellte sich heraus, dass stachelige
Oberfl&hen im Vergleich zu glatten Oberfl&hen fUr eine Interaktion mit VirengUnstiger
waren. Vermutlich 1&sst sich diese Beobachtung auf eine grdf&re Interaktionsfl&he zwischen
viralen Spikeproteinen und den Nanostacheln der Nanopartikel zurtckfthren. Anhand von
Bindungsstudien und Westernblotanalysen konnte gezeigt werden, dass Nanopartikel mit
kurzen Stacheln (ca. 10 nm Lé&nge) und einem durchschnittlichen Stachelabstand von 10 nm
die besten Bindungseigenschaften gegeniber IAV-Partikel aufwiesen.  Kryo-EM-
Aufnahmen stiizten weiter die Bindung und Verzahnung von stacheligen Nanopartikel mit

viralen Spikeproteinen.

In zellbasierten Infektionsstudien konnten die stacheligen Nanopartikel jedoch keine
effiziente IAV-Inhibition herbeifthren, weswegen weitere Optimierungsarbeiten notwendig
waren. Erst (ber eine  Oberfl&henbeschichtung der  Nanopartikel — mit
Erythrozytenmembranen (RBCm) konnte eine signifikante Virus-Nanopartikel-Interaktion
in Zellbindungsstudienerzielt werden. Die Studie zur zellul&en Infektion der IAV zeigte
ein deutliches Absterben infizierter Zellen mit RBCm-beschichteten Nanopartikeln, die im
Medium dispergiert waren. Wie erwartet, war das RBCm, das das Nanopartikel mit kurzen
Spikes beschichtete, der beste Inhibitor und zeigte eine Reduktion der infizierten Zellen um >
90%. In Gegenwart von stacheligen und membranbeschichteten Nanopartikeln war eine
virale Replikation 24 h nach Infektion drastisch reduziert (~99.9%). Bei gleichzeitiger
Zugabe einer geringen Dosis des NA-Hemmers Zanamivir konnte der Titer sogar um 99,99%

reduziert werden.

In einem zweiten Projekt wurde ein wirksamer IAV-Inhibitor entwickelt, bei dem
stachelige Nanostrukturen einer heteromultivalenten Oberfl&henfunktionalisierung
unterzogen wurden. Die beiden homo-multivalenten Polymerstrukturen, lineares
Polyglycerin (LPG) funktionalisiert mit 6'-Sialyllactose (LPG-SAL) oder Zanamivir (LPG-

Zan) wurden synthetisiert und mittels Click-Chemie an die Oberfl&he stacheliger
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Nanopartikeln konjugiert. Durch diese Kombinationsstrategie soll die Virusbindung weiter
verstakt werden. In zellbasierten Infektionsstudien zeigte sich in Gegenwart dieser
Inhibitoren eine stark reduzierte Infektion von Zellen. Bei Anwendung des Inhibitors nach
dem ersten viralen Replikationszyklus zeigte der Inhibitor eine Reduktion der
Virusvermehrung um 6 Grd%nordnungen. Selbst bei Anwendung 24 h nach dem ersten
Replikationszyklus wurde eine Reduktion der Virusvermehrung um 5 Grd&nordnungen
festgestellt, was die antivirale Wirksamkeit des Inhibitors untermauert. Es wurde auch
festgestellt, dass der Inhibitor gegen drei beim Menschen zirkulierende IAV-Sténme (A/X31
(H3N2), A/PR/8/34 (H1N1) und A/Panama/2007/1999 (H3NZ2)) wirksam ist, was sein
Potenzial als Breitband-IAV-Inhibitor offenbart. Es hat sich gezeigt, dass der
heteromultivalente Inhibitor signifikant besser war als die homo-multivalenten Polyglycerole
allein. Damit konnte unsere Hypothese, dass Heteromultivalenz die Virushemmung weiter

erh&ht bewiesen werden.

In einem weiteren Projekt wurden neue, der sph&ischen Virusgeometrie angepasste
Nanostruktur gegen IAV untersucht. Nanoschalen mit konkaver Morphologie, die der
Oberfl&he von Viruspartikeln angepasst sind eigneten sich hervorragend fir eine
Virusbindung. HierfUr wurde eine Nanoschale auf Kohlenstoffbasis synthetisiert und mit
RBCm und Zanamivir funktionalisiert. Zur Erzeugung einer heteromultivalenten Oberfl&he
wurde Zanamivir auf DSPE-PEG2000 in die Lipiddoppelschicht eines RBCm Mantels von
Nanopartikeln eingebracht. In diesem Projekt deckten wir auch eine breitwirksame
Bindungsfénigkeit von Viren an die mit RBCm beschichteten Nanoschalen auf. FUr die
Virustypen A/X31 (H3N2), A/PR/8/34 (H1IN1) und A/Panama/2007/1999 (H3N2) konnten
bis zu nanomolare Bindungskonstanten ermittelt werden. Mit Hilfe der TIRF-Mikroskopie
stellten wir fest, dass Zanamivir die Virionen Bindung an RBCm signifikant erhcnt, was auf
eine erhdhte Bindungsrate (‘On-Rate’) zurickgefihrt werden konnte. Es zeigte sich auch, dass
die Virionen l&nger auf der heteromultivalenten Oberfl&he von RBCm und Zanamivir mit
h&heren Anteilen an RBCm verblieben, was zeigt, dass das Zanamivir zur Stabilisierung der
Virionen beitragen k&inte. Der Inhibitor, eine mit RBCm und Zanamivir funktionalisierte
Nanoschale, zeigte dariber hinaus eine eindrucksvolle Hemmung gegeniber IAV, was durch
Virionenbindungsstudien und zellul&e Infektionstests nachgewiesen wurde. Aufgrund des
breiten Spektrums der IAV-Bindungsfénigkeit wurde der Inhibitor als aktiv gegen A/X31
(H3N2), A/PR/8/34 (HIN1), A/Panama/2007/1999 (H3N2) und A/Bayern/2009 (HIN1pdm)

gefunden.

Fazit: Durch die Kombination von Heteromultivalenz mit geometrisch passenden
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Topografien konnten wirksame Influenzahemmer generiert werden. Die wissenschaftlichen
Ziele wurden durch die drei oben beschriebenen Einzelprojekte erreicht. Da die meisten
umhdlten Virionen tber &nliche Mechanismen in die Wirtszellen gelangen, k&nnte eine
solche Strategie universell fUr die Entwicklung von Eintritts Hemmern fU andere
Virusstamme eingesetzt werden. So wurde zum Beispiel der Rezeptor des Coronavirus des
schweren akuten respiratorischen Syndroms (SARS-CoV) und des SARS-CoV2 fir das
Angiotensin-konvertierendes Enzym 2 (ACE2) identifiziert, das in einer Vielzahl von
Zelllinien exprimiert wird.[2, 91-93] Man nimmt die Membran ihrer Wirtszellen und
kombiniert sie mit den geometrisch angepassten Nanopartikeln, um einen Coronavirus-
Inhibitor zu erhalten.[94]

Die Kernmaterialien, die in diesen Projekten verwendet werden, sind in der Tat
mesopor&e Nanopartikel, die als Tr&gersysteme verwendet werden kéinten. Das Einbringen
von Pharmazeutika in die Nanostrukturen k&nnte die Entwicklung neuer heteromultivalenter
Strukturen und multifunktionaler Systeme vorran bringen.[95-96] Es soll angemerkt werden,
dass fiir eine ,,Proof-of-Concept“-Studie die Nanopartikel in dieser Doktorarbeit bioinerte
SiO2- oder Kohlenstoff-Nanostrukturen repr&entieren, um die Nebenwirkungen
unspezifischer biologischer Wechselwirkungen zu vermeiden. Sie sind nicht biologisch
abbaubar und eignen sich daher mdglicherweise nicht als klinisches Therapeutikum zur
Behandlung der Influenza. Heutzutage wird von zahlreichen neuen Nanostrukturen mit
ausgeklUgelten Topografien berichtet, fUr die ein h&neres Potential in Tiermodellstudien
gezeigt wurde. Diese Neuentwicklungen lassen auf einen vielversprechenden Trend hin zur

Entwicklung von klinisch anwendbaren, antiviralen Virushemmern hoffen.[97-100]
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