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The mechanism(s) by which cell-tethered mucins modulate infec-
tion by influenza A viruses (IAVs) remain an open question. Mucins
form both a protective barrier that can block virus binding and
recruit IAVs to bind cells via the sialic acids of cell-tethered mucins.
To elucidate the molecular role of mucins in flu pathogenesis, we
constructed a synthetic glycocalyx to investigate membrane-
tethered mucins in the context of IAV binding and fusion. We
designed and synthesized lipid-tethered glycopolypeptide mimics
of mucins and added them to lipid bilayers, allowing chemical
control of length, glycosylation, and surface density of a model
glycocalyx. We observed that the mucin mimics undergo a confor-
mational change at high surface densities from a compact to an
extended architecture. At high surface densities, asialo mucin
mimics inhibited IAV binding to underlying glycolipid receptors,
and this density correlated to the mucin mimic’s conformational
transition. Using a single virus fusion assay, we observed that
while fusion of virions bound to vesicles coated with sialylated
mucin mimics was possible, the kinetics of fusion was slowed in
a mucin density-dependent manner. These data provide a molec-
ular model for a protective mechanism by mucins in IAV infection,
and therefore this synthetic glycocalyx provides a useful reduction-
ist model for studying the complex interface of host–pathogen
interactions.

influenza A virus | mucin | glycobiology

Influenza A virus (IAV) infection requires the virus to pass
through a dense network of large, heavily O-glycosylated pro-

teins known as cell-tethered mucins (Fig. 1A) (1–7). These gly-
coproteins predominantly consist of carbohydrates by weight
despite possessing primary sequences of up to several thousand
amino acids. Thus, they constitute a substantial component of
the glycocalyx—the sheath of glycoproteins, glycolipids, glyco-
conjugates, and polysaccharides that coat a cell. The majority of
mucin glycans are terminated with sialic acids, the preferred li-
gand for hemagglutinin-mediated IAV binding (2, 3, 8). Cell-
tethered mucins have been proposed to create a steric barrier
to IAV binding, which is supported by the up-regulation of
specific mucin proteins in response to infection and the obser-
vation that expression levels of specific mucins correlate with
reduced infectivity (5, 6, 8). However, sialic acids on cell-
tethered mucins have also been shown to serve as specific
binding partners for IAV (7, 8), and recent work has shown that
once tethered, IAV fusion is independent of receptor identity
(9). Given these seemingly competing properties of cell-tethered
mucins as both a potential binding partners and steric barriers,
the contributions of mucins to IAV pathogenesis remain unclear
in part due to a lack of molecular detail.
Natural mucins have been difficult to study due to their pro-

tein sequence and glycan heterogeneity. Synthetic glycopolymers
have been employed as mucin mimetics to overcome these chal-
lenges for biological studies (10–17). The use of glycopolymers
allows for precise molecular control over glycan structure and

polymer length, reducing the heterogeneity represented in natural
mucins. Godula and coworkers (12, 13) have used glycopolymers
bearing terminal sialic acids of different linkages to screen neur-
aminidase inhibitors against influenza infection. When glycopol-
ymers are applied to cellular infectivity assays, results can still lack
molecular detail. To address the confounding factors in cell-based
assays, model membrane systems have been used to independently
assess binding and fusion. Single virus studies with model mem-
branes have been instrumental in describing fusion intermediates
(18–22) and potential druggable targets (23, 24). These single virus
platforms are oversimplified with respect to mimicking the gly-
cocalyx, and the bulky network of glycoproteins, glycoconjugates,
and polysaccharides is often reduced to an assortment of glyco-
lipids, if it is included at all.
Here, we create a synthetic glycocalyx to address outstanding

molecular questions of how IAV interacts with membrane-
tethered mucins in binding and fusion events. We combine our
single-virion approach with lipid-tethered glycopolypeptide mu-
cin mimics to construct a synthetic, chemically defined glycocalyx
on a tunable membrane platform. We designed and synthesized
glycopolypeptide polymers that were initiated with membrane-
inserting lipid anchors and were O-glycosylated with the terminal
ligand-bearing motifs of mucin-type O-glycans, including sialic
acids. We inserted these constructs into supported lipid bilayers
(SLBs) (Fig. 1B) or tethered vesicles (Fig. 1C) to create synthetic
glycocalyces. We found that, when tethered to a membrane,
these mucin mimics undergo a conformational transition from
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compact at low surface densities to extended structures at high
surface densities, consistent with polymer brush theory. Using
our synthetic glycocalyx, we discovered that IAV binding to
underlying glycolipid receptors is inhibited in the presence of
asialo mucin mimics only at surface densities at which the
mimics were extended. We further observed that IAVs di-
rectly interacting with sialylated mucin mimics are able to
undergo fusion, and that the kinetics of fusion is also modu-
lated in a surface density-dependent manner congruent with
the conformational transition. These data suggest a host-
protective mechanism of cell-tethered mucins in influenza
infection.

Results
Design and Synthesis of Glycopolypeptide Mucin Mimics. In order to
construct a synthetic glycocalyx, we required chemically defined
mucins that could be tethered to a bilayer. To mimic the struc-
tural elements of native mucins, we chose to synthesize glyco-
polypeptides by N-carboxyanhydride (NCA) polymerization.
Importantly, NCA-derived glycopolymers have been shown to
possess secondary structures found in natural mucins (16, 25).
The glycopolymers were initiated from lipid-bearing organo-

metallic species based on previous studies using nickel(II) leu-
cine amides as polymerization initiators (16, 25–27). The lipid
tail identities were chosen based on examples of anchors of
displaying varying stability and insertion properties (28). A small
panel of lipid-leucine precatalysts were synthesized, 1a–d (SI
Appendix, Figs. S1–S5), and these lipidated initiators successfully
copolymerized NCA monomers 3 and 4 (SI Appendix, Fig. S2)
into mucin mimics MM1–5 with low dispersities (Ð = 1.1 to 1.2)
and chain lengths of >100 residues (Fig. 2A).
We introduced terminal sialic acids by enzymatic methods

directly onto the glycopolymer scaffolds. Small-scale reactions
showed that the promiscuous α-2,6-sialyltransferase Pd26ST us-
ing CMP-Neu5Ac as a donor sugar was able to sialylate theMM6
scaffold (SI Appendix, Fig. S6) (29, 30). To scale the reaction, a
CMP sialic acid synthetase (NmCSS) was added along with CTP
and Neu5Ac to generate CMP-Neu5Ac in situ. This one-pot
multienzyme system was used to sialylate poly-(lactosyl)serine-
co-alanine scaffolds to afford sialylated mucin mimics MM7–9

(Fig. 2B). Regiospecificity of this transferase has been previously
demonstrated (30, 31), and we observed only α-2,6-sialosides, as
determined by NMR spectroscopy analyzing the shift of the 3″-
axial proton (SI Appendix, NMR spectral data for MM7–9). We
found that using a scaffold containing a 1:1 mixture of Ala:-
Ser(Lac) gave ∼50% sialylation of lactose glycans, independent
of polymer length (DP [degree of polymerization]) or lipid tail
(Fig. 2 A and B). Several α-2,3-sialyltransferases were tested
(e.g., PmST1Δ24, PmST3, CstI) (29, 31–33), but none were able
to functionalize the lactose units under literature conditions.
Finally, the free N termini of the glycopolypeptides were ac-

ylated with commercially available Alexa Fluor 488 (AF488)
NHS ester, and size exclusion chromatography was used to
separate free dye. With this modular and tunable workflow, we
synthesized a panel of dual-end functionalized glycopolypep-
tides bearing terminal glycan structures found on native mucins
(Fig. 2A).
We analyzed secondary structure of our mucin mimics by

circular dichroism (CD). CD has previously been used to de-
termine secondary structures adopted by NCA-derived poly-
peptides. Previous work has shown that glycopolypeptides can
adopt α-helices, random coils, or mucin folds depending on
glycan identity, glycosylation density, and copolymer composi-
tion (16, 25). We observed that both the asialo and sialylated
(MM2 and MM7, respectively) mimics adopted a random-
coil–type structure in solution (SI Appendix, Fig. S7). Mucin
mimics of varying lengths (MM2 and MM5, respectively) also
had similar structures (SI Appendix, Fig. S8).

C14 Anchors Afford Mucin Mimics with Efficient and Stable Insertion
into Fluid Membranes. We compared incorporation and parti-
tioning of each mucin mimic into a membrane via insertion into
small unilamellar vesicles (SUVs) and SLBs with quantification
by fluorescence microscopy. SLBs were created in a microfluidic
flow cell by rupturing SUVs formed through extrusion (34). An
equimolar amount (0.1 nmol) of each mucin mimic labeled with
AF488 (MM1–4) bearing a different lipid anchor was added
above separate SLBs and allowed to incorporate (t = 1 h) before
rinsing with citrate buffer (pH 7.2). The AF488 intensity from
polymer insertion was then quantified using fluorescence microscopy

Target cell

    cell tethered 
         MUC

   Influenza A virus 
            (IAV)  membrane tethered 

        synMUC

 TR-labeled 
IAV envelope

y

   enzymatically 
sialylated synMUC

BA

NH

HN
O

O

Me

NH
O

O

O

O
O

HO

OH
HO O

OH
HO

OH

O
O

HO

OH
HO O

OH
HO

OH

O

OHHO
AcHN

OHHO
COO-

O

OH

NH

HN
O

O

Me

NH
O

O

O

O
O

HO

OH
HO O

OH
HO

OH

O
O

HO

OH
HO O

OH
HO

OH

OH

OH

C

AF488

Gal Glc Neu5Ac

Fig. 1. (A) IAV infection is inhibited by mucin (MUC) expression. IAV particles first encounter mucosal epithelia in the respiratory tract—the initial site of
infection. Access to cell surfaces is blocked by tethered mucins (blue). (B) Schematic showing supported bilayer displaying membrane-tethered synthetic MUC
(synMUC) preventing IAV binding to sialylated glycolipid. (C) Schematic showing lipid mixing between IAV particles bound to a target vesicle displaying
membrane-tethered sialylated synMUC. Schematics not drawn to scale. Membrane-tethered chemically defined synthetic mucins based on a polypeptide
scaffold are glycosylated with terminal glycans that mimic the motifs found on the termini of native mucin glycans.
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relative to a standard curve of a known concentration of AF488-
DOPE in a bilayer (SI Appendix, Fig. S9). As seen in Fig. 3A,
MM1 bearing a cholesterylamine inserted to the greatest extent.
For the bisalkyl glyceryl lipids, we observed that as the carbon
chain length of the lipid decreased, insertion increased (MM4 <
MM3 < MM2).
We examined membrane partitioning of mucin mimics bearing

different anchors to ensure stability of insertion when challenged
with another membrane, which is critical for studying interac-
tions with enveloped viruses such as IAV. SLBs were formed and
mucin mimics were incorporated and washed thoroughly as de-
scribed above. SUVs containing a Texas Red (TR) fluorophore
(0.1 mol% TR-DHPE) were then added to the microfluidic
device and incubated with the SLBs for 3 to 5 min. The in-
cubated SUVs were extracted from the sample chamber, diluted
1:100, deposited on glass, and imaged for AF488/TR colocali-
zation (35). Vesicles that have colocalization of TR and AF488
indicate that the anchored mucin mimic is able to partition from
the SLB into the incoming vesicles. Only the cholesterylamine
anchor displayed colocalization above background (Fig. 3C). The
partitioning of the cholesterylamine anchor makes it unsuitable
to study phenomena that rely on stable membrane tethers. As
shown in Fig. 3 A and B, the C14 anchored mucin mimics had the
highest insertion efficiency among the membrane-stable anchors.
Thus, it was exclusively employed as the anchor for all influenza
binding and fusion experiments (MM2, 5, 7, and 8).
We assessed diffusion of the mucin mimics using fluorescence

recovery after photobleaching (FRAP). SLBs were created and
mucin mimics were inserted as previously described. All targets
were found to have lateral diffusion coefficients, D, within error

of AF488-labeled DOPE, indicating that the mucin mimics of all
anchors tested are comparably fluid in the SLBs between 0.005
and 0.1 mol% loading (SI Appendix, Table S1).

Mucin Mimics Undergo a Surface Density-Dependent Conformational
Change. We assessed the extension length of the mucin mimics
anchored in a membrane as a function of mimic concentration
using fluorescence interference contrast microscopy (FLIC) and
dynamic light scattering (DLS) as complementary methods.
FLIC is an interferometric method where the interference be-
tween the direct and reflected light of a fluorophore in close
proximity to a flat mirrored surface (Si) modulates the fluores-
cence intensity as a function of the distance between the fluo-
rophore and the mirror. This technique was developed by
Lambacher and Fromherz and has since been used to calculate
extension heights (36–39). Using a fabricated chip of varying
silicon dioxide heights on a silicon support, we were able to
measure the fluorescence intensity as a function of silicon di-
oxide height (Fig. 4A). As the distance of the fluorophore from
the surface increases, the peak fluorescence intensity shifts to
lower silicon dioxide heights. We incorporated MM2 at low and
high surface concentrations into a bilayer to determine the
FLIC-derived heights of the longest mucin mimic. At low surface
concentrations near 0.01 mol% MM2, the AF488-labeled N
terminus of MM2 resided on average within error of AF488-
labeled DOPE (Fig. 4B). At estimated surface concentra-
tions >>0.01 mol%, we observed a shift of peak fluorescence
intensity to lower silicon dioxide heights, indicating an extension
of AF488 away from the bilayer (Fig. 4A). At estimated surface
concentrations >>0.01 mol%, the AF488-labeled N terminus of

A AF488
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(DP)

# Length 
(DP)

Mn 
(kDa)

Lipid 
Anchor

Neu5Ac 
Valency

MM1 98 28.9 CholA 0

MM2 93 23.6 C14 0

MM3 101 24.7 C16 0

MM4 107 26.5 C18 0

MM5 33 8.7 C14 0

MM6 125 30.4 none 0

MM7 93 23.6 C14 21

MM8 32 11.1 C14 8

MM9 125 40.0 none 31

MM10 30 7.8 none 0

Gal
Glc
Neu5Ac

B

Fig. 2. NCA-derived mucin mimics for a synthetic glycocalyx. (A) Labeling of mucin mimics used in this work. Mucin mimetic polymers were initiated off of
lipid-functionalized initiators (orange) and contain a 1:1 mixture of alanine and O-lactosyl serine (blue). The average length is controlled by the ratio of
monomer to initiator (see table). The N terminus of the polypeptide is functionalized with Alexa Fluor 488 for quantitation. DP is the degree of polymeri-
zation; Mn is the number average molecular weight. (B) The α-2,6-sialyltransferase from Photobacetrium damsela (Pd26ST) efficiently elaborates lactosyl
residues on a poly[Ala0.5-co-Ser(Lac)0.5]n scaffold from in situ-generated CMP-Neu5Ac.
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MM2 was best fit by a calculated intensity curve for AF488 ex-
tended 10.6 ± 3.7 nm from the SLB (Fig. 4A).
To independently assess the FLIC extension length, DLS was

used to examine the polymer length in SUVs. When high con-
centrations of MM2 (>0.01 mol%) were loaded into vesicles, an
increase in the effective diameter of 23.2 ± 3.2 nm (SD) was
measured, which predicts the extension length of the polymer at
high loading capacity to be just over 10 nm (SI Appendix, Fig.
S12). We found MM5 had one-third the effective diameter in-
crease of MM2 (6.1 ± 3.5 nm [SD]), which is consistent with
MM5 having one-third of the DP of MM2.

Tethered Mucin Mimics Inhibits Influenza Binding to Glycolipids in a
Surface Density-Dependent Manner. Single influenza virus-binding
assays were performed in a microfluidic device to measure the
impact of tethered mucin mimics on IAV binding to underlying
ganglioside receptors. GD1a was used a model sialic acid re-
ceptor because its interaction with IAV has been rigorously

quantified, GD1a can be directly reconstituted into the bilayer at
a quantified constant amount relative to increasing mucin den-
sity, and the terminal sialic acids reside close to the surface of the
bilayer (40–42). Without GD1a present, there is no significant
binding of IAV to SLBs with MM2 or MM5 (SI Appendix, Fig.
S13). SLBs were formed from SUVs containing a fixed 2 mol%
GD1a (70POPC/20DOPE/10chol/2GD1a), and either MM2 or
MM5 was incorporated at increasing concentration as previously
described (Fig. 5C). Influenza virions, fluorescently labeled with
TR-DHPE, were incubated with SLBs displaying tethered mucin
mimics, and binding was quantified using spot detection of
fluorescence micrographs (SI Appendix, Image Analysis). These
binding assays were carried out using two lengths of C14-
tethered mucin mimics (MM2 and MM5; average DP of 93
and 33 residues, respectively). For both lengths, increasing mucin
mimic concentration in the SLB decreased the number of virions
bound; however, the longer mimic MM2 ablated binding at ∼10-
fold lower concentration than the short MM5 (Fig. 5A vs.
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Fig. 5B). The concentration dependence of increasing MM2 and
MM5 on IAV binding can be fit by a Langmuir–Hill equation
indicating positive cooperativity (SI Appendix, Fig. S14). IAV
particle binding was blocked by MM2 at surface concentrations
above 200 polymers/μm2 (0.01 mol%), while over 1000 polymers/
μm2 were required to achieve the same effect with MM5. We
find that the experimentally determined extension length and
critical binding transition point for MM2 and MM5 is in

agreement with calculations based on polymer brush theory (SI
Appendix, section 4). Furthermore, this ablation of binding is
specific to tethered mucins. There is no significant decrease in
virus binding when up to 1,000× more soluble mucin (MM6 or
MM10) is added to the flow cell in the same virus binding assay
(SI Appendix, Fig. S15).
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and mushroom to brush transition could inhibit IAV particles binding
to GD1a.
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Virions Bound to Sialylated Mucins Undergo pH-Induced Fusion to
Membranes with Slower Kinetics than Glycolipid-Bound IAV. While
it is known that virions bound to GD1a can fuse with membranes
in late-endosomal conditions, it has yet to be demonstrated
whether or not IAV bound to sialylated mucins are able to un-
dergo fusion. To investigate this outstanding question, we
employed a tethered vesicle assay to collect single virus lipid-
mixing events from single IAV particles bound to sialylated
mucin in order to isolate the impact of binding from membrane
fusion. By using sialylated mucins, we were able to ensure that
each virion is only interacting with a target membrane through a
mucin-mediated interaction. Vesicles (69POPC/20DOPE/10Chol/
1BiotinDPPE) containing either a constant 2 mol% GD1a or a
quantified amount of MM7 or MM8 were tethered using neu-
travidin to a biotin-PEG-pLL functionalized slide within a micro-
fluidic device. Influenza virions labeled with a self-quenched
concentration of TR-DHPE were bound to the vesicles through
sialylated mucins or GD1a and unbound virions were rinsed from
the system (Fig. 6A). Virus binding was found to be dependent on
the presence of sialic acid and was ablated by neuraminidase
pretreatment of the mucin mimics (SI Appendix, Fig. S16). Ad-
ditionally, increasing the concentration of sialylated mucin in-
creased binding of IAV until 0.01 mol% MM7 is reached. Above
0.01 mol% MM7, a critical binding transition similar to that ob-
served for the nonsialylated mucins, occurs (SI Appendix, Fig. S17).
IAV binding to sialylated mucin mimics could be titrated by in-
troducing increasing amounts of nonsialylated mucin mimic, which
reduced binding (SI Appendix, Fig. S18).
We examined the ability of virions bound via sialylated mucin

mimics to undergo fusion upon the introduction of low pH
comparable of that found in a maturing endosome. To induce
fusion, low pH buffer (pH 5.1) was exchanged into the flow cell,

and fluorescence microscopy was used to monitor single virus
lipid-mixing events by fluorescence dequenching (Fig. 6B). Single
virus lipid-mixing events were then compiled into a cumulative
distribution function (CDF). Display of the kinetics as CDFs
removes the necessity of binning, which is intrinsic to a histogram.
The t1/2 of lipid mixing was obtained from each CDF to compare
the time at which one-half of all fusion events occurred for each
condition (SI Appendix, Table S2). Virions tethered via sialylated
mucin mimics were able to undergo lipid mixing; however, the rate
slowed and t1/2 of lipid mixing increased roughly twofold com-
pared to GD1a (Fig. 6C). For comparison, previous work found
no difference in fusion kinetics from virions bound to GD1a or
DNA–lipid surrogate receptors (9). The fusion kinetics from IAV
tethered to vesicles with a high surface density ofMM7 (mean, 5.9
mucins per vesicle) were markedly slower than IAV bound to a
vesicle with a low surface density of MM7 (mean, 1.9 mucins per
vesicle) (Fig. 6D and SI Appendix, Fig. S19). Assuming a PC
headgroup size of ∼60 Å2, five mucin mimics corresponds to ∼0.01
mol% of the outer leaflet of a 100-nm SUV (43). At high surface
density of tethered sialylated mucin mimics (>0.01 mol %), virions
displayed the same shift in fusion kinetics whether they were
bound to MM7 or MM8 when compared to GD1a control
(Fig. 6C).

Discussion
In order to construct a synthetic glycocalyx containing membrane-
tethered mucin mimics, we developed a chemoenzymatic ap-
proach to afford lipid-linked glycopolypeptides bearing terminal
mucin glycans. We developed NCA polymerization techniques to
introduce C-terminal lipids by using lipid-functionalized initiators
and demonstrated that glycopolypeptide scaffolds can be substrates
for enzymatic glycan elaboration. Given that 1) past glycopolymers
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for glycocalyx engineering have relied upon nonquantitative con-
jugation chemistries, 2) native mucins are incompletely sialylated,
and 3) asialo lactosyl glycans should be inert to HA and neur-
aminidase, the nonquantitative sialylation by Pd26ST was sufficient
for our purposes (17, 28). Furthermore, while NCA polymerization
affords relative uniform polypeptides (Ð = 1.1 to 1.2), dispersity
increased after deprotection of the sugars (Ð = 1.2 to 1.4) (SI
Appendix, Synthetic Procedures). The dispersity of polymers likely
accounts for distribution of observed extension lengths. None-
theless, the mucin mimics are still significantly more uniform and
controlled than native mucins, which notoriously afford proteins of
a wider variety of lengths from a single gene. Thus, our polypep-
tides provide improved control over glycocalyx height compared to
native or recombinant mucins.
Membrane stability was a critical aspect in the design of our

mucin mimics to ensure that surface densities remained consis-
tent. We found that cholesteryl anchors were readily inserted
into the target membrane, but then transferred when challenged
with addition of vesicles. While such anchors are useful for facile
incorporation and may be useful for some cellular membrane
platforms that are not reliant on quantitative addition and in-
sertion, this work suggests that such an anchor may be ill-suited
for applications that require membrane insertion stability. Prior
work has circumvented this stability pitfall by creating constructs
with multiple cholesterol moieties that lead to stable insertion
(44, 45).
Cell-tethered mucins have been proposed to conform to

polymer-brush theory, which states that mucins exist in two
conformations on the cell surface, a compact “mushroom”

structure at low densities and an extended “brush” architecture
at high densities (46–48). The polymer brush model is consistent
with our observations that 1) at high surface density of mucins,
IAV is unable to bind to the underlying ganglioside receptors, 2)
mucin mimics adopt a random coil in solution implying confor-
mational flexibility, and 3) at high surface density of mucins,
DLS and FLIC corroborate an extended polymer architecture.
Tethered mucin mimics display a surface concentration-dependent
inhibition of virus binding to GD1a glycolipids. MM5 has three
times fewer residues than MM2, and its exclusion concentration
roughly scales with the length squared. This is congruent with the
polymer brush model that has been previously described for mu-
cins (SI Appendix) (46–49). Thus, we hypothesize that, at low
surface densities, mucins adopt a random coil structure, which
then transitions to a more extended structure to accommodate
high surface densities.
Put into the broader context of the role of mucins in IAV

entry, these two behaviors of tethered mucins suggest that in-
creasing asialo mucin expression level serves as a steric barrier to
membrane access. The increase in mucin expression levels during
influenza infection would likely increase the surface density of
cell-tethered mucin. Our results suggest that increasing surface
density of cell-tethered mucin would shift the surface mucin
population toward an extended confirmation and the distance
that IAV must traverse to access the membrane would increase.
This extension could significantly impact the motion of the virus
toward the cellular membrane. Recent work shows that IAV
moves in a ratcheting motion through the cellular glycocalyx
(50); thus, the extended regime of cell tethered mucus would
serve to impede the motion of the ratcheting virus. This synthetic
glycocalyx platform provides the means to investigate complex
interactions between cell-tethered mucins and pathogens.
One proposed role of mucin up-regulation is to serve as decoy

receptors to bind virus distal to the membrane and prevent entry
and fusion. However, as IAV has been shown to traverse sialy-
lated mucins through the interplay of NA and HA, mucins could
also serve as potential receptors for virus entry. By using sialy-
lated mucin mimics, we isolated lipid mixing events from IAV
directly bound to mucin mimics. We showed that IAV particles

bound via sialylated mucin mimics in close proximity to a target
membrane are able to undergo lipid mixing in low pH environ-
ments consistent with those of endosomes. Utilizing a model
membrane platform that isolates the observables of virus binding
from virus fusion, we quantified membrane fusion for IAV
particles bound to sialylated mucin-like polypeptides and com-
pared this with kinetics from IAV bound to GD1a. Two in-
teresting phenomena were uncovered through examination of
these kinetic data: 1) increasing the density of mucin significantly
delays the lipid mixing kinetics, and 2) the short and long mucin
mimics display the same lipid mixing kinetics. These two obser-
vations shed light onto the potential mechanisms by which
tethered mucins impact virus entry. As the concentration of
mucin in the target was increased, a pronounced delay in fusion
kinetics was observed. We ruled out that the delay was due to a
change in membrane fluidity through FRAP. The FRAP data at
low and high loading (0.01 to 0.1 mol% polymer) showed no
difference in diffusion coefficient, confirming that high-density
loading of mucins did not change overall membrane fluidity. The
delay in fusion kinetics is correlated with mucin surface densities
at which an extended conformation was observed. If extension
length were the only factor impacting membrane fusion, then
one would expect to see a significant difference in fusion kinetics
from IAV bound to the short and long polymer, but no differ-
ence was observed. This suggests that the extension length is not
the main factor impacting the delay in rates in this assay; how-
ever, both polymer lengths used were shorter than biological
mucins where the extension length could be prohibitive toward
fusion. In the context of our assay, we can reasonably conclude
that the delay in IAV lipid mixing is impacted more by tethered
mucin density than the length of the tethered mucin. One ex-
planation for this density-related rate delay is that extended
mucin alters the interaction between the flu and the membrane.
The use of synthetic glycocalyx to study complex biological

phenomena has provided key insights into the protective mech-
anism of tethered mucins in IAV entry. We show that asialo
mucins serve as a steric barrier against IAV accessing membrane
receptors in a density-dependent manner. Additionally, the sin-
gle virus kinetics collected from IAV bound to sialylated mucin
suggests that mucins can serve as surrogate receptors in viral
membrane fusion when IAV is bound in an acidifying endosome.
These results illustrate the utility of model systems in separat-
ing the roles of complex mucin components, (e.g., length and
sialyation) in the biologically relevant phenomenon of up-
regulation of mucin as part of host defense against IAV. While
this work presents a basis for mechanistic interactions between
mucin and IAV, further questions into the physiological behavior
of mucin and its protective role in IAV entry remain. Anchor
identity, mucin mimic length, and sialyation were explored as
tunable parameters, and further opportunities are now available
for other variables that are easily accessible using NCA poly-
merization, such as glycosylation density, comonomer composi-
tion, and glycan identity. These materials are readily integrated
into existing SLB systems and could be used to study the impact
of the glycocalyx (and specifically the conformational transition
of mucin-like polypeptides) on membrane-localized phenom-
ena, from receptor–ligand interactions to the effect(s) on re-
ceptor clustering, for which mucins are thought to be critically
important.

Materials and Data Availability
Detailed procedures for synthesis, characterization, microscopy, and analysis
can be found in SI Appendix. All analysis code is detailed in SI Appendix and
available from previously published work. All other data discussed in the
paper are available in the main text and SI Appendix.
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