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One of the defining properties of the eukaryotic plasma membrane is the glycocalyx,
which is formed by glycosylated lipids and proteins. The glycocalyx is arranged
asymmetrically, as it is exclusive to the extracellular side of the membrane. Membrane
asymmetry therefore includes both lipid and carbohydrate asymmetry, whereby the
latter has the most skewed trans-leaflet imbalance. The glycocalyx plays a structural
role that protects cell integrity and it also participates in mechanosensing and other
cellular processes. However, our understanding of glycocalyx function is hampered by
the lack of suitable model systems to perform biophysical investigation. Here, we
describe the engineering of lipid bilayers that are chemically conjugated at the outer
surface with one of the most abundant glycocalyx components, chondroitin sulfate
(CS). Membranes were doped with a reactive phospholipid, which allowed thiol-
maleimide conjugation of thiol-modified CS at the lipid headgroup. Our data show that
we achieved CS conjugation of large unilamellar vesicles, supported lipid bilayers, and
giant unilamellar vesicles. CS conjugation of vesicles allowed electrostatic recruitment
of poly-L-lysine, which could recruit other CS-coated vesicles or CS in solution. Overall,
we describe a simple and robust method for polysaccharide functionalization of vesicles
which can be applied to gain new mechanistic understanding of the pathophysiological
role of the glycocalyx.

Introduction

The plasma membrane of human cells is a highly complex and heterogeneous
bilayer formed primarily by three families of molecules: lipids, proteins, and
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carbohydrates. The arrangement of these molecules in a specific pattern allows
the membrane to be a multi-functional entity that is able to respond dynamically
to changes in the cell microenvironment. A fundamental property of the plasma
membrane is asymmetry, as the two lipid bilayer leaflets have drastically
different molecular composition. Plasma membrane asymmetry primarily
entails a strong gradient of two different molecule classes: (1) transversal lipid
asymmetry refers to the large differences in lipid composition between the inner
(cytoplasmic) and outer membrane leaflets,"* while (2) carbohydrate asymmetry
occurs because glycosylated lipids and proteins are oriented in such a way that
the sugar moieties face the cell exterior, constituting what is generally known as
the glycocalyx.> The glycocalyx forms a thick and dense matrix composed of
a diverse array of glycosylated molecules: glycolipids, proteoglycans, mucins and
glycoproteins.*® Far from merely working as a protective layer to the plasma
membrane, the glycocalyx plays an active role that regulates a range of physio-
logical and pathological processes.* The cellular processes where the glycocalyx
is involved include regulation of cell morphology,® membrane protein diffu-
sion,” and the immune system.® From a therapeutic standpoint, the glycocalyx
also participates in target recognition by viruses,”'® fungi'* and bacteria,"'* and
controls cancer cell development™ and can regulate cancer immunotherapy
(checkpoint inhibition)."® Despite its importance, we have a limited under-
standing of glycocalyx functions, in part due to the lack of adequate model
systems that allow quantitative investigation of the interplay between lipid and
saccharide components.

Chondroitin sulfate (CS) belongs to the glycosaminoglycan family, and is one
of the major components of the glycocalyx and the extracellular matrix. CS is
along (~10-100 kDa) linear polysaccharide formed by repetition of a disaccharide
unit:* a p-glucuronic acid and a sulfated N-acetylgalactosamine.'®"” The different
types of CS (A, C, D and E), vary on the position of the sulfation and epimeriza-
tion."” CS chains are linked to a core protein unit to form chondroitin sulfate
proteoglycans (CSPG). CSPG are linked to the plasma membrane, as part of the
glycocalyx, or linked at the extracellular matrix, where they participate in tissue
formation. CSPG also regulate signaling by binding to growth factors, as they
control their access to their target receptor.®

Two recent publications report on approaches to decorate vesicle with CS.
Jahnke and co-workers chemically conjugated CS to cholesterol,” and the
soluble CS-cholesterol hybrid molecule is able to partition into the surface of
vesicles. However, this strategy leads to cholesterol asymmetry in the plasma
membrane, which is expected to strongly impact the physical properties of the
membrane.”>** Shioiri et al. used a synthetic approach to conjugate CS to the
phospholipid phosphatidylethanolamine.” While this is an elegant chemical
approach, it requires precipitation and purification steps. An additional
potential drawback of the two previous approaches, where the lipid-CS parti-
tions into already formed vesicles, is the poor control over the final membrane
density of the CS.

Here, we report a facile method to form lipid bilayers that are coated with CS
(Fig. 1). Our data show that this approach generates CS-functionalized bilayers for
the three most common types of model membranes: large unilamellar vesicles
(LUVs), supported membranes, and giant unilamellar vesicles (GUVs).
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Fig. 1 Conjugation of chondroitin sulfate thiol (CS) to a maleimide-modified lipid
to form CS-functionalized large unilamellar vesicles. The chemical structure of CS and
18:1 PE-MCC is shown before and after thiol-maleimide bond formation. In the CS
chemical structure, R1, R2, R3 = H or SOzH, depending on the type of CS subtype (A, C,
D, or E) and the squiggly line indicates a spacer linker. Only part of the fatty acid chains
and CS polymer are shown (marked with ellipsis). p-glucuronic acid and sulfated
N-acetylgalactosamine are shown as red and yellow hexagons. The figure is approxi-
mately to scale.

Methods

Reagents

The lipids POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine) (Catalog No.
850457), 18:1 PE-MCC (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-
(p-maleimidomethyl) cyclohexane-carboxamide] (sodium salt)) (Catalog No.
780201), DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) (Catalog No.
850375), 18:1 PE-TopFluorAF594 (1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine-N-(TopFluorAF594) (ammonium salt)) (Catalog No. 810387), and 18:1
NBD PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl)) (ammonium salt) (Catalog No. 810145) were purchased
from Avanti Polar Lipids, Alabaster, AL. Tris base (2-amino-2-(hydroxymethyl)-
1,3-propanediol) (Catalog No. BP152-500) and Wisteria Floribunda Lectin-
FITC Labeled (WFA) (Catalog No. L32481) were purchased from Fisher Scien-
tific. We used a mixture of chondroitin sulfate A, C, D and E that was func-
tionalized with a thiol group from Haworks LLC, Bedminster, NJ (CS-Thiol-25k),
which is abbreviated simply as CS. Poly--lysine (PLL) labeled with the fluo-
rophore FITC (Catalog No. P3543-10MG) was purchased from Millipore Sigma,
Burlington, MA.
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CS conjugation to large unilamellar vesicles

POPC and 18:1 PE-MCC stocks were prepared in chloroform. Aliquots of lipids
with 99.5 mol% POPC and 0.5% 18:1 PE-MCC were dried under argon gas and
then placed in a vacuum overnight. Lipid films were resuspended in 10 mM Tris,
350 mM NaCl buffer, pH 7.5. Large unilamellar vesicles (LUVs) were formed by
extrusion with a Mini-Extruder (Avanti Polar Lipids, Alabaster, AL) through
a100 nm pore size membrane (Whatman, United Kingdom) at room temperature.
Functionalization of the LUVs was performed with CS prepared in the same buffer
ata2:1 CS: lipid molar ratio. The conjugation reaction with CS was incubated for
2 hours with constant shaking at room temperature.

NBD head group environment fluorescence assay

LUVs conjugated with chondroitin sulfate were prepared as described above, but
in this assay the lipid composition of the LUVs was 98.5 mol% POPC, 1% 18:1
NBD PE, and 0.5% 18:1 PE-MCC. Samples were loaded into a black 96-well plate
(Corning, Kennebunk, ME) to measure the fluorescence spectra on a Cytation 5
plate reader (BioTek, Winooski, VT), using an excitation wavelength of 460
(£10) nm and an emission wavelength of 535 (+10) nm.

Dynamic light scattering (DLS)

We used a Dynapro Nanostar I DLS instrument (WYATT Technology, Santa Bar-
bara, CA), which uses a 658 nm laser at a controlled temperature of 25 °C. The
scattered light was measured at an angle of 90°. For the analysis, the LUVs were
prepared as described in the previous paragraph. A titration with FITC-conjugated
poly-L-lysine (PLL-FITC) was performed after a 30 minutes incubation. CS and PLL
controls were also prepared. All samples were diluted with 10 mM Tris, 350 mM
NacCl buffer, pH 7.5 for the corresponding final concentrations, and to a final
volume of 100 pL. The samples were measured into a cyclic olefin copolymers
cuvette (WYATT Technology, NC0616299). All DLS data were processed using the
DYNAMICS software (WYATT Technology, Santa Barbara, CA), and the size
distribution is shown considering the mass particle size distribution.

Removal of unconjugated chondroitin sulfate

To remove the unconjugated chondroitin sulfate of the glycoliposome samples,
five washings of the PCMal-CS via centricon (Vivaspin 6, 100 kDa; Millipore
Sigma, Catalog No. GE28-9323-19) were performed. Glycoliposomes were
prepared as stated in the “CS conjugation to large unilamellar vesicles” section.
After the conjugation with CS, five centrifugation steps (3260xg, 10 minutes, 25 °©
C) were done. Flow through samples of every washing were collected in order to
measure the concentration of CS after each one. To perform this measurement,
we used the lectin WFA labeled with FITC. WFA binding to CS causes a fluores-
cence increase, allowing to create a calibration curve where the fluorescence
intensity of the FITC labeled in WFA increases as the [CS] increases. Samples were
loaded into a black 96-well plate (Corning, Kennebunk, ME) to measure the
fluorescence spectra on a Cytation 5 plate reader (BioTek, Winooski, VT), using an
excitation wavelength of 495 (+9) nm and an emission wavelength of 515 (£9) nm.
In each replicate, a linear calibration curve was created at the same time as the
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flow through samples were measured. After the centrifugation, the PCMal-CS
sample was measured using DLS.

Lipid preparation for AFM

DOPC and 18:1 PE-MCC at a 99.5: 0.5 molar ratio, were dried in glass culture
tubes, back-filled with argon, sealed, and stored at —20 °C. At the time of extru-
sion, room-temperature phosphate-buffered saline (PBS) was added to swell the
lipids. The lipid solution was extruded (Liposofast, Avestin) through 100 nm
membranes 51 times, to form unilamellar vesicles. The solution was aliquoted
and stored at —80 °C until the time of the AFM experiments. On the day of
experiments, CS was incubated with the DOPC PE-MCC lipid in a 2:1 CS: lipid
molar ratio for 1 hour with constant shaking.

Supported lipid bilayer formation and AFM imaging

80 uL of the sample solution was deposited on a freshly cleaved mica disc and
incubated for 10 min at room temperature to allow for adhesion to the surface.
Loosely bound material was washed away via buffer exchange (80 pL of PBS, 5-6
times). All images were acquired in PBS using biolever mini tips (Bruker, k ~ 0.1 N
m™ ', F, ~ 25 kHz in fluid) on a Cypher, Asylum Research AFM in tapping mode.
Care was taken to keep the tip-sample force <100 pN. Analysis was performed
using commercial software (Asylum Research, Inc).

GUVs formation and functionalization

GUVs were electroformed in the presence of 100 mM sucrose using an analog heat
block connected to a function generator. 250 nanomoles of lipid (97 mol% POPC,
2% 18:1 PE-MCC and 1% PE-TopFluorAF594) dissolved in 200 uL of chloroform,
were spread homogeneously on the conductive site of indium-tin-oxide (ITO)
coated glass slides (Delta Technologies, Loveland, CO). Subsequently, the lipid-
film-coated ITO slides were desiccated for 2 hours by placing the slides in
a heated chamber (55 °C) attached to a vacuum pump, to remove the remaining
chloroform. An O-ring spacer was placed on top of the lipid-coated ITO slide,
which was then filled up with 600 pL of 100 mM sucrose, 10 mM Tris, pH 7.5
solution. A sealed chamber was created by placing a second ITO slide on top.
Electrodes were connected with the conductive sides of the ITO slides and the
preinstalled standard program was run, generating an AC field of 2 V and 10 Hz
for 2 h at 30 °C.

After electroformation, GUVs were functionalized with CS. For the conjuga-
tion, 70 uL of GUVs were incubated for 1 hour with 70 puL of CS 25 uM, in 10 mM
Tris, 100 mM sucrose, pH 7.5 buffer. GUVs were then incubated with 0.5 uM PLL-
FITC for 30 minutes. GUVs conjugated with chondroitin in the presence of PLL-
FITC were harvested by sedimentation after 20 minutes in 1 mL of 100 mM
glucose, 10 mM Tris, pH 7.5 solution. Subsequently, they were placed on a slide
with a spacer between slide and coverslip for confocal imaging.

Confocal microscopy imaging of GUVs

Confocal microscopy was performed on an inverted Zeiss LSM 900/Airyscan laser
scanning confocal microscope (Carl Zeiss AG). The pinhole was set to 1 airy unit,
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and all experiments were conducted at room temperature. For image acquisition,
a 63X oil immersion objective (HCPL APO 63X/1,40 OIL CS2) was used. The
rAF594 channel used an excitation wavelength of 561 nm and the FITC channel of
488 nm. Images were analyzed and adjusted in ZEISS ZEN 3.11 software.

Results

We sought to develop a straightforward approach for covalent conjugation of CS
to lipid membranes. We employed the thiol-maleimide reaction, commonly used
for protein labeling, and applied it in this case to create a hybrid lipid molecule
with a long and negatively charged CS chain at the headgroup (Fig. 1, left). To this
end, we employed two commercially available reagents: a 25 kDa chain of CS that
was modified with a thiol moiety, and the lipid 18 : 1 PE-MCC, which we will refer
to as PCMal, where a maleimide group is incorporated at the phosphatidyletha-
nolamine headgroup. Incubation at room temperature and neutral pH leads to
formation of a thiol-maleimide covalent bond.

We expected that the presence of the negatively charged CS chain would
increase the polarity of the lipid headgroup layer. We devised an assay to test the
success of the conjugation, by incorporating an environmentally-sensitive
reporter at the lipid headgroup. We chose an NBD fluorophore incorporated
into a phospholipid headgroup, as the fluorescence of NBD decreases in a more
polar medium.***” To perform this assay, we formed POPC large unilamellar
vesicles (LUVs) that contained 0.5 mol% of PCMal and 1 mol% of an NBD-labeled
phospholipid. We allowed these vesicles to react with thiol-modified CS (for
simplicity we will refer to this reagent simply as CS hereafter). We observed a large
change in the NBD fluorescence spectra (Fig. 2A), characterized by an important
decrease in fluorescence intensity (Fig. 2C). To ensure that this fluorescence
change resulted from CS conjugation to the LUVs, we performed control experi-
ments where PE-MCC was not present in the vesicles. In this case we observed
only a small change in fluorescence (Fig. 2B and C), which might result from non-
covalent interaction of CS with the bilayer. The larger fluorescence intensity
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Fig.2 NBD headgroup environmental assay. Representative fluorescence spectra for CS
incubation with PCMal (A) or non-reactive PC (B) LUVs. Control fluorescence for buffer
and CS in buffer are shown. (C) Quantification of NBD fluorescence intensity at 540 nm
are shown for PCMal-CS and for PC + CS, normalized to conditions in the absence of CS.
The error bars are the S.D., and the p value was obtained from a one-tailed Student’s t-
test (n = 3).
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change observed with PCMal suggests that there is covalent attachment of CS to
PCMal LUVs.

The 25 kDa CS chains that we employed contain more than 50 disaccharide
units. Therefore, after they are conjugated to the LUVs, they are expected to cause
a detectable increase in vesicle hydrodynamic radius (Fig. 1, right). We employed
dynamic light scattering (DLS) to investigate vesicle size. Control DLS experi-
ments with free CS showed that the polysaccharide particle has an effective
diameter of 7.5 + 5.3 nm (mean + S.D.) (Fig. 3 and ESI Fig. 1t), suggesting that the
CS chains are partially elongated in solution. We performed DLS before and after
conjugation, and observed an increase in vesicle size of ~15 nm (Fig. 3),
compatible with CS-coated LUVs (Fig. 1). This result supports that the conjugation
was successful.

Since we performed the maleimide-thiol conjugation with a molar excess of CS,
we expect free CS to be found outside the vesicles. We performed serial centrifugal
concentration steps using a Centricon with a 100 kDa bilayer, which is expected to
allow free CS to go into the flow-through (FT), while CS-coated LUVs remain inside
the centrifugal device. After each step, fresh buffer was added and the process was
repeated a total of five times, where we expect a serial dilution to occur in each FT.
We determined the CS levels in the FTs by quantification with a lectin that binds
CS, conjugated to a fluorophore. Specifically, we used the Wisteria floribunda (WFA)
lectin labelled with fluorescein. As expected, we observed a sequential decrease is
free CS in each centrifugal step, and that five steps were enough to remove most CS
(ESI Fig. 21). The vesicle size did not change significantly after CS removal.
However, we observed the appearance of an unexplained particle population of
~25 nm. Therefore, we performed the rest of the experiments without the
centrifugal step. Next, we studied the colloidal stability of the PCMal-CS vesicles.
After the conjugation we stored the samples at 4 °C, and performed DLS experi-
ments over two weeks. The data showed no major change in vesicle diameter over
time (ESI Fig. 37), suggesting that the CS-conjugated LUVs are stable long-term
under refrigerated storage. Finally, we tested the effect of a —80 °C freeze/thaw
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Fig. 3 DLS study of LUV size. DLS data are shown for thiol-modified chondroitin sulfate
(CS) in solution, LUVs containing maleimide-reactive PE-MCC lipid (PCMal), and for PCMal
LUVs after conjugation with CS (PCMal-CS). Error bars are the S.D., and the p value was
obtained from a one-tailed Student’s t-test (n = 6).
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cycle. DLS was performed after thawing, and we observed no diameter change (ESI
Fig. 31). These DLS results suggest that our protocol for coating LUVs with CSyields
robust vesicles that can be stored at 4 and —80 °C. These results underscore the
ease of experimentation with these vesicles, which do not require daily preparation
and can be reused after —80 °C storage.

The use of bilayers deposited on solid supports, forming supported lipid
bilayers (SLB), is a popular method that allows the use of different types of
microscopy to study lipid membranes. We applied our protocol for CS function-
alization to SLB, which were imaged using atomic force microscopy (AFM). We
employed membranes of DOPC, the lipid of choice for AFM due to the ease of
spreading onto the underlying mica surface,*®** doped with PCMal. Fig. 4 displays
AFM images showing that conjugation with CS causes changes in membrane
morphology. As expected, pristine bilayers were largely homogeneous and flat
(Fig. 4A), while bilayers that were subjected to CS conjugation followed by
extensive rinsing, showed heterogeneities on top of the bilayer plane (Fig. 4B and
ESI Fig. 41).

We estimated surface homogeneity by quantification of the root mean square
roughness in 4 non-overlapping 100 nm x 100 nm regions. The lipid-only bilayer
surface was smooth, with a roughness of less than 1 A. However, after conjugation
with CS, the roughness approximately doubled (Fig. 4 and ESI Fig. 4%). Line
analysis illustrates local increases in height of 5-10 A that are compatible with
conjugation of CS molecules that lay mostly flat on the lipid membrane. Under
these conditions, we expect the CS chains not to be perpendicular to the SLB
surface, as they are highly flexible and could be deflected downward by the AFM
tip, unlike the DLS experiments, where they are expected to be more extended on
the surface of the LUVs (Fig. 1, right), hence the significantly larger dimensions
observed by DLS (compare Fig. 3 and 4B). Finally, we performed a control
experiment where CS was deposited directly on the mica, in the absence of lipid.

A Lipid alone B Lipid + CS c Csalone

Roughness =0.7+0.1A Roughness =1.7+0.2A

50 nm =

ﬁ,w\/\J\v/\,l\J\w/\

50 nm

Fig. 4 Chondroitin sulfate conjugation increases the roughness of the lipid bilayer
surface. (A) AFM image of DOPC in the absence of CS. The root mean square roughness
(mean + standard deviation) is displayed on top. The dashed red line identifies a line scan
that is displayed below the image. (B) Data for DOPC PCMal lipid conjugated with CS. A
greater than 2-fold increase in bilayer surface roughness is observed over bare DOPC. (C)
Chondroitin sulfate deposited directly on mica (in the absence of lipid). All data was
acquired in aqueous buffer solution at room temperature.
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As expected, these data show roughness (Fig. 4C) due to the polysaccharide. This
control experiment supports the notion that membrane roughness originates
from CS functionalization. Taken all together, the AFM results indicate that
conjugation of CS to the membrane results in a molecularly rough surface. This
result is expected for the low (0.5 mol%) maleimide lipid density that we
employed. In these conditions the anchor points of CS to the membrane, if one
considers that they are distributed randomly in the membrane, would be sepa-
rated by ~10 nm (Fig. 1, right).

CS coating of the lipid is expected to change the physical properties of the
vesicles, and allow for the introduction of new functionalities. As a simple test, we
studied the interaction with poly-i-lysine (PLL). PLL is a synthetic polypeptide that
is often used in cell culture experiments to provide a favorable substrate for
human cells to grow on a plastic surface. PLL favors cell spreading and attach-
ment as it establishes favorable electrostatic interactions with negative charges in
the glycocalyx.'*** We chose a FITC-labeled and long PLL chain (24 kDa),
reasoning that after binding to the surface of a CS-coated LUV, the PLL polymer
might protrude and interact with a second LUV, in practice non-covalently
crosslinking different vesicles. We tested this hypothesis incubating PCMal
LUVs with PLL. Control DLS experiments showed that PLL interacted with free CS
(Fig. 5), forming a complex that was larger (20.7 £+ 3.0 nm; mean + S.D.) than the
addition of the sizes of the PLL and CS particles. This result indicates that PLL
interacts electrostatically with sulfate groups on CS. When we added PLL to the
PCMal-CS LUVs, we observed a magnified effect. Fig. 5 shows DLS data for CS
vesicles incubated with increasing concentrations of PLL (ESI Fig. 51). The
diameter of the particles increased several fold, up to a size of ~3 pm (note that
the vertical axis uses a logarithmic scale). These results suggest agglomeration of
vesicles, showing that CS is able to endow vesicles with new functionality.
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Fig. 5 Poly-L-lysine crosslinks PCMal-CS LUVs. Control DLS data are shown for Poly-L-
lysine-FITC (PLL), CS, and CS incubated with PLL. PCMal-CS LUVs were incubated with
increasing concentrations of PLL and DLS measurements performed. The error bars are
S.D., and p values were obtained from a one-tailed Student's t-test (n = 3-6).
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Fig. 6 Giant unilamellar vesicles functionalization with CS. Left panel, PCMal-CS GUVs
were incubated with PLL-FITC. The red channel shows the AF594 lipid, and the green
channel PLL-FITC. Right panel, control experiment in the absence of PLL-FITC. Two GUVs
are shown for each experimental condition. The equatorial variation in fluorescence
intensity of AF594 is likely due to a polarization effect. Scale bars are 10 um.

Giant unilamellar vesicles (GUVs) are cell-sized liposomes that have become
the standard membrane model system for confocal microscopy investigation of
lipid membranes.*® We tested if our thiol-maleimide conjugation scheme was
able to achieve CS conjugation of GUVs. We used a standard electro-swelling
protocol to form GUVs, which was followed by incubation with CS. GUV visuali-
zation was achieved by vesicle doping with the fluorescent lipid TopFluor-A594.
Since the DLS data indicated binding of PLL-FITC to CS-conjugated vesicles, we
used this reagent for fluorescence detection of CS on the GUVs. However, since
GUVs have low mechanical resistance, we used different experimental conditions
that were geared towards avoiding potential GUV disruption due to vesicle
agglomeration. Therefore, we used a low GUV density, where the probability of
two vesicles interacting with the same PLL-FITC molecule are expected to be low.
Fig. 6 shows data collected after CS conjugation in the presence (left) or absence
(right) of PLL-FITC. As expected, we observed GUVs larger than 5 pm in diameter,
with a range of sizes. We observed that PCMal-CS GUVs were covered with CS, as
reported by green labeling due to PLL-FITC recruitment. We observed that GUVs
were frequently decorated with bright green spots. Since we use a molar excess of
CS, we expect CS to be found in solution. Our images contained green particles on
the vesicles (Fig. 6), which we attribute to free CS that is aggregated by PLL-FITC.
We propose that the green spots observed on the vesicle surface result from PLL
recruitment of these particles into the GUVs, analogous of how CS crosslinked
LUVs (Fig. 5).

Conclusions

This work describes a facile new method to functionalize model membranes with
long CS polymers. Our approach uses the 18:1 PE-MCC (PCMal) reactive lipid,
which contains a maleimide group in the headgroup that is able to form
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a covalent bond with thiol-modified CS. Both reagents are commercially available,
as well as for alternate lipid and glycosaminoglycan options. Such conjugation
created a synthetic glycolipid that remained anchored to the membrane due to
the hydrophobicity of the acyl chains. We demonstrate the success of the
approach in the three most common types of reconstituted membranes: LUVs,
GUVs and SLBs.

We performed the covalent linkage after membrane formation to minimize
impact of the CS on the different membrane model systems that we employed. This
approach is expected to yield strongly asymmetric membranes with a skewed CS
distribution. The SLBs we formed will have no lipid acyl chain asymmetry, since the
acyl chains of the DOPC and PCMal lipids are identical. However, the LUVs were
formed with POPC, and therefore we expect some asymmetry in the distribution of
the palmitoyl acyl chain between the inner and outer membrane leaflet. We expect
that the rate of trans-bilayer flip-flop of asymmetric glycolipid to be extremely
slow,** due to the large size (25 kDa) and multiple negative charges of the CS chain.
Therefore, we expect CS asymmetry to be maintained for long periods of time.

The strategy that we present for functionalization of lipid membranes with
a polysaccharide is straightforward and can be easily carried out in most
biochemistry laboratories. Unlike previous methods for lipid modification with
polysaccharides,'»'**>** our approach does not require complex chemical
synthesis or purification of modified lipid species. We observed that our CS-
liposomes were stable at least over a period of two weeks, and were not signifi-
cantly disrupted by a freeze-thaw cycle, underscoring their ease of use and
robustness as a new model system.

Functionalization of lipid vesicles with glycosaminoglycans like CS allows
building membrane complexity in a systematic manner and provides a pathway
towards creating reconstituted glycocalyx model systems with near-native char-
acteristics. The glycocalyx is a dense medium where glycoproteins and glycopol-
ymers are heavily entangled. As a first step towards reproducing this scenario, we
used PLL for non-covalent crosslinking of CS. Our data show that our method
allows association between vesicles (Fig. 5) and non-covalent recruitment of CS
chains into the membrane (Fig. 6). Potential future applications for this tech-
nology include the development of membrane-based biosensors, biophysical
investigations of the glycocalyx, stealth drug delivery, and the creation of more
chemically complex artificial cells.

Data availability

Data are available upon request from the authors.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by NIH grant R35GM140846 (to FNB), NSF grant
2122027 (to GMK), and NSF Grant CHE-2204126 (to FAH). We are thankful to Prof.
Amit Joshi (University of Tennessee) for use of his Zeiss LSM Airyscan microscope.

178 | Faraday Discuss., 2025, 259, 168-181 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00195h

Open Access Article. Published on 09 2025. Downloaded on 01.02.26 22:11:04.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Faraday Discussions
References
1]. H. Lorent, K. R. Levental, L. Ganesan, G. Rivera-Longsworth, E. Sezgin,

2

4

5

6

7

8

9

M. Doktorova, E. Lyman and I. Levental, Plasma membranes are asymmetric
in lipid unsaturation, packing and protein shape, Nat. Chem. Biol., 2020,
16(6), 644-652, DOIL: 10.1038/s41589-020-0529-6.

A.]J. Verkleij, R. F. Zwaal, B. Roelofsen, P. Comfurius, D. Kastelijn and L. L. van
Deenen, The asymmetric distribution of phospholipids in the human red cell
membrane. A combined study using phospholipases and freeze-etch electron
microscopy, Biochim. Biophys. Acta, Biomembr., 1973, 323(2), 178-193, DOI:
10.1016/0005-2736(73)90143-0.

L. Fu, H. N. Kim, J. D. Sterling, S. M. Baker and M. S. Lord, The role of the cell
surface glycocalyx in drug delivery to and through the endothelium, Adv. Drug
Delivery Rev., 2022, 184, 114195, DOI: 10.1016/j.addr.2022.114195.

L. Mockl, The Emerging Role of the Mammalian Glycocalyx in Functional
Membrane Organization and Immune System Regulation, Front. Cell Dev.
Biol., 2020, 8, 253, DOI: 10.3389/fcell.2020.00253.

X. Cui, X. F. Zhang and A. Jagota, Penetration of Cell Surface Glycocalyx by
Enveloped Viruses Is Aided by Weak Multivalent Adhesive Interaction, J.
Phys. Chem. B, 2023, 127(2), 486-494, DOI: 10.1021/acs.jpch.2¢06662.

C. R. Shurer, ]J. C. Kuo, L. M. Roberts, J. G. Gandhi, M. ]J. Colville, T. A. Enoki,
H. Pan, J. Su, J. M. Noble, M. J. Hollander, J. P. O’Donnell, R. Yin, K. Pedram,
L. Mockl, L. F. Kourkoutis, W. E. Moerner, C. R. Bertozzi, G. W. Feigenson,
H. L. Reesink and M. ]J. Paszek, Physical Principles of Membrane Shape
Regulation by the Glycocalyx, Cell, 2019, 177(7), 1757-1770, DOIL: 10.1016/
j-cell.2019.04.017.

S. A. Freeman, A. Vega, M. Riedl], R. F. Collins, P. P. Ostrowski, E. C. Woods,
C. R. Bertozzi, M. I. Tammi, D. S. Lidke, P. Johnson, S. Mayor, K. Jagaman
and S. Grinstein, Transmembrane Pickets Connect Cyto- and Pericellular
Skeletons Forming Barriers to Receptor Engagement, Cell, 2018, 172(1-2),
305-317, DOI: 10.1016/j.cell.2017.12.023.

S. M. Haslam, S. Julien, J. M. Burchell, C. R. Monk, A. Ceroni, O. A. Garden and
A. Dell, Characterizing the glycome of the mammalian immune system,
Immunol. Cell Biol., 2008, 86(7), 564-573, DOI: 10.1038/icb.2008.54.

F. Broszeit, N. Tzarum, X. Zhu, N. Nemanichvili, D. Eggink, T. Leenders, Z. Li,
L. Liu, M. A. Wolfert, A. Papanikolaou, C. Martinez-Romero, I. A. Gagarinov,
W. Yu, A. Garcia-Sastre, T. Wennekes, M. Okamatsu, M. H. Verheije,
I. A. Wilson, G. J. Boons and R. P. de Vries, N-Glycolylneuraminic Acid as
a Receptor for Influenza A Viruses, Cell Rep., 2019, 27(11), 3284-3294, DOIL:
10.1016/j.celrep.2019.05.048.

10 L. Byrd-Leotis, N. Jia, S. Dutta, J. F. Trost, C. Gao, S. F. Cummings, T. Braulke,

S. Miiller-Loennies, J. Heimburg-Molinaro, D. A. Steinhauer and
R. D. Cummings, Influenza binds phosphorylated glycans from human
lung, Sci. Adv., 2019, 5(2), eaav2554, DOIL: 10.1126/sciadv.aav2554.

11 J. Lin, J. Miao, K. G. Schaefer, C. M. Russell, R. J. Pyron, F. Zhang, Q. T. Phan,

N. V. Solis, H. Liu, M. Tashiro, J. S. Dordick, R. J. Linhardt, M. R. Yeaman,
G. M. King, F. N. Barrera, B. M. Peters and S. G. Filler, Sulfated
glycosaminoglycans are host epithelial cell targets of the Candida albicans

This journal is © The Royal Society of Chemistry 2025 Faraday Discuss., 2025, 259, 168-181 | 179


https://doi.org/10.1038/s41589-020-0529-6
https://doi.org/10.1016/0005-2736(73)90143-0
https://doi.org/10.1016/j.addr.2022.114195
https://doi.org/10.3389/fcell.2020.00253
https://doi.org/10.1021/acs.jpcb.2c06662
https://doi.org/10.1016/j.cell.2019.04.017
https://doi.org/10.1016/j.cell.2019.04.017
https://doi.org/10.1016/j.cell.2017.12.023
https://doi.org/10.1038/icb.2008.54
https://doi.org/10.1016/j.celrep.2019.05.048
https://doi.org/10.1126/sciadv.aav2554
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00195h

Open Access Article. Published on 09 2025. Downloaded on 01.02.26 22:11:04.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions Paper

toxin candidalysin, Nat. Microbiol., 2024, 9(10), 2553-2569, DOIL: 10.1038/
$41564-024-01794-8.

12 A. L. Lewis, C. M. Szymanski, R. L. Schnaar, and M. Aebi, Bacterial and Viral
Infections, in Essentials of Glycobiology, ed. A. Varki, R. D. Cummings, J. D.
Esko, P. Stanley, G. W. Hart, M. Aebi, D. Mohnen, T. Kinoshita, N. H.
Packer, J. H. Prestegard, et al., The Consortium of Glycobiology Editors, La
Jolla, California, Cold Spring Harbor Laboratory Press, Cold Spring Harbor
(NY), 2022, pp. 555-568.

13 M. A. McGuckin, S. K. Lindén, P. Sutton and T. H. Florin, Mucin dynamics and
enteric pathogens, Nat. Rev. Microbiol., 2011, 9(4), 265-278, DOI: 10.1038/
nrmicro2538.

14 E. C. Woods, N. A. Yee, J. Shen and C. R. Bertozzi, Glycocalyx Engineering with
a Recycling Glycopolymer that Increases Cell Survival In Vivo, Angew. Chem.,
Int. Ed., 2015, 54(52), 15782-15788, DOI: 10.1002/anie.201508783.

15 H. Xiao, E. C. Woods, P. Vukojicic and C. R. Bertozzi, Precision glycocalyx
editing as a strategy for cancer immunotherapy, Proc. Natl. Acad. Sci. U. S.
A., 2016, 113(37), 10304-10309, DOI: 10.1073/pnas.1608069113.

16 N. Kanyo, K. D. Kovacs, A. Saftics, I. Szekacs, B. Peter, A. R. Santa-Maria,
F. R. Walter, A. Dér, M. A. Deli and R. Horvath, Glycocalyx regulates the
strength and kinetics of cancer cell adhesion revealed by biophysical models
based on high resolution label-free optical data, Sci. Rep., 2020, 10(1), 22422,
DOI: 10.1038/s41598-020-80033-6.

17 L. Djerbal, H. Lortat-Jacob and J. Kwok, Chondroitin sulfates and their binding
molecules in the central nervous system, Glycoconjugate J., 2017, 34(3), 363-
376, DOI: 10.1007/s10719-017-9761-7.

18 K. Forsten-Williams, C. L. Chu, M. Fannon, ]J. A. Buczek-Thomas and
M. A. Nugent, Control of growth factor networks by heparan sulfate
proteoglycans, Ann. Biomed. Eng., 2008, 36(12), 2134-2148, DOI: 10.1007/
$10439-008-9575-z.

19 K. Jahnke, M. Pavlovic, W. Xu, A. Chen, T. P. J. Knowles, L. R. Arriaga and
D. A. Weitz, Polysaccharide functionalization reduces lipid vesicle stiffness,
Proc. Natl. Acad. Sci. U. S. A., 2024, 121(22), e2317227121, DOIL: 10.1073/
pnas.2317227121.

20 S. Chakraborty, M. Doktorova, T. R. Molugu, F. A. Heberle, H. L. Scott,
B. Dzikovski, M. Nagao, L. R. Stingaciu, R. F. Standaert, F. N. Barrera,
J. Katsaras, G. Khelashvili, M. F. Brown and R. Ashkar, How cholesterol
stiffens unsaturated lipid membranes, Proc. Natl. Acad. Sci. U. S. A., 2020,
117(36), 21896-21905, DOI: 10.1073/pnas.2004807117.

21 J. T. Groves, Bending mechanics and molecular organization in biological
membranes, Annu. Rev. Phys. Chem., 2007, 58, 697-717.

22 T. Shioiri, J. Tsuchimoto, K. Fukushige, T. Takeuchi, M. Naito, H. Watanabe
and N. Sugiura, Chondroitin sulfate liposome: clustering toward high
functional efficiency, J. Biochem., 2024, 176(3), 229-236, DOIL 10.1093/jb/
mvae041.

23 J. M. Westerfield, A. R. Sahoo, D. S. Alves, B. Grau, A. Cameron, M. Maxwell,
J. A. Schuster, P. C. T. Souza, I. Mingarro, M. Buck and F. N. Barrera,
Conformational Clamping by a Membrane Ligand Activates the EphA2
Receptor, J. Mol. Biol., 2021, 433(18), 167144, DOIL: 10.1016/j.jmb.2021.167144.

180 | Faraday Discuss., 2025, 259, 168-181 This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1038/s41564-024-01794-8
https://doi.org/10.1038/s41564-024-01794-8
https://doi.org/10.1038/nrmicro2538
https://doi.org/10.1038/nrmicro2538
https://doi.org/10.1002/anie.201508783
https://doi.org/10.1073/pnas.1608069113
https://doi.org/10.1038/s41598-020-80033-6
https://doi.org/10.1007/s10719-017-9761-z
https://doi.org/10.1007/s10439-008-9575-z
https://doi.org/10.1007/s10439-008-9575-z
https://doi.org/10.1073/pnas.2317227121
https://doi.org/10.1073/pnas.2317227121
https://doi.org/10.1073/pnas.2004807117
https://doi.org/10.1093/jb/mvae041
https://doi.org/10.1093/jb/mvae041
https://doi.org/10.1016/j.jmb.2021.167144
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00195h

Open Access Article. Published on 09 2025. Downloaded on 01.02.26 22:11:04.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

24 V. P. Nguyen, L. Palanikumar, S. J. Kennel, D. S. Alves, Y. Ye, J. S. Wall,
M. Magzoub and F. N. Barrera, Mechanistic insights into the pH-dependent
membrane peptide ATRAM, J. Controlled Release, 2019, 298, 142-153.

25 T.].Pucadyil, S. Mukherjee and A. Chattopadhyay, Organization and dynamics
of NBD-labeled lipids in membranes analyzed by fluorescence recovery after
photobleaching, J. Phys. Chem. B, 2007, 111(8), 1975-1983.

26 H. L. Scott, J. M. Westerfield and F. N. Barrera, Determination of the
Membrane Translocation pK of the pH-Low Insertion Peptide, Biophys. J.,
2017, 113(4), 869-879.

27 V. P. Nguyen, A. C. Dixson and F. N. Barrera, The Effect of Phosphatidylserine
on a pH-Responsive Peptide Is Defined by Its Noninserting End, Biophys. J.,
2019, 117(4), 659-667.

28 K. G. Schaefer, A. E. Pittman, F. N. Barrera and G. M. King, Atomic force
microscopy for quantitative understanding of peptide-induced lipid bilayer
remodeling, Methods, 2022, 197, 20, DOI: 10.1016/j.ymeth.2020.10.014.

29 S. J. Attwood, Y. Choi and Z. Leonenko, Preparation of DOPC and DPPC
Supported Planar Lipid Bilayers for Atomic Force Microscopy and Atomic
Force Spectroscopy, Int. J. Mol. Sci., 2013, 14(2), 3514-3539.

30 M. Chighizola, T. Dini, S. Marcotti, M. D’Urso, C. Piazzoni, F. Borghi,
A. Previdi, L. Ceriani, C. Folliero, B. Stramer, C. Lenardi, P. Milani,
A. Podesta and C. Schulte, The glycocalyx affects the mechanotransductive
perception of the topographical microenvironment, J. Nanobiotechnol., 2022,
20[1), 418, DOI: 10.1186/s12951-022-01585-5.

31 K. S. Nair and H. Bajaj, Advances in giant unilamellar vesicle preparation
techniques and applications, Adv. Colloid Interface Sci., 2023, 318, 102935,
DOI: 10.1016/j.¢is.2023.102935.

32 M. H. L. Nguyen, M. DiPasquale, B. W. Rickeard, M. Doktorova, F. A. Heberle,
H. L. Scott, F. N. Barrera, G. Taylor, C. P. Collier, C. B. Stanley, J. Katsaras and
D. Marquardt, Peptide-Induced Lipid Flip-Flop in Asymmetric Liposomes
Measured by Small Angle Neutron Scattering, Langmuir, 2019, 35(36), 11735-
11744.

33 D. Rabuka, M. B. Forstner, J. T. Groves and C. R. Bertozzi, Noncovalent cell
surface engineering: incorporation of bioactive synthetic glycopolymers into
cellular membranes, J. Am. Chem. Soc., 2008, 130(18), 5947-5953, DOI:
10.1021/ja710644g.

This journal is © The Royal Society of Chemistry 2025 Faraday Discuss., 2025, 259, 168-181 | 181


https://doi.org/10.1016/j.ymeth.2020.10.014
https://doi.org/10.1186/s12951-022-01585-5
https://doi.org/10.1016/j.cis.2023.102935
https://doi.org/10.1021/ja710644g
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00195h

	Engineering of lipid membranes asymmetrically functionalized with chondroitin sulfateElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00195h
	Engineering of lipid membranes asymmetrically functionalized with chondroitin sulfateElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00195h
	Engineering of lipid membranes asymmetrically functionalized with chondroitin sulfateElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00195h
	Engineering of lipid membranes asymmetrically functionalized with chondroitin sulfateElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00195h
	Engineering of lipid membranes asymmetrically functionalized with chondroitin sulfateElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00195h
	Engineering of lipid membranes asymmetrically functionalized with chondroitin sulfateElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00195h
	Engineering of lipid membranes asymmetrically functionalized with chondroitin sulfateElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00195h
	Engineering of lipid membranes asymmetrically functionalized with chondroitin sulfateElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00195h
	Engineering of lipid membranes asymmetrically functionalized with chondroitin sulfateElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00195h
	Engineering of lipid membranes asymmetrically functionalized with chondroitin sulfateElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00195h
	Engineering of lipid membranes asymmetrically functionalized with chondroitin sulfateElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00195h
	Engineering of lipid membranes asymmetrically functionalized with chondroitin sulfateElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00195h

	Engineering of lipid membranes asymmetrically functionalized with chondroitin sulfateElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00195h
	Engineering of lipid membranes asymmetrically functionalized with chondroitin sulfateElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00195h
	Engineering of lipid membranes asymmetrically functionalized with chondroitin sulfateElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00195h
	Engineering of lipid membranes asymmetrically functionalized with chondroitin sulfateElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00195h
	Engineering of lipid membranes asymmetrically functionalized with chondroitin sulfateElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00195h


