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ABSTRACT

Cell adhesion is a fundamental phenomenon for cell communication and regulation. Adhesion
sites are triggered by the binding of single ligand-receptor pairs that will initiate the formation
of clusters of receptors. To study cell adhesion in live cells with microscopy techniques, there
is a need of fluorescent particles targeted towards membrane receptors with a signal sensitive
to the binding and movement of receptors and ligands at the interface. We propose new
biomimetic fluorescent lipid microparticles for membrane receptor targeting and sensing. The
particles are functionalized with tailor-made fluorescent lipids targeted towards lectins or
biotin membrane receptor and can be specifically recognized and internalized by cells as
evidenced by their phagocytosis in primary murine bone-marrow derived macrophages. By
using a FRET pair of fluorescent mannolipids, it was possible to detect the presence of
concanavalin A in solution by energy transfer showing that the particles can sense receptor
binding at the interface and the associated movement of the ligands at the site of adhesion.
Our results demonstrate that this biosensing platform can be specifically internalized by
phagocytes, effectively mimicking a bacteria, and reveal short-range interactions of surface
receptors via FRET.
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1. INTRODUCTION

Cell adhesion is a fundamental phenomenon involved in stimulating signals that regulate cell
differentiation, cell cycle, cell migration, and cell survival.? It promotes cell-cell adhesion,
allows the detection of pathogens and the initiation of phagocytosis via the signaling by
membrane receptors and antibody recruitment.?>3* The specific recognition of molecular
patterns such as lipids, proteins or sugars at the surface of cells or bacteria by multivalent
membrane receptors or clustering of these receptors leading to adhesion is a key in this
biological process. Among those patterns, sugars are widely spread in biological organisms
and can be bound by glycan-binding proteins, called lectins, and antibodies. They participate
in the signaling of cells, the regulation of cell adhesion, in phagocytosis and in the

developmental pathways.®
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Micrometric carbohydrate coated materials can thus be used as simplified biomimetic
materials to trigger adhesion and study associated biological processes (e.g. recognition,
internalization). The affinity of the cell receptors for recognition patterns present at the
surface of particles is a crucial consideration in designing targeted particles. The rigidity of the
surface, the density of the ligands and the size appear to play a key role in recognition and
internalization by cells and particularly by macrophages.®”2. Over the past few years, different
solid and liquid particles have been developed to study the recognition or the immune
response depending on the shape and size of the particle. There has been a major focus on
solid glycosylated materials to promote the delivery of drugs and to target macrophages with
platforms such as glycosylated quantum dots, silica nanomaterials, gold nanoparticles and
amphiphilic polymer particles.®1° Liquid particles for cell targeting include mannosylated
liposomes!! or oil-in-water (O/W) droplets.? They have several advantages compared to solid
glycomaterials. As interfacial particles, they can be coated with targeting moieties and these
ligands are mobile on the liquid interface, allowing their clustering at the cell contact and thus
increasing the affinity and recognition. Among liquid particles, liposomes are often chosen
because their lipid bilayer resembles that of a cell. However, O/W droplets present several
advantages: made from vegetable oil they can be formulated with biocompatible surfactants
such as sugar-based surfactants polymers and thanks to their ambivalence, being stiff but also
deformable, they favor recognition and cell adhesion without the need for a long spacer
usually found in liposomes formulations.'>'# For all these reasons, O/W droplets have been
chosen here to develop a versatile platform using glycolipids and biotin lipids as surfactants.

To study cell adhesion in live cells with microscopy techniques, there is a need of fluorescent
biomimetic particles with a signal sensitive to the binding and movement of receptors and
ligands at the interface. Among fluorescence sensing modalities, FRET (Forster Resonance
Energy Transfer) is widely used to evidence biological phenomena. Since it uses the
nanometer scale energy transfer between two fluorophores, it gives valuable information on
short-range interactions well below the diffraction limit of fluorescence microscopy and would
be particularly useful to evidence ligand clustering and/or receptor binding during adhesion
processes. Yet despite, numerous instances of FRET applications inside of nanoparticules to
demonstrate drug delivery or formation of nanoparticles,>® inside liposomes to study the

organization of the membrane,'’or inside nano or micro emulsions,'1%2 energy transfer has,
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to the best of our knowledge, never been used at the surface of particles to monitor interfacial
interactions and ligands movements upon interaction with a receptor.

Based on our experience in surface functionalization and glycolipid synthesis,*#?! we designed
in this work a biomimetic sensing platform composed of tailor-made lipids inserted at the
interface of micrometric O/W droplets to target membrane receptors and study cell adhesion
(Figure 1). The glycosylated particles are specifically recognized and internalized by
phagocytic cells and the recognition and the clustering of ligands at the interface upon
receptor binding can be detected by FRET between a matching pair of fluorophores

incorporated in the tail of the lipids.
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Figure 1: Schematic representation of the droplets and of the use of FRET to visualize receptor

engagement for adhesion.
2. RESULTS AND DISCUSSION

Design and spectroscopic characterization of the fluorescent lipids. To functionalize the
surface of micrometric lipid droplets we have designed amphiphilic linear lipids. The linear
glycolipids are composed of 3 parts, as presented in Scheme 1: (i) a hydrophobic fluorophore,
(ii) a lipid chain and (iii) a polar targeting head. This linear design is inspired by the structure
of natural glycolipids.?? It is expected to enable the formation of an oriented layer at the
water/droplet interface. The fluorophores stay inside the droplet and the sugar or biotin is
exposed at the interface in water to enable selective recognition of the receptors. The
fluorophores are built from the BODIPY scaffold, chosen for its lipophilicity, excellent

photophysical properties (high brightness and photostability) and tunable absorption and
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emission wavelengths.?3?42> We synthesized a green-emitting BODIPY (G-mannolipid) by
incorporating methyl groups at positions 1, 7, 3, and 5. Through a mono-coupling Knoevenagel
reaction at position 3 with anisaldehyde, we obtained an orange-emitting BODIPY (O-
mannolipid). For the lipid chain, a 12-amino lauric acid was chosen. Combined with the
BODIPY, it is expected to have a similar lipophilia as C18 chains of natural lipids as BODIPY are
highly hydrophobic fluorophores. The third part of the molecule aims at targeting glycan-
binding proteins. To reach this goal a propargylamine was coupled to the carboxylic acid and
a mannose was introduced via a CuAAC click reaction yielding the G-mannolipid and O-
mannolipid compounds. Mannose-binding proteins recognize polysaccharide motifs and
display very low affinities for monosaccharide. However, the use of liquid particles enables
the mobility and the clustering of several monovalent ligands at the interface and we have
previously shown that a simple mannose is sufficient to have an affine and selective
recognition by these receptors.’* A negative control lipid bearing a lactolipid that is not
recognized by mannose receptors (G-lactolipid) was synthesized using the same procedure.
It has been reported in the literature that BODIPYs due to their structure, can form aggregates
at high concentration which modify their fluorescence properties 262722 and could be
detrimental given the high local concentration that may be encountered on the surface of the
droplets as in nanoparticles.?®° To study how the whole lipid structure impacts the organization
at the interface and find the best structure for each BODIPY lipid involved in the FRET tool we
have synthesized two additional green and orange mannolipid bearing negative charges close
to the polar head (G-mannolipid (-) and O-mannolipid(-)). Due to the electrostatic repulsion,
this charge is expected to modify the organization of BODIPYs on the surface. In addition, this
charge will also modulate the amphiphilicity of the glycolipids and may thus affect the droplets
formulation and receptor recognition. After obtaining the lauric acid BODIPY, a glutamate
function was added to introduce a charge in the molecule. The charged G-mannolipid (-) and
O-mannolipid (-) were obtained after deprotection with TFA in a modest yield due to the
instability of BODIPY in acid conditions.

Finally, and to target other adhesion receptors, an amino PEGylated biotin was coupled to the
lauric acid leading to G-biotinlipid. The PEG moiety was introduced to enhance the hydrophilic

properties of the biotin
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Scheme 1: Synthesis and structures of the lipids.

The spectroscopic properties of the glycolipids were studied in acetonitrile, water, and
soybean oil (Figure S1). They all display narrow structured absorption and emission bands
commonly observed for BODIPY derivatives with small stokes-shifts and little
solvatochromism. Clear signs of aggregation are however observable in water for the neutral
lipids. The absorption in water of G-mannolipid is broader than expected, while O-mannolipid
exhibits an additional red-shifted emission peak centered at 680 nm. The aggregation is less
pronounced for the more hydrosoluble charged derivatives. The G-mannolipid (-) presents a
narrowed spectrum in water and O-mannolipid (-) shows no additional fluorescence emission
peak. This observation is confirmed by the measurement of critical micellar concentration that
are one order of magnitude higher (2-3 uM) for the charged derivatives compared to their
neutral counterparts (ca. 0.2 uM) (Table S2 and Figure S2). The molar absorptivities and
fluorescence quantum vyields measured in acetonitrile also confirm that the mannolipids
conserve the high brightness of BODIPY fluorophores with the exception of O-mannolipid (-)
(Figure 2A). The latter displays a surprisingly low molar absorption coefficient and fluorescent
guantum yield compared to its neutral counterpart. The emission and absorption of the green
and orange BODIPY overlap well making it an efficient and previously unreported FRET pair
with a Forster radius of 4.6 nm (Figure 2B and Table S3). Thus, we have synthesized a library
of lipids having heads and tails easily tunable to functionalize O/W droplets and develop

biosensing particles using a FRET pair of lipids.
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Figure 2: Spectroscopic properties of lipids. (A) Spectroscopic data of mannolipids in acetonitrile. Aabs: peak
absorption wavelength, €: molar absorption coefficient, Aem: peak emission wavelength, @: fluorescence
quantum yield. (B) Spectra of G-mannolipid (-) and O-mannolipid in acetonitrile with absorbance spectra in
solid lines and fluorescence spectra in dashed lines. Grey area shows the spectral overlap between donor

fluorescence and acceptor absorbance.

Formulation and functionalization of the microparticles. The O/W lipid droplets were
formulated with membrane emulsification, lipiodol oil, chosen for its high density allowing
easy formulation and Pluronic F68 15% w/w with a 3 um pore sized membrane, yielding 10
um droplets with a well-controlled sized (dispersion of 1.7 um) (Figure S3). These
microparticles were functionalized using PB-Tween 20 (at CMC) as surfactant and different
concentrations in lipids. Each concentration corresponds to a number of theoretical surface
equivalents, with 1 equivalent meaning the theoretical saturation of the surface by the lipids
as described by Pinon et al.?! We estimate the surface equivalents by using the previously
reported surface occupancy of linear glycolipids (50 A) and the total surface of the droplet.
The precise formulation and functionalization are described in material and methods. The
functionalization of the microparticles with different surface equivalents of lipids was
monitored by measuring the fluorescence of the droplets using an epifluorescence
microscope after washing the excess of fluorescent glycolipids (Figure 3).

G-mannolipid and G-mannolipid (-) yield classical increasing binding curves that could

be fitted to a Langmuir isotherm model with dissociation constants Kp of 0.03 eq and 0.4 eq
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respectively. (Figure 3A, Figure S4 and Table S4). The introduction of the charge thus enables
modulating the formulation of the droplets, with an affinity one order of magnitude lower for
the more hydrophilic negatively charged lipid. Interestingly, the fluorescence continues to
increase beyond the theoretical surface saturation, showing that the lipids are also able to
enter the bulk of the droplets. This is confirmed by the intensity profiles of G-mannolipid-
coated droplets plotted at 0.07eq and 4eq of lipid (Figure 3B and Figure 3C). The first profile
indicates a surface functionalization while the latter shows a homogeneous localization of the
lipid in the droplet. Although there is no visible aggregation-caused quenching, the
spectroscopic characterization of the droplets coated with G-mannolipid shows two emission
peaks: one at 520 nm and a red-shifted one at 600 nm that typically corresponds to BODIPY J-
aggregates.3%3132 The addition of the charge in G-mannolipid(-) improves the intensity of
fluorescence avoiding the additional J-aggregate emission peak (Figure 3D).

The binding of the O-mannolipid displays a very different trend. After an initial increase
of fluorescence, it rapidly decreases, indicating the occurrence of aggregation-caused
guenching on the surface of the droplets and, in a third phase, the fluorescence increases
again likely due to the penetration of the lipid inside the droplets (Figure 3E, Figure S4 and
Table S4). The difference of behavior can be explained by the increased aromatic surface of
the O-BODIPY that favors aggregation. Indeed, a high concentration of highly conjugated
BODIPYs can lead to self-absorption and strong intermolecular interactions (m-mt stacking)
induced by their planar structures and small Stokes shift. Most BODIPY thus suffer from
aggregation-caused quenching 2%%7, which is a well-known phenomenon in loaded particles at
high concentration.? The early growth phase of the binding curves was fitted to a Langmuir
isotherm model as well and yielded Kd values of 0.002 eq and 0.02 eq for O-mannolipid and
its charged counterpart respectively. The relative effect of the negative charge on the droplet
formulation thus appears to be the same for the G-Mannolipid and O-Mannolipid. The spectral
characterization of the O-Mannolipid confirms that adding a negative charge reduces the
aggregation-caused quenching as the maximum of fluorescence intensity is increased 2-fold
for O-mannolipid (-) (Figure 3F). Interestingly even if the self-quenching is reduced, a novel
emission band appears at 670 nm that could be due to J-aggregates. The behaviors of the G-
lactolipid and G-Biotinlipid are very comparable to that of the G-Mannolipid (Figure S4),
indicating that the formulation and surface functionalization is mostly governed by the nature
of the BODIPY fluorophore, but can be tuned by the addition of a net charge on the polar head.
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Figure 3: Functionalization results of G-mannolipid. (A) Titration of the insertion of G-mannolipid on the surface
of the droplets. Error bars represents the standard deviation to the mean intensity measured on 5 wide-field
microscopy images for each datapoint. Red line is a fit of the titration curve to a Langmuir adsorption isotherm.
(B) Typical intensity profile and corresponding epifluorescence image of unsaturated droplets coated with 0.07
eq in G-mannolipid (GFP excitation and monoband filter). Scale bar 40 um. (C) Typical intensity profile and
corresponding epifluorescence image of saturated droplets coated with 4 eq in G-mannolipid (GFP excitation and
monoband filter). (D) Fluorescence spectra of 11 million droplets coated with 0.3 eq of G-mannolipid or G-
mannolipid (-). (E) Titration of the insertion of O-mannolipid (-) on the surface of the droplets. Error bars
represents the standard deviation to the mean intensity measured on 5 wide-field microscopy images for each
datapoint. Red line is a fit of the titration curve to a Langmuir adsorption isotherm. (F) Fluorescence spectra of

11 million droplets coated with 0.3 eq of O-mannolipid or O-mannolipid (-).

Specific recognition of the particles by lectin-receptors in vitro and in primary murine bone-

marrow derived macrophages.

We studied the biomimetic properties of our microparticles using lectins receptors. Among
the diverse adhesion receptors, lectins represent a huge family of carbohydrate binding
proteins without enzymatic activity present in plants and animals. They identify pathogens
associated molecular patterns in a Ca2+ dependent manner. A critical feature is their
multivalency allowing interaction with sugars from different glycoproteins, glycolipids on the

same cell or different cells thus leading to aggregation of glycoconjugates and aggregation of
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receptors.* For example, mannose terminated oligosaccharides, present on a large panel of
unrelated pathogens (viruses?’, fungi3®, bacteria®®) are targeted by mannose lectins such as
Mannose Receptor, DC-sign or dectin during the immunity adhesion processes, and the
adhesion of leucocytes to the epithelial surfaces are regulated by L-selectins .2 Moreover, we
also used IgG molecules to demonstrate the versatility of our platform, targeting easily diverse
adhesion receptors. IgG molecules are ligands of the cells that cover pathogens to be ingested

by immunity cells.?’

The specific recognition of the mannosylated particles was studied in vitro by fluorescence
spectroscopy and microscopy using concanavalin A (ConA) as a soluble model of lectins. ConA
is a tetravalent lectin that recognizes polysaccharides with terminal mannose pattern but not
lactose. Measurements were performed on droplets functionalized with the four mannolipids
to study the possible influence of the fluorophore and the charge on the recognition and with
the lactolipid as a negative control. First, the spectral properties of the mannosylated droplets
were recorded with and without ConA (Figure 4A). Interestingly, upon contact with ConA, the
fluorescence intensity of droplets increased for each mannolipid. This may be due to a new
arrangement of the fluorophores at the interface of the droplet, reducing the aggregation-

caused quenching by destacking of the molecules by the receptor.

In vitro recognition tests were performed by wide-field microscopy using ConA, Peanut
agglutinin, (PNA) a control lectin that binds to Gal-B(1-3)-GalNAc and do not recognize
mannosides or 1gG anti-biotin, all labelled with alexa647 (Deep red channel). Fluorescence
intensities of ConA, PNA or IgG anti-biotin were measured after 1h in contact with the droplets
coated with G-mannolipid (blue bars), G-lactolipid (grey bar), G-biotin-lipid (purple bar) or
naked droplets (green bars) and multiple washing steps to eliminate the excess of unbound
receptor. With addition of ConA on G-mannolipid coated droplets, large clusters of
mannolipid-coated droplets consistent with the agglutination properties of multivalent lectins
were visible as well as a high fluorescence signal on the surface of the droplet in the deep red
channel both of which are evidence of the binding of ConA to the mannolipid-coated droplets
(Figure 4B and 4C). This recognition by ConA was observed for all four mannolipids. With
addition of ConA on naked droplets, a low deep-red fluorescence of naked droplets indicated
non-specific binding was observed meaning that the recognition of the mannolipid-coated

droplets was specific (Figure 4C). Interestingly lactolipid-coated droplets in presence of ConA
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showed an even lower deep-red fluorescence than naked droplets (Figure 4C), indicating that
the non-specific binding of naked droplets can be suppressed in the presence of the lactolipid.
Thus, it is possible to passivate the droplets and avoid non-specific binding. As an additional
negative control, the mannolipid coated droplets were also placed in contact with PNA labeled
with alexa 647 that does not recognize mannose. Some signal was detected in the deep-red
channel, but it is similar to that observed with naked droplets and thus originates from non-
specific binding (Figure 4C and 4D) The specific recognition of the G-biotinlipid by anti-biotin
IgG was also evidenced (Figure 4C and 4E). IgG anti-biotin recognizes specifically the droplets
coated with the biotin lipid with a deep-red fluorescence increasing with the number of
equivalents of lipid. No recognition of naked droplets was observed.

To further evidence the selectivity of the binding, a competitive binding assay was also
performed with mannolipid coated droplets in presence of increasing concentration of free
mannose (1 mM and 10 mM) or free galactose (10 mM). As expected, when increasing the
concentration of mannose, the cluster size decreased as well as the deep red fluorescence
signal (Figure 4C and 4F). Conversely, when galactose at the same concentration was added
the fluorescence intensity was not changing. The recognition by Con A is thus specific to the

mannolipid at the surface of the droplet.
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Figure 4: Specific recognition tests in vitro. (A) Fluorescence spectra of 5.5 million droplets coated with 0.3 eq
of mannolipids in presence or in absence of ConA. (B) Epi-fluorescence images of droplets coated with 2 eq of G-
mannolipid in presence of 0.48 uM ConA alexa 647. (C) Fluorescence intensity of ConA (0.48 uM), peanut
agglutinin (0.48 uM) or IgG-anti-biotin alexa (0.23 uM) labeled with Alexa 647 measured upon contact with
droplets either coated with 2 eq of various lipids (see legend) or naked. Error bars represents the standard
deviation to the mean intensity measured on 5 wide-field microscopy images for each datapoint. (D) Epi-
fluorescence images of droplets coated with 2 eq of G-mannolipid coated in presence of 0.48 uM PNA alexa 647.
(E) Epi-fluorescence images of droplets coated with 2 eq of G-biotinlipid coated in presence of IgG anti-biotin
alexa 647. (F) Epi-fluorescence images of 2 eq G-mannolipid coated particles in presence of 0.48 uM ConA alexa

647 and competing mannose (top: 1 mM mannose, bottom: 10 mM mannose).

As a model of adhesion processes, we have selected phagocytosis, a mechanism of
internalization of micrometer-sized particulate material and performed by macrophages as
part of the immune response. As all cell adhesion phenomenon, it is triggered by the
recognition of ligands of pathogens such as sugars patterns by an array of receptors present
at the surface of the cell that promotes adhesion of the membrane to the pathogen.* To
investigate the recognition of the mannolipid-coated particles by specific adhesion receptors,

we analyzed the interaction of mannolipid-coated droplets with primary murine macrophages
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derived from bone-marrow precursors obtained as described by Marion et al. 3* The
macrophages were incubated at 37°C with naked (green bars) or mannolipid-functionalized
(blue and gray bars) lipid droplets (Figure 5A and 5B). When indicated, the cells were
pretreated with soluble mannan. for 20 min prior to incubation with the functionalized
droplets. After 10 min of contact, the association index, i.e. the mean number of droplets
associated (internal or external) with the cells, was calculated. Macrophages incubated with
naked droplets or pretreated with soluble mannan exhibited a significantly lower binding and
phagocytic activity, as compared with untreated macrophages incubated with mannolipid-
coated droplets. These results demonstrate a specific binding and phagocytosis of the

mannolipid-coated particles in primary murine professional phagocytic cells.

Association Index

Naked Mannolipid Mannan + Mannolipid

+ Mannolipid
+ Mannan

Figure 5: Specific recognition and phagocytosis tests with primary murine bone-marrow derived macrophages.
Primary murine bone-marrow derived macrophages were treated for 20 min with soluble mannan (10 mg/mL,
grey bar) or not (green and blue bars) prior to be incubated with naked droplets (green bars) or G-mannolipid-
coated droplets (0.5 eq, blue and grey bars) for 10 min at 37°C. (A) Brightfield images of cells with associated
droplets. One representative field for each condition is shown. Scale bar = 10 um. (B) Average number of
associated particles per cell was calculated in 25-30 cells per condition. The means + SD of 5 independent

experiments are plotted.

FRET to study the binding with lectin receptors. To evidence the possibility of monitoring
receptor binding via FRET, the tunable microparticles were functionalized with G-mannolipid
(-) and O-mannolipid. The two lipids were chosen since their spectral properties are simpler,
with no additional aggregate emission peaks that could complexify FRET measurements. The
4 binding sites of ConA are approximately separated by 5 nm which corresponds to the Forster
radius of our FRET pair (Table S3 and Figure S5). If the two mannolipids bind to different sites

of ConA, the distance between them should be ideal to observe a FRET signal.
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Figure 6: FRET experiments. (A) Typical fluorescence spectra of 5.5 million droplets simultaneously coated with
0.3 eq G-mannolipid (-) and 0.3 eq O-mannolipid in presence of different concentrations of ConA when exciting
at 488 nm. (B) Fluorescence spectra of 3.6 million droplets simultaneously coated with 0.3 eq G-mannolipid (-)
and 0.3 eq O-mannolipid in presence of either ConA (0.54 uM) or PNA (0.51 uM). (C) Confocal images of 5.5
million droplets simultaneously coated with 0.3 eq G-mannolipid (-) and 0.3 eq O-mannolipid in presence of 0.27
MM ConA alexa 647. (D) Typical confocal and FLIM images with phasor representation of 5.5 million droplets
simultaneously coated with 0.3 eq G-mannolipid (-) and 0.3 eq O-mannolipid in presence or not of 0.54 uM ConA.
The fluorescence intensity and lifetimes measured are those of the donor: Aexc = 488 nm, collection: 498 nm —

530 nm.

Droplets were functionalized with 0.3 eq G-mannolipid (-) and 0.3 eq O-mannolipid. This
concentration was chosen so as to not saturate the surface and keep the mobility of the lipids
while still allowing efficient recognition by the receptors. Different concentrations of ConA
were added to control the changes in fluorescence emission with the receptor concentration.
The spectroscopic results are presented Figure 6A and S8. As discussed above, the emission
of the donor increases upon binding of the droplets to ConA. Due to this competing
phenomenon, FRET cannot be measured by monitoring the decrease of the fluorescence of
the donor. The energy transfer is however clearly visible by recording the fluorescence
emission of the acceptor. The emission band of O-mannolipid (Aem 600 Nm) increased with the
concentration of ConA when exciting the donor at 480 nm, revealing the FRET phenomenon.

A control experiment verified that excitation of the droplets functionalized with the acceptor
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O-mannolipid alone at 480 nm leads to only a residual fluorescence signal with or without
ConA (Figure S6 and S7).

To confirm that FRET is indeed linked to the binding to ConA, a control test was

performed with Peanut agglutinin and the acceptor emission arising from energy transfer was
only visible in the presence of ConA (Figure 6B).
FRET was also studied by steady-state and time-resolved confocal microscopy. Firstly, the
droplets functionalized with G-mannolipid (-) and O-mannolipid were observed in presence of
ConA alexa 647. The emission of G-mannolipid (-) was observed in the green channel (Aex 480
nm, Aem 490-530 nm), the FRET-sensitized O-mannolipid fluorescence in the yellow channel
(Aex 480 nm, Aem 560-630 nm) and the ConA alexa 647 in the red channel (Aex 640 nm, Aem 650-
750 nm). The fluorescence of the donor was visible in the whole droplet, while the FRET signal
was located only at the surface of the droplet as was the labelled ConA (Figure 6C). This shows
that FRET is indeed concomitant to the binding of ConA to the mannolipids. The droplets co-
functionalized with G-mannolipid (-) and O-mannolipid were then studied with two different
concentrations of unlabeled conA (Figure S7). Direct excitation of either the donor of the
acceptor showed fluorescence in the whole droplets, but the FRET-sensitized emission of the
acceptor, was only visible on the surface of the droplets and increased with the concentration
of receptor. FRET between two lipids thus enables the specific detection of the binding of the
unlabeled cognate receptor at the surface of the droplet.

Since FRET cannot be monitored via the emission of the donor, no quantitative FRET
measurement is possible by steady-state fluorescence, and we have thus performed time-
resolved FRET by FLIM microscopy. Droplets were functionalized with 0.3 eq G-mannolipid (-)
and 0.3 eq O-mannolipid. The lifetime of G-mannolipid (-) was measured using FLIM before
and after adding ConA (Figure 6D). Without ConA, the phasor plot of the donor shows only a
single population with a nearly monoexponential lifetime. Upon addition of ConA, a decrease
of the donor fluorescence lifetime is visible (Figure 6D and Table S5), thus evidencing the FRET
in our microparticles due to the recognition with ConA. The FRET efficiency E was calculated
to be 21+1% with At=0.41+0.04 ns. Colocalization analysis in fluorescence microscopy, while
popular for indicating potential associations between molecules based on overlapping
fluorescence signals, doesn't directly prove molecular recognition. Microscopes resolution
limits (~200-300 nm) mean that colocalized signals might just be close, not necessarily
interacting. On the contrary, this FRET-sensing tool allows visualizing short-range interaction
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well below this resolution limit (at a 10 nm distance) and to unambiguously detect the binding

of ConA to the mannolipids at the surface of the particle.

3. CONCLUSION

We have created an adaptable platform using lipids-coated fluorescent microparticles to
sense adhesion phenomena. We have synthesized and characterized a series of fluorescent
lipids with various targeting heads and fluorescent tails. These biomimetic particles interact
with receptors in vitro, forming clusters. They are bound and phagocytosed in a receptor
specific manner by primary macrophages. A novel BODIPY FRET pair was developed, allowing
in vitro FRET between glycolipids localized at the surface of microparticles to study receptor
binding. Our results confirm the biosensing platform's utility in revealing short-range
interactions, thus providing clear evidence of specific receptor recognition. We have
developed a unique tool to evidence and visualize receptor binding that could help study on
adhesion mechanism. The design is modular and can be easily adapted to obtain different
fluorescence emissions and to target diverse receptors. Adhesion processes usually involve
different receptors, and we can envision in the future that FRET could also be used to detect
the binding of two different cooperating receptors. In particular, these glycosylated particles

could be used to study the role of lectins in phagocytosis.
4. EXPERIMENTAL METHODS
Synthesis
Synthesis and characterization of lipids are described in the Supporting Information.
Droplets formulation

A Shirasu porous glass (SPG) apparatus with a membrane having a 3um pore size was used.
The membrane was immersed into an aqueous phase of Pluronic F68 block-copolymer
surfactant at 15 wt %. The dispersed phase (oil) was inserted in a reservoir connected by a
pressure valve. Then, pressure was applied to the dispersed phase that finally crossed the
membrane after reaching the critical pressure of the membrane. A concentrated emulsion of

droplets with a defined size of 10.0 um * 1.7 is obtained.

Droplets functionalization
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References of products are described in the Supporting Information.

The functionalization of droplets and recognition by ConA for sugar lipids was performed
following this procedure:

10uL of 10 um droplets i.e. 11 million droplets in Pluronic F68 15 wt % were placed in a
microtube and the tube was completed to 200 pyL with PB Tween 20 CMC. The diluted
emulsion was centrifuged at 2000 rpm for 30 sec. 190 uL were removed and 190 pL of PB-
Tween were added again. This washing-step was repeated 3 times. Then, a volume of the
probe correspondent to the number of equivalents desired (for 1 eq: 12uL) was added to the
solution followed by DMSO as polar solvent (total volume of addition 20 pL so for 1 equivalent:
8 uL of DMSOQ). After an hour rotation, washing steps were repeated three times this time with
PBS containing CaCl, 0.1 mM and MnCl; 0.1 mM for mannolipids and lactolipid, and with PB-
Tween 20 CMC for biotinlipid. 30 uL were observed on a glass slide within a chamber.
Epifluorescence microscopy was performed on a Zeiss Axioimager Z1 equipped with a
lumencor spectraX light source with GFP monoband filter for green lipids, Cy3 monoband filter

for orange lipids and deep red multiband filter for proteins labeled with Alexa 647.
Droplets recognition in vitro and with Primary murine bone-marrow derived macrophages
References of products can be found in the Supporting Information.

For in vitro tests recognition with mannolipids and lactolipid, 10 pyL (1 mg/mL initial
concentration in sodium bicarbonate) ConA stained with Alexa Fluor 647 or Peanut agglutinin
with Alexa Fluor 647 were added to 11 million 10 um droplets functionalized droplets meaning
0.48 uM final concentration. The solution was rotated 1 hour then washed with the solution
of PBS three times again. For the test with free mannose and galactose, solutions of sugars
were prepared at 100 mM in water and added at the same time than ConA. For biotin lipid
the same procedure was used with 9uL of IgG-anti-biotin Alexa 647 at 0.85 mg/mL meaning
0.23 uM final concentration. 30 pL were observed on a glass slide within a chamber with epi-

fluorescence microscopy, Deep red filter for receptors.

Binding and phagocytic assay were performed in primary murine bone-marrow derived
macrophages cultivated from 6—-8-week-old mice femoral and tibial bones. Briefly, the cell
suspensions were depleted in red blood cells for 2 min at room temperature in NH4CI red

blood cell lysis buffer, then plated with 20 ng/mL of mouse M-CSF in complete medium
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consisting of RPMI Glutamax supplemented with 10 % Fetal Calf serum, 10 mM HEPES, 1 mM
sodium pyruvate, 50 mM beta-mercaptoethanol (all from Gibco) in Petri dishes for 8 days at
37°Cwith 5% CO2. The cells were then washed and resuspended in PBS1X before being diluted
at 1/3 and plated in complete medium for 3 more days. Macrophages were then washed in
PBS1X, resuspended and pelleted before being plated in complete medium in a Falcon culture
dish containing glass coverslips overnight at 37°C. 4 um size lipid droplets were prepared using
a 1.1 um pore size membrane and functionalized as described above with 0.5 eq G-
mannolipid. 30 particles per cell (6X10° droplets/coverslip) were used for experiments. When
indicated, the macrophages were treated with 10 mg/mL of soluble mannan for 20 min at
37°C prior to incubation with the droplets. After 10 min at 37°C, the cells were fixed with 4%
paraformaldehyde for 45 min at 4°C, then washed and incubated for 10 min with 50 mM
NHA4CI in PBS1X, and then washed in PBS1X. The cells were then permeabilized in 2% FCS
0.05% saponin in PBS1X and incubated in the same buffer containing Phalloidin Alexa546 for
25 min at room temperature. After three washes in the permeabilization buffer and one wash
in PBS1X, the cells were incubated with DAPI (DiAmidino Phenyl Indole) at 1/30 000 in PBS1X
and then mounted on microscopy slides with 5 pl of Fluoromount G. External and internalized
particles were counted in 25-30 randomly chosen cells, and the mean number of cell-
associated (bound + internalized) particle was calculated. Images were acquired using an
inverted wide-field microscope (Leica DMI6000) with a 100x (1.4 NA) objective and a
(MicroMAX Princeton Instruments) camera. Statistical significance was determined by One-

Way ANOVA test (Prism software version 9.5.0).
Spectroscopic characterization
Additional spectroscopic characterizations are described in the Supplementary Information.

For the analysis of droplets coated with one single lipid by fluorescence spectroscopy, 100 pL
of solution containing 5.5 million (10 um) droplets functionalized at 0.3 eq of each lipid were
added to 600 uL of PBS and mixed before measuring. For the analysis of droplet coated with
two lipids by fluorescence spectroscopy, 100 pL of solution containing 5 million droplets
functionalized at 0.3 eq of each lipid were added to 600 uL of PBS. When necessary, unstained
ConA (2 mg/ mL initial concentration in sodium bicarbonate) or unstained peanut agglutinin

(1 mg/mL in water) were added to the solution and mixed.
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Droplets imaging

Confocal images were recorded on a Leica SP8 with a 63X oil immersion objective. 30 puL of 5.5
million 10 um droplets functionalized with 0.3 eq G-mannolipid (-) and 0.3 eq O-mannolipid
(V= 3.6 pL of 1 mM solution in DMSO) were imaged in a glass slide chamber. ConA unstained
at 2 mg/ml initial concentration was used when needed with the same procedure as for the
droplets recognition tests. For G-mannolipid (-): ex 488, 499-530, for O-mannolipid FRET
emission: ex 488, 560-648, for O-mannolipid: ex 550, 560-648, for ConA emission: ex 640, 650-
750. FLIM measurements were recorded on a SR Leica SP8X FLIM with a 63X oil immersion
objective. FLIM phasor plot representation was obtained using a pulse laser, a median filter
and a hybrid count detector with excitation at 488 nm, emission 498-530 nm. FLIM
measurements were performed on 3 independent experiments of functionalized droplets
with 0.3 eq G-mannolipid (-) and O-mannolipid. For FRET measurements 0.54 uM ConA was

added during 1 hour before imaging.

The FRET efficiency E was calculated using the lifetime of the donor in presence of acceptor
without receptor 74 and the minimum lifetime achieved of the donor in presence of acceptor

and receptor 75 :

T
E=1-2
Ty

Error bars represents the standard deviation to the mean FRET efficiency measured on 4

confocal microscopy images on three independent experiments.
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