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ABSTRACT

The interactions of mono-rhamnolipids (mono-RLs) with model membranes were investigated
through a biomimetic approach using phospholipid-based liposomes immobilized on a gold
substrate and also by the multi-parametric surface plasmon resonance (MP-SPR) technique.
Biotinylated liposomes were bound onto a SPR gold chip surface coated with a streptavidin layer.
The resulting MP-SPR signal proved the efficient binding of the liposomes. The thickness of the
liposome layer calculated by modeling the MP-SPR signal was about 80 nm, which matched the
average diameter of the liposomes. The mono-RL binding to the film of the phospholipid liposomes
was monitored by SPR and the morphological changes of the liposome layer were assessed by
modeling the SPR signal. We demonstrated the capacity of the MP-SPR technique to characterize
the different steps of the liposome architecture evolution, i.e. from a monolayer of phospholipid
liposomes to a single phospholipid bilayer induced by the interaction with mono-RLs. Further
washing treatment with Triton X-100 detergent left a monolayer of phospholipid on the surface. As
a possible practical application, our method based on a biomimetic membrane coupled to a SPR
measurement proved to be a robust and sensitive analytical tool for the detection of mono-RLs with

a limit of detection of 2 pg mL ™",

INTRODUCTION

Rhamnolipids are secondary metabolites naturally produced by the bacteria Pseudomonas

aeruginosa, with biosurfactant properties. They belong to the group of surface-active glycolipids



and consist of a glycone part composed of one or two rhamnose moieties connected via an a-1,2-
glycosidic linkage and a glycone part consisting of two alkyl chains. They are produced as a
mixture of mainly a-L-rhamnopyranosyl-B-hydroxydecanoyl-f-hydroxydecanoate and 2-O-a-L-
rhamnopyranosyl-o-L-rhamnopyranosyl-B-hydroxydecanoyl-f-hydroxydecanoate called mono-
and di-rhamnolipid respectively. These two compounds are the dominant components in the
naturally produced mixture. They constitute the virulence factor of P. aeruginosa and they cause
chronic respiratory infections in cystic fibrosis patients and immunocompromised individuals. It
has been shown on in vitro-reconstituted human respiratory epithelium that incorporating
rhamnolipids in a host cell membrane decreases transepithelial resistance for concentrations higher
than 50 pg mL.! Rhamnolipids are incorporated within the apical membranes of epithelial cells and
later within their basolateral membranes. The permeability of epithelia to bacteria is then increased.
As biosurfactants, rhamnolipids are used in detergents, food and cosmetic products, as those

compounds have low toxicity and a weak ecological impact.?

Because of complexity due to the numerous biological activities of rhamnolipids, interactions of
rhamnolipids with cell membranes still deserve detailed investigations. Biomimetic membrane
models facilitate the understanding of complex biological membrane behaviors. Those composed
of lecithins, the main phospholipids of many living cells, are structured as bilayers that may be
dispersed in water as liposomes or vesicles. These types of vesicles, encapsulating redox or
fluorescent probes have been used for the detection of various microorganisms through their
metabolites. ** Calorimetric studies have shown that di-RLs bind to mono-unsaturated
phospholipid 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) wvesicles, rupture the
bilayers and cause leakage from the inner aqueous medium at RL/lipid ratios higher than one, this
effect being reduced in the presence of cholesterol.” A FTIR study showed a direct interaction
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between the phosphate groups of 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine (PLPC)
and the polar heads of rhamnolipids, then altering the organization of polar headgroups of the
phospholipids. These interactions were confirmed by molecular dynamics simulations of these
membrane models in the presence of thamnolipids.® Owing to their two rhamnose units in their
polar headgroup, di-RLs are more hydrophilic surfactants than mono-RLs.” Thus, di-RLs self-
assemble as small micelles which grow as the concentration increases. Conversely, the less
hydrophilic mono-RLs form large micelles and vesicles in aqueous solution. On that basis, mono-

RLs are more prone to mix with phospholipids and to be incorporated into liposome bilayers.

Surface plasmon resonance (SPR) is a suitable label-free technique for the study of interactions
between species bound to the SPR chip surface and their partners in solution. The Kretschmann
configuration enables measurements avoiding interference from the surrounding liquid medium
because incident light does not pass through this medium. Moreover, SPR measurements
performed with two different wavelengths of incident light allow a unique pair of values of the

thickness and refractive index of the films deposited on the gold surface to be determined.®”

In the past few years, a number of studies have investigated the deposition of either planar mono-
or bi-lipidic layers, or liposomes on gold substrates by SPR. 1", These membrane biomimicking
systems have been applied to the study of the interactions with different molecules such as
catechol,*® drugs,® peptides,?®>?! | proteins,??* or toxins.?> To our knowledge, the SPR technique
has not been used so far for studying the interactions of rhamnolipids with phospholipid layers or
liposomes. The objective of this work was to assess the mechanism of interaction of RLs with a
biomimetic membrane formed by a monolayer of liposomes. First, the immobilization of
phosphatidylcholine-based liposomes on functionalized gold SPR chips was monitored. The

thickness and refractive index of the different layers were deduced by modeling the SPR signals at
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two wavelengths. Then, RL solutions of different concentrations were flowed on the liposome layer
and SPR signals (sensorgrams) were recorded. A solution rich in mono-RLs was preferred for this
study because mono-RLs are presumed to bind more strongly to phospholipid bilayers than di-RLs
.12 A RL mixture rich in mono-RLs may destructure phospholipid liposomes with better efficacy.
The change of the morphology of the liposome layer was then described, based on modeling of the

SPR signal.

MATERIALS AND METHODS

Chemicals. Hydrogenated soybean phosphatidylcholine (HSPC) was purchased from Lipoid
company, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-
2000] (DSPE-PEG), cholesterol (99 %), 11-mercaptoundecanoic acid (MUA), 11-amino-1-
undecanethiol hydrochloride, 1-dodecanethiol, streptavidin, 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide (EDC), N-hydroxysuccinimide (NHS), ethanolamine, mono-rhamnolipid
(mono-RL) R95Md (95 % pure rhamnolipids, mono-rhamnolipid dominant) produced by AGAE
Technologies LLC (USA), Triton X-100, NaCl were provided by Sigma-Aldrich. Chloroform
(99.8 %) was bought from Fisher Chemical. Diethyl ether was purchased from Carlo Erba.
Methanol was ordered from VWR company. 2-(N-morpholino) ethanesulfonic acid (MES) was
purchased from Dominique Dutcher company. Ultrapure water was obtained using a Milli-Q

system (resistivity 18.2 MQ cm).

Preparation of biotinylated liposomes. Biotinylated liposomes were prepared for immediate use
according to the “thin layer rehydration” technique and a slightly modified protocol from that

developed by Zhao et al.’” HSPC, DSPE-PEG and cholesterol (610.8 mg, 9.8 mg and 200 mg



respectively) were dissolved in 75 mL of a mixed organic solvent: chloroform, diethyl ether and
methanol (5.75 : 5.75 : 1 V/V). Biotinylated phospholipids represent 1.5% (W/W) of the total
phospholipids used in this protocol. Organic solvents were then evaporated under a vacuum of
—0.05 MPa in a water bath at 50 °C for 3 hrs using a rotary evaporator (Buchi Rotavapor R-114
with Heating Waterbath B-480 & Glassware- Acomertial). The thin transparent layer in the round
bottom flask was hydrated with water at 60 °C by rotating the container for 1 hr, until the thin layer
was completely dispersed in water and a milky suspension solution was obtained. In order to obtain
a homogeneous mixture and to reduce the average size of the liposomes, the solution was sonicated
for 20 min with a UP400S — Powerful Sonication of Larger Samples (Hielscher — Ultrasound
Technology company) at 60 kHz in an ice bath. The liposome solution was stored at room

temperature until further use.

Physicochemical characterization of liposomes. Hydrodynamic diameter measurements were
performed at 25 °C by Dynamic Light Scattering (DLS) with a Zetasizer NanoZS instrument
(Malvern Panalytical, Palaiseau, France) operating in backscatter mode at an angle of 173°. A
disposable polystyrene cuvette was filled with 3 mL of a diluted liposome suspension (1:10) in a
0.15 M NacCl solution and measurements in triplicate were started after an equilibration time of
60 s. Results are based on intensity distribution calculation; they are given as an average

hydrodynamic diameter + standard deviation (SD) with a polydispersity index (PdI).

The surface charge of the liposomes was determined by {-potential measurements using a NanoZS
Zetasizer instrument (Malvern Panalytical). The measurements were carried out in folded capillary
cells DTS 1070 (Malvern Instruments), which were filled with 800 uL of a diluted liposome

suspension (1:10) in 0.15 M NaCl solution and equilibrated at 25 °C for 60 s.



The refractive index of the prepared liposome suspensions was determined using an PAL-1 ATAGO

refractometer.

Cryo-TEM observations were performed on diluted dispersions of purified liposomes. A drop of
dispersion was cast onto a 300 mesh holey carbon film (Quantifoil R2/1) and quench-frozen in
liquid ethane using a cryo-plunge workstation (LPS, University of Paris-Saclay, France). The
specimens were then mounted on a precooled Gatan 626 sample holder, transferred into the

microscope (Phillips CM120) and observed at an accelerating voltage of 120 kV.

Functionalization procedure of the SPR gold chips. SPR gold chips were obtained from
BioNavis (BioNavis Ltd., Y16jérvi, Finland). They were typically 20 mm long, 12 mm wide and
0.55 mm thick, consisting of a (~50 nm) Au layer on a (~3 nm) Cr adhesive layer on a glass slide
that has a refractive index of 1.52020 and 1.51620 at 670 nm and 785 nm respectively. The gold
surface roughness was 1.53 nm. It was measured by Atomic Force Microscopy (AFM) operating
in tapping mode (Agilent M5500 Picoplus®, Agilent Technologies, Palo Alto, CA, USA), and

corresponds to the root mean square roughness (RMS) for an image of 2.5 x 2.5 um in size.
The SPR gold chips were used as substrates after the following procedures:

- Any potential contaminants were removed by microwave induced plasma generated by a
microwave plasma reactor (UHP-MW-PC, Diener electronic company, Stuttgard, Germany). The
operating pressure was generated by a dry-vacuum pump. We used two successive steps for plasma
treatment. The first step was cleaning using dioxygen at a pressure of (0.7 mbar for 3 min with a
power of 180 W dm®. To ensure the grafting of the thiols onto the metallic surface by avoiding the
potential risk of oxidation, the second step was a reducing plasma treatment. We achieved this
second step using dihydrogen at a pressure of 1 mbar for 5 min with a power of 126 W dm®. Then,

the slides were sonicated for 5 min in acetone and next in ultrapure water.



- To form a dense self-assembled monolayer (SAM) on the gold surface, the Au substrates were
dried under a nitrogen flow and immediately immersed in a 1 mM ethanolic solution of 11-
mercaptoundecanoic acid (MUA) (acidic SAM) or of 11-amino-1-undecanethiol hydrochloride
(amino SAM) or of 1-dodecanethiol (alkyl SAM) for a minimum duration of 20 hrs at 4 °C. The
chips were then rinsed with ethanol and dried under a gentle nitrogen flow. SPR gold chips
functionalized with the different SAMs were preserved in an ultrapure water bath and used directly

for the liposome immobilization.

- To develop the streptavidine SPR chip, the gold surface was cleaned by plasma treatment as
described above and immersed in an ethanolic solution of 11-mercaptoundecanoic acid (MUA,
1 mM) for 20 hrs at 4 °C.?® Then the chip was rinsed with ethanol and dried under a gentle flow of
nitrogen. The MUA SPR gold chip was incubated in 100 pL of a mixture of 0.2 M EDC and 0.05 M
NHS in MES buffer (5 mM MES, pH 5) for 2 hrs at room temperature. The activated surfaces were
washed in 1 mL of MES buffer and then incubated in 100 uL of a streptavidin solution (1 mg mL™")
in PBS buffer (0.1M NaH;PO4, 0.1 M Na;HPO4, 0.15 M NaCl, pH 7) for 12 hrs at room
temperature. Afterwards, SPR chip surfaces were rinsed with 1 mL of MES buffer, incubated in
2 mL of 10 mM ethanolamine aqueous solution for 10 min to block the residual activated acid
functions and remove all the physisorbed streptavidin, and rinsed again in 1 mL of MES buffer. All

functionalization steps were monitored by SPR under a 0.15 M NaCl solution flow.

Multi-parametric surface plasmon resonance (MP-SPR). Dual wavelength surface plasmon
resonance measurements were performed with a MP-SPR Navi™ 200 OTSO (BioNavis Ltd.,
Y16jdrvi, Finland) instrument at ambient temperature. The setup was equipped with a two laser
source excitation providing 670 nm and 785 nm incident wavelengths, two independent flow

channels, inlet tubing and an outlet for waste tubing. The measurements in both flow channels were
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carried out in parallel with the incident lights of 670 nm and 785 nm. The intensity of the reflected

light was measured at a resonant angle between 40 ° and 78 °.

During the SPR measurements on the gold chips functionalized with amino SAM, alkyl SAM,
acidic SAM and streptavidin, a continuous flow (50 pL min™") of a 0.15 M NaCl solution was
firstly injected for approximately 10 min until the SPR sensorgram signal was stabilized. After
stabilization of the signal intensity, different concentrations of liposomes (1x10'' — 5x10'2
liposomes mL ') in a 0.15 M NaCl solution were injected onto the SPR gold chips in both flow

1

channels for 4 min at a flow rate of 50 pL min ™", in order to evaluate which type of functionalization

insures a dense layer of liposomes.

Liposome—Rhamnolipid interaction analysis. The MP-SPR measuring instrument was used for
monitoring interactions between mono-RLs and liposomes. The mono-RL solutions were prepared
in 0.15 M NaCl, in a range of concentrations from 2 to 100 pg mL ™!, and then injected onto the
liposome layer. 2 pg mL™!, 5 pg mL™!, 10 pg mL™! and 20 pg mL ™' mono-RL solutions were
injected at a flow rate of 12 pL min! for 15 min, while the concentrations of 50 ug mL™!, 80 ug
mL ! and 100 pg mL 'were injected at a flow rate of 50 uL. min~! for 4 min. Each injection was

followed by a 4 min washing step with 0.15 M NaCl solution at 50 uL min

until the signal was
stabilized. This protocol provided an optimal variation of the SPR signal during the sensorgram.

Finally, 1 mL of Triton X-100 (1 %) in a 0.15 M NaCl solution was injected into both channels for

4 min. Each experimental procedure was reproduced twice.

MP-SPR biophysical analysis. The theoretical simulation of the multilayer system and the
determination of the optical parameters of the different layers were performed by the SPR Navi
LayerSolver v. 1.2.1 (BioNavis Ltd., Y16jarvi, Finland) software, which is supplied as associated

software with the MP-SPR instrument. The LayerSolver software uses the well-known Fresnel
9



equation formalism for calculations.?”*° The multi-layer calculation method is based on a
numerical layer by layer iteration and allows for multiple SPR spectra processing, and a stepwise
approach for calculations. A theoretical description for the resonance condition can be obtained by
solving Maxwell’s equations for a multilayer optical system.>’ The software was used to
simultaneously determine the thickness and refractive index giving the best fit of the theoretical
calculation to the full SPR angular spectra measured at both laser wavelengths at the same time,
and at the same point.> ?° The two-wavelength method combined with angular scanning over a
wide range of incidence angles has proven to be particularly efficient to retrieve the layer thickness

and refractive index values of the thin biomolecular layers.” 132

The schematic representation of the multilayer system is presented in Figure 1. Layers 0 to 4 of the
SPR gold chip are the glass substrate, the chromium-gold layer, the SAM, the streptavidin layer
and the liposome layer, respectively. It is worth noting that the MP-SPR Fresnel’s reflection
coefficient is based on an independent layer model structure. Each layer is characterized by its

thickness () and its complex refractive index (#)* calculated with equation 1:
n=n+ik(1)
where 7 is the real part of the refractive index that corresponds to the refraction of light and £ is the

imaginary part corresponding to the extinction or absorption of light by the material.
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Incident Reflected
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Figure 1. Schematic representation of the multilayer system of the SPR gold chip.

Since the SPR full angle spectra at both wavelengths are measured at the same location, the layer
thickness should be the same for both wavelengths. The thickness values were therefore defined as
global variables for both wavelengths. The complex refractive index was considered as an
independent variable for the metal layer modeling (k # 0) and as a linearly dependent variable
between the two used wavelengths for the other organic layers that do not absorb light (k = 0). The

refractive index of the layer for the second wavelength, n;,, can be calculated using equation 2 .
dn
ny, = ny + a X (AZ - 21) (2)

. o dn . : . : .
where ny, is the refractive index for wavelength 1, and ﬁ is the linear dispersion coefficient

relative to wavelength-change.

The optical input parameters of chromium and gold layers are taken from MP-SPR Navi
LayerSolver User Manual as follows: for the chromium adhesion layer fig70 = 3.52950 + i4.26830
and fizgs = 3.97290 + i4.18950; for the gold layer, fie7o = 0.17410 + i3.61230 and fizgs = 0.18360 +

14.58710. The other parameters were determined by fitting to the experimental data.
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The changes of the thickness and refractive index at the surface of the SPR gold chips induce a
shift of the SPR angular peak minimum (&ser). Thus, based on Feijter's formula,® the surface mass
density (I') of an adsorbed liposome layer can be calculated using equation 3, considering the SPR

measured parameters of the layer.

_ dix(np—np)
r= dn/dc (3)

where di, n. are the thickness and refractive index respectively of the corresponding layer L, ny is
the refractive index of the NaCl solution at each wavelength, and dn/dc is the refractive index
increment of the dispersion of liposomes. An accurate determination of dn/dc is necessary to
precisely quantify the surface mass densities (/) of liposomes. dn/dc was determined
experimentally from the slope of the linear variation of the refractive index as a function of
liposome concentrations (Cj). The obtained value, dn/dc = 0.134 cm? g2, is comparable to values

reported in the literature (dn/dc sipia = 0.135 cm? g1).35-%¢
RESULTS AND DISCUSSION

Biotinylated liposome characterization. The liposomes were characterized with respect to their
size and surface charge. The hydrodynamic diameter of liposomes determined by DLS (Table 1)
was around 76 nm, with a polydispersity index (Pdl) of 0.16. It can be noted that the liposome size
was less than half of both wavelengths of the MP-SPR device, so that the evanescent wave could
penetrate the full liposome layer. In addition, the surface potential of the liposomes was measured
on the basis of their electrophoretic mobility. The Zeta potential value was approximately
—10.8 mV. The negative surface of the liposomes, due to the phosphate groups of the
phospholipids, induces an electrostatic repulsion between them, preventing their aggregation and

providing high colloidal stability. Several measurements of these parameters over time confirmed
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the stability of the liposome suspensions over a period of 6 months. Furthermore, the liposome

suspension was carefully controlled before each SPR experiment.

Table 1. Properties of the biotinylated liposomes; the hydrodynamic diameter and zeta

potential are given as mean values + standard deviation of three independent measurements.

Diameter Zeta potential CpP® Ci¢
Pdl? , RId
(nm) (mV) (mmol L?) (lipo mL™Y)
76+75 0.16 -10.8+0.6 30 2.5x10 1.34

3 Polydispersity index, ° Concentration of phospholipids, ¢ Concentration of liposomes, ¢ Refractive index
The liposome concentration C; is obtained by dividing the total number of liposomes Niipo
(calculated according to equation S1 in Supporting Information) by the volume of the suspension

(V =25 mL), resulting in 2.5x10* lipo mL".

Cryo-TEM observation confirmed the size of the synthetized liposomes. As shown in Figure 2a,
the liposomes appeared as perfectly spherical and unilamellar nanovesicles. Figure 2b presents the
size distribution of liposomes, estimated with ImageJ software. The mean diameter of the

liposomes was 69 nm with a standard deviation of 10 nm.

Satisfactory agreement is noticed between the two size distributions derived from TEM image
analysis and DLS measurements. The measurement of the hydrodynamic diameter of liposomes by
DLS in solution takes into account a layer of hydration around the liposomes, which leads to a

difference of around 10% with the diameter measured by Cryo TEM.
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Figure 2. (a) TEM image and (b) diameter histogram of a diluted dispersion of biotinylated

liposomes.

SPR monitoring of liposome immobilization on modified surfaces. A comparative study of the
interaction of biotinylated liposomes with several SAM-functionalized gold SPR chips was
performed so as to select a SAM binding a dense layer of immobilized liposomes. For this purpose,
the gold surface underwent different functionalizations. After thorough cleaning of the gold SPR
chip, self-assembled monolayers (SAMs) of long-chain alkanethiols with varying terminal groups
(-COOH, —NH>, and —CHz) were formed on gold chips after 20 hrs reaction. A fourth gold chip
was functionalized by a streptavidin layer by a two-step protocol: A closely packed 11-

14



mercaptoundecanoic acid layer was first elaborated on the gold surface. Then, the acidic function
was activated using EDC/NHS chemistry in order to covalently graft the streptavidin to the SPR

chip surface.

During the measurement and to ensure the accuracy of the changes in the measured optical
parameters, a calibration step of the SPR device with 0.15 M NaCl solution was made. Next,
biotinylated liposome dispersions at concentrations between 1x10* and 5x10'? lipo mL=* were
injected and flowed at 50 uL min~! for an interaction time of 4 min with the functionalized chips.
This was followed by a 4 min washing step in 0.15 M NaCl to remove unbound liposomes. The
variation in the Gspr position ensuing from the variation of the refractive index as a function of
different liposome concentrations (Ci) was compared for the four different functionalized surfaces

(Figure 3).
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Figure 3. Angular shifts of the resonance peak (A@spr) in SPR measurements at 670 nm
versus liposome solution injection at different concentrations (Ci). The interactions of
biotinylated liposome solutions were studied on —COOH (11-mercaptoundecanoic acid), —
NH2 (11-amino-1-undecanethiol), -CHs (1-dodecanethiol) and streptavidin modified SPR

gold surfaces.

After calibration of the device, the SPR measurement of the functionalized gold surface was
performed before the injection of the liposomes. Streptavidin deposition on the 11-
mercaptoundecanoic acid layer resulted in a 0.4 ° variation of the dspr, whereas the deposition of
the different self-assembled monolayers on gold led to a signal variation of approximately 0.2 °.
As shown in Figure 3, liposomes bound strongly to the streptavidin-functionalized surface,
resulting in a Gspr increase of 1.7 ° under injection of 5x10*2 lipo mL™t. By modifying the gold
surface with an amino terminated layer, the angular shift was substantial (0.86 °) but remained
weak compared to the one obtained during the liposome binding on the streptavidin chip. The

binding interaction on the amino terminated layer was mainly driven by electrostatic interaction.
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In the case of the 11-mercaptoundecanoic acid layer, a low angular shift of 0.48 ° was obtained,
that reflected a clear blocking effect due to electrostatic repulsion. However, this binding was even
stronger than for the hydrophobic SAM (1-dodecanethiol) which prevented hydrophilic liposomes
from binding, resulting in a small angle variation (0.2 °). Thus, the order of the angle variation A9
following the liposome immobilization on SAM surfaces was as follows: A@ nNH2 surface > AO cooH
surface > A6 cH3 surface. These results are in good agreement with experimental results reported by
Fenzl et al.®® for the interaction of negatively charged liposomes (DPPC/DPPG/cholesterol
liposomes with a Zeta potential of -34 mV and DPPC/DPPG/N-glutaryl DPPE/cholesterol with a
zeta potential of -47 mV) with varying charge and hydrophilicity surfaces. They noted the same
order of variation for refractive index values, i.e. An NH2 surface > AN COOH surface > AN CH3 surface, When
injecting a 453 pM (~2.5x10'? lipo mL™1) concentration of liposomes on gold surfaces modified
by 11-mercaptoundecyl amine hydrochloride, 11-mercaptoundecanoic acid (MUA) and 1-
mercaptoundecane SAMs. In our case, the liposome surface was less anionic, and had PEG
moieties that can play a role in the interactions. We assume that the attractive interaction between
the anionic liposomes and the cationic amino surface was not sufficiently effective to obtain a

homogeneous layer of liposomes compared with streptavine-functionalized gold substrate.

The efficiency of washing with the Triton X-100 detergent was assessed at this stage. After
immobilization of liposomes and signal stabilization in NaCl solution, Triton X-100 (1 %) was
injected on the surface of each SPR chip leading to phospholipid release. Thus, the success of
liposome binding to the streptavidin-functionalized surface was indirectly demonstrated by the
Triton treatment. As expected, a significant drop of the SPR signal down to the baseline was
observed for the liposomes immobilized on SAM-functionalized surfaces after the injection of

Triton X-100, whatever the quantity of immobilized liposomes (see Figure S1 in Supporting
17



Information). Further details on the calculation of residual liposome masses after Triton treatment
will be discussed later in the text. The streptavidin modified SPR gold surface was preferred for
liposome coating, on the basis of its strong affinity®’ leading to efficient loading and good layer

stability.

SPR gold chip layers: formation and modeling. Figure 4a shows the time-resolved sensorgram
obtained after saturation by 1x10** lipo mL™! of biotinylated liposomes on the streptavidin layer.
The variation of fspr reached about 1.7 © and this value remained constant during the washing step
with 0.15 M NacCl solution. This value obtained in a single injection is the same as that following
cumulative injections of increasing concentrations of liposomes up to 5x10% lipo mL™ as
presented in Figure 3. Both experiments show the saturation of the SPR gold surface at this

coverage.

Figure 4b (light source at 670 nm) and Figure S2 (light source at 785 nm, see Supporting
Information) present the SPR full angle scans recorded from 55 to 77 ° and 60 to 72°, respectively.
The angular shift of the SPR confirmed the success of the successive functionalizations of the gold
surface. Indeed, the Ospr recorded for the metal (yellow trace, 61 = 68.63 °) shifted to the right when
the 11-mercaptoundecanoic acid layer was deposited on the surface (red trace, 6. = 68.89 °), and
the SPR peak subsequently moved farther to the right when streptavidin was adsorbed (green trace,
03 = 69.41 °). Interestingly, the SPR peak recorded after the liposome immobilization on
streptavidin was the largest of all (blue trace, 64 = 71.4 °). In addition, we noted the absence of any
peak in the vicinity of the total internal reflection (TIR) angle where a second peak is likely to

appear when the thickness of the liposome layer exceeds the penetration depth of the evanescent
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SPR field. Indeed, it was reported in the literature that this exotic optical behavior of the full SPR

angular spectrum was due to the formation of a waveguide on the SPR gold chip.3®
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Figure 4. (a) SPR sensorgram of the immobilization of 1x10 lipo mL™ liposomes on a
streptavidin functionalized SPR chip, with light source at 670 nm. (b) SPR full angle scans of
the SPR gold chip at the different steps of the functionalization: gold layer (yellow line), 11-
mercaptoundecanoic acid layer (red line), streptavidin layer (green line) and liposome layer
(blue line), with corresponding fits (dashed lines) from LayerSolver modeling of individual
SPR chip layers using the full SPR angular spectra measured at 670 nm wavelength. Roman
numerals (I and II) show the correspondence of events in the sensorgram (a) and the SPR

angle scans (b).
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To confirm the formation of the layers and quantify the adsorption, a dual wavelength analysis for
the determination of thicknesses (d) and refractive indexes (i) was performed with the layer
resolution software LayerSolver. These parameters were independently calculated after several
measurements and obtained when the upper and lower limits of the layer thicknesses and refractive
indexes were fixed. The d and fi values were calculated using a consistent set of initial values
throughout the modeling in order to evaluate the dynamic behavior of the modeled systems and the
sensitivity of the differential equations to the initial conditions provided as inputs to LayerSolver.
The parameters (d and n) coming from the liposome layer modeling as well as the other layers are
reported in Table 2. The results for each individual measurement are shown in Table S1

(Supporting Information).

Table 2: Thickness (d) and refractive index (n) of the different layers of the SPR chip,
obtained by SPR LayerSolver simulation. The calculated values represent the average (+

standard deviation) of three independently repeated measurements.

Layer d (nm) Ne70 N7gs

Glass Infinite (starting layer) n=1.52020 n=1.51620
Chromium 1.6 +0.06 n=3.51127 £ 0.02050 n=4.04615+0.17135
Gold 54.98 + 0.02 n=0.19612 £ 0.00016 n=0.19548 + 0.00477
Thiol MUA  1.50 +0.08 n=143897 £0.01385 n=1.42702 +0.01378
Streptavidin ~ 2.71 £ 0.31 n=141646 +£0.01102 n=1.41416 +0.01102
Liposome 79.61+£6.74 n=135270+0.00122 n=1.35102 +0.00126
NaCl solution Infinite (ending layer) n=1.33216 n =1.32966

All simulations were performed with an electrolyte solution of 0.15M NaCl and under the

excitation of incident light at 670 nm and 785 nm. The simulation started with the determination
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of the optimized optical properties for the chromium adhesion layer 'Cr* and the gold layer 'Au’ by
modeling a full SPR angle spectrum of a cleaned SPR gold chip. Then, the optical properties of the
SPR chip were maintained as fixed and used as the starting point to determine the optical properties

of the different deposited layers.

For the determination of the MUA layer parameters, the Fresnel equations for a system of five
layers (Prism (glass)/Cr/Au/MUA films/NaCl) were used. MUA forms, on average, a thin layer on
the surface of the SPR gold chip, with a thickness of 1.5 nm and a refractive index of 1.44 at
670 nm. These results are in good agreement with the numerical analysis results of Damos et al.
who calculated a film thickness of about 1.55 nm with a dielectric constant of e =n? = 2.1 at 670 nm
for the adsorption of MUA on the gold surface. *° Adding the parameters found for the MUA layer
to the calculating system, a thickness of 2.7 nm was determined for the streptavidin layer (spectrum
I) with a refractive index of 1.42 at 670 nm. Our theoretical simulation reproduced well the
modeling results reported by Schmidt et al. *° and Dolci et al. 4! for a streptavidin layer. They

measured 2.8 nm and 3 nm thicknesses together with 1.45 and 1.5 refractive indexes respectively.

The SPR spectrum (II, Figure 4b) taken after signal stabilization corresponds to the liposome layer.
Liposomes immobilized on the streptavidin functionalized chip form a layer of about 80 nm
average thickness. The calculated refractive indexes at both wavelengths were nes7o = 1.35270 and
nzgs = 1.35102. The layer thickness corresponded to the liposome diameter measured by DLS and
TEM and further adsorption did not occur when the liposome concentration in the solution was
increased again. This strongly suggests that liposomes adsorb as a monolayer. The difference of

the theoretical thickness value compared to the hydrodynamic diameter measured in bulk can be

21



attributed to morphological changes in the liposome shape due to the interactions with the

functionalized gold chip surface and to the shear stress due to the buffer flow.

The liposome addition induced a shift of the SPR curve towards higher incidence angles which

became wider due to the increased thickness of the adsorbed layer on the surface.

In most biomolecular interaction studies, layer thicknesses are lower than the penetration depth of
the evanescent field. This is so in the present case; the evanescent wave of the SPR can penetrate
the whole liposome layer adsorbed on the SPR chip surface because the liposome average diameter
is less than half that of the wavelengths (670 and 785 nm) of the MP-SPR device.'* * The
adsorption as a dense monolayer of liposomes is clearly demonstrated since the full angular SPR
spectrum was predicted by modeling and the conditions for the validity of the optical model were

satisfied.

In general, the SPR curve produced by the MP-SPR provides averaged information from the entire
SPR chip surface. There are factors that can influence the thicknesses and refractive indexes of the
layers such as gaps in the layers, inhomogeneous coverage or multilayer formation.*? In our case,
the small difference of theoretical thickness and refractive index of the different layers in
comparison with the calculated values can be related to the gold surface roughness or defect area

of grafted biomolecules.

Mono-Rhamnolipid interactions with immobilized biotinylated liposomes. The MP-SPR
technique allows direct measurement of interactions in real time and without labeling. Figure 5
shows the full sensorgram for successive injections of mono-RLs at different concentrations. First,
the injection of 1x10* lipo mL™ of liposomes on the streptavidin layer yielded a +1.58 ° variation

of the Ospr. After stabilization of the signal in 0.15M NaCl, state 111 of the sensorgram corresponded
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to the liposome-functionalized SPR chip. Then, the injection of different concentrations of mono-
RLs caused definite variations of the SPR signal, showing that RLs interacted with the liposome
layer, as described in the literature. 254344 A progressive destabilization of the liposome layer was
observed upon successive injections of mono-RLs. The Ospr decreased and then stabilized when
the lipid layer reached a second state (state V). At the end of the experiment, a final state of the
surface was reached upon the injection of Triton X-100 (1 %) followed by stabilization under the
electrolyte flow (state V). The signal variation as a function of the RL concentration was
reproducible from one experiment to another as is shown in the two sensorgrams presented in
Figure 5 and Figure S3 (see Supporting Information). Figure S4 (see Supporting Information)
exhibits the corresponding full-angle SPR scans and calculated fits from LayerSolver modeling

associated with the 111, IV and V states, respectively.
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Figure 5. Sensorgram of the SPR angle versus time, measured at a wavelength of 670 nm,

during the interaction of mono-RLs with liposomes.

Considering the sensorgram presented in Figure 5, it is worth noting that the mono-RLs were
immediately captured by the lipid layer of the liposomes and signal variation resulted from the
change of thickness and/or refractive index of the layer after adsorption. The variations of the SPR
signal revealed different phenomena on the liposome layer depending on the concentration of
mono-RLs. We can differentiate three domains for which the interactions of mono-RLs with the
model membrane seem to follow different mechanisms. From 2 to 20 pg mL™' mono-RLs, the
sensorgram showed a progressive decrease of the SPR signal upon injection. We believe that RLs
intercalate in the phospholipid layer without destructuring the liposomes. This interaction probably
follows an equilibrium between free RLs in solution and molecules integrated into the lipid bilayer.
This leads to a drop in SPR signal related to the concentration of RLs. Then, the SPR signal
significantly dropped upon 50 pg mL ! mono-RL injection. A structural change in the liposome
layer was hypothesized at this concentration. The 50 pg mL™* concentration is close to the critical
micellar concentration (CMC) for mono-RLs, as the value reported in the literature is 56.3 ug mL ™
(~110 uM). %47 At 50 pg mL* concentration, the mono-RLs plunged into the double lipid layer
of liposomes, thereby destabilizing their structure as closed bilayers. Opening the liposomes
obviously should cause the formation of an adsorbed bilayer at the surface of the chip. The excess
of phospholipids was presumably washed off by the mono-RL solution by means of solubilization
inside the micelles. This phenomenon was irreversible. Then, the injections of higher
concentrations of mono-RLs (80 ug mL™* and 100 pg mL™Y) produced another different behavior.
A drop in the angular shift of the SPR peak was observed, followed by a rise of the signal back to

the original value when switching to NaCl solution. A reversible adsorption of mono-RLs onto the
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phospholipid bilayer was taking place, even after injection of the last concentration (50 pug mL™).
This phenomenon could be explained by the property of RLs to induce a phase dissociation and
partitioning of the phospholipid bilayer, as described by Herzog et al. ?® These authors showed by
AFM and confocal fluorescence microscopy that rhamnolipids were able to cause a phase
separation of the phospholipid bilayer into liquid-ordered (lo) and liquid-disordered (Id) phases.
The AFM measurement showed a thinner bilayer thickness of the Id phase compared to the lo
phase. This mechanism was reversible, depending on the concentration of each constituent in the
medium. Thus, in our case, the phospholipid organization as a bilayer seems to reform on the SPR
chip surface when the eluting solvent changed from the mono-RL solution back to the NaCl
solution, which caused the release of a large amount of mono-RLs in solution. This mechanism

could explain the drop, and then the rise back up, of the signal observed during the study.

Figure 6 shows the SPR angular shifts (A#) with respect to the streptavidin layer following the
successive injection of mono-RLs and then Triton X-100 (1 %) on the SPR gold chip. It is
interesting to note that when the mono-RLs bound to lipid vesicles, the SPR angular shifts (A6)
decreased (red bars), then dropped down further after the injection of Triton X-100 (1 %) (green
bar). This behavior is also shown in Figure S4 (Supporting Information) since the 6spr
corresponding to the liposome layer (state 1l1) shifted to the left upon mono-RL action on the
biomimetic surface. This phenomenon takes place when the mass or thickness of the layer changes.
In our case, the shift towards the minimum SPR angles up to state IV and then state V is equivalent
to a mass decrease of the molecules coating the SPR gold chip due to a high degree of lipid vesicle

lysis.
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Figure 6. Sketches of the morphology changes of the liposome layer associated with the
angular shifts of the SPR resonance peak following injections of mono-RLs and Triton X-100

(1 %) onto the liposome layer.

Mono-RLs induce a strong destructuration of the liposomes, which requires the rupture of the
vesicle membrane to form a lipid bilayer laterally connected to the surface of the gold chip. After
each injection of RLs, a 4-minute washing step of the SPR chip with 0.15M NacCl is performed for

signal stabilization. The average thicknesses (d) and refractive indexes (n) of layers at the three
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stages (III, IV and V) indicated in Figure 5 are calculated after signal stabilization in 0.15M NaCl

(Table 3).

Table 3: Thickness (d) and refractive index (nezo) obtained from the SPR analysis in 0.15 M
NaCl, for the liposome layer deposited on streptavidin and for the resulting lipid layers after
injection of mono-RLs and Triton X-100 (1 %). The calculated values represent the average

(x standard deviation) of three independent measurements.

Layer d (hm) N670

Liposomes (III) 79.61+6.74 1.35270 + 0.00122
Lipid bilayer (IV) 5.60+0.01 1.44941 + 0.00042
Lipid monolayer (V) 2.30 +0.43 1.41931 + 0.00033

According to results shown in Table 3, layer IV has a thickness around 5.6 nm, which is very thin
compared to the initial liposome layer (III). This thickness calculated by modeling the SPR curve
corresponds to the layer that remains attached to the SPR gold chip after the interaction with mono-
RLs. This value is comparable to the theoretical thickness of a lipid bilayer containing both HSPC
and DSPC-PEG lipids (~6 nm). Our results can also be compared to data from the literature on the
thickness and refractive index values calculated for lipid bilayers with various types of lipids;
POPC (d =4.976 nm, n = 1.4788), DOPC (d = 3.992 nm, n = 1.456) and DMPC (d = 4.980 nm, n

= 1.4810), * and HSPC (d ~ 6 nm, n = 1.404).8

The injection of Triton X-100 (1 %) on layer IV left a thin layer V on the streptavidin whose

calculated thickness was 2.3 nm. According to the literatures,® 3 40 this value is comparable to the
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thickness of a lipid monolayer. This layer corresponds to biotinylated lipids (DSPE-PEG) that

remained attached to streptavidin due to the high strength of the biotin-streptavidin interaction.

Thanks to the theoretical modeling and calculation of the optical parameters of the layers, we were
able to estimate the quantity of lipids grafted on the SPR gold chip after the interaction of the
liposomes with mono-RLs and Triton X-100 (1 %). This study was achieved in order to better
understand the effect of the lytic mode of action of the mono-RLs against the lipids contained in
the liposome layer immobilized on streptavidin. The surface mass densities of lipids bound to the
surface of the SPR gold chip were calculated for the three layers (III, IV and V) using equation (3)
and the theoretical values obtained in Table 3. Hence, the surface mass densities of lipids were
I(III) ~ 1226 ng cm 2 for the immobilized liposome layer, then 7{IV) ~ 490 ng cm2 for the lipid

bilayer, and finally 7 (V) ~ 150 ng cm2 for the amount of lipids remaining on the streptavidin layer.

The surface mass density of lipids calculated for state 111 corresponds to a monolayer of liposomes
as described in the literature (surface mass density I” = 1557.64 ng cm2 for liposomes with a
diameter of 86.63 nm).2® In our case, this mass corresponds to 1.32 x10*° liposomes per cm 2. This
value can be compared to the theoretical maximum number of spheres of 80 nm diameter deposited
on a surface as the geometric prediction of a densely packed monolayer of spheres (1.8x10%
nanosphere cm2) and calculated with equation S2. The lipid mass calculated in our case confirms
that we have developed a dense layer of liposomes on the sensor surface. The slightly lower
coverage rate compared to the theoretical value can be explained by the fact that deposition in
aqueous phase is strongly impacted by the hydrodynamic diameter and surface nature (negative

charge and presence of biotin arms) of the lipidic vesicles.
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The lipid mass observed after the interaction with mono-RLs (state 1V) is expected to be a single
lipid bilayer, as the calculated mass is comparable to values from previously published

measurements.36 48

The present SPR device can be used as a sensitive biosensor for mono-RL detection because the
interaction with a layer of immobilized liposomes was highly dependent on the concentration.
Increasing the mono-RL concentration up to 50 ug mL ™! led to a decrease of the fspr. Starting from
the minimum angular value of the liposome layer, a Aé. increase from 0.015 ° to 0.47 ° (absolute
values) was observed after injection of mono-RLs from 2 ug mL ™ to 50 ug mL* respectively. The
A6 shift indicates that the liposome-coated SPR chip detects mono-RLs even at low
concentrations. Based on these results, we experimentally determined the mono-RL detection limit
at2 ng mL ! (~3 uM). The detection threshold was established as three times the standard deviation
of the SPR angle measurement recorded from three independent injections of NaCl 0.15 M solution
(A& threshold : 0.005°). The sensitivity range of the method corresponds well to the concentrations
of Rhamnolipids that have been detected in sputum of patients with acute P. Aeruginosa infection
(~1-10 pg mL1). % The sensorgram also shows that the SPR chip was able to respond immediately
and continuously, indicating the ability of liposomes to monitor the presence of mono-RLs in real

time.

29



o
o

y = -6E-96x3 + 0,005x2 - 0.0019x + 0.0189
0.5 R2=0.9992 }
[
041 loos § '
& t /!
=03 0.02 /!
(8]
(0] /
Q024 © - !
10 ’
<< P [
0.1 _:_:y_'_’:::___ "/
1 -
0 '?--".".'".'.....' 7 ———
1 10 100

Log [Mono-RL concentration] (ug mL1)

Figure 7. Cumulated ABc (absolute values) versus different concentrations of mono-RLs onto

the liposome-coated SPR chip (average values of two experiments).

Our SPR chip showed good analytical performance in terms of sensitivity compared to previous
studies describing other methods for RL detection. Indeed, the liposome-based fluorescence assay
developed by Jenkins’ group was able to detect certain toxins such as RLs with a LoD of 10 pg
mL"1.% The fluorescent signal of the assay showed a non-linear response versus RL concentration
from 10 pg mL* to 80 pg mL™* in solution. Jenkins’ group also proved that RLs were detected in
real samples of P. aeruginosa strains isolated from either chronic or acute infections. *® This
liposome-based fluorescence assay was recently validated for the detection of toxins associated
with several bacteria including P. aeruginosa, Staphylococcus aureus, Candida albicans, Candida
auris, and Enterococcus faecalis species in wound samples. A good correlation was demonstrated
between the fluorescent sensor switch-on and early-stage wound infection. 3! A high performance
liquid chromatography coupled to a charged-aerosol detection (HPLC-CAD) method was also
developed by Behrens et al. with a LoD for RLs of 1 pug mL .52 One can note that the LoD reached
by this highly sensitive technique is close to that of the proposed MP-SPR technique in this work.

Thus, our strategy based on the use of a biomimetic membrane coupled to a measurement by SPR
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appears to be a robust and sensitive analytical approach for the easy detection of biosurfactants

such as RLs.

CONCLUSION

A biomimetic surface formed of liposomes grafted onto a gold substrate was developed for the
study of interactions with biosurfactants by the MP-SPR method. First, we optimized the liposome
anchoring on the SPR gold chip surface via a biotin/streptavidin binding strategy in order to
investigate their interactions with RLs. The SPR signal variation clearly illustrated the binding
affinity and the formation of a very stable liposome layer on the streptavidin functionalized surface,
with high coverage. Monitoring the angular shifts proved to be reproducible from one experiment
to another. We demonstrated the capacity of the MP-SPR technique to characterize the different
states of the liposome architecture, i.e. from a monolayer of lipid vesicles to a single lipid bilayer
induced by the interaction with mono-RLs and then a lipid monolayer resulting from Triton X-100
(1 %) treatment. This assumption was proven theoretically by calculating the thickness (d) and
refractive index (fi) of our multilayer system via the SPR Navi LayerSolver software. The modeling
of the experimental data was successful and the small difference observed was mainly attributed to
gold surface roughness. In addition, we were able to calculate the surface mass density (I") of the
lipid layers on the SPR chip surface after the interaction of liposomes with mono-RLs and Triton
X-100 (1 %) successively. The MP-SPR characterization method is generic and can be adapted to
any multilayer system undergoing morphological and quantitative transformations during the
adsorption of biomolecules on their surfaces. This analytical tool proved its high sensitivity for the
detection of RLs, with a detection limit of 2 ug mL™*. Further studies are still needed to validate

our method in real samples. On this point, it is important to note that although the test is probably
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not specific for the detection of rhamnolipids from P. aeruginosa, it may be of interest for the
sensitive detection of bacterial toxins at the early stage of an infection. In summary, the use of MP-
SPR and layer-by-layer modeling is a powerful combination to identify and quantify biomolecular
layers deposited on a solid surface. This could open interesting perspectives to understand and
study other mechanisms of interaction and transitions in membranes induced by biologically

relevant processes such as membrane-interacting peptides or membrane active drugs.
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Liposome concentration calculation (equation S1), theoretical maximum number of nanospheres
deposited on a surface (equation S2), effect of Triton X-100 (1 %) detergent on the SPR response
(Figure S1), SPR full angle scans at the different steps of the SPR gold chip functionalization
(Figure S2), compiled modeling results (Table S1), sensorgram of the mono-RL/liposome
interaction (Figure S3), measured and modeled SPR full angle scans of the liposome layer at 670

nm (Figure S4).
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ABBREVIATIONS

Mono-RL, mono-Rhamnolipid; MP-SPR, Multi-parametric surface plasmon resonance; MUA, 11-
mercaptoundecanoic acid; DLS, Dynamic Light Scattering; PdI, polydispersity index; Cryo-TEM,
Cryo transmission electron microscopy; SAM, self-assembled monolayers; SD, standard deviation;

Ospr, SPR angular peak minimum.
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