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Abbrevations used:

BLI, Bio-Layer Interferometry; BSA, Bovine serum albumin; cmc, critical micelle
concentration; DLS, dynamic light scattering; DOPC, 1,2-dioleoyl-sn-glycero-3-
phosphocholine; DPH, 1,6-Diphenyl-1,3,5-hexatriene; DPPC, 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine; DPPG, 1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-
glycerol); DSPE-PEG2000)-biotin,1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[biotinyl(polyethylene  glycol)-2000] (ammonium salt); egg-PC, Egg
Phosphatidylcholine; HSPC, soy L-a-phosphatidylcholine, hydrogenated; LDV, Laser
Doppler Velocimetry; LOQ, Limit of quantification; MLV, multilamellar vesicle; NacCl,
Sodium chloride; PEG, polyethylene glycol,; PBS, Phosphate-buffered Saline; PDI,
polydispersity index; RSD, relative standard deviation ; R;, specific response; SPR,
Plasmon Resonance; SA, streptavidin, SSMs, sterically stabilized micelles; THF,

Tetrahydrofuran; TOCL, Cardiolipin; ULV, unilamellar vesicle; ZP, Zeta potential
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Abstract

Non-fluidic Bio-layer Interferometry (BLI) has rapidly become a standard tool for
monitoring almost all biomolecular interactions in a label-free, real-time and high-
throughput manner. High-efficiency screening methods which measure the kinetics
of liposomes with a variety of compounds require the immobilization of liposomes. In
this work, a method is described for immobilizing liposomes for interaction studies,
based on the biophysical principles of this biosensor platform. The immobilization
approach includes the loading of DSPE-PEG2n00)-biotin containing sterically
stabilized micelles (SSMs) which are restructured in a buffer change step, resulting
in an accessible substrate for liposome immobilization. Liposomes in a concentration
of 5 mM of varying composition and fluidity were immobilized on the sensor surface
by inserting the hydrophobic residues of the former loaded SSMs. This proof of
principle was carried out using Cytochrome C as a membrane-interacting model
protein. The binding of Cytochrome C to the immobilized liposomes was
demonstrated, and the derived kinetic and affinity constants were similar to values
given in the literature. In order to obtain a detailed understanding of this surface, and
to show the integrity of the liposomes, confocal fluorescence microscopy was used.
Images of immobilized liposomes containing Calcein in the aqueous core indicated
intact vesicles. A combination of this simple liposome immobilization approach, the
possibility of automation on BLI systems with high throughput within an acceptable
timescale and excellent reproducibility makes this assay suitable for basic research

as well as for industrial and regulatory applications.
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92 1. Introduction
93

94  The real-time kinetics of liposome/protein interactions is essential in the biological
95 and biomedical sciences [1]. Liposomes, spherical nanostructures consisting of one
96 or more phospholipid bilayers enclosing an inner aqueous compartment, can be
97 used in numerous applications [2] [3]. As membrane models, liposomes are suitable
98 not only for the study of lipid interactions with proteins, peptides and small molecules
99 but also for the reconstitution of membrane proteins [4]. Liposomes can also be used
100 as drug carriers for human applications such as anti-cancer therapeutics, signal
101 enhancers in diagnostics and as adjuvants in vaccination [5]. In this case, drug
102  kinetics can predict their bioavailability, triggered by interaction with blood proteins
103  and for process development [6]. Meanwhile, various label-free fluidic and non-fluidic
104 techniques to measure liposome/protein interactions have been established [7] [8].
105 The applications for biosensor-based fluidic systems such as surface plasmon
106 resonance (SPR) are limited due to the fact that liposome suspensions and/or crude
107 samples from different origins may clog the capillaries or enhance aggregation
108 effects [9]. In the current work, we use the non-fluidic bio-layer interferometry (BLI)
109 platform equipped with a shaking micro-well plate, enabling full kinetic
110 measurements of crude and complex samples. We have already previously
111 demonstrated that a BLI technique using disposable optical-fibre biosensors is in
112  principle appropriate for the analysis of liposome/protein interactions [7]. This work
113 has been well recognized, although the assay performance is subject to several
114  limitations for instance that the protein of interest needs to be coated on appropriate
115 sensors. This assumes that the protein of interest is in principle a membrane-
116 interacting protein; furthermore, it needs to be labelled prior to coating, which is not

117  only time-consuming but more importantly may alter the protein structure, inhibiting

5

Page 5 of 38



118 the liposome binding. Additionally, this approach is not convenient for multimeric
119  protein complexes which are formed in solution.

120  An improved, generally applicable concept is therefore required, utilizing an anchor
121 which is different from the molecule of interest. This approach should: (i) be
122  applicable for various liposomal compositions; (ii) enable measurement of non-
123  specific binding; (iii) be appropriate for the measurement of membrane/protein
124 kinetics; and (iv) allow the development of a high-throughput tool box. Based on the
125 fact that freely accessible hydrophobic alkyl chains of phospholipids are able to
126  spontaneously interact with lipid bilayers through hydrophobic interactions, a
127  biotinylated polyethylene glycol lipid is used here, namely DSPE-PEG 2q00)-biotin
128 [10]. However, the required accessibility in aqueous solutions is restricted, due to the
129  hydrophobic effects of this amphiphilic molecule. Above the critical micelle
130 concentration (CMC), sterically stabilized micelles (SSMs) will be formed. Below the
131 CMC, monomers will adsorb preferentially at the air—water interface, leading to
132 insufficient loading on the biosensor surface [11]. The fact that the structural and
133  dynamic properties of SSMs strongly depend on environmental conditions can be
134  utilized for (i) the formation of SSMs with a low aggregation number (~8 monomers);
135 (i) sufficient loading; (iii) specific disruption of the micellar structure by buffer
136 changes; and (iv) creating accessible alkyl chains [12]. The functionality of this
137 anchor is successfully verified by the immobilization of various liposome
138 formulations. Their integrity was studied using fluorescence microscopy and
139 Cytochrome C kinetics as model [13]. In addition, non-specific binding was evaluated
140 with BSA. To the best of our knowledge, this simple approach has never before been
141  used to immobilize liposomes on a biosensor.

142
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143 2. Materials and Methods

144 2.1 Reagents

145  1,2-dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC), 1,2-dioleoyl-sn-glycero-3-
146  phosphocholine (DOPC), soy L-a-phosphatidylcholine, hydrogenated (HSPC),
147  Cardiolipin (TOCL), 1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DPPG),
148  1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene  glycol)-
149  2000] (ammonium salt) (DSPE-PEGo00)-biotin) and Cholesterol were purchased
150 from Avanti Polar Lipids (Alabaster, Alabama, USA). Egg Phosphatidylcholine (egg-
151 PC) and 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene-
152  glycol)-2000] (DSPE-PEG(000) wWere kindly provided by Lipoid (Ludwigshafen,
153 Germany). Chloroform and sodium chloride (Merck, Vienna, Austria) was used in
154  analytical grade quality. Phosphate buffered saline (PBS) was obtained from PAA
155  (Pasching, Austria). The phosphate buffer saline (PBS) contained 137 mM NaCl,
156 2.7 mM KCI, 10 mM Na;HPO, , and 1.8 mM KH,POQO,4, adjusted at pH 7.4.Ultra-pure
157  water (resistance 18 MQ/cm2) was produced with Ultra Clear UV (Evoqua Water
158 Technologies LLC, Barsbittel, Germany). 1,6-Diphenyl-1,3,5-hexatriene (DPH),
159  Tetrahydrofuran (THF), Bovine serum albumin (BSA) and Calcein in analytical grade
160  were received from Sigma Aldrich.

161

162 2.2 Liposome preparation

163  Multilamellar liposomes (MLVs) were prepared by the classical film rehydration
164 method [14]. Different liposome formulations, which cover a wide range of biological
165 and industrial application examples and possess different headgroups and lipid
166  bilayer phase behavior were used (Table 1) [15] [6] [16]. Therefore, eight different

167 liposome formulations were prepared consisting of either pure DPPC, pure DOPC,
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168 DOPC:Cardiolipin (70:30 mol %) pure HSPC, HSPC:Chol (60:40 mol %),
169 HSPC:Chol:DSPE-PEG2000) (55:45:5 mol %), pure DPPG and pure egg PC. The
170 individual lipids, in a total lipid concentration of 20 mM, were dissolved in 5 ml
171  chloroform, evaporated in a rotating round bottom flask at 50 °C in a water bath at
172 reduced pressure until a dried lipid film was generated. Each film was rehydrated in
173 5ml PBS at 50 °C. For Calcein encapsulation, DPPC lipid film was reconstituted with
174 1 mM Calceinsolution in PBS, pH 7.4. Unilamellar vesicles were prepared by
175 downsizing the MLVs by extrusion through 400, 200, and finally 100 nm
176  polycarbonate membranes at 50 °C. For downsizing of the preformed liposomes an
177  extruder from Avestin (Mannheim, Germany), equipped with polycarbonate
178 Whatman membranes with different cut-offs of 400, 200 and 100 nm (GE
179  Healthcare, Vienna, Austria), was used. Extrusion was performed 6 times through
180 400 and 200 nm and 10 times through 100 nm membranes at a working pressure
181 between 2 and 30 bar [17]. For DPH-labeled liposomes a 3 mM DPH stock solution
182 in THF was prepared. The stock solution was diluted 1:100 with PBS. This aqueous
183  solution was added to the preformed DPPC liposomes to reach a final probe-to-lipid
184 ratio of 1:200 and incubated at room temperature for 30 min. Unentrapped Calcein
185 and not incorporated DPH were removed by gel fitration with PD-10 Desalting
186  Columns (GE Healthcare, Vienna, Austria).

187

188

189

190

191

192
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193 Table 1l
194  Applied liposome formulations, lipid ratio, lengths of carbon chains, saturation, lipid
195 bilayer phase behavior and application examples.
Lipid Molar ratio Number of carbons: Transition Application
mM Number of double bonds  temperature
or lipid phase [18]
DOPC 20 18:1 -16.5°C o0
DOPC/TOCL 14:6 18:1 (DOPC) <0°C ab
18:1 (TOCL)
egg-PC 20 16:0 (33% POPC) <0°C ab
(major constituent 18:1 (31% POPC)
POPC) 18:2 (15%)
18:0 (13%)
DPPC 20 16:0 (DPPC) 41.3°C ab
DPPG 20 16:0 (DPPG) 41.0°C ab
HSPC 20 18:0 (88.6%) (HSPC) ~53°C °
16:0 (11.4)
HSPC/Chol 12:8 18:0 (88.6%) (HSPC) Liquid ordered ~ ©¢
16:0 (11.4) (HSPC) phase
HSPC/Chol/ 11:8:1 18:0 (88.6%) (HSPC) Liquid ordered  °
DSPE‘PEG(ZOOQ) 16:0 (114) (HSPC) phase
18:0 (DSPE-PEG(zooo))
196
197 @ artificial cellular membranes
198  °: clinically approved liposome formulation component
199  ©: clinically approved liposome formulation
200 ¢ : mimicking lipid rafts
201
202
203
204
9

Page 9 of 38



205 2.3 Size and homogeneity

206 The liposome mean diameter and the homogeneity were measured by DLS
207  (Dynamic light scattering) with a Zetasizer Nano-ZS with software version 7.03
208 (Malvern Instruments, Malvern, UK) at 25 °C. Liposomal suspensions were diluted
209  100-fold with double distilled water prior the measurement. Each suspension was
210 measured in five replicates. Size distribution was calculated by the intensity report.
211  The homogeneity of the liposomes was determined by the polydispersity index (PDI).
212

213 2.4 Zeta potential

214

215 The zeta potential of Liposomes was determined by Laser Doppler Velocimetry
216  (LDV) with the Zetasizer Nano-ZS with software version 7.03 (Malvern Instruments,
217  Malvern, UK) at 25 °C. Samples were diluted 50-fold with 0.2 um filtered PBS buffer
218 for the analysis and were measured five times.

219

220 2.5 Biolayer Interferometry (BLI)

221

222  Octet QK (ForteBio, Menlo Park, CA, USA) was used for binding studies. Assay
223  performance is shown in Fig. 1. Samples were diluted in black 96 well plates (Nunc
224 F96 MicroWell™ Plates, Thermo Fisher Scientific, Langenselbold, Germany). The
225  total working volume for each sample or buffer was 0.21 ml per well and the rpm
226  setting for each equilibrium, loading, association and dissociation step was 1000
227  rpm. The test was performed at 30 °C. Prior each assay, streptavidin (SA) biosensor
228  tips (ForteBio, Menlo Park, CA, USA) were pre-wetted in 0.21 ml PBS for at least 10

229 min followed by equilibration with PBS for 60 s (s = seconds). Afterwards, SA
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230  biosensor tips were non-covalently loaded with SSMs in a concentration of 100 pg/ml
231  (33uM) in ultra-pure water for 150 s, followed by an additional equilibration step (60
232 s) in PBS. Subsequently, the individual liposome formulations in a concentration of
233 5.0 mM in PBS or 500 mM NaCl in PBS, both pH 7.4 were immobilized for 800 s. A
234  final washing step with PBS for 150 s was applied to remove unbound vesicles. Prior
235 to the Cytochrome C association a blocking step with BSA (1mg/ml) for 300 s was
236 introduced followed by another washing step with PBS for 100 s. Association of
237  Cytochrome C in a concentration range of 100 uM, 50 puM, 30 uM and 5 puM to the
238 immobilized DPPC (negative control)- and DPPG liposomes (positive control) was
239  performed. Association for each concentration was carried out for 500 s. Finally, the
240  dissociation was monitored with PBS for 500 s. All measurements were performed in

241  triplicates.
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2.6 Data analysis

Raw data, obtained with the Octet Software (Version 6.4, Menlo Park, CA, USA)
were exported to Excel spreadsheets (Version 2003, Microsoft, Redmond, WA,
USA). Raw data of the linker loading curves, the individual liposome immobilization
curves and the Cytochrome C association and dissociation response were aligned to
the individual association step. The individual specific response R at a defined time t
(Ry) for each concentration was calculated as an average of three independent
measurements. The reproducibility of R;was determined with n=8. Interferometry
data were globally fitted to a simple 1:1 Langmuir model calculating the affinities and
rate constants (Octet software, Version 6.4, ForteBio) [7]. The fitted parameters were
calculated as an average of three independent measurements. The association rate
constant (k,) is defined as the rate of complex formation per second in a 1 molar
solution of two reaction partners. The dissociation rate constant (kq) indicates the
stability of this complex. However, the kq can only be calculated if a decay in the
signal of 5% or more is observed as described by Katsamba et al. [19].

That implies if the dissociation phase shows less than a 5% decrease in signal
during the defined dissociation phase, as observed for the liposome immobilization
step, a precise determination of the dissociation rate constant (kg) is not possible [20]
. However, it is feasible to calculate an upper limit for the individual affinities of the
liposomes. Instead of precise affinities we calculated apparent affinity constants.
Hence, for liposomes dissociation rate constant (kg), the kg (s—1) is given by Kkq
<-In(0.95)/ty, where td is the amount of the dissociation time in seconds [21] [7]. The

affinity constant Kp is calculated by the ratio of kq/ka.
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290 The quantitation limit for Cytochrome C association was assumed by measuring the
291 minimum concentration at which the analyte can be reliably quantified. A typical
292  signal-to-noise ratio is 10:1.The baseline noise was determined during the initial 60 s
293 PBS buffer step (n=8). The RSD was defined as the standard deviation divided by
294  the mean and multiplied by 100.

295

296 2.7 Imaging

297 Immobilized DPPC vesicles were studied by upright fluorescence microscopy and
298 confocal fluorescence microscopy. An upright fluorescence microscope DM5500B
299  (Leica Microsystems, Wetzlar, Germany) equipped with the L5 filter cube (excitation
300 filter: BP 480/40; dichromatic mirror: 505 and suppression filter: BP 527/30) was
301 used. Imaging was carried out with Leica Application Suite Advanced Fluorescence
302 V2.6.9.7266 (Leica Microsystems, Wetzlar, Germany). The biosensor tip was cut to
303 obtain an approximately 10 mm slice and mounted with the coated surface facing
304 upwards in a prefabricated polystyrene component. Brightness, contrast and image
305 size were adjusted in Irfan View (Irfan Skiljan, Wiener Neustadt, Austria). For
306 confocal fluorescence microscopy, after liposome immobilization, the probe was
307 mounted with the coated tip facing downwards in a PBS-filled glass bottom dish
308 (IBIDI, Martinsried, Germany) on the inverted stand of a Leica SP8 confocal
309 microscope (Leica Microsystems, Wetzlar, Germany). Microscopic images were
310 acquired with the following settings: HC PL APO CS2 20x/0.75 DRY objective,
311 bidirectional scanning at 400 Hz with a supercontinuum pulsed visible light laser at
312 486 nm, detection with a hybrid detector (491 nm — 674 nm, time gating: 0.6 — 6.0
313 ns), 0.132 um pixel size, 1.06 zoom, 56.6 um pinhole (1.00 airy), frame average 3,
314 line average 3. Confocal images were deconvolved in Huygens Professional
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336

337

(Scientific Volume Imaging, Hilversum, Netherlands) using a calculated PSF, CMLE
algorithm, SNR = 20, quality threshold = 0.05 and 40 iterations. Brightness, contrast
and image size were adjusted in Irfan View (Irfan Skiljan, Wiener Neustadt, Austria).
Through all acquisition and processing steps, sample and control images were

treated exactly the same way.

3. Results and Discussion

3.1 Liposomes

BLI can be used to measure the increase of the thickness on the biosensor surface,
since BLI directly correlates the spectral shift (AL) with the change in thickness (nm)
[22].

For the proposed approach, it was necessary to ensure that the liposome
preparations had the same mean size and a low polydispersity, indicating a
homogeneous distribution; in this way, the immobilization of various liposomes with
the DSPE-PEG 2000)-biotin linker can be related to the lipid composition. Furthermore,
the comparison between the interactions of DPPC and DPPG liposomes with
Cytochrome C is more reliable when using liposomes with the same mean sizes.
Another important issue was to ensure that the 500 mM NaCl/PBS did not affect the
stability or polydispersity due to the osmotic difference between the external and
internal solutes. The quality of the preparations was therefore determined using DLS,
and the mean diameter and homogeneity were calculated. All liposomes, regardless

of suspended in PBS or 500 mM NaCl/PBS, had a mean size of 90+10 nm; the
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338 calculated polydispersity index (PDI) indicated that all liposomes were
339  homogeneously distributed and remained stable in NaCl (Supplemental Table 1).

340

341 3.2 Zeta potential

342 In other biosensor-based techniques, the immobilization of anionic liposomes in low
343 ionic strength buffer (PBS) is essentially impossible [23]. In this study, we aim to
344  demonstrate the effect of liposome surface charge on the linker capture immobilized
345 on the tips of the SA biosensor.

346  Slightly negative zeta potential values were determined for zwitterionic DOPC,
347 DPPC, HSPC, HSPC/Chol and HSPC/Chol/DPSE-PEG2qq liposome formulations, in
348 the range -4.36 to -0.78 mV. The zeta potential of egg PC liposomes showed an
349  approximately neutral value of +0.1 mV. Anionic DPPG and a mixture of zwitterionic
350 DOPC and anionic TOCL liposomes showed strongly negative zeta potentials of
351 -36.7 and -21.0 mV respectively (Supplemental Table 1). Zeta potential
352 measurements were only carried out in PBS, since 500 mM NaCl/PBS has high
353 conductivity, and this is unreliable for ZP measurements according to the
354  manufacturer's recommendations.

355

356

357

358

359

360

361

362
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363

364

365 3.3 BLI Assay Process

366

367 A typical BLI assay involves four essential steps: an equilibrium step, immobilization

368 of the ligand, association of the analyte and a dissociation step. To adapt this
369 technology for liposome/protein interaction analysis, the assay process was
370 modified. For an appropriate liposome-based assay, an additional step is required
371 involving the attachment of the lipophilic anchor prior to the immobilization of the
372  liposomes.

373

374  3.3.1 Step 1: Equilibration

375 The assay sequence begins with the equilibration of the SA biosensor tips with the
376  PBS buffer in order to measure the baseline signal for calculation of the LOQ, which
377 is defined as the lowest concentration at which the analyte can not only be reliably
378 detected but at which some predefined goals for bias and imprecision are met. To
379 obtain LOQ datasets for the evaluation of significant measurements, the average
380 baseline noise was determined and the LOQ assumed to be a signal-to-noise ratio of
381 10:1 [24]. The baseline noise of the initial 60 s PBS buffer step was 0.04 nm
382 (n=8).Thus, the LOQ was calculated as 0.4 nm.

383

384  3.3.2 Step 2: Loading of Sterically Stabilized Micelles (SSM)

385

386 In order to apply liposomes within a biosensor, two main strategies for immobilization
387 have been developed. The first is based on lipophilic surface chemistry, such as the

388 covalent linking of alkyl groups to the chip surface. These sensor chips and kits are
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389 now commercially available. However, the applications of this approach are limited
390 by certain drawbacks such as the risk of liposome structure rupture, incomplete
391 surface regeneration and non-specific binding of analytes to the lipophilic surface in
392 the following interaction analysis [25] [26]. The second strategy uses liposomes
393 containing trace amounts of various tag-lipids. The most commonly used tag-lipids
394  are biotinylated lipids, which can bind to immobilized streptavidin and must be added
395 prior to liposome formation [27]. This technique has some limitations, since the
396 amount of biotinylated lipid must be optimized for each liposome formulation, an
397 appropriate spacer between the biotin and the functional group of the lipid needs to
398 be optimized and membrane properties may be altered [16].

399 Although different manufacturers offer sensor-chip-based platforms, no biosensor
400 tips with long chain lipophilic groups attached on the surface are commercially
401 available for the BLI approach. However, SA biosensor tips are commercially
402 available, among others, which can be used in BLI for the immobilization of
403 liposomes if an appropriate anchor system is established. Thus, the goal of this
404  study is to identify a lipophilic anchor that is able to capture various liposome
405 formulations. A biotinylated lipid was therefore used and tethered to the SA
406  biosensor surface, which facilitates post insertion into liposomes [28]. Although the
407  biotin-streptavidin bond is known to be one of the strongest non-covalent biological
408 interactions, and very rapidly forms stable complexes at a wide range of pH and
409 temperature, a major challenge is the attachment of biotinylated lipids in a site-
410 directed configuration due to hydrophobic effects [29]. Thus, the development of an
411 immobilization procedure for biotinylated lipids as an anchor is crucial. The
412  introduction of hydrophilic PEG chains, which are also available with biotin,

413 increases the water solubility. Thus, agueous systems can be used and biosensor
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414  non-compatible organic solvents can be avoided. Additionally, PEG chains inhibit
415 the spreading of liposomes on a surface [30]. However, the amphiphilic character of
416 the PEGylated lipid is conserved and will lead to micelle formation above the critical
417  micelle concentration (CMC), which prevents incorporation into the preformed
418 liposomes. A working range of concentrations below the CMC is suboptimal for
419  sufficient loading due to monomer adsorption at the air-water interface, and initial
420 attempts to immobilize liposomes failed (preliminary data not shown). As described
421  above, DSPE-PEG o0 lipids form sterically stabilized micelles whose structural and
422  dynamical properties strongly depend on the solvent medium [31] [32]. The critical
423  micelle concentration is approximately 10-25 pM in water, about 10 times higher
424 than in an isotonic buffer (0.5-10 puM), and even more importantly, their aggregation
425 number differs. Micelles assembled in water consist of about 8 monomers, whereas
426 in PBS the aggregation number increases up to approximately 90 monomers.
427  Furthermore, in micelles with a lower aggregation number, a large fraction (~30%) of
428 the hydrophobic core is fully exposed to water, resulting in micelle destabilization. In
429 contrast, less than 10% of the core of the larger micelles is exposed to PBS,
430 indicating greater thermodynamic stability compared with micelles in water [12]. After
431 the loading of SSMs in water, a buffer wash step (PBS) was introduced (100 s). This
432 resulted in a dissociation of monomers from micelles not bound to streptavidin.
433 SSMs in a monomer concentration of 100 pg/ml (33 uM) were loaded to the
434  equilibrium state (1.1 and 1.3 nm), as shown in Supplemental Fig. 1.

435
436
437
438
439
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3.3.3 Step 3: Immobilization of Liposomes

The SSM-coated SA biosensor tips were incubated with various liposomes at
concentrations of 5 mM to measure the corresponding immobilization profiles of
DPPC, DPPG, DOPC, DOPC/Chol, egg-PC, HSPC, HSPC/Chol and

HSPC/Chol/DSPE-PEG 2000, diluted in PBS (Fig. 2A) or 500 mM NaCl/PBS (Fig 2B).
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Fig. 2: Liposome immobilization and dissociation curves of DOPC,
DOPC/Cardiolipin, DPPC, HSPC, DPPG, egg-PC, HSPC/Chol, HSPC/Chol/PEG 2000
diluted in PBS (A) or 500 mM NaCl/PBS (B). The curves represent the mean values
of triplicate measurements of 5 mM liposome suspensions. SSMs in a constant

concentration of 33 puM were loaded prior to liposome immobilization

In the preliminary experiments, various concentrations were tested for each liposome
formulation. The specific response (R;) was measured with 5 mM of each liposome
formulation diluted in PBS or 500 mM NaCl in PBS (Table 2), both pH 7.4. Higher
concentrations did not result in higher values, thus indicating the saturation of the tip

surface.
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488 Table 2

489  Specific response (Ry), apparent kinetic rate constants (K, Kq) and apparent affinities
490 (Kp) determined for liposome immobilization. Liposomes were diluted in PBS or 500
491 mM NaCl/PBS

492
Analyte R¢ (nm) Ka (M's™) Kq (™) Ko (MM)
DOPC? 6.17 (0.22)° 20.75 (0.77)" <3.34 <160
DOPC/TOCL? 4.48 (0.23)° 16.45 (0.67) <3.34 <200
Egg-PC? 7.75 (0.27)° 20.31 (0.65)" <3.34 <160
DPPC? 7.89 (0.35)° 6.29 (0.18)" <3.34 <530
DPPG? 5.40 (0.15)° 4.33 (0.13)¢ <3.34 <770
HSPC? 8.03 (0.20)° 5.13 (0.25)¢ <3.34 < 650
HSPC/Chol? 5.35 (0.28)° 9.22 (0.11)¢ <3.34 < 360
HSPC/Chol/PEG 2000 5.11 (0.09)° 4.67 (0.17)¢ <3.34 <720
DOPC" 7.88 (0.43)° 16.53 (0.64) <3.34 <200
DOPC/TOCL 6.71 (0.26)° 10.19 (0.15) <3.34 <330
Egg-PC® 7.88 (0.40)° 8.11 (0.40) <3.34 <410
DPPCP 9.60 (0.41)° 6.00 (0.22)¢ <3.34 <560
DPPG" 9.50 (0.29)° 4.99 (0.12) <3.34 <670
HSPCP 9.66 (0.36)° 4.52 (0.14) <3.34 <740
HSPC/Chol® 7.78 (0.19)° 10.34 (0.50) <3.34 <320
HSPC/Chol/PEG 2000 5.12 (0.13)° 5.65 (0.20)" <3.34 <590

493  ?Liposomes diluted in PBS

494 " Liposomes diluted in 500 mM NaCl/PBS

495 © Mean and standard deviation for three independent experiments

496 9 Full global fit (mean and standard deviation for three independent experiments).
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497 Each selected liposome suspension interacted in a buffer-dependent but also lipid-
498 dependent manner. The highest R; value was 8.03 nm for HSPC liposomes (PBS)
499  and the lowest 4.48 nm for DOPC/TOCL liposomes (PBS). As expected, anionic and
500 PEG-modified liposomes (PBS) showed significant lower R; values, and this is in
501 agreement with the published data [6]. In the NaCl buffer, the highest R; value was
502  9.66 nm for HSPC and the lowest 5.11 nm for HSPC/Chol/PEG 2000). The R;values of
503 anionic DPPG and DOPC/TOCL liposomes and zwitterionic liposomes in PBS, were
504  significantly increased using 500 mM NaCl/PBS. However, electrostatic repulsion is
505 completely shielded in PEG-containing liposomes which had the same R; values in
506 both buffer systems. These results demonstrate that zwitterionic and ionic
507 headgroups significantly affect the immobilization of liposomes; however, this effect
508 can be eliminated simply by optimizing the buffer system. Liposome immobilization
509 was highly reproducible, as shown by the narrow standard deviation. Since the aim
510 of this project is to cover a wide range of biologically and industrially relevant
511 formulations, the kinetic rate constants and affinities dependent on the membrane
512  fluidity are of great importance; both parameters were therefore calculated and are
513 summarized in Table 2. The selected liposomes can be divided into three categories
514  according to their membrane fluidity. All measurements were performed at 30°C, and
515 thus the membranes of the liposomes are in different states of fluidity. Liposomes
516  consisting of DOPC, DOPC/TOCL and egg-PC are in the liquid-crystalline and liquid-
517 disordered phase, DPPC-, DPPG- and HSPC-containing liposomes are in the solid
518 gel phase, and the HSPC/Chol and HSPC/Chol/ DSPE-PEG 2000 liposomes are in
519 the liquid ordered phase [18]. Liposomes in the liquid-crystalline phase showed the
520 fastest interaction, followed by the liquid-disordered phase liposomes and the solid

521 gel phase liposomes. HSPC/Chol/PEG0) represents an exception due to the
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522  stealth effect of PEG chains. This expected order is in accordance with fundamental
523 studies and demonstrates that the lipophilic acyl chains are able to penetrate into the
524  lipid core of the liposomes; this is only possible if the SSMs are disrupted and
525 sufficient acyl chains are present [10]. Additionally, the formation of very stable
526 complexes, as shown by the negligible level of dissociation, supports these findings.
527  As described in the section materials and methods, the dissociation rate constants
528 are < 3.34 for each formulation based on Kq < -In(0.95)/ty. However, the rates of
529 complex formation (K,) differ, as shown in Table 2. Since Ky is constant for each
530 formulation and the calculated affinity (Kp) is the ratio of Kq / K, the Kp values are
531 primarily determined by the K, values. These values were determined as apparent
532 association rate constants (ka) for each liposome formulation in order to estimate the
533 liposome binding property in dependence on the membrane fluidity. Due to the fact
534 that the liposomes are stable attached to the anchor we did not observe enough
535 decay of the binding signal during the defined dissociation time to determine a
536 precise dissociation rate constant (kd) for these interactions. Therefore, we were
537 constrained to apply the “5% rule” for the calculation, which is indicated by the term
538 “apparent” and make no claim to provide precise affinities [20]. Thus, the insertion
539 rate is ordered as follows: DOPC > DOPC/TOCL > egg-PC > HSPC/Chol>DPPC >
540 HSPC/Chol/PEG2000) > DPPG. This ordering is independent of the applied buffer,
541 and demonstrates that the interaction is profoundly dominated by the individual
542  membrane fluidity.

543

544

545

546
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3.3.4 Step 4: Cytochrome C Assay

Prior the liposome/Cytochrome C interaction, the liposome-coated sensor was
blocked with 1 mg/ml BSA to cover all non-specific binding sites. Without this
blocking step, Cytochrome C may interact with the linker and/or free sensor (data not
shown).

Different R; values for unspecific BSA bindings (Fig. 3) towards DPPC and DPPG in
PBS were obtained (1.10 nm and 0.87 nm respectively). BSA blank values, below
the LOQ of 0.4 nm, were obtained for sensors coated with DPPC and DPPG
liposomes diluted in 500 mM NaCl/PBS. These findings are essential for the
following protein interaction studies, and there are therefore two possibilities for
performing a reliable test configuration. One approach is the selection of a suitable
buffer for optimal immobilization, and the second is to block the surface with BSA.

Both are possible without interference with the interaction assay.
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Fig. 3: BSA blocking curves for liposome-coated sensors with DPPG (A) and DPPC
(B). Liposomes were diluted in PBS. The curves represent the mean values of 12
independent measurements of 1 mg/ml BSA. The bars and error bars represent the

mean R;values and standard deviation of 1 mg/ml BSA

To explore the functionality of the immobilized liposomes the well-established
liposome/protein interaction model of the interaction between anionic DPPG and
Cytochrome C was used, with DPPC liposomes as a negative control. These assays
were performed in PBS, while the liposome immobilization was performed in PBS or
NaCl; in each assay, a BSA blocking step was applied. As shown in Fig 4,
Cytochrome C interacted in a concentration-dependent but also in a lipid-dependent

manner.
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580 Fig. 4: Association and dissociation curves of Cytochrome C in a concentration
581 range between 100 (blue), 30 (orange), 10 (grey) and 5 uM (yellow). SA biosensor
582 tips were loaded with SSMs prior to liposome (a) DPPG/PBS (b) DPPG/ 500 mM
583 NaCl/PBS immobilization. Liposome-coated sensors were blocked with BSA prior to
584 Cytochrome C association. The curves represent the mean values of triplicate
585 ~measurements of each concentration. Bars and error bars represent the mean R;
586 values and standard deviation for triplicate determinations of Cytochrome C
587 association for concentrations of 100, 30, 10 and 5 uM to DPPG liposomes, diluted
588 in PBS (blue) or in 500 mM NaCl/PBS (orange).

589

590

591

592
593
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594  From the LOQ-based principle for reliable measurements, as explained in the
595 materials and methods section, it was found that the mean R; of Cytochrome C
596 towards DPPC liposomes was significantly below the calculated threshold value of
597 0.4 nm (data not shown). The mean R; values for Cytochrome C association,
598 depending on the applied Cytochrome C concentration (5, 10, 30 and 100 puM) with
599 DPPG liposomes (PBS) ranged between 1.03 nm and 2.84 nm. Sensors coated with
600 DPPG liposomes in 500 mM NaCl/PBS were in the range 1.58 nm to 5.44 nm (Fig.
601 4). These results are in excellent agreement with published data and provide
602 additional evidence that an improved efficacy of immobilization increases the
603  sensitivity of the assay [33] [23] [13]. Full kinetic measurements including affinity and
604 rate constants were calculated for the comparison of liposome/Cytochrome C
605 binding under different experimental conditions as well as to compare our data with
606 other methodologies.

607 Table 3 shows the calculated K,, Kq, and Kp values. The calculated constants are in
608 good agreement with values published with biosensor based techniques (SPR, BLI)
609 [23] [33], whereas the DPPC liposome/Cytochrome C constants were not calculated
610 since they failed the threshold criteria.

611

612

613

614

615

616

617

618
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619

620

621 Table 3

622
Ligand Analyte Ko (M's?)  Kq(s?) Kp (UM)
DPPG/PBS CytC 195.6 1.48x10%  7.57 (0.34) (n=12)°
DPPG/NaCl CytC 158.9 876 x10°  5.51(0.19) (n=12)

623

624 Table 3: Kinetic rate constants and affinities determined for the
625 liposome/Cytochrome C interactions

626  Full global fit (mean and standard deviation for n-independent experiments)

627

628

629  The reproducibility of the test performance was evaluated with 30 uM Cytochrome C
630 and immobilized DPPG liposomes in PBS (n=8). The corresponding R; was 2.33 nm
631 with a relative standard deviation (RSD) of 4.8%. The RSD (%) was defined as the
632 standard deviation divided by the mean and multiplied by 100. These results
633 demonstrate that the established assay is appropriate for liposome/protein
634 interaction analysis.

635

636 3.4 Imaging

637

638 The configuration of the lipids on the biosensor surface profoundly affects the
639 interaction of a protein or a peptide with the lipid layer. Hence, it is important to know
640 whether the liposomes stay as intact vesicles on a biosensor or form a continuous,
641 planar lipid layer. It is assumed that smooth hydrophobic surfaces promote the
642 formation of planar lipid layers, whereas rough branched matrices facilitate the
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643 immobilization of intact liposomes. According to the aim of our study, SSMs formed
644 by biotinylated PEG lipids were used to immobilize intact liposomes. After binding to
645 streptavidin, heterogeneous surface characteristics are created, and this should
646 prevent the formation of smooth homogenous planar monolayers. In order to verify
647 this, DPPC liposomes were imaged with upright and confocal fluorescence
648 microscopy after immobilization. The lipid bilayer of the liposomes was stained with
649 the hydrophobic membrane dye DPH, which intercalates spontaneously into
650 membranes and is almost non-fluorescent in aqueous solution, whereas binding to
651 the hydrophobic region of the membrane results in a strong fluorescence signal [34].
652 As expected, stained immobilized DPPC liposomes clearly showed a strong blue
653 fluorescence signal (Fig. 5b), while dye-free immobilized DPPC liposomes did not
654  (Fig. 5a). This result provides evidence for the immobilization of lipid bilayer systems;
655 however, it provides no information about the integrity of the immobilized liposomes.
656 Calcein, a water-soluble, membrane impermanent dye, was therefore encapsulated
657 as an indicator for the topology of liposomes [35] [16]. Calcein self-quenches at
658 concentrations above 70 mM, and a concentration of 1 mM was therefore used. Due
659 to reflections of the blue incident light on the glass-fibre surfaces of the probe (data
660 not shown), which completely obscured the specific green fluorescent signal, the
661  upright fluorescence microscope could not be used. Thus confocal microscopy with a
662 time-gated hybrid detector and a pulsed white-light laser was applied to circumvent
663 this problem. Using this approach, most of the reflected light could be blocked out,
664 and the presence of Calcein-stained liposomes was clearly detected (Fig. 5d). The
665 presence of scratches on the coated tip (Fig. 5d), which were not visible in the
666  control (Fig. 5c) further confirmed that the observed signal resulted from specific

667 fluorescence and not from reflected light. The Leica SP8 confocal microscope has no
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668 suitable excitation light source for the blue fluorescence dye DPH. It should also be
669 mentioned that unentrapped dyes were removed by gel filtration, preventing any
670 interference with microscopy. In conclusion, the DPH and Calcein fluorescence
671 signals indicate that intact liposomes were immobilized on the SA tip by the pre-
672 loaded SSMs.

673

674

675

676

b) d)

677
678

679 Fig. 5: Upright and fluorescence images of immobilized liposomes tethered to the
680 former SSMs on a SA biosensor surface: (a) Fluorescence microscopy of unstained
681 DPPC liposomes prepared in PBS; (b) Fluorescence microscopy of DPPC liposomes
682 with the membrane dye DPH, (c) time-gated and deconvolved confocal microscopy
683 image of unstained DPPC liposomes prepared in PBS; (d) time-gated and
684  deconvolved confocal fluorescence microscopy image of DPPC liposomes prepared

685 in PBS containing 5 mM Calcein. The water-soluble dye Calcein is enclosed in the
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686 liposome lumen. Unentrapped dyes were removed by gel filtration. Representative
687 images of three replicates are shown. The internal diameter of the biosensor is 600
688 um (manufacturer's instructions).

689
690 4. Conclusion
691

692 In this work, we have demonstrated that sterically stabilized micelles (SSM)
693  containing DSPE-PEG2000) biotin with a low aggregation number can be used as a
694  precursor to immobilize intact liposomes on a SA biosensor tip after simple buffer
695 exchange.

696 This approach allows excellent liposome immobilization of various compositions and
697 fluidities, including liposomes mimicking lipid rafts. Lower immobilization levels due
698 to repulsion of ionic liposomes could be eliminated or compensated for using a high
699 ionic strength buffer. Non-specific interactions of the protein of interest with the
700 biosensor could be avoided or eliminated by introducing a blocking step. This proof-
701  of-concept study of protein/liposome interaction measurements using BLI assay
702 confirms that this technique is appropriate, in principle, for the analysis of
703  protein/liposome interactions in a simple and reproducible manner. The results of the
704  liposome/Cytochrome C assay demonstrate that the interaction between the protein
705 and selected liposomes was strongly related to the biophysical properties of the
706 liposome membranes. This well-established optical biosensor platform provides
707  versatility in experimental design. In order to study the individual influence of various
708 buffers or matrices, the microtiter plate system offers a method for rapidly
709 exchanging the tested solvents; thus, liposome/protein interaction can be performed
710 easily, in a high throughput manner and in an automated workflow. Additionally, the

711 use of HTX-BLI based instruments in the 32-channel mode and 384 well plates
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712

713

714

715

716

717

718

719

720

721

722

723
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725

726

727

728

729

730

731

732

means that 32 individual real-time kinetic measurements of liposome/protein
interactions can be performed during a single unattended run of less than 30 min.
Finally, with minor specific optimizations, this approach can be adapted successfully
for other analytical methods requiring the immobilization of hydrophobic anchors on
surfaces and/or liposome immobilization. Future work will be carried out on the
detailed characterization of the morphology of the liposomes immobilized on the

sensor surface.
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*Highlights (for review)

Highligths

Liposome/protein interaction assay with Bio-layer Interferometry was developed.
DSPE-PEG000)-biotin was formulated as stabilized micelles (SSMs).

SSMs were used as precursors to immobilize intact liposomes.

Liposomes of various compositions were immobilized.

Immobilized liposomes were used for protein interaction studies.
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