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Abstract 

Phospholipid bilayers formed at solid-liquid interfaces have garnered interest as mimics of cell-

membranes to model association reactions of proteins with lipid-bilayer-tethered ligands. Despite 

the importance of understanding how ligand density in a lipid bilayer impacts the protein-ligand 

association response, relating the ligand-modified lipid fraction to the absolute density of solution-

accessible ligands in a lipid bilayer remains a challenge in interfacial quantitative analysis. In this 

work, confocal-Raman microscopy is employed to quantify the association of anti-biotin IgG with 

a small fraction of biotinylated lipids dispersed in either gel-phase or liquid-crystalline supported 

lipid bilayers, deposited on the interior surfaces of wide-pore silica surfaces. We examine the 

question whether inter-leaflet lipid translocation contributes to the population of solution-

accessible biotin ligands on the distal leaflet of a supported lipid bilayer by comparing their protein 

accumulation response with ligands dispersed in lipid monolayers on nitrile-derivatized silica 

surfaces. The binding of antibody to biotin ligands dispersed in gel-phase bilayers exhibited an 

equivalent biotin-coverage response as the accumulation of IgG onto gel-phase monolayers, 

indicating that gel-phase bilayer symmetry was preserved.  This result contrasts with the ~60% 

greater anti-biotin capture observed at fluid-phase bilayers compared to fluid-phase monolayers 

prepared at equivalent biotin fractions. This enhanced protein capture is attributed to biotin-capped 

lipids being transferred from the surface-associated proximal leaflet of the bilayer to the solution-

exposed distal leaflet by the inter-leaflet exchange or lipid flip-flop, a facile process in fluid-phase 

supported lipid bilayers. The results suggest caution in interpreting the results of quantitative 

studies of protein binding to lipid-tethered ligands dispersed in fluid-phase phospholipid bilayers.  
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INTRODUCTION 

Supported lipid bilayers on planar glass supports are attractive interfaces for biosensing 

applications given their ease of assembly at solid/liquid interfaces by vesicle fusion1,2 and 

generally low affinities for non-specific interactions with biomolecules.3 Lipid bilayers formed on 

solid supports have also been used as models of cell membranes to investigate interfacial 

biorecognition between proteins in solution and their corresponding lipid-bound ligands.4-6 These 

applications of supported lipid bilayers have shown that lipid-bilayer structure and dynamics, 

including lateral mobility,7-9 density,10-12 and accessibility,10,13 play a role in governing protein-

binding affinity, producing results that differ from protein-association reactions with ligands that 

are tethered at fixed locations on a solid surface.9,14,15 

A dynamic process observed in supported lipid bilayers that could impact protein-ligand 

binding at lipid bilayer interfaces is the exchange of lipids between the two leaflets of the bilayer.  

Lipid leaflet-exchange has been reported to be fast in supported bilayers16,17 where the rate of 

exchange is sensitive to temperature, lipid phase, and the head-group composition of the 

phospholipid, including size, hydration, and charge.16-19 In addition, interactions of the lipid head-

groups with the underlying support surface or with species in the overlaying solution have been 

shown to be capable of inducing bilayer asymmetry.20-23 Compositional asymmetry in the two 

leaflets could result in either enhanced or inhibited accessibility of ligands at the solution-

accessible outer-leaflet of the bilayer. Thus, for analysis of protein-ligand association, it is essential 

to understand the structure, dynamics, and possible asymmetry of the lipid bilayers and their 

influence on accessible ligand densities for protein binding.  

Another challenge in quantitative analysis of protein-ligand binding at a lipid 

bilayer/solution interface is knowing the surface concentrations of both ligands and captured 

proteins. Several optical methods have been used to characterize protein binding to ligands 

tethered to planar-supported lipid bilayers, including fluorescence emission from labeled 

proteins,24-27 surface plasmon resonance,28-30 pH sensitive dyes,31 and second harmonic 

generation.32 These methods produce responses that are proportional to the population of captured 

protein and are useful for measuring binding isotherms. The protein surface coverages, however, 

are not generally measured but are estimated at the maximum response as a close-packed 

monolayer based on the size of the protein determined by crystallography.33,34 The use of crystal 

structure data to estimate a maximum protein surface density neglects possible changes in protein 
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tertiary structure when the protein is bound to a ligand at a solution-bilayer interface compared to 

its conformation and size within a solid crystal. 

It has been recently shown that phospholipid bilayers deposited by vesicle fusion on the 

interior surfaces of wide-pore (30- or 100-nm diameter) chromatographic silica particles can be 

characterized in-situ within individual particles with confocal Raman microscopy.35  The high 

specific surface area of these porous silica supports provides a sufficient population of lipid 

molecules to overcome the sensitivity limitations of Raman scattering and allow facile detection 

of supported phospholipid bilayers. The large internal surface area of these particles also allows 

the lipid surface density to be determined by simple elemental (carbon) analysis of a small sample 

of material. From these results, the structure of these porous silica-supported lipid bilayers (head-

group spacing, lipid bilayer thickness, and melting phase transition) were found to be comparable 

to supported bilayers formed on planar-surfaces.35,36 Raman scattering from these bilayers has also 

been used to quantify the association response of a lectin protein, concanavalin A, with mannose-

capped phospholipids incorporated into the porous-silica-supported lipid bilayers.6  This study 

demonstrated that confocal Raman microscopy of ligand-modified phospholipid bilayers in high 

surface-area support particles can be an effective method for in situ, label-free, and quantitative 

investigation of protein-ligand interactions at supported lipid bilayer-solution interfaces. 

In the present work, we employ this methodology to investigate the role that lipid bilayer 

leaflet exchange may play in the available lipid-tethered ligands that can react with proteins in 

solution. We also test whether lipid phase (gel versus liquid-crystalline) influences differences in 

solution-accessible ligand populations in bilayers that otherwise have an equivalent fraction of 

ligand-modified lipid.  Specifically, we employ confocal Raman microscopy to measure the 

association of unlabeled anti-biotin IgG with biotin-capped lipid that is diluted into gel-phase and 

fluid phase supported-lipid bilayers and monolayers deposited onto the interior surfaces of wide-

pore silica supports. Quantitative information on the surface coverages of both deposited lipids 

and captured antibody is acquired by in situ Raman scattering measurements within individual 

silica particles, calibrated ex situ by elemental carbon analysis of samples of the porous material.  

Using these methods, the surface densities of the deposited lipid bilayers and monolayers are 

compared to the densities of captured antibody to determine the distal-leaflet solution accessibility 

of the lipid-tethered biotin and its efficiencies for antibody binding. 
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EXPERIMENTAL SECTION 

Reagents and materials. Spherical chromatographic silica particles were Sil-100nm-S-

5µm from YMC America (Allentown, PA); for the particular sample lot, an average particle 

diameter D50 = 3.8 μm, uniformity D10/D90 = 1.43, and pore diameter of 110 nm were reported 

by the manufacturer. SEM images of the silica particles were acquired to reveal their pore structure 

which shows uniform 100-nm scale roughness throughout the regions of the particle that can be 

observed in these images (see Supporting Information, Figure S1). Water used in all experiments 

was filtered using a Barnstead GenPure UV water purification system (ThermoFisher Scientific, 

Waltham, MA) and had a minimum resistivity of 18.0 MΩ·cm. All phospholipids, 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC) from Avanti Polar Lipids, Inc. (Albaster, AL), and biotin-functionalized DPPE (1,2-

dipalmitoyl-sn-glycero-3-PE-N-(cap biotin), sodium salt) from Cayman Chemical (Ann Arbor, 

Michigan), were dissolved in chloroform, and stored at -15 ͦC until use. Monoclonal mouse anti-

biotin IgG was purchased from Jackson ImmunoResearch Laboratories, Inc (West Grove, Pa) and 

stored at 2 ͦ C.  Chloroform, sodium chloride, potassium chloride, potassium phosphate monobasic 

(KH2PO4), sodium phosphate dibasic heptahydrate (Na2HPO4·7H2O) were all purchased from 

Sigma-Aldrich (St. Louis, MO); (3-cyanopropyl)dimethylchlorosilane was purchased from Gelest 

(Morrisville, PA).  To modify silica surfaces with nitrile groups for lipid-monolayer experiments,36 

110-nm pore-diameter 4-µm silica particles were reacted with (3-cyanopropyl)-dimethyl-

chlorosilane, details of which are in Supporting Information. The resulting surface coverage by 

nitrile groups was determined to be 2.5 ± 0.3 μmol/m2 by comparison of the Raman scattering 

intensity from the -C≡N stretching mode of this nitrile-derivatized silica with a commercial nitrile-

silica of known surface coverage; see Supporting Information.   

Preparation of within-particle lipid bilayers and monolayers. To assemble supported 

lipid bilayers on the interior surfaces of wide-pore silica, the particles were first cleaned with acid 

piranha solution (60/40 concentrated sulfuric acid/30% hydrogen peroxide; caution: acid-piranha 

solutions are strongly oxidizing and can react explosively with organic compounds) followed by a 

triplicate rinsing in deionized water. Note that the acid-wash does not detectably affect the porous 

silica structure (Supporting Information). Dry lipid films of known composition were prepared by 

combining aliquots of chloroform-dissolved lipids (measured by mass on an analytical balance to 

avoid pipetting errors due to the high vapor pressure of chloroform) and drying the sample under 

flow of dry nitrogen. Complete evaporation of the solvent was achieved by a further drying step 
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under vacuum. Lipid vesicle dispersions were prepared at a concentration of 2 mg/ml from the dry 

lipid film by addition of pH 7.4 phosphate buffered saline (PBS) buffer and bath sonication at a 

temperature above the melting transition of the phospholipid to form small (<30 nm diameter) 

vesicles.37 To deposit lipid bilayers within particles, sonicated vesicles were equilibrated with 1 

mg/mL of cleaned porous silica in a stirring solution above the phospholipid melting temperature 

for ~12 hours. To ensure consistent bilayer coverages, a 25-fold excess of solution-phase lipid was 

used to limit any impacts on formation resulting from solution depletion. Following lipid vesicle 

fusion, particles were washed three times with PBS buffer and separated by centrifugation, where 

excess lipid was removed by drawing off the supernatant and re-suspending the particles in clean 

PBS buffer.  Formation of lipid monolayers on the nitrile-modified silica particles was carried out 

via the same assembly procedure without acid-piranha cleaning (used only on the bare silica before 

the particles were nitrile-modified). The lipid concentration in the vesicle dispersion was decreased 

to 1 mg/mL to maintain the same ratio of solution-phase to surface-associated lipid. 

Reactions of membrane-localized biotin ligands with anti-biotin IgG.  Reactions of the 

biotin-ligands in porous-silica supported lipid bilayers and monolayers with solution-phase anti-

biotin IgG were carried out as follows. A 1-μL aliquot of freshly prepared particles (1 mg/ml) was 

diluted into 99 μL of 300-nM anti-biotin IgG solution. The solutions contained more than a 50-

fold excess of anti-biotin IgG compared to the within-particle biotin in the sample to avoid solution 

depletion of the antibody.  The 300-nM solution concentration of IgG is 10-fold greater than the 

anti-biotin IgG:biotin dissociation constant,10 thereby ensuring that the biotin ligands at the 

solution/bilayer or monolayer interface are saturated with bound antibody. To determine the 

absolute surface coverages of POPC supported-lipid bilayers and the saturation coverage of 

captured anti-biotin IgG, samples of the respective particles were washed multiple times with 

deionized water, dried under vacuum and submitted for carbon analysis at Midwest Laboratories 

(Indianapolis, IN). No loss of lipid or protein was detected as a result of the washing procedures 

(see Supporting Information).  

 Confocal Raman Microscopy. The confocal Raman microscope utilized has been 

previously described in detail elsewhere.38  Briefly, the 647.1 nm emission band beam from a Kr+ 

laser (Innova 90, Coherent Int., Sanata Clara, CA) was first passed through a narrow band pass 

filter followed by a 4X beam expander (50-25-4x-647, Special Optics Inc., Wharton, NJ), reflected 

off of a dichroic mirror, and directed to a 1.4 NA, 100X oil-immersion objective (CFL PLAN 

APO, Nikon Inc., El Segundo, CA) which produces a ~600-nm diameter beam waist at the focal 
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plane. Light scattered from the confocal probe volume was collected by the same objective, trans-

mitted through the dichroic mirror, passed through a 660-nm long-pass filter and directed through 

the 50-μm wide entrance slit of a 0.5-m spectrograph (500 IS, Bruker Corp., Billerica, MA), where 

it was dispersed by a 300 lines/mm diffraction grating blazed at 750 nm, and refocused onto a 

charged coupled device (CCD) detector (Andor iDus 401A, Andor USA, South Windsor, CT).  

 To collect spectra, the laser beam was initially focused at the coverslip/solution interface 

and translated upward in the +Z direction until the perimeters of the silica particles resting on the 

coverslip surface were in sharp focus.  The stage was then positioned in the x and y dimensions 

until the focused laser spot was centered within an individual particle. The resulting confocal 

detection volume centered in the particle, defined by the product of excitation beam profile and 

the confocal collection efficiency,39 is illustrated in Supporting Information, Figure S5, where 

more than 95% of the collected scattering is from inside the particle. Raman spectra thus collected 

were truncated to the spectral region of interest and baseline corrected with rolling-circle 

algorithm.40 All data analysis was conducted in Matlab (Mathworks, Natick, MA) using custom 

scripts. Well cells used in spectroscopic experiments were constructed by adhering a ~12-mm 

length of 10-mm i.d., 13-mm o.d. Pyrex glass tubing to No. 1 glass coverslip using Devcon 5 min 

epoxy (ITW Devcon, Danvers, MA).  

RESULTS AND DISCUSSION 

Formation and characterization of supported lipid bilayers and monolayers. DPPC 

and POPC supported-lipid bilayers were deposited onto the interior surfaces of 110-nm pore-

diameter porous silica particles by fusion of sonicated vesicles in dispersion, at temperatures above 

their respective melting transition for 12 hours. Following lipid deposition, excess vesicles were 

removed by a buffer exchange and centrifugation; the resulting supported lipid bilayers were 

characterized by confocal Raman microscopy. Raman bands associated with phospholipid are 

highlighted in Figure 1 and assigned as follows:35,41-45 the choline head-group symmetric stretching 

frequency is the same for both lipids, 720 cm-1. For POPC and DPPC, the out-of-phase trans 

conformer C-C stretching modes appear at 1064 and 1067 cm-1, while the in-phase trans conformer 

C-C stretch is at 1125 and 1130 cm-1, respectively. The gauche conformer C-C stretching 

frequencies are 1086 and 1100 cm-1, the CH2 twisting mode appears at 1300 and 1295 cm-1, and 

the CH2 bending frequencies are 1442 and 1438 cm-1, respectively. The C=C stretching mode from 

the double bond in the oleoyl chain of the POPC bilayer appears at 1655 cm-1.  The significantly 
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greater acyl-chain ordering of gel-phase 

DPPC compared to the fluid-phase POPC 

bilayer is apparent in the strong 

intensities of the out-of-phase and in-

phase C-C stretching modes of the DPPC 

trans-conformer acyl-chains at 1064 cm-1 

and 1130 cm-1, respectively, compared to 

the gauche-conformer C-C stretching 

intensity at 1100 cm-1.45 Despite the 

significant laser power in the sample (130 

mW), the consistent scattering from the 

trans-conformer modes of DPPC indicate 

that the monolayer and bilayer of this 

saturated lipid remain fully gel-phase 

throughout these experiments.  

DPPC and POPC were deposited onto nitrile-derivatized (Supporting Information) porous 

silica surfaces using the same procedure. Comparison of the Raman scattering from nitrile-

derivatized silica particles before and after lipid deposition reveals scattering from phospholipid 

and nitrile vibrational modes (Supporting Information, Figures S6 and S7). These data reveal a 

4-cm-1 shift of the -C≡N mode to lower vibrational frequency upon accumulation of lipid (see 

inserts in Figures S6 and S7). This shift to lower frequency is consistent with a change in the 

interfacial environment from the high-dielectric constant of an aqueous solution to a low-dielectric 

constant environment, equivalent to a nitrile group in a hydrocarbon environment.36,46 This result 

provides evidence that the surface-nitrile groups are in contact with the acyl-chains of the adsorbed 

lipid,36 in agreement with the tails-down monolayer structure proposed for lipid monolayers on 

the surfaces of nitrile-derivatized glass nanopores.47,48   

Further evidence for DPPC and POPC forming supported lipid monolayers on the nitrile-

derivatized silica is provided by the Raman scattering intensities from accumulated phospholipids 

on bare versus nitrile-derivatized silica surfaces. Accounting for the small (~4%) difference in 

surface area of the two leaflets due to curvature of the pores,35 one would anticipate that a 

supported-lipid bilayer on the same 110-nm porous-silica support would contain 1.96-times more 

phospholipid compared to a supported-lipid monolayer. We compare the Raman spectra from 

Figure 1. Formation of POPC and DPPC supported lipid 

bilayers (SLB) on 100-nm pore diameter silica particles. 

Raman spectra of bare silica (black), POPC supported lipid 

bilayer (red), and DPPC supported lipid bilayer (blue). 
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POPC and DPPC deposited on bare and 

nitrile-terminated silica in Figure 2, where the 

total Raman scattering POPC deposited on 

bare silica exhibits 1.92 (±0.22) times greater 

intensity than POPC deposited on the nitrile-

terminated surface. Similarly, DPPC 

deposited on bare silica produces 1.89 (±0.09) 

times greater intensity than DPPC on the 

nitrile surface (Figure 2). These quantitative 

results support the conclusion that POPC and 

DPPC deposited on the nitrile-terminated 

silica form phospholipid monolayers, where 

the nitrile-frequency response is consistent 

with lipid acyl-chains oriented towards the 

nitrile interface.36,47   

Quantitative determination of lipid 

densities of supported bilayers and 

monolayers. The high specific surface area of 

the porous silica particles allows a small (10 

mg) sample of particles to contain sufficient 

carbon in a lipid bilayer or monolayer to be 

quantified by elemental carbon 

analysis.35,36,49 Using the specific surface area provided by nitrogen BET analysis and the carbon-

mass% from elemental analysis, the absolute surface coverages of phospholipid can be 

determined.35,36,49 The elemental carbon fraction of a POPC bilayer formed on bare porous silica 

particles was found to be 5.0 ±0.1%, corresponding to a total lipid coverage of POPC in the bilayer 

of 3.8 ±0.4 μmol/m2 (Supporting Information). Correcting for the small (~4%) difference in 

surface area of the two leaflets due to curvature of the pores,35 the total lipid in the bilayer 

corresponds to a solution-exposed distal-leaflet lipid surface density of 1.94 ±0.2 μmol/m2 or an 

average head-group area of 84 ±9 Å2.  This result is ~15% greater than the 72.2 Å2 head-group 

area of a 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) in a vesicle bilayer measured by x-

ray diffraction50 and may reflect small differences in packing of the lipid on the silica surface. 

Figure 2. Comparison of Raman scattering intensities 

of phospholipids deposited as bilayers on bare porous 

silica (blue) and as monolayers on nitrile-derivatized 

silica (red) for (A) POPC and (B) DPPC, respectively. 
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Using the carbon analysis results for the POPC lipid bilayer coverage as a standard, we 

quantify the POPC monolayer coverage on the nitrile surface by comparing the unnormalized 

Raman scattering intensities of the phospholipid bilayer on bare silica to the POPC monolayer on 

nitrile-derivatized silica (Figure 2A).  We detect 52 ±6 % less total phospholipid intensity in the 

POPC monolayer compared to the POPC bilayer, which indicates a POPC surface density in the 

monolayer of 2.0 ± 0.2 μmol/m2 or a head-group area of 83 ±8 Å2, which is equivalent to the 

solution-exposed distal-leaflet density of the POPC silica-supported bilayer above. To determine 

the surface density of the DPPC monolayer on the nitrile surface, we use the scattering intensity 

of the -C≡N nitrile stretching mode as internal standard to normalize the POPC and DPPC nitrile-

supported lipid Raman spectra and thereby quantify the surface coverages based on the relative 

intensities of the C-N choline stretching mode of the lipid (Supporting Information).  The choline 

stretch is suitable for quantification because, unlike other phospholipid vibrational modes, its 

conformation is independent of phospholipid phase, leading to a consistent scattering cross-

section.51 This in-situ quantification shows 28 ± 2% more phospholipid is present in the DPPC 

monolayer compared to the POPC monolayer (Supporting Information). The resulting surface 

density of DPPC in the supported monolayer is 2.6 ± 0.2 μmol/m2, corresponding to a lipid head-

group area of 64 ±5 Å2. This DPPC head-group area is in agreement with the 64 ±1 Å2 head-group 

area of fluid-phase DPPC vesicle bilayers, determined by x-ray diffraction and neutron scattering 

at 50°C.52,53 While the temperature at which the vesicle DPPC head-group area was measured is 

greater than for these Raman spectroscopy experiments, it is a relevant comparison because the 

DPPC monolayer surface density was established during its assembly on the nitrile surface under 

fluid-phase conditions at ~50°C.  Finally, the surface density of the DPPC bare-silica-supported 

bilayer was determined by a comparison of its Raman spectrum with a DPPC monolayer 

(Figure 2B). The silica-supported DPPC bilayer exhibits 1.89±0.09-times greater total Raman 

scattering intensity than the nitrile-supported monolayer, where the total DPPC lipid density in the 

bilayer is 4.7 ±0.4 μmol/m2. Corrected for the small (4%) difference in surface area of the two 

leaflets due to curvature of the pores, the total lipid corresponds to a solution-exposed distal-leaflet 

lipid surface density of 2.4 ±0.2 μmol/m2 or a head-group area of 68 ±6 Å2.  This result is 

equivalent within measurement uncertainty to the nitrile-silica-supported DPPC monolayer and in 

agreement with head-group area of a DPPC vesicle bilayer at 50°C (see above).52,53 

Detecting and quantifying the coverage of IgG bound to lipid-tethered ligands. The 

deposition of both DPPC and POPC lipids on the internal surfaces of bare- and nitrile-modified 
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silica particles produced structures that 

were consistent with supported lipid 

bilayers and monolayers, respectively. 

To detect and quantify the capture of 

anti-biotin IgG, a lipid bilayer was 

prepared as above on bare silica 

particles with POPC vesicles containing 

5-mol% biotin-conjugated DPPE. 

A 1-μL aliquot of these particles 

(1 mg/ml) was diluted and mixed into 

99-μL of 300-nM IgG in buffer. The 

300-nM solution contains more than 50-

fold excess of IgG relative to the within-

particle biotin in the sample, 

substantially limiting any impact of 

solution-depletion on the measurement 

and the solution concentration of 300-

nM IgG is 10-fold greater than the reported anti-biotin IgG:biotin dissociation constant,10 ensuring 

that the biotin ligands available at the solution/bilayer or monolayer interface are saturated with 

bound antibody. Particles equilibrated with 300-nM anti-biotin IgG solution for ~5 hours were 

then washed three times with PBS buffer to remove excess protein.  The Raman spectrum of the 

resulting sample is compared to a spectrum of the original 5% biotin-DPPE in POPC bilayer in 

Figure 3 and shows new vibrational features associated with the capture of the antibody. 

Subtracting the spectrum of the biotin-DPPE-POPC bilayer provides definitive evidence of 

antibody capture, producing a spectrum that is indistinguishable from a spectrum of anti-biotin 

IgG in 110-µM free solution (Figure 3(top)). The vibrational modes from Raman scattering of the 

captured protein are also identified in Figure 3.6,54  

To ensure that the captured antibody shown in Figure 3 arises from specific interactions 

with the 5% biotin ligand in the lipid bilayer, a control experiment was carried out in which 1-µM 

anti-biotin IgG (3.3-times greater concentration than in the biotin-binding experiment in Figure 3) 

was equilibrated with a pure POPC lipid bilayer containing no biotin-DPPE.  The difference 

spectrum in Supporting Information, Figure S9, shows no detectable protein bands arising from 

Figure 3. Capture of anti-biotin IgG at POPC bilayers 

prepared with 5-mol% biotin capped-DPPE. Below: Raman 

spectrum of silica-supported lipid bilayer prior (blue) is 

compared with the same bilayer following equilibration with 

300-nM IgG (red).  The difference spectrum above (black) 

provides evidence of antibody capture when compared to a 

spectrum of 100-µM anti-biotin IgG in free solution (green). 
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non-specific adsorption of the antibody. Similar control experiments were carried out for POPC 

and DPPC lipid bilayers and monolayers, where no Raman scattering from non-specifically 

adsorbed anti-biotin IgG were detected (Figures S10-S12).  

 Having established the specificity of anti-biotin IgG binding, we next quantify the absolute 

surface density of bound protein. Typical optical methods for measuring interfacial protein-ligand 

binding do not report quantitative surface densities of protein-ligand complexes. Instead, the 

maximum coverage is estimated by assuming a close-packed protein array5,24 where the 

intermolecular packing distances are estimated from x-ray crystallography data.33,34 However, 

proteins immobilized at lipid membranes are solvated and dynamic, and their spacing at such 

interfaces could differ significantly from their structure in a crystalline solid. This issue is has been 

addressed in scanned probe microscopy measurements55-58 of individual IgG molecules captured 

on a surface, which report molecular sizes consistently larger than values obtained by x-ray 

crystallography.  These differences have been attributed to solvation,57 which along with steric 

interactions can play a role in establishing the maximum coverage of a monolayer of surface-

associated proteins.  

 Given the uncertainties in the structure and size of interfacial protein-ligand complexes, a 

far more reliable determination of their maximum surface density can be obtained through an ex 

situ analysis of the protein coverage of a macro-scale sample. To accomplish this goal, we again 

take advantage of the surface area of the porous silica supports that capture a sufficient quantity of 

interfacial protein that carbon analysis can be used to determine the maximum protein coverage 

on the equilibrated particles. POPC silica particles prepared with 5-mol% biotin-DPPE (a biotin-

modified lipid fraction that produces a maximum IgG surface density, see below) were equilibrated 

with 300-nM anti-biotin IgG. The resulting particles were washed with buffer multiple times to 

remove the excess solution-phase IgG. The buffer-washed sample was then washed with DI water 

(to remove buffer components that would contribute to sample mass) and dried under vacuum for 

elemental carbon analysis. It is critical that no biotin-bound antibody is lost from the sample during 

these sample preparation steps. Therefore, the reversibility of the association between anti-biotin 

IgG with lipid-tethered biotin was tested on the time-scale of these experiments by preparing a 

sample of particles as above and then washing and storing the sample in excess buffer for 24 hours; 

the sample stored in buffer showed no detectable loss of bound antibody (Figure S13). Finally, the 

DI washing and vacuum drying steps were also tested and no loss of bound antibody was detected 

(Figure S14).  
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 Elemental analysis of the particle sample prepared with a POPC bilayer containing 5-mol% 

biotin-DPPE and equilibrated with anti-biotin IgG resulted in a carbon mass fraction of 9.2 ± 0.6%.  

Subtracting the carbon fraction of particles with POPC and 5-mol% biotin-DPPE (5.4 ± 0.1%) 

showed an increase of 3.8 ± 0.6% in carbon mass fraction from the binding of the anti-biotin IgG. 

Using the carbon molecular weight of a mouse-derived monoclonal antibody59 and the specific 

surface area of the silica, this increase in carbon mass corresponds to an anti-biotin IgG surface 

saturation density of 21 ± 2 nmol/m2 (details in Supporting Information), corresponding to an 

antibody molecular area of 79 ± 8 nm2.  This molecular area was compared to crystal structure 

data of an IgG1-subclass mouse-derived antibody.60  Orienting the antibody structure so that both 

Fab fragments are directed toward the surface (bivalent binding)5,12 corresponds to an elliptical 

area projected onto the surface of 69 nm2 (Supporting Information, Figure S15).  The molecular 

area determined from the actual IgG surface coverage is 13% greater than the estimate from the 

crystal structure projection, which may be expected based on differences in packing and 

conformation of the hydrated surface-bound protein57 compared to its crystal structure.  

Lipid-tethered ligand accessibility in supported-lipid bilayers and monolayers. It has 

been recently shown that head-group modified phospholipids can exchange between the leaflets 

of fluid-phase supported-lipid bilayers,61,62 a process that could impact the population of lipid-

tethered ligands available for binding to proteins at the solution-accessible outer-leaflet of a lipid 

bilayer. The rate of phospholipid translocation between leaflets is sensitive to the phase of the 

phospholipid bilayer. Unlike the rapid phospholipid translocation observed at liquid-crystalline 

phase supported bilayers,16,17,63 gel-phase bilayers well below their respective melting transition 

temperatures have been shown to exhibit much slower rates of leaflet translocation. Thus, a 

comparison of protein binding at gel- versus liquid-crystalline-phase bilayers could reveal 

differences in ligand-tethered lipid translocation. However, differences in the lateral mobility of 

gel- versus fluid-phase bilayers64 may also impact ligand accessibility and thereby complicate the 

interpretation of results. Because phospholipid bilayer phase impacts the kinetics of both inter-

leaflet translocation and lateral-diffusion, we characterize the protein association at both gel-phase 

(DPPC) and liquid-crystalline phase (POPC) bilayers and monolayers. Unlike supported-lipid 

bilayers, supported-lipid monolayers cannot exhibit inter-leaflet translocation and can serve as a 

control, where variations in ligand accessibility arising from differences in lipid-phase-dependent 

lateral mobility may be observed independently of inter-leaflet translocation. 
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To investigate the impact of lipid phase on lipid-tethered ligand accessibility for antibody 

binding, suspensions of POPC and DPPC were prepared in buffer with varying mol-fractions (0-5 

mol%) of biotin-capped DPPE, sonicated to form small vesicles, and then equilibrated with bare 

and nitrile-derivatized porous silica particles, forming lipid bilayers and monolayers having 

varying mol% biotin-capped DPPE.  Each of these samples was then equilibrated with 300-nM 

anti-biotin IgG for ~5-hours. Raman spectra from six different particles of each sample were 

acquired, averaged, and plotted in Figure 4A-D. As observed in all four plots, Raman scattering 

intensities from IgG vibrational modes (1003, 1243, 1555, 1672 cm-1) increases as a function of 

biotinylated-lipid mol fraction until they reach a maximum at a biotin-DPPE concentration that 

produces a saturated surface coverage of antibody.  

  

Figure 4. Anti-biotin IgG accumulation as a function of biotin-capped DPPE fraction (0-5 mol%) in a 

(A) DPPC supported-lipid monolayer, (B) DPPC supported-lipid bilayer, (C) POPC supported-lipid 

monolayer, and (D) POPC supported-lipid bilayer. 
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To quantify the accumulated antibody surface coverage, we resolve the anti-biotin IgG 

Raman spectrum by subtracting the corresponding lipid-bilayer or monolayer spectrum 

(Figure S16). Using this isolated IgG spectrum, we performed a least-squares fit to determine the 

relative magnitude of the IgG scattering intensity in each collected spectrum (see examples with 

residuals in Figures S17-S20) and scaled the result to the maximum coverage determined by 

elemental carbon analysis. The surface density of biotin-DPPE in each sample was estimated from 

the mol-fraction of biotinylated lipid times the surface densities of pure POPC and DPPC 

phospholipid monolayers or distal-leaflet 

surface densities of their corresponding 

bilayers (see above). This approach 

assumes no significant change in average 

lipid surface density upon substitution of a 

small fraction (≤ 5-mol%) of biotinylated 

DPPE for POPC or DPPC in the lipid 

monolayers or bilayers.  

The resulting surface densities of 

bound-IgG and biotin-DPPE are compared 

in Figure 5 to evaluate the possible 

contribution of inter-leaflet translocation to 

the population of biotin-ligands available 

for antibody binding in the solution-

exposed distal leaflet of a lipid bilayer. An 

initial observation from these results is that 

the IgG coverage rises linearly with surface 

densities of biotin-DPPE in bilayers and 

monolayers of both DPPC and POPC. The 

linearity of this relationship indicates that 

the ratio of IgG bound to the density of 

available biotin is constant (no change in 

binding efficiency), until the antibody 

surface density saturates at high coverages.  

To report the ratio of IgG surface coverage 

Figure 5. Captured IgG surface density plotted versus 

biotin-DPPE surface density at a (A) DPPC bilayer (blue) 

and monolayer (red) and at a (B) POPC bilayer (blue) and 

monolayer (red). Error bars are 95% confidence bounds. 

In the case of lipid bilayers, the x-axis is the as-prepared 

solution-accessible, distal-leaflet biotin density.  
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to the surface density of biotin available in a lipid monolayer or distal-leaflet of a lipid bilayer, the 

linear regions (first six points) of all four plots were least-squares fit to a straight line with zero 

intercept, as shown in Figure 5.  

Because gel-phase bilayers well below their melting transition have been shown to exhibit 

much slower rates of phospholipid translocation between leaflets especially when tethered to a 

polar molecule,16 one would anticipate that lipid-leaflet exchange would not contribute signifi-

cantly to the solution-accessible distal-leaflet population of biotin-DPPE available for IgG binding.  

This expectation is verified by the equivalent dependence of antibody capture versus biotin-DPPE 

surface density for DPPC monolayers and bilayers (Figure 5A), showing that translocation does 

not contribute to biotin accessibility at gel-phase bilayer interfaces.  The result is consistent with 

extremely slow rates of lipid translocation at temperatures 20° below the melting transition of 

DPPC,16 so that migration of the biotin-DPPE to the distal leaflet of the bilayer does not contribute 

to the available ligand density over the course of a several-hour IgG accumulation time. 

The quantitative nature of these experiments also allows the ratio of the surface density of 

captured IgG to be compared to the biotin-DPPE ligand density.  This ratio is equivalent for capture 

at both the DPPC monolayer and bilayer, averaging 0.33 ±0.03, the inverse of which indicates that 

three biotin-DPPE ligands on average are required to capture an anti-biotin antibody. If both 

variable (Fab) regions of the antibody are bound to biotin ligands (see discussion below), the 

results would indicate that the efficiency of biotin binding by the antibody at a DPPC bilayer or 

monolayer surface is ~66%. This inefficiency might arise from slow lateral mobility of lipids in 

the gel-phase DPPC bilayer or monolayer64 that could inhibit ligand binding. To test this 

possibility, the accumulation of anti-biotin IgG by biotin-DPPE dispersed in a fluid-phase POPC 

monolayer was measured, and the results are presented in Figure 5B. The surface density of 

captured IgG again rises linearly with the surface density of biotin-DPPE, with a slope determined 

from the first six points that is equivalent to the gel-phase DPPC monolayer, 0.33 ±0.01. This 

result indicates that the IgG capture by biotin-DPPE is independent of the phase of the supporting 

lipid, so that lipid-phase-dependent differences in lateral mobility play no measurable role in the 

efficiency of antibody-hapten recognition and binding.  

Detecting the influence of lipid translocation on distal-leaflet ligand populations. The 

equivalent anti-biotin IgG capture efficiency by biotin-DPPE in POPC and DPPC monolayers and 

DPPC bilayers thus allows the possible influence of inter-leaflet translocation on accessible ligand 

density to be investigated for fluid-phase POPC bilayers. To examine this question, the IgG surface 
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coverage is plotted against the as-prepared distal leaflet surface density of biotin-DPPE in a POPC 

bilayer in Figure 5B, where the slope of the initial linear response (first six points) is determined 

by a least-squares fit to a straight line with zero intercept. The surface coverage of anti-biotin IgG 

relative to the as-prepared distal-leaflet biotin surface density exhibits a slope of 0.50 ± 0.03. 

Neglecting inter-leaflet translocation, this result would indicate that two biotin ligands on the distal 

leaflet on average are responsible for capturing each anti-biotin IgG, corresponding to bivalent 

antibody binding. However, this simple interpretation neglects the ligand-binding efficiency 

revealed by the POPC and DPPC monolayer results, which both showed that three-biotin ligands 

on average are needed capture to capture a single anti-biotin IgG.  

Based on a comparison with the POPC monolayer response in Figure 5B, we attribute the 

61 ± 3% greater anti-biotin IgG capture by biotin-DPPE at a POPC bilayer to be a consequence of 

enhanced ligand density in the distal leaflet through inter-leaflet translocation. It could be 

hypothesized that this asymmetry might be present at the time the lipid bilayer deposition before 

exposure to anti-biotin IgG if, for example, there were differences in the affinity of the POPC 

head-group with the silica surface relative to biotin-DPPE.21-23 This hypothesis can be rejected, 

however, because biotin-DPPE in a DPPC bilayer (formed above its melting transition 

temperature) shows no excess biotin in the distal leaflet of the bilayer.  Therefore, the observed 

asymmetry in the composition of the two leaflets of the POPC bilayer must derive from on-going 

lipid leaflet exchange of POPC and biotin-DPPE in the fluid-phase bilayer,16-19 where antibody 

binding to biotin-DPPE at the solution interface fixes its location in the distal leaflet independent 

of the biotin-DPPE mol% in the bilayer. This process is analogous to the previous findings where 

electrostatic interactions of anionic lipids with cationic polyelectrolytes in solution18,20 or with 

adsorbed cationic proteins65 can induce formation of an asymmetric distribution of lipids in the 

two leaflets of a lipid bilayer.  It is clear from these results that inter-leaflet lipid translocation in 

fluid-phase supported lipid bilayers along with interactions between a lipid-tethered ligand and a 

solution-phase protein can modify the population of solution-accessible ligands in the distal-leaflet 

of a supported bilayer, which can confound the interpretation of ligand-density-dependent protein-

capture results. 

Despite the quantitative capabilities of confocal-Raman microscopy when calibrated by 

elemental carbon analysis of the samples prepared on high surface area porous supports, the results 

do not provide direct information on the valency of antibody binding to the biotin ligands on lipid 

monolayer or bilayer surface.  The linear increase in IgG coverage with surface densities of biotin-
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DPPE suggests that the valency of antibody binding is constant since it is independent of ligand 

surface density. With a ratio of three biotin-DPPE ligands per captured IgG, there is clearly 

sufficient biotin to accommodate bivalent antibody binding. The stability of the captured antibody 

with no detectable wash-off in 24 hours (Figure S10) would also be consistent with strong and 

most likely bivalent interactions. If indeed antibody capture is through bivalent binding, that result 

would suggest that there is sufficient lateral mobility of the biotin-DPPE lipids to allow both Fab 

fragments to bind to a biotin ligand.  While this result would be expected for mobile biotin-DPPE 

ligands in fluid-phase POPC, the equivalent antibody binding slopes for POPC and DPPC 

monolayers (Figure 5) suggest that there is sufficient ligand mobility even in the gel-phase DPPC 

monolayer to provide comparable, likely bivalent, binding. This result is perhaps not surprising 

because the mobility of gel-phase DPPC lipids in supported-bilayers at 25°C is slow but not zero, 

where the diffusion coefficient, D ~ 0.07 µm2/sec.64 At the lowest (0.2%) biotin-DPPE coverage 

in a DPPC monolayer or bilayer, a two-dimensional random walk predicts that the time for a 

DPPE-tethered biotin ligand to diffuse the average distance (x~18 nm) separating it from an 

antibody-bound ligand is τ = x2/4D = 1.2 x 10-3 seconds. Thus, the free Fab fragment of a 

monovalently-bound antibody will encounter a lipid-tethered biotin ligand >800-times per second, 

even at the lowest biotin-DPPE coverage. These encounters offer many chances for biotin binding 

compared to the very slow rate of diffusion of unbound antibodies from the surrounding dilute 

solution into the particle.  

Regardless of the valency of antibody binding to biotin ligands, there remains a question 

about the inefficiency of antibody capture and why an excess of biotin-DPPE on average is 

required to capture the anti-biotin IgG. Previous studies have suggested that interactions of a lipid-

tethered ligand with the surrounding lipid bilayer can interfere with their availability for antibody 

binding.10,13  These interactions were evident only in fluid-phase supported bilayers,13 while in the 

present case, we observe equivalent ligand-binding efficiency in both fluid- and gel-phase 

monolayers (Figure 5). Furthermore, while lipid-tethered 2,4-dinitrophenyl (DNP) appeared to 

interact with fluid-phase POPC and inhibit its antibody binding, lipid-tethered biotin did not.10 

Thus, interactions of biotin with its surrounding lipid bilayer or monolayer do not explain the 

results. The consistent fraction of biotin ligands that interact with anti-biotin IgG from solution in 

both fluid-phase or gel-phase monolayers and bilayers may arise from the topology and structure 

of the porous silica substrate (see Figure S1). There may be regions of inhomogeneous surface 

structure where a large biomolecule, such as a full-length antibody, is prevented from accessing a 
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lipid-bound ligand. Geometric constraints that prevent antibody access to some fraction of the 

surface would be independent of lipid-phase and composition. This issue could perhaps be tested 

by carrying out experiments using Fab fragments, whose smaller footprint should allow a greater 

fraction of a supported-lipid monolayer or bilayer surface to be accessible. An additional benefit 

of these experiments would be that binding valency of the protein would be known, which would 

provide a quantitative measure of the ligand-binding efficiency. 

Conclusions. In this work, we have employed confocal Raman microscopy as a label-free 

technique to measure the accumulation of proteins as they bind to ligands at supported lipid layers 

deposited on the interior surfaces of wide-pore silica particles. We carry out direct in-situ 

quantification of monoclonal anti-biotin IgG association with lipid-tethered biotin at POPC and 

DPPC monolayers and bilayers using Raman spectroscopy calibrated by elemental carbon 

analysis.  At all lipid interfaces studied, the accumulated IgG rises linearly as a function of biotin 

density until the IgG reaches a saturation coverage. The binding of antibody to gel-phase DPPC 

bilayers exhibits an identical biotin-coverage response as the accumulation of IgG onto DPPC 

monolayers.  This result contrasts with the behavior of liquid-crystalline POPC bilayers, which 

exhibit ~60% greater biotin ligands in their distal, solution-accessible leaflet compared to POPC 

monolayers of the same composition. The additional biotin ligands are likely transferred from the 

surface-associated proximal leaflet of the bilayer by inter-leaflet translocation, which can be a 

facile process in liquid-crystalline-phase supported lipid bilayers. The nitrile-supported lipid 

monolayers used in this investigation were found to be a valuable control substrate to detect the 

role of inter-leaflet translocation in contributing to solution-accessible ligand densities at supported 

lipid bilayers.  The results suggest caution in interpreting the results of quantitative studies of 

protein binding to lipid-tethered ligands dispersed in fluid-phase phospholipid bilayers.  
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