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ABSTRACT 

Conjugating biomolecules, such as antibodies, to bioconjugate moieties on lipid surfaces is a 

powerful tool for engineering the surface of diverse biomaterials, including cells and nanoparticles. 

We developed supported lipid bilayers (SLBs) presenting well-defined spatial distributions of 

functional moieties as models for precisely engineered functional biomolecular-lipid surfaces. We 

used quartz crystal microbalance with dissipation (QCM-D) and atomic force microscopy (AFM) 

to determine how vesicles containing a mixture of 1,2-dipalmitoyl-sn-glycero-3-

phosphatidylcholine (DPPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[azido(polyethylene glycol)-2000] (DSPE-PEG-N3) form SLBs as a function of the lipid phase 

transition temperature (Tm). Above the DPPC Tm, DPPC/DSPE-PEG-N3 vesicles form SLBs with 

functional azide moieties on SiO2 substrates via vesicle fusion. Below this Tm, DPPC/DSPE-PEG-

N3 vesicles attach to SiO2 intact. Intact DPPC/DSPE-PEG-N3 vesicles on the SiO2 surfaces fuse 

and rupture to form SLBs when temperature is brought above the DPPC Tm. AFM studies show 

uniform and complete DPPC/DSPE-PEG-N3 SLB coverage of SiO2 surfaces for different DSPE-

PEG-N3 concentrations. As the DSPE-PEG-N3 concentration increases from 0.01 to 6 mol%, the 

intermolecular spacing of DSPE-PEG-N3 in the SLBs decreases from 4.6 to 1.0 nm. The PEG 

moiety undergoes a mushroom to brush transition as DSPE-PEG-N3 concentration varies from 0.1 

to 2.0 mol%. Via copper-free click reaction, IgG was conjugated to SLB surfaces with 4.6 nm or 

1.3 nm inter-DSPE-PEG-N3 spacing. QCM-D and AFM data show; 1) uniform and complete IgG 

layers of similar mass and thickness on the two types of SLB; 2) a higher-viscosity/less rigid IgG 

layer on the SLB with 4.6 nm inter-DSPE-PEG-N3 spacing. Our studies provide a blueprint for 

SLBs modeling spatial control of functional macromolecules on lipid surfaces, including surfaces 

of lipid nanoparticles and cells. 
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1. INTRODUCTION 

Supported lipid bilayers (SLB) are a simple and robust model system for investigating the 

behavior of lipid membranes, such as cell or lipid nanoparticle surfaces. Surface-functionalized 

SLBs have been used to characterize multiple single molecule-scale phenomena of biological 

interest, including viral interactions,1-7 protein-protein interactions,8,9 antibody-antigen 

interactions,10,11 and substrate-enzyme complexes.12,13 As examples, angiotensin-converting 

enzyme II (ACE2) receptor was embedded in SLBs to study SARS-CoV-2 binding to and infection 

of cells5,14-16 and ganglioside GM1 SLBs have been used for biosensors that detect cholera toxin 

B and monitor amyloid-beta 40 aggregation.17 

In targeted medicine studies, the surfaces of lipidic nano- and microparticles have been 

modified with functional molecules that confer targeting or therapeutic effects.18-21 Our recent 

work indicates that immune responses to protein-coated nanoparticle surfaces are sensitive to the 

spatial arrangement of the surface-presented protein.22-24 In the present study, we develop methods 

for preparing SLBs that can serve as a model platform for investigating biomacromolecule-

functionalized lipidic particle surfaces where we precisely control the spatial distribution of 

surface moieties. 

Studies of SLB formation mainly focus on how lipid vesicles convert into SLBs on hydrophilic 

surfaces, as a function of key parameters such as electrostatic interactions, temperature, and 

solvent, as well as buffer solutions.25-37 SLB studies use techniques such as quartz crystal 

microbalance with dissipation monitoring (QCM-D), atomic force microscopy (AFM), and 

neutron reflection.26-28 Here, we use QCM-D and AFM to prepare SLBs from vesicles made of  

DPPC, previously studied in the SLB literature, and DSPE-PEG-N3, a functional lipid allowing us 
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to use our SLBs to model bioconjugate reactions on lipid surfaces. To modulate the spatial 

distribution of protein conjugation moieties on SLBs, the DSPE-PEG-N3 concentration in the 

mixed-lipid vesicles was set as 0, 0.01, 0.1, 1, 2 or 6 mol%. QCM-D studies show that 

DPPC/DSPE-PEG-N3 vesicles form SLBs on SiO2 substrates when T ≥ Tm of DPPC. When T < 

Tm, the vesicles stably deposit on SiO2. Using the Sauerbrey relation38-47 and a Voigt-based 

viscoelastic model40-47 to analyze the QCM-D results, we find the mol% of DSPE-PEG-N3 in the 

SLB is greater than that in the original vesical incorporated in the SLBs. As the concentration of 

DSPE-PEG-N3 in the vesicle increases from 0.01 to 6 mol%, the distance between DSPE-PEG-N3 

lipids in the SLBs decreases from ~5 nm to ~1 nm and the thickness of PEG moiety increases from 

~1.3 nm to ~5.5 nm. We find the PEG moiety undergoes a mushroom to brush transition as DSPE-

PEG-N3 concentration varies from 0.1 to 2.0 mol%. Via copper-free click chemistry, IgG was 

conjugated to SLB surfaces with 4.6 nm and 1.3 nm inter-DSPE-PEG-N3 spacing. QCM-D and 

AFM show that the resultant IgG layers are uniform and have similar mass density and thickness, 

but the IgG layer on SLB with 4.6 nm inter-DSPE-PEG-N3 spacing has a higher viscosity/more 

flexibility, showing that spatial arrangement of functional moieties on a lipid surface can 

selectively change properties of a biomolecular layer grafted onto the lipid surface. These studies 

show that SLBs with precisely controlled functional group arrangement can interrogate 

interactions between proteins and lipid surfaces. Our SLB platform may be used to optimize the 

structure of functional biomaterials surfaces. 

2. EXPERIMENTAL SECTION 

2.1. Materials 
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QCM-D sensor crystals, AT-cut piezoelectric quartz crystals (14 mm in diameter and 0.3 mm 

thickness) coated with silicon oxide (SiO2, 50 nm) and gold (Au, 100 nm) Promimic AB, were 

purchased from Biolin Scientific, USA. N-Type (100) oriented silicon wafers (CZ silicon, dopant; 

Ph, 20−30 Ω resistivity) were purchased from Silicon Quest International. 1,2-dipalmitoyl-sn-

glycero-3-phosphatidylcholine (99%, DPPC, phase transition temperature = 41 °C), Egg yolk l-α-

phosphatidylcholine (egg PC, phase transition temperature ~ -15 °C), and 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[azido(polyethylene glycol)-2000] (DSPE-PEG-N3, Mw of 

PEG = 2000 g/mol) were purchased from Avanti Polar Lipids (Alabaster, AL), respectively.  Thiol-

end-functionalized polyethylene glycol (HS-PEG-2K; Mn = 2000 g/mol) was purchased as 

monodisperse (Mw/Mn = 1.05) sample from Polymer Source, Inc. (Dorval, Canada). For buffer 

preparation, sodium chloride (99.5%) was purchased from ThermoFisher. Water used throughout 

this study was purified with a milli-Q water purification system (Millipore, Molsheim, France).  

2.2. In-situ QCM-D  

A QCM instrument (Model E4, Q-Sense Inc., Gothenburg, Sweden) capable of dissipation 

monitoring was used to quantify lipid adsorption on SiO2 surfaces. Mass of material in aqueous 

suspension deposited on SiO2 surfaces was determined via measurement of piezoelectric quartz 

crystal resonance frequencies. The Sauerbrey equation relates the change in the resonant frequency 

to the change in mass deposited on the quartz crystal,38-47 

n

f
Cm n
−=

 

Where C is the mass sensitivity constant (C = 17.7 ng cm-2Hz-1 for an AT-cut, 5 MHz crystal) and 

n is the vibrational mode number (n = 1, 3, 5, 7,  ). The dissipation change, ΔDn, indicates physical 
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characteristics of the deposited layer such as viscosity and elasticity. If ΔDn is less than 2.0 × 10-6 

and the plots of Δfn/n over time for several modes superimpose, the adsorbed layer behaves like an 

elastic solid and mass of the elastic layer was calculated using the Sauerbrey equation.38-47 If ΔDn 

is greater than 2.0 × 10-6, the adsorbed layer behaves like a viscoelastic gel composed of the 

macromolecules and the coupled solvent. Therefore, the Sauerbrey equation is not accurate for 

determining dry mass. However, physical properties (thickness, shear modulus, and viscosity) of 

the absorbed layer were estimated by best fitting the QCM-D experimental data (Δfn/n (n=3,5,7) 

and ΔDn) with a Voigt-based viscoelastic model using Q-tools software accompanying the 

apparatus (Q-Sense Inc),38-47 as shown in Figure S1, S3, S5, and S9, Supporting information (SI).  

SiO2-coated and gold-coated QCM sensor crystals were cleaned by exposing to UV-Ozone for 20 

minutes, followed by immersing in 95% ethanol for 30 minutes at room temperature, rinsing with 

ultrapure water (Millipore Direct-Q, 18 mΩ cm resistivity), drying with N2 (g), and re-exposing to 

UV-Ozone for 20 minutes to remove organic and biological impurities. Control experiments were 

performed to study azide-functionalized PEG (Mw = 2000 g/mol) layers formed on SLBs 

(DPPC+DSPE-PEG-N3). Here, we exposed the gold coated QCM sensor surface to a dilute 

solution (35 µM) of HS-PEG-2K in DI water at 21 °C (flow rate = 20 µL/min). The thiol functional 

group is well-known to coordinate strongly to gold at room temperature to form highly grafted 

polymer brushes on gold surfaces.40,41 QCM-D results for grafting HS-PEG-2K to gold are shown 

in Figure S1 and Table S1, Supporting information (SI). To study the formation of SLB, QCM-D 

studies were performed using silicon oxide surface sensors. We used a 100 mM NaCl solution as 

the baseline diluent, egg PC vesicle solutions (0.125 mg/mL) with 2 mol% and 0 mol% DSPE-

PEG-N3, and DPPC vesicle solutions (0.125 mg/mL) with 6 mol%, 2 mol%, 1 mol%, 0.1 mol%, 

0.01 mol%, and 0 mol% DSPE-PEG-N3. The liquid medium was circulated by peristaltic pump at 
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a rate of 20 µL/min through a flow cell containing the sensor crystal. The temperature of the system 

was maintained between 21 °C and 50 °C, with temperature programs for different conditions, 

including annealing of surface-bound intact lipid vesicles, described in the results section. Lastly, 

IgG deposition studies were performed by exposing the blended SLBs formed using 0.01 mol% 

and 1.0 mol% DSPE-PEG-N3 to DBCO (20×) to an IgG solution (0.124 mg/mL) at 30 °C (flow 

rate = 10 µL/min), followed by rinsing with 100 mM NaCl. 

The mol%, distance, and APL of DSPE-PEG-N3 in the blended lipid bilayer were determined 

in the following manner.  The area per lipid (APL) of pure DPPC SLB, defined as the cross-

sectional area of the whole system along the bilayer surface plane, divided by half the total number 

of lipids present in the bilayer,48 was estimated using the QCM-D measured deposited mass of 

pure DPPC SLB, with an assumption that the mole number of lipids is identical in the bottom and 

top layers of the bilayers. This outcome is similar to the computationally efficient prediction of 

area per lipid (APL) of DPPC lipid bilayer at 320 K (APL = 0.567 nm2).48,49  Our calculation of 

APL assumes that DSPE-PEG-N3 deposition on the lower leaflets of the supported lipid bilayers 

will be negligible due to steric hindrance (Figure 3(a)). The lower leaflets of the mixed lipid 

bilayers, containing only DPPC per the first assumption, will be identical to the lower leaflets of 

the pure DPPC bilayers. Another assumption is that the packing density of lipid tails will be 

identical in the pure DPPC layers versus the mixed lipid layers, with only the arrangement of 

DSPE-PEG-N3 in the layers changing. Details regarding the assumptions and analytical methods 

for converting QCM measurements of deposited mass to APL and lipid spacing values are found 

in the supporting information (Table S4, Figure S10). 

2.3. Atomic force microscopy (AFM)  
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Silicon wafers (5 mm × 5 mm for AFM measurements) were cleaned by immersion in piranha 

solution (3:1 (v:v) H2SO4/30% H2O2 (Fisher Scientific)), rinsed with ultrapure water (Millipore 

Direct-Q, 18 MΩ cm resistivity), dried with N2, and exposed to UV–ozone to produce an 

homogeneous hydroxylated surface and to remove impurities. For AFM measurements, each lipid 

bilayer deposition on silicon oxide surfaces (cleaned silicon waters; 5 mm × 5 mm) was performed 

by immersion of the wafers into DPPC vesicle solutions (0.125 mg/mL) with 1 mol%, 0.01 mol%, 

and 0 mol% DSPE-PEG-N3 at 50 °C, followed by rising with 100 mM NaCl solutions, similar to 

treatments in QCM-D experiments. Each IgG deposition on silicon oxide surfaces (cleaned silicon 

waters; 5 mm × 5 mm) was performed by immersion of the blended SLBs on wafers formed using 

with 1.0 mol%, 0.01 mol%, and 0 mol% DSPE-PEG-N3 into DBCO (20×) IgG solutions (0.124 

mg/mL) at 30 °C, followed by rinsing with 100 mM NaCl solutions, similar to treatments in QCM-

D experiments.   

Surface topography and morphology were determined by atomic force microscopy (Dimension 

Icon AFM, Bruker). A probe with a spring constant of 40 N/m, a radius of curvature of about 8 

nm, and a resonance frequency of approximately 325 kHz was used in tapping mode. AFM images 

were taken over a scan size of 1 μm × 1 μm. Images were analyzed using Gwyddion software. 

2.4. Lipid Vesicle Preparation 

Lipid mixtures of egg PC, DPPC, and DSPE-PEG-N3 (Avanti), with compositions defined in 

the text of the results, were prepared in chloroform, dried under nitrogen gas, then lyophilized 

overnight. Dried lipids were resuspended in 100 mM NaCl in MilliQ water to a total lipid 

concentration of 2.5 mg/mL by vortexing until a homogeneous suspension was achieved. The 

suspensions were bath sonicated for 50 minutes at 40°C. After sonication, the suspensions were 



9 

 

subjected to three freeze-thaw cycles, with three minutes in liquid nitrogen followed by three 

minutes sonication at 40°C for each cycle. The formed vesicles were syringe extruded by hand 

through 50 nm cutoff track-etched polycarbonate filters eleven times at 50°C.50 Hydrodynamic 

diameters of the vesicles were assessed by DLS (Malvern), with diameters of 100 nm ± 15 nm 

taken as standards for use of the vesicles. Vesicle concentrations were checked with nanoparticle 

tracking analysis (Malvern) and vesicle concentrations of 2-3 × 1012 vesicles per mL were prepared 

for use in QCM-D and AFM experiments. 

2.5. DBCO-IgG Preparation 

Whole rat IgG (ThermoFisher) was conjugated to dibenzocyclooctyne-PEG(4)-N-

Hydroxysuccinimide ester (DBCO-NHS, Jena Bioscience) to confer reactivity to azide-terminated 

lipids. IgG solutions in phosphate-buffered saline were incubated with DBCO-NHS for one hour 

at room temperature at a molar ratio of 1(IgG):20(DBCO-NHS). DBCO-NHS that did not 

conjugate to the IgG was separated from the solution by centrifugation against 10 kDa cutoff filters 

(Amicon) in five wash-filtration cycles. After recovery of IgG-DBCO conjugates, efficiency of 

the reaction was assessed via optical absorbance spectra. Absorbance peaks at 280 nm and 309 nm 

indicated concentrations of IgG and DBCO, respectively. Overlap between the DBCO and IgG 

spectra was accounted for by 𝐴𝑏𝑠280,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐴𝑏𝑠280 − 1.089 × 𝐴𝑏𝑠309. IgG concentration 

was calculated as [𝐼𝑔𝐺] = 𝐴𝑏𝑠280,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑/𝜀280,𝐼𝑔𝐺 where 𝜀280,𝐼𝑔𝐺 is the IgG extinction 

coefficient for 280 nm light, 204000 L*mol-1cm-1. DBCO concentration was calculated as 

[𝐷𝐵𝐶𝑂] = 𝐴𝑏𝑠309/𝜀309,𝐷𝐵𝐶𝑂 where 𝜀309,𝐷𝐵𝐶𝑂 is the DBCO extinction coefficient for 309 nm 

light, 12000 L*mol-1cm-1. Average DBCO:IgG molar ratio was determined as the ratio of the 

above concentrations and DBCO-functionalized IgG was used in QCM and AFM studies if the 

yield DBCO:IgG was between 11 and 15. 
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2.6. Differential Scanning Calorimetry 

Vesicles prepared from egg PC, egg PC+2.0 mol% DSPE-PEG-N3, DPPC, and DPPC+2.0 

mol% DSPE-PEG-N3 were analyzed with differential scanning microcalorimetry, to assess the 

thermal properties of the vesicles and confirm the phase transition temperature of the DPPC and 

DPPC+2.0 mol% DSPE-PEG-N3 vesicles. Lipid vesicles suspensions in 100 mM NaCl were 

prepared at 0.25 mg/mL total lipid concentration. The same 100 mM NaCl solution used to prepare 

and dilute the vesicles was used as a reference solution. The lipid vesicle suspensions and reference 

solutions were heated from 4°C to 100°C at 1°C per minute in a TA Instruments Nano DSC 

operating in scanning mode. Background measurements of reference 100 mM NaCl vs. reference 

100 mM NaCl were subtracted from all thermograms obtained for lipid vesicles vs. reference 

solutions. Using TA Instruments NanoAnalyze software, a sigmoidal fit was applied to the baseline 

for all background-subtracted thermograms, in order to identify phase transition temperatures, 

enthalpy change of phase transitions, and entropy changes of phase transitions. 

3. RESULTS AND DISCUSSION  

3.1. Deposition of Egg PC and Egg PC blended with DSPE-PEG-N3 on SiO2 

To construct SLBs with azide(N3)-functionalized surfaces for QCM-D experiments, we first 

used egg PC, a lipid mixture studied previously.25-27 Vesicles were prepared from egg PC blended 

with 0.0 mol% and 2.0 mol% DSPE-PEG-N3 (PEG; Mw = 2000 g/mol). Vesicle deposition on 

silicon oxide surfaces was studied in situ using QCM-D at 21°C (T > egg PC Tm ~ -15°C). Using 

differential scanning microcalorimetry, we confirmed that the egg PC and egg PC/2.0 mol% 

DSPE-PEG-N3 vesicles had melting temperatures below 4°C (Figure S2, SI). After using 100 mM 

NaCl solution to establish a baseline, SiO2-coated QCM crystal sensors were exposed to both 
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vesicle solutions (arrow 1 in Figure 1). After vesicle exposure, Δfn/n (n=3) and ΔDn rapidly 

decrease and increase, respectively, over about 150 sec. Steady state is reached after about 12.5 

min of exposure. Rinsing with 100 mM NaCl solution (arrow 2 in Figure 1) does not affect the 

values of Δfn/n (n=3) and ΔDn. For egg PC vesicles without DSPE-PEG-N3, the final values of 

Δfn/n (n=3) and ΔDn are −24 Hz and 0.3 × 10-6, respectively. This outcome is similar to the 

characteristic frequency and dissipation changes previously reported for egg PC deposition at 21°C 

on SiO2 surfaces.25-27  In that work, these changes were attributed to vesicle adsorption and fusion, 

followed by lipid spreading to form SLBs on SiO2 surfaces.26 Therefore, the QCM-D results 

indicate that our egg PC vesicles formed thin and elastic lipid bilayers on SiO2 surfaces. For egg 

PC blended with 2.0 mol% DSPE-PEG-N3, the final values of Δfn/n (n=3) and ΔDn were -45 Hz 

and 2.4 x 10-6, respectively (Figure 1, blue curves). Thus, the addition of DSPE-PEG-N3 to egg 

PC yielded SLBs with Δfn/n (n=3) and ΔDn values that were lower and higher, respectively, than 

those for egg PC alone, indicating that the hydrated PEG groups on DSPE-PEG-N3 increase the 

surface-deposited mass and the viscoelasticity of the mixed lipid layer (Figure 1, lower panel inset, 

blue arrow).51   

The thickness of the SLBs formed from egg PC was determined by modeling the QCM-D results 

(Δfn/n (n=3,5,7) and ΔDn) with the Voigt-based viscoelastic model (Figure S3(a) and S3(b), Table 

S2, SI).40-47 Egg PC and egg PC with 2.0 mol% DSPE-PEG-N3 form SLB layers of 5.2 nm and 9.8 

nm thickness, respectively, on SiO2. This difference in thickness suggests that the azide-PEG tether 

adds ~4.6 nm to the egg PC with DSPE-PEG-N3. The radius of gyration (Rg) of free PEG (Mw = 

2000 g/mol) is 1.5 nm.52,53 Thus, the PEG groups in the egg PC+DSPE-PEG-N3 SLBs are likely 

in an extended conformation greater than Rg of free PEG, corresponding to the brush regime.51  
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Subsequent studies with DPPC+DSPE-PEG-N3 SLBs support the conclusion that PEG in SLBs 

with 2.0 mol% DSPE-PEG-N3 does indeed take on a brush conformation (Figure 3). 

Egg PC is an interesting real world lipid system. However, its complexity limits the quantitative 

analysis of QCM-D results. Egg PC contains a mixture of acyl chains with 16 to 22 carbon atoms 

and varying numbers of double bonds, which confounds analysis of the deposited molecules. 

Additionally, the Sauerbrey equation does not accurately determine deposited mass for dissipation 

changes greater than 2.0 × 10-6.38-42 Due to the complexity of the egg PC mixture and its 

“viscoelastic” properties, we did not estimate the mol% DSPE-PEG-N3 incorporated into the egg 

PC+DSPE-PEG-N3 SLBs, the area per DSPE-PEG-N3 lipid (APL), and the average distance 

between DSPE-PEG-N3 lipids.  Instead, the following sections detail the validation of dipalmitoyl 

phosphatidylcholine (DPPC)+DSPE-PEG-N3 SLBs as a model system for creating SLBs where 

detailed analysis and control of nanoscale parameters is feasible. 

3.2 Deposition of DPPC and DPPC blended with DSPE-PEG-N3 on SiO2 

DPPC was chosen as a model lipid to fabricate SLBs because DPPC has a long history of use 

in nanomedicines and exhibits has a high phase transition temperature (Tm = 41 °C) that favors a 

more stable and rigid SLBs. Taking advantage of this high transition temperature, experiments 

with DPPC and DPPC blended with DSPE-PEG-N3 were performed across a range of temperatures 

below and above Tm = 41 °C.  

3.2.1. Deposition of Pure DPPC and DPPC/DSPE-PEG-N3 at 21°C (T < Tm) 

QCM-D was used to monitor the deposition of DPPC vesicles containing 0.0 mol%, 0.01 mol%, 

0.1 mol%, 1.0 mol%, 2.0 mol%, or 6.0 mol% DSPE-PEG-N3 on SiO2 surfaces at 21 °C under 20 

µL/min flow (Figure 2a). For all systems, the frequency and dissipation change begin after ~10 
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min (arrow 1) as shown in Figure 2a. For pure DPPC, frequency decreases and dissipation increase 

slowly over ~50 minutes before reaching plateau values of -75 Hz and 10.5 × 10-6, respectively 

(Figure 2a, black curves). Similar results were reported in the literature for DPPC deposition on 

SiO2 at 25°C with a flow rate of 100 µL/min.33 The protracted and large changes in both frequency 

and dissipation factor are characteristic of vesicle adsorption and fusion to form lipid bilayers, 

followed by additional attachment of intact lipid vesicles on top of the bilayer. After rinsing with 

100 mM NaCl (black arrow 2), Δfn/n (n=3) and ΔDn remain constant, indicating that the bilayer 

plus intact vesicle structure forms a stable viscoelastic layer under these flow conditions.  

Upon adding 0.01 mol% DSPE-PEG-N3 to DPPC vesicles, the frequency decreases and 

dissipation increases slowly over ~50 minutes and reach plateau values at -85 Hz and 8.5 × 10-6 at 

20 µL/min flow at 21°C (Figure 2a, red curves). These results indicate that the surface structure is 

similar to that formed by pure DPPC vesicles on SiO2.  However, unlike the pure DPPC case, 

rinsing with 100 mM NaCl results in Δfn/n (n=3) increasing by 5 Hz and ΔDn (n=3) decreasing by 

1.0 × 10-6. This indicates removal of the intact DPPC+0.01 mol% DSPE-PEG-N3 lipid vesicles 

attached on the top of lipid bilayer. This “weaker” attachment may be attributed to PEG tethers 

interfering with the interactions between the vesicles and the underlying bilayer, as shown in the 

leftmost inset in Figure 2a.51 

Increasing DSPE-PEG-N3 to 0.1 mol%, 1.0 mol%, 2.0 mol%, or 6.0 mol% (Figure 2a, 

blue/pink/green/purple curves) induces changes in lipid assembly on SiO2 surfaces at 21°C under 

20 µL/min flow. First, these vesicles reach steady state frequency and dissipation changes within 

10 minutes of exposure to SiO2, compared to ~50 minutes for DPPC vesicles with 0 or only 0.01 

mol% DSPE-PEG-N3. Unlike the 0.01 mol% DSPE-PEG-N3 case, the frequency and dissipation 

of DPPC vesicles with high DSPE-PEG-N3 content are unaffected by rinsing (Figure 2a, top panel, 
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arrow 2). DPPC vesicles with 0.1 mol%, 1.0 mol%, 2.0 mol%, or 6.0 mol% DSPE-PEG-N3 achieve 

final frequency values of -60 Hz, -80 Hz, -90 Hz, and -98 Hz and final dissipation values of 2.0 × 

10-6, 3.0 × 10–6, 3.0 × 10–6, and 3.2 × 10-6, respectively. The frequency results indicate that the 

mass deposited at 21°C increases as DSPE-PEG-N3 content in the vesicles increases. The 

dissipation values and deposition times suggest deposition of intact vesicles on the SiO2 surface 

without SLB formation, as shown in Figure 2a (bottom panel, lower right inset). Unlike with the 

pure DPPC vesicle or those with only 0.01 mol% DSPE-PEG-N3, the higher concentration of PEG-

terminated lipids appears to stabilize the DPPC/DSPE-PEG-N3 vesicle, preventing fusion, rupture, 

and formation of lipid bilayers. The final dissipation values for vesicles with high DSPE-PEG-N3 

content are smaller than for low-DSPE-PEG-N3 vesicles, indicating that the layer of intact high-

DSPE-PEG-N3 vesicles on SiO2 is less viscoelastic than the low-DSPE-PEG-N3 intact vesicle 

layers adsorbed on top of SLBs. This behavior agrees with literature findings for layers of intact 

vesicles on gold or titanium oxide surfaces.26-28,34 

3.2.2. Deposition of Pure DPPC and DPPC/DSPE-PEG-N3 at 50°C (T > Tm) 

For T > Tm = 41°C, DPPC vesicles can form lipid bilayers on negatively charged surfaces by 

adsorption, fusion, and rupture.33 Our differential scanning calorimetry measurements confirm that 

vesicles of pure DPPC vesicles and DPPC with 2.0 mol% DSPE-PEG-N3 have phase transition 

temperatures of 41°C (Figure S4, SI). To create a supported lipid bilayer that can be a platform for 

attaching proteins, we repeated the above QCM-D studies with DPPC/DSPE-PEG-N3 vesicles at 

50°C. As shown in Figure 2b, DPPC/DSPE-PEG-N3 deposition at 50°C yielded lower frequency 

and dissipation changes than deposition at 21°C (Figure 2a, Figure S5, SI). These low frequency 

and dissipation changes are consistent with vesicle adsorption, fusion, and spreading to form a 

SLBs.  The low dissipation values (below 2.0 × 10-6) and superimposed plots of Δfn/n over time 
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for several modes (n=3,5,7), as shown in Figure S5, correspond to thin and rigid layers, sufficiently 

elastic for valid application of the Sauerbrey equation.34-43  For qualitative and mass analyses of 

QCM-D data collected at high temperature (above 40 °C), Δfn/n and ΔDn of frequency mode 

number 7 (n=7) were used because they showed more consistent plots (without noise peak) than 

those of other frequency mode numbers (n=3,5).  

For DPPC/DSPE-PEG-N3 deposition at 50°C, the changes in frequency, Δfn/n (n=7), and 

dissipation, ΔDn, reach steady state values ~10 minutes after SiO2 exposure to vesicles. For all 

DPPC/DSPE-PEG-N3 compositions, rinsing with 100 mM NaCl solution after lipid deposition did 

not change Δfn/n (n=7) and ΔDn values (Figure 2b, arrow 2).  For 0.0 mol%, 0.01 mol%, 0.1 mol%, 

1.0 mol%, 2.0 mol%, or 6.0 mol% DSPE-PEG-N3 (Figure 2b, black/red/blue/pink/green/purple 

curves), the final frequency values were -25.1 Hz, -25.8 Hz, -29.7 Hz, -34.7 Hz, -37.9 Hz, and -

44.9 Hz, respectively, indicating increased surface-deposited mass with increasing DSPE-PEG-N3 

content in the vesicles. The final dissipation values were 0.3 × 10-6, 0.82 × 10–6, 1.65 × 10–6, 1.66 

× 10–6, 1.66 × 10–6, and 1.79 × 10-6, suggesting slightly increased viscoelasticity as more hydrated 

PEG is introduced to the deposited material. 

The pure DPPC SLB characteristics at 50 °C were determined from QCM-D analysis (Table 1). 

The total deposited mass of the SLB was determined using the Sauerbrey equation38-47 The 

thickness of the SLB was determined using the Voigt-based viscoelastic model (Figure S5, SI).40-

47  For the pure DPPC SLB, the area per lipid (APL) and thickness are 0.54 nm2 and 4.5 nm (Table 

S4, SI), respectively, matching values previously reported for computational modeling of 

SLBs.48,49  The DPPC SLB was thinner than the egg PC SLB (average thickness = 5.2 nm at 21 

°C), suggesting DPPC SLBs are more homogeneous and stable at high temperature.   
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Table 1 also shows the mol% of DSPE-PEG-N3 within the DPPC/DSPE-PEG-N3 SLBs, the 

APL of DSPE-PEG-N3, and the average distance between DSPE-PEG-N3 lipids, as estimated from 

the deposited masses of the mixed lipid layers, compared to measurements for pure DPPC layers. 

Details regarding the calculation method are found in supporting information (Table S4, Figure 

S10). The mol % of DSPE-PEG-N3 increases from 1 to 28 as the concentration of DSPE-PEG-N3 

increases from 0.01 to 6 mol% in bulk vesicles (before deposition). As DSPE-PEG-N3 in the SLB 

increases, the intermolecular spacing and APL of DSPE-PEG-N3 decrease, with the intermolecular 

spacing approaching a value of ~1 nm (Table 1, Figure 3b black curve).  

For DPPC SLBs formed from vesicles containing 0.0 mol%, 0.01 mol%, 0.10 mol%, 1.0 mol%, 

2.0 mol%, and 6.0 mol% DSPE-PEG-N3, the final thicknesses are 4.5 nm, 5.8 nm, 6.0 nm, 8.5 nm, 

9.7 nm, and 10.0 nm, respectively (Table 1). Correspondingly, the thickness of the azide-end-

functionalized PEG layer increases by 1.3 nm, 1.5 nm, 4.0 nm, 5.2 nm, and 5.5 nm (Figure 3b red 

curve).  

We propose that as the mol% of DSPE-PEG-N3 increases, the PEG chains are forced to be 

closer to one another, provoking conformational extension of the PEG tether and a brush structure, 

as shown in Figure 3. To quantify this transition, the reduced tethered density ( =   Rg
2)54 of 

PEG chains was estimated using the grafting density ( = 1/l2) of DSPE-PEG-N3 (PEG, Mw = 

2000) within the SLBs and the radius of gyration (Rg = 1.5 nm) of free PEG (Mw = 2000)52,53 

(Table 1). For 1.3 mol% DSPE-PEG-N3, the chain-to-chain distance (l) between PEG groups is 

4.6 nm, which is greater than twice the Rg of the free PEG chain (~3 nm). For this concentration 

of DSPE-PEG-N3, the PEG thickness added to the SLB is 1.3 nm, approximately matching Rg
52,53. 

This finding suggests that PEG chains do not overlap with their neighboring chains. 

Correspondingly,  is 0.3 chains ( = 0.05 chains/nm2) (Table 1, Figure 3 (b)), corresponding to 
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the mushroom regime ( < 1).54 Thus, PEG in the SLBs extends to approximately Rg. Between 8.3 

mol% and 19.0 mol% DSPE-PEG-N3,  of the PEG chains increases from 2.2 to 4.9 chains (Table 

1. Figure 3 (b)), corresponding to the mushroom-to-brush transition regime (1 <  < 5).54 For the 

highest loading of DSPE-PEG-N3 (28.1 mol%), l of PEG is 0.98 nm. For this case, l is much less 

than 2Rg (~3 nm) and the PEG thickness added to the SLB (5.5 nm) is much greater than Rg (~1.5 

nm), consistent with stretching of the PEG chain. Here,  is 7.4 chains ( = 1.04 chains/nm2) 

(Table 1, Figure 3 (b)), corresponding to the brush regime (5 < ).54 Overall, these results suggest 

that the mol% DSPE-PEG-N3 and average distance between DSPE-PEG-N3 lipids in the SLB, and 

therefore the grafting density, can be controlled by varying the mol% of DSPE-PEG-N3 in the lipid 

vesicles.  Further, by controlling the brush-brush spacing parameters the extension of PEG chains 

from the SLB can be tuned, which is important for subsequent attachment of biomolecules.  

To further investigate PEG conformation, we grafted HS-PEG (Mw = 2000) directly to a gold 

surface. For this case where PEG is unable to diffuse, the reduced tethered density () and 

thickness values are 12.8 chains ( = 1.81 chains/nm2) and 8.3 nm, respectively (Table S1, SI) 

which represents a highly stretched brush.54 Compared to this control study, the grafting density 

and the thickness of PEG chains in the fluid-like SLB case are reduced. This difference between 

characteristics of a covalently bound brush and a mobile brush within a fluid SLB requires further 

study.  

To further examine the SLBs formed at 50 °C, DPPC vesicles containing 0.0 mol%, 0.01 mol%, 

and 1.0 mol% DSPE-PEG-N3, were deposited at 50 °C on silicon oxide.  The surface morphology, 

root mean square roughness (Rrms), and phase of dry SLBs were characterized using tapping mode 

AFM (Figure 4). After verifying that the underlying silicon oxide surfaces were smooth and 
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homogeneous (Figure 4a), the SLBs formed on silicon oxide surfaces yielded AFM images and 

Rrms values (Figure 4b-d) distinguishable from the silicon oxide prior to vesicle exposure (Figure 

4a, Rrms = 0.20 ± 0.05 nm), indicating that the SLB is uniform and homogeneously distributed 

across the substrate. Figures 4c and 4d show similar height and phase images for the blended SLBs 

formed using 0.01 mol% and 1.0 mol%, DSPE-PEG-N3, respectively, indicating that the PEG-

terminated lipids are uniformly distributed across the mixed-lipid SLBs. Relative to the pure DPPC 

SLB (Rrms = 0.22 ± 0.03 nm, Figure 4b), the Rrms values for the blended SLBs increase to 0.27 ± 

0.04 nm and 0.27 ± 0.04 nm, respectively, indicating surface roughness increase due to the PEG 

groups in the mixed-lipid SLBs.   

3.2.3. Transition from intact vesicles to supported lipid bilayers via temperature change  

The above results show that DPPC/DSPE-PEG-N3 vesicles form the desired SLBs on SiO2 at 

temperatures above the Tm of DPPC (50 °C > 41 °C), but deposit as intact vesicles at temperatures 

below the Tm (21 °C < 41 °C). Below, we describe studies in which intact DPPC/DSPE-PEG-N3 

vesicles are deposited at 21 °C, and then heat-treated between 21 °C and 50 °C to drive an in situ 

transition from attached vesicles to SLBs (Figure S6, SI). After establishing a baseline at 21 °C, 

SiO2-coated QCM crystal sensors were exposed to DPPC vesicle solutions containing 2.0 mol% 

or 6.0 mol% DSPE-PEG-N3 to form a layer of intact vesicles as in Figure 2a. The temperature of 

was increased to 50 °C over 30 minutes and then lowered to 21 °C. The values of Δfn/n (n=7) and 

ΔDn previously observed at 21 °C were similar to the intact vesicle depositions depicted in Figure 

2a. After the 21 °C → 50 °C → 21 °C annealing (Figure S6, SI), the final values of Δfn/n (n=7) 

and ΔDn are consistent with those measured for SLBs formed at 50 °C, as depicted in Figure 2b.  

Therefore, these results are consistent with a transition from deposited intact vesicles to supported 

lipid bilayers induced by in situ heat treatment. 



19 

 

Figure 5 shows a plot of Δfn/n (n=7) versus temperature for surfaces coated with initially intact 

DPPC vesicles prepared with 2.0 mol% or 6.0 mol% DSPE-PEG-N3. In the absence of DSPE-

PEG-N3, the Δfn/n (n=7) and ΔDn increase linearly with temperature, due to the temperature 

dependence of the viscosity and density of the 100 mM NaCl buffer (Figure S7, Table S3, SI). In 

contrast, for samples containing DSPE-PEG-N3, Δfn/n (n=7) increases non-linearly with 

temperature, exhibiting sharper increases between 40 to 42°C and ~42 to 45°C for 6.0 mol% and 

2.0 mol%, respectively. Thus, the dependence of frequency change on increasing temperature can 

be divided into three regimes: Sub-transition temperature (regime I); Transition temperature 

(regime II); Supra-transition temperature (regime III). Δfn/n (n=7) exhibits a weak dependence on 

temperature in Regime I, indicating only temperature-dependent changes in the viscosity and 

density of intact vesicles on the SiO2 surfaces. Regime II is characterized by a steep increase in 

the Δfn/n (n=7) vs. temperature slope, indicating rupturing of vesicles that form the SLB (Figure 

5, Table S3, SI). In regime III, the Δfn/n (n=7) vs. temperature slope decreases again, indicating 

temperature-dependent changes in the viscosity and density of a stable DPPC/ DSPE-PEG-N3 lipid 

bilayer (Figure 5, Table S3, SI). For the intact vesicles, the transition from regime I to II starts near 

40°C and 44°C for mixtures prepared from 6.0 and 2.0% DSPE-PEG-N3, respectively. These 

transitions are near the Tm of DPPC (41°C), indicating that the melting of the DPPC component 

of the intact vesicles enables the transition from intact vesicle to SLB. Moreover, the lower 

transition temperature for the 6.0 DSPE-PEG-N3 system suggests that the incorporation of DSPE-

PEG-N3 reduces the stability of the intact vesicles. Taken together with the findings of section 

3.2.2, this data shows that mixed-lipid vesicles can form mixed-lipid SLBs on surfaces either by 

deposition at T > Tm or by deposition of intact vesicles at T  Tm, followed by annealing of the 



20 

 

vesicle layers at T > Tm, where Tm corresponds to the phase transition temperature for the lipids 

(Figure S6, S7, S8, Table S3, SI). 

3.3. DBCO-functionalized IgG grafting to azide-functionalized SLBs  

Bio-orthogonal copper-free click chemistry has been used to conjugate biomacromolecules to 

various surfaces, including lipid particles like liposomes.22 Rat IgG was functionalized with 

strained alkyne (dibenzocyclooctyne/DBCO) for conjugation to DPPC/DSPE-PEG-N3 SLBs, 

mimicking conjugation to liposomes. Using vesicles made from DPPC, DPPC+0.01 mol% DSPE-

PEG-N3, and DPPC+1.0 mol% DSPE-PEG-N3, SLBs were prepared at 50 °C on SiO2-coated QCM 

crystal sensors. The pure DPPC and azide-end functionalized SLBs were exposed to DBCO-IgG 

solutions (0.124 mg/mL) at 30 °C under 10 µL/min flow. For pure DPPC SLBs with no DBCO-

reactive groups, Δfn/n (n=3) and ΔDn (n=3) are zero (Table 2), indicating no non-specific 

adsorption of DBCO-IgG on SLBs without DBCO-azide reactions.   

QCM-D results for DBCO-functionalized IgG grafting to azide-functionalized SLBs are shown 

in Figure 6a. For the mixed SLB containing 1.3 mol% DSPE-PEG-N3, Δfn/n (n=3) and ΔDn (n=3) 

decrease and increase, respectively, and then approach a steady state value after ~60 minutes of 

exposure to DBCO-IgG (Figure 6a, solid line).  For the SLB containing 15.2 mol% of DSPE-PEG-

N3, Δfn/n (n=3) and ΔDn (n=3) decrease and increase, respectively, and approach a steady state 

value after ~180 minutes exposure to DBCO-IgG (Figure 6a, dashed-dot line). For the 1.3 mol% 

and 15.2 mol% DSPE-PEG-N3 cases, the final values for Δfn/n (n=3) (-21 Hz and -23 Hz) and ΔDn 

(n=3) (1.8 × 10–6 and 0.7 × 10–6), respectively, suggest chemically grafted DBCO-IgG layers that 

increase the viscoelasticity of the SLBs, relative to the deposited SLBs. Rinsing with 100 mM 

NaCl caused Δfn/n (n=3) and ΔDn (n=3) to slightly increase and decrease, respectively (Figure 6a, 
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Arrow 2).  This behavior can be attributed to a small quantity of physisorbed DBCO-IgG being 

removed from the SLBs.  For pure DPPC SLBs, Δfn/n (n=3) and ΔDn (n=3) are zero (Table 2), 

indicating very little non-specific adsorption of DBCO-IgG on SLBs without DSPE-PEG-N3.   

Thickness and viscosity of the grafted IgG layers were obtained by fitting Δfn/n (n=3,5,7) and 

ΔDn to the Voigt-based viscoelastic model (Figure 6b-c, Table 2, Figure S9, SI).40-47 Thickness vs. 

time for DBCO-IgG grafting to DPPC/DSPE-PEG-N3 SLBs (Figure 6b) mirrors Δfn/n vs. time 

(Figure 6a). The DBCO-IgG layer thickness is similar (~4 nm) for the 1.3 mol% and 15.2 mol% 

DSPE-PEG-N3 SLBs. However, the maximum thickness is achieved 3× faster for the SLB with 

the lower grafting density of DSPE-PEG-N3. DBCO-IgG attachment to 1.3 mol% DSPE-PEG-N3 

SLBs results in films that are 5.6× more viscous vs. IgG layers grafted to 15.2 mol% DSPE-PEG-

N3 SLBs (Figure 6c). 

IgG grafting depends on the presentation of the DSPE-PEG-N3 lipid in the SLB. At low grafting 

density (1.3 mol% DSPE-PEG-N3), the azide attachment points are 4.6 nm apart (Table 1) and the 

PEG brush is in a mushroom conformation. As shown in schematic Figure 7a, DBCO-IgG is more 

likely to be grafted via one azide group, resulting in loosely tethered protein and a greater viscosity 

change. At high grafting density (15.2 mol% DSPE-PEG-N3), we hypothesize that each DBCO-

IgG is more likely to react with multiple azide groups in the SLB. The higher DSPE-PEG-N3 

density results in closer spacing, 1.3 nm, between azide groups and an extended PEG-N3 brush, as 

shown in schematic Figure 7b. Attachment of each DBCO-IgG to multiple azides would account 

for the longer reaction time for DBCO-IgG interaction with the SLBs (see Figure 6). Crosslinking 

of DBCO-IgG to multiple azides would result in a more tightly-bound IgG layer, accounting for 

the smaller viscosity change when grafting to the SLB containing 15.2 mol% DSPE-PEG-N3. 



22 

 

Finally, tapping mode AFM assessed the surface morphology, root mean square roughness 

(Rrms), and phase of DBCO-IgG layers grafted onto azide-end-functionalized SLBs containing 1.3 

mol% and 15.2 mol% DSPE-PEG-N3 (Figure 8).  SLBs were prepared on SiO2 at 50°C and DBCO-

IgG was grafted to the SLBs at 30°C. As a control, DBCO-IgG was exposed to a pure DPPC SLB. 

The resulting AFM images (Figure 8a, Rrms = 0.22 ± 0.04 nm) are indistinguishable from the DPPC 

SLB prior to DBCO-IgG exposure (Figure 4b, Rrms = 0.22 ± 0.03 nm), indicating minimal non-

specific DBCO-IgG adsorption. By contrast, DBCO-IgG exposure to SLBs containing azide-

terminated lipids yielded AFM images and Rrms values (Figure 8b-c) distinguishable from the 

azide-end-functionalized SLBs prior to DBCO-IgG exposure (Rrms = 0.27 ± 0.04 nm in Figure 4c; 

Rrms = 0.27 ± 0.04 nm in Figure 4d), indicating successful grafting of the DBCO-IgG. Relative to 

the DBCO-IgG layer on the 1.3 mol% DSPE-PEG-N3 SLB (Rrms = 1.42 ± 0.34 nm, Figure 8b), the 

Rrms value of the DBCO-IgG attached to the 15.2 mol% DSPE-PEG-N3 SLB decreases (Rrms = 

1.07 ± 0.24 nm, Figure 8c), consistent with a more tightly-bound IgG layer that is cross linked to 

DSPE-PEG-N3 via multiple azide sites. Phase profiles for the DBCO-IgG layers were similar for 

the two tested SLBs. The similar distribution of IgG is consistent with the QCM studies that found 

similar thickness values for the two concentrations of DSPE-PEG-N3.  

Conclusion  

Our recent studies of complement, often the first immune response to foreign surfaces like those 

of protein-coated nanoparticles, demonstrate that surface protein arrangement can modulate the 

immune response to a surface. In fact, we have shown sensitivity of complement C3 deposition to 

antibody spacing on IgG-grafted lipid nanoparticle surfaces.22-24 Noting the emerging relevance of 

surface structure of functional coatings to the engineering of biomaterials, we designed this work 

to contribute to the improved control and characterization of the structure of functionalized 
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surfaces. The present study demonstrates a unique approach for manipulating and characterizing 

the spatial arrangement of functional moieties in SLBs. SLBs were formed on SiO2 from 

DPPC/DSPE-PEG-N3 vesicles either by driving vesicle rupture and fusion above the melting 

temperature of DPPC or by depositing intact vesicles on the surface below the melting temperature, 

and then annealing the surface-bound vesicles above the melting temperature. Using QCM-D data 

and analysis, SLBs were modeled to determine the molar density of DSPE-PEG-N3 in the SLBs 

and the average spacing of functional DSPE-PEG-N3 lipids. We show that increasing the 

composition of DSPE-PEG-N3 in the vesicle results in an increase in DSPE-PEG-N3 found in the 

SLBs, with the DSPE-PEG-N3 concentration in the SLB being greater than that in the original 

vesicle. As the molar density of DSPE-PEG-N3 in the SLBs was increased, the intermolecular 

spacing of DSPE-PEG-N3 lipids decreased from 4.6 nm to 1 nm. The reduced DSPE-PEG-N3 

spacing leads to conformational extension of the PEG tether, corresponding to a transition from a 

mushroom structure to a brush conformation. AFM data confirm the homogeneity and uniformity 

of DPPC/DSPE-PEG-N3 SLBs.  We demonstrate that our SLBs with controlled spatial 

arrangement of functional moieties can be used as anchors for IgG, a functional biomacromolecule. 

IgG with strained alkyne groups was grafted onto SLBs containing 1.3 mol% and 15.2 mol% 

DSPE-PEG-N3. IgG layers on the two SLBs have similar densities, but the closer spacing of azide 

groups in the 15.2 mol% DSPE-PEG-N3 SLB appears to allow IgG to bridge multiple azide anchor 

points. As a result, IgG layers are more rigidly attached (i.e. lower viscosity) vs. IgG layers grafted 

on SLBs with lower grafting density (1.3 mol% DSPE-PEG-N3). Therefore, this study shows that 

varying the spatial arrangement of functional moieties presented by SLBs controls physical 

properties of functional biomacromolecule layers built on the SLBs. In total, our studies show how 

to synthesize and characterize SLBs with controlled spatial arrangement of functional moieties, 
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promising SLBs that model cell or lipid particle surfaces presenting layers of functional molecules 

where we control the physical properties of functional molecule layers built on the lipid surface. 

We anticipate that future studies with such SLBs can provide insights into the design and study of 

the physical properties of functionalized lipid particles and surfaces. We plan further studies 

investigating immune protein responses to our SLBs, where we hope to determine how the spatial 

arrangement of surface-presented protein (IgG and other moieties) affects the interactions of blood 

proteins with lipid coatings. 
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Figure 1. Traces of Δfn/n (n=3) and ΔDn (n=3) vs. time for exposure of silicon oxide-coated crystal 

to egg PC (black curves) or egg PC + 2.0 mol% DSPE-PEG-N3 (blue curves) vesicle solutions at 

21 °C (flow rate = 20 µL/min). 100 mM NaCl was used for each baseline (Δfn/n (n=3) and ΔDn = 

0).  Each vesicle solution was exposed to the QCM-D sensors (arrow 1) for 20 minutes, followed 

by rinsing with 100 mM NaCl solution (arrow 2).  
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Figure 2. (a) QCM-D traces of Δfn/n (n=3) and ΔDn vs time for exposure of SiO2-coated crystals 

to DPPC (black curves) or DPPC + DSPE-PEG-N3 (colored curves for different mol% DSPE-

PEG-N3 concentrations) vesicles at 21 °C. (b) Traces of Δfn/n (n=7) and ΔDn vs time for exposure 

of SiO2-coated crystals to DPPC (black curves) or DPPC + DSPE-PEG-N3 (colored curves for 

different mol% DSPE-PEG-N3 concentrations) vesicles at 50 °C. After a baseline (both Δfn/n and 

ΔDn = 0) was established using 100 mM NaCl solution (flow rate = 20 µL/min). SiO2-coated 

sensors were exposed to each vesicle solution (arrow 1), followed by rinsing with 100 mM NaCl 

solution (arrow 2). 
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Table 1. Deposit areal mass, thickness, average distance, area per lipid (APL), grafting density, 

reduced tethered density of DSPE-PEG-N3 lipids in supported lipid bilayers (SLBs) formed by 

DPPC/DSPE-PEG-N3 vesicles at 50C. 

Vesicle  Supported lipid bilayer/SiO2 

mol% 

DSPE-

PEG-N3  

Deposited 

mass
a
  

(ng/cm
2
) 

DSPE-PEG-N3 

Thicknessd 
(h, nm) 

mol% 

DSPE-

PEG-N3
b 

Distanceb  
(l, nm) 

APLb 

(nm2) 

Grafting  

densityb (, 

chains/nm2) 

Reduced 

tethered 

densityc 

(,chains) 

6 807.5  12.1 28.1 0.98 1.0 1.04 7.4 10.0 
2 691.4  18.9 19.0 1.2 1.4 0.70 4.9 9.7 
1 642.8  30.3 15.2 1.3 1.8 0.56 3.9 8.5 

0.1 555.3  25.9 8.3 1.8 3.3 0.31 2.2 6.0 
0.01 465.4  10.9 1.3 4.6 21.2 0.05 0.3 5.8 

0 449.1  5.0 0 NA NA NA NA 4.5 
aDeposited mass of elastic SLB (ΔDn < 2.0 × 10-6) determined using the Sauerbrey equation38-47 

for final Δfn/n (n=3,5,7) values (Figure S5, SI); bmol%, distance, APL, and grafting density of 

DSPE-PEG-N3 in the lipid bilayers were determined analytically using methods described in detail 

in the supplement (Supporting Information; Table S4); cReduced tethered density () determined 

by using  =   Rg2 where radius of gyration (Rg) of free PEG (Mw = 2000, in D2O) is ~1.5 

nm,52,53and  is the grafting density of DSPE-PEG-N3; 
dThickness determined by modeling 

experimental curves for Δfn/n (n=3,5,7) and ΔDn vs time using a Voigt viscoelastic model40-47 

(Figures S5, SI). 
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Figure 3. (a) Schematic representation of DPPC supported lipid bilayer (SLB) blended with 

DSPE-PEG-N3 (PEG, Mw = 2000). Radius of gyration (Rg) of free PEG (Mw = 2000, in D2O) = 

~1.5 nm.52,53 (b) The intermolecular spacing (l, nm) and reduced tethered density () of DSPE-

PEG-N3 in the SLBs, and thickness increase (h, nm) due to the addition of DSPE-PEG-N3 is given 

as a function of mol% DSPE-PEG-N3.  
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Figure 4. AFM images of SiO2 surfaces after DPPC/DSPE-PEG-N3 SLB deposition at 50 °C.  (a) 

SiO2 surface alone. (b) SLB formed using 100% DPPC vesicles. (c) SLB formed using 

DPPC+0.01% DSPE-PEG-N3 vesicles. (d) SLB formed using DPPC+1.0% DSPE-PEG-N3 

vesicles.  Left most panels indicate height and rightmost panels indicate phase.  The blue lines 

represent line scans shown below each AFM image. RMS represents the root-mean-square 

roughness (Rrms) of the corresponding surface in nm. 
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Figure 5. Traces of Δfn/n (n=7) vs temperature (°C) for layers of DPPC/DSPE-PEG-N3 vesicles 

containing either 2.0 mol% or 6.0 mol% DSPE-PEG-N3, adsorbed on SiO2 coated crystal. After 

forming layers of intact vesicles at 21°C (flow rate = 20 µL/min), the temperature was increased 

from 21°C to 50°C at the same flow rate (Figure S6 in the supporting information). Stage I: 

Thermal variation of intact vesicles. Stage II: Mass loss for the two layers starts at 42 and 40 °C, 

respectively, as intact vesicles rupture to form SLBs. Stage III: Thermal variation of SLBs. 
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Figure 6. (a) Traces of Δf3/3 and ΔD3 versus time for DBCO-IgG grafting to azide-end-

functionalized SLBs containing 1.3 mol% and 15.2 mol% of DSPE-PEG-N3, respectively.  After 

using 100 mM NaCl solution to establish a baseline at 30 °C (flow rate = 10 µL/min), each azide-

functionalized SLBs on SiO2-coated QCM crystal sensors were exposed to DBCO-functionalized 

IgG solution at arrow 1, followed by rinsing with 100 mM NaCl solution at arrow 2. (b) Each 

thickness change versus time and (c) each viscosity change versus time was determined by fitting 

experimental curves for Δfn/n (n=3,5,7) and ΔDn vs time, to a Voigt viscoelastic model (see Figure 

S9).  
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Figure 7.  Schematic representation of DBCO (20x) IgG grafted onto azide-functionalized SLBs 

containing (A) 1.3 mol% and (B) 15.2 mol% DSPE-PEG-N3. IgG images were modified from the 

structure of immunoglobulin G and lysine.55 Gray regions (●) of IgG represent DBCO functional 

groups whereas red (●) represents conjugation of DBCO on IgG with N3 tethered to the extended 

PEG chain. 
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Table 2. The thickness and viscosity changes for DBCO (20x)-IgG grafted to azide-end 

functionalized SLBs. 

N3-end functionalized SLBs 

on SiO2 (at 50 °C)a   DBCO (20x)-IgG grafted to SLBs on SiO2 (at 30 °C) 

mol% 

DSPE-

PEG-N3 

Distance  Thickness 

 

Final Δf3/3 

(Hz) 
Final ΔD3 

(10-6) 
ΔThicknessb ΔViscosityb Chemical 

Grafting (l, nm) (h, nm) (nm) (10-3Ns/m2) 
0 (control) NA 4.5 ~0 ~0 NA NA No  

1.3 4.6 5.8 -18 1.8 3.8 24.5 Yes 

15.2 1.3 8.5 -22 0.7 4.8 3.75 Yes 
aAzide-end functionalized SLBs formed from vesicles using DPPC, DPPC+0.01 mol% DSPE-

PEG-N3, and DPPC+1.0 mol% DSPE-PEG-N3. 
bThickness and viscosity was determined by 

modeling experimental curves for Δfn/n (n=3,5,7) and ΔDn vs. time using a Voigt viscoelastic 

model (see Figure S9, SI).   
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Figure 8. (a) AFM images of an SiO2 surface after deposition of a pure DPPC SLB bilayer, then 

exposure to DBCO-IgG. (b) and (c) AFM images of SiO2 surfaces after deposition of azide-end-

functionalized SLBs containing (b) 1.3 mol% and (c) 15.2 mol% DSPE-PEG-N3, respectively, 

then exposure to DBCO-IgG at 30 °C.  Left most panels indicate height and rightmost panels 

indicate phase.  The red lines represent line scans shown below each AFM image. RMS represents 

the root-mean-square roughness (Rrms) of the corresponding surface in nm. 
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This material is available free of charge via the Internet at http://pubs.acs.org. 
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