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Membrane Interactions at the Molecular 

Level Using the Surface Force Apparatus 
 

 

Abstract 

Measurements of biological membranes can have significant impact in the area of 

biosensor design, drug delivery, and understanding of living cells. The Surface Force 

Apparatus (SFA) has been used extensively to measure the interaction forces between 

surfaces of model lipid-membranes. In this work, the SFA was used to measure the 

interaction forces between three different biological membrane systems not previously 

studied.  The systems considered in this work are: 1) silica-supported membranes formed 

by Langmuir-Blodgett deposition of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC); 2) mica-supported fluid membranes containing polyethylene glycol (PEG) 

functionalized lipids; 3) interaction between molecularly smooth mica and live 

endothelial cell surfaces. A systematic study of analytical models was first completed to 

institute a way to properly process the raw data from the complex interferometry systems 

used in this work. The types of forces involved in the measurements are predominantly 

characterized by short range steric repulsion, long-range electrostatic interactions, and 

mid-range attractive Van der Waals.  For the studies on silica-immobilized DPPC 
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membranes, findings suggest that the physisorption of lipid membrane to mica is stronger 

than that for glass, resulting in a long range electrostatic repulsion due to the imperfect 

screening of the charged substrate. In the experiments performed using PEGylated fluid 

lipid-membranes, it was established that the lateral diffusivity of the bilayer is affected 

under confined geometries. For the endothelial cell measurements, it was shown that the 

SFA provides the sensitivity to extract elastic properties of live cells surfaces under small 

deformations. The measurements performed and their results give an insight of the 

newfound capabilities of the Surface Force Apparatus.  
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CHAPTER 1 

 

Experimental comparison between multilayer matrix 

model (MMM) and the 3-layer and 5-layer multiple beam 

interferometry (MBI) models 

Modified with permission from Raquel Orozco-Alcaraz and Tonya L. Kuhl. Impact of 

membrane fluidity on steric stabilization by lipopolymers (Supplemental Information). 

Langmuir, 2012. 
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Abstract 

In this work, experimental data is used for the first time to compare and report the 

distance between interfacial surfaces using different methods of analysis: The multilayer 

matrix model (MMM), and two analytical solutions based on multiple beam 

interferometry (MBI). A detailed description for the inputs of the MMM algorithm is 

included and, for completeness, the analytical solutions for a 3 and 5-layer interferometer 

are shown. We find that the 3-layer analytical method, the most popular and widely used 

in SFA analysis, provides only a good first approximation to the 5
+
-layer interferometer. 

For a 5-layer interferometer it is more desirable to use the MMM or the 5-layer analytical 

method at smaller distances. We also show that for large interfacial distances, however, 

the difference between these methods is minimal and thus any of the three methods is 

functional.  

 

Introduction 

The surface force apparatus has been used extensively over the years to measure 

the interacting forces between two surfaces
1-5

. The primary objective in surface force 

apparatus (SFA) interferometry measurements is to determine the distance (or separation) 

between the substrates.  The distance is determined from the wavelength positions of the 

fringes of equal chromatic order (FECO) formed from the constructive interference of 

light passing through the surfaces. The interferometry data from the surface force 

apparatus (SFA) is analyzed by solving the optical equations using a multilayer matrix 

model (MMM) or analytical solutions based on multiple beam interferometry (MBI). 
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MMM, described previously
6-9
, is derived from Maxwell’s equations and can be used to 

numerically calculate the FECO wavelengths obtained from an optical interferometer if 

the thickness and refractive index (RI) of each layer in the interferometer are known
7, 9

. 

Analytical expressions based on MBI exist for 3 and 5-layer symmetrical 

interferometers.
2
 Note that in MBI, the silver layers are not accounted for in the 

calculations whereas in MMM all layers are taken into consideration. Thus every time we 

describe the number of layers in MMM, the silver layers are included. This means that 

for the same interferometer in MMM notation has two extra layers than MBI notation. 

For asymmetric systems or when more than 7 layers are involved MMM is employed.  

Our measurements are based on the interaction between lipid bilayers deposited 

on SiO2-coated mica back silvered surfaces in water. This system requires a MMM 

solution of a 9-layer interferometer. In this supplement we describe our in-house MMM 

algorithm and the steps we take to establish the thickness and refractive index for each 

layer in the interferometer. Finally, we demonstrate that the analytical 5-layer MBI 

solution is a very good approximation to the more complicated MMM approach for 

obtaining surface separation or gap thickness.  

 

Materials and Methods 

Chemicals, Sample Preparation, Surface Force Measurements.  

Refer to Chapter 2 for details.  

 

MMM algorithm used for analysis: 
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 We have developed both Mathematica and MatLab MMM algorithms to fit the 

thickness and refractive index from each layer in the optical interferometer. The 

algorithm closely follows what was proposed by Clarkson
7
 and Mangipudi

9
. The program 

essentially matches the wavelength peaks of FECO measurements with the appropriate 

layer thickness and refractive index for each layer. The following are the program inputs 

and approach: 

 

1. Wavelength peaks of FECO obtained from a spectrometer coupled to the SFA. 

2. Wavelength peaks from the Hg spectrum (green and yellow lines), which are used 

as a calibration tool. 

3. Estimated or known thickness (minimum, maximum) for each layer. The initial 

value for the SiO2 layer is based on thickness measurements during the e-beam 

deposition from the quartz crystal resonator. The mica thickness is based on 

control measurements for the same thickness of mica without the SiO2 layer. 

4. Estimated or known refractive index (RI) (minimum, maximum) for each layer. 

For example the known refractive index of silver (n=0.05) is used.  However, 

mica is a natural mineral whose refractive index can vary slightly between 

samples and is thus fit.  

5. Because of the large number of fitting parameters, the phase space is restricted by 

maximum and minimum values based on known physical parameters. The 

smallest sum of square error (SSE) between the measured FECO wavelengths and 

the MMM calculated FECO wavelengths is chosen to obtain thicknesses and RI 

of the various layers.  In all cases, the SSE was «1.   
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To observe and measure the FECO wavelengths, we utilized a SpectraPro-¾ meter 

spectrometer with an integrated Princeton SPEC-10:2K Digital CCD camera. Figure 1 

shows an example CCD image for 1028Å thick SiO2 on 4.4µm thick mica. Figure 2 

illustrates the intensity spectrum as a function of wavelength for a FECO image. Peak 

wavelength positions are obtained with Igor Pro using the Multi-peak Fitting analysis 

package. 

 

 
Figure 1. FECO images obtained from SFA measurements between SiO2 coated mica 

surfaces in air and water. 
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Figure 2. Simultaneous peak position and intensity of CCD captured FECO. 

 

Analysis procedure: 

For completeness, we have included the MMM equations taken directly from 

literature and programmed in our in-house algorithm. The characteristic matrix for an 

interferometer consisting of L layers can be written as: 

 

                                                     ̅ ∏  ̅  
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]                                 (1) 

 

Where the characteristic matrix for each layer, j, is: 
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the transmission coefficient is expressed as: 

 

                                          
  ̅ √  

(        ̅ √  ) ̅ √            ̅ √  
                                        (3) 

 

and the transmittivity is: 

                                                                                                                                      (4) 

 

Here Dj and   ̅ are the thickness and the complex refractive index of layer j, respectively. 

 ̅  is the refractive index of the medium surrounding the interferometer,    is the angle of 

incidence on layer j,    is the permittivity of space,   is the wavelength of incoming light. 

If thickness, Dj, and refractive index, uj, for each layer are known, the intensity of the 

transmitted light can be calculated at a given wavelength. The wavelengths at maximum 

transmittivity correspond to the wavelengths for each FECO. 

The following are the detailed steps taken to obtain Ag, Mica, SiO2 and bilayer 

thickness and refractive index for a given experiment. First, the simplest case of Silver-

Mica-Silver is used to determine the mica and silver thickness and refractive index of 

mica. Thermal evaporation is used to deposit silver on a clean piece of mica, and the 

thickness of the deposited film from the quartz resonator is used as a first guess of the 

silver thickness (e.g. 550±50Å).  The value for the refractive index of silver over the 

visible spectrum is,  
Ag
 0.05.

10
 The wavelength spacing of the FECO is used to provide 

an estimate of the mica thickness. The mica used in these experiments is ruby muscovite 

which provides an initial guess of refractive index  
mica

 1.58. The silver and mica 
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thickness and refractive index of mica are obtained based on the smallest SSE in fitting 

the experimentally measured FECO positions simultaneously using a 3-layer MMM.   

After determining the layer parameters for mica and silver, the thickness and 

refractive index of SiO2 is determined utilizing a 5-layer MMM: Ag-Mica-SiO2-Mica-

Ag, as shown in Figure 3. As described in Materials and Methods section, SiO2 is 

deposited uniformly
11

 on mica via e-beam deposition. At this point, the only unknowns 

are the SiO2’s refractive index and thickness.  

 

MBI analytical solution of the 3-layer and 5-layer interferometers 

3-layer interferometer: consider the case where a transparent film of thickness T and 

refractive index u2 is sandwiched between two symmetrical films of thickness D1 and 

refractive index u1, see Figure 3 for illustration. The analytical solution to obtain the gap 

thickness, T or 2D2, between the symmetrical films is the following
2
: 

 

                                          tan(ku  ) 
 u̅ sin(

n   n

 
)

(1 u̅ ) cos(
n   n

 
) (u̅ -1)

                                              (5)  

 

Where  ̅      ⁄ , n is the order of interference or fringe order of the nth fringe, 

     ⁄ , and          
 
. The reference wavelength,   

 
, is obtained from the 

position of the n
th

 fringe when T = 0.  With this method, the only unknowns are the 

thickness,  , and refractive index μ2.   
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Figure 3. 3-layer interferometer used in MMM to extract SiO2 thickness and its refractive 

index. This is also considered a 3-layer interferometer in MBI. Ag provides a reflective 

coating at x=0 and x=2D1+2D2.  D1 is the mica thickness; D2 is the SiO2 thickness on 

each side, where 2D2=T; uj is the refractive index of each layer and x is the direction of 

the light 

 

5-layer interferometer: consider the interferometer depicted in Figure 4, where the SiO2 

films are now separated by a water film of thickness   and refractive index μ3. The 

general solution for a 5-layer symmetrical interferometer is the following
2
: 

 

   (    )

  
(1 r1

 ){sin  k (u    u1 1)  r sin( ku   ) r 
 sin  k u    u1 1 }

 r1{1  r cos( ku1 1) r 
 } (1 r1

 ){cos  k(u    u1 1)  r cos( ku   ) r 
 cos  k u    u1 1 }

 

                                                                                                                                           (6) 
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Where r1  u -u    u  u   and r   u1-u    u1 u  . To find the water gap thickness in this 

case, all other parameters should be known. The refractive indexes should be established 

and D1 and D2 must be determined separately before T can be obtained, namely when 

T=0.  

 

 
Figure 4. A symmetrical 5-layer interferometer, also considered a 7-layer interferometer 

in MMM. D1, D2, D3 are the mica, SiO2, and water thickness respectively. u1, u2, and u3 

are their refractive indexes 

 

Results and Discussion 

SiO2 layer properties 

In the original work on e-beam deposited SiO2 films on mica, Vigil et al.
11

 found 

that the SiO2 films swell with humidity and reach a maximum and constant thickness in 
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water. The change in thickness was reported to be ~20Å, in agreement with our 

experiments, see Table 1 for experimental results. 

 

Table 1. SiO2 thickness in air vs. water 

 Thickness (Å) RI SSE 

Quartz Crystal Reading 1000 -- -- 

In air using MMM  1028 1.46 0.0852 

In water using MMM  1051 1.46 0.0042 

 

The uniformity of the SiO2 thickness and RI underwater was determined by 

measuring contact between the films in water at various locations. Table 2 lists the 

thickness, RI, and SSE values obtained using MMM for multiple experiments. In all 

cases, the minimum SSE was obtained with a refractive index of 1.46 for the SiO2 film in 

agreement with ellipsometer measurements and other literature values
11

.  

 

Table 2.  Comparing SiO2 thickness using quartz crystal and MMM.  The 

measurements are of SiO2 surfaces in hard contact under water.  

 SiO2 Thickness  

from the 

Quartz Crystal 

Reading 

SiO2 Thickness 

in water using 3-

Layer MMM (Å) 

SiO2 RI  SSE  

Experiment A  1000 1051-1053 1.46 0.004+0.05 

Experiment B 530 581-587 1.46-1.47 0.049+0.05 

Experiment C 500 527-531 1.46-1.47 0.018+0.09 

 

Comparison between 7-layer MMM and analytical solutions of MBI  

One of the most significant differences between MMM and the analytical MBI 

methods is that MBI provides a simpler and more efficient way to analyze data. The 

analytical 5-layer solution is comparable with the 7-layer MMM, thus we are interested in 
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determining the error in approximating a 7-layer MMM with a 5-layer and 3-layer MBI 

solution.  

Consider the case where a water layer is in between SiO2-covered mica surfaces 

and the system is symmetrical, see Figure 4 for illustration. To compute the water gap 

thickness (T), all other parameters in equations (5) and (6) must be established. To utilize 

the analytical 3-layer MBI solution for a 5-layer interferometer, we decided to combine 

the mica and SiO2 layers into one with a joint thickness and refractive index. 

In Table 3, we tabulate the calculated water thickness at different separations for 

all methods of analysis. We also included the % difference between MMM and MBI.  

 

Table 3.  Water thickness at different separations using MMM and BMI. The 

reference for MBI was SiO2 contact in water. 

Water Thickness (Å) 

MMM  3-Layer MBI  %Difference 

btw MMM and 

3-Layer MBI 

5-Layer MBI  %Difference 

btw MMM and 

5-Layer MBI 

0 0 ---- 0 ---- 

196 171 12.8 190 3.4 

402 363 9.7 403 0.3 

836 783 6.3 862 3.0 

1283 1232 4.0 1324 3.1 

1672 1636 2.2 1712 2.3 

 

As shown, the 3-layer MBI provides a good starting estimate for the separation 

distance for the MMM analysis. Although the SiO2 thickness is relatively small compared 

to the base mica substrates (~2% of mica thickness), it has a significant impact in the 

calculated separation distance when the system is approximated using only a 3-layer 

model. The 5-layer model, on the other hand is in very good agreement with MMM.  
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Conclusion 

In this work, SFA was used to obtain experimental data gathered from the FECO 

peak positions captured using a CCD camera. Here, we showed that for a 5-layer system 

(Figure 4), it is insufficient to use the 3-layer for analysis and can only serve as a first 

approximation to measure separation distance between surfaces. It was observed that for 

separation distances less than 200Å, there is a ~13% difference between the MMM and 

the 3-layer analytical method, whereas there is only a ~3.5% difference between the 

MMM and the 5-layer analytical method.  For distances higher than 1000 Å, however, 

the difference between MMM and any analytical methods converges, making any of 

these methods employable to obtain large distances between surfaces.  
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CHAPTER 2 
 

Interaction forces between DPPC bilayers on glass 

 

Adapted with permission from Raquel Orozco-Alcaraz and Tonya L. Kuhl. Impact of 

membrane fluidity on steric stabilization by lipopolymers. Langmuir, 2012. 
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Abstract 

The Surface Force Apparatus (SFA) was utilized to obtain force-distance profiles 

between silica supported membranes formed by Langmuir-Blodgett deposition of 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC). In the absence of a membrane, a long 

range electrostatic and short range steric repulsion is measured due to deprotonation of 

silica in water and roughness of the silica film. The electrostatic repulsion is partially 

screened by the lipid membrane and a van der Waals adhesion comparable to that 

measured with well packed DPPC membranes on mica is measured. This finding suggest 

that electrostatic interactions due to the underlying negatively charged silica are likely 

present in other systems of glass supported membranes. In contrast, the charge of an 

underlying mica substrate is almost completely screened when a lipid membrane is 

deposited on the mica.  The difference in the two systems is attributed to stronger 

physisorption of zwitterionic lipids to molecularly smooth mica compared to rougher 

silica. 

 

Introduction 

Due to the complexity of cell membranes, biophysical studies have primarily 

focused on model membrane systems of reduced complexity in order to elucidate the 

fundamental thermodynamics and physics of membrane interactions.  For example, lipids 

and their self-organizing structures have been broadly used as models of cellular 

membranes and studied for their potential in biosensor applications
1
. In this work we 

compare the interaction forces between supported membranes composed of one of the 
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most commonly studied phospholipids, DPPC on two different supports; molecularly 

smooth but chemically inert mica versus more functional and broadly used silica or glass.  

There are a plethora of techniques used to study membranes, however relatively 

few provide a measure of membrane-membrane interactions
2-3

. One of the first methods 

developed relied on changes in the spacing between membranes in multilamellar stacks 

under osmotic stress to extract the repulsive interactions between membranes
4-5

. Such 

studies provided unprecedented understanding of the role of membrane undulations and 

hydration. The use of small and wide angle x-ray and neutron scattering also provided 

high resolution density distributions and average packing of lipids in the membrane to be 

obtained.
6-9

  More recently, the bioforce probe based on micropipette aspiration of giant 

unilamellar vesicles has been used to measure membrane-membrane interactions. Initially 

used to study membrane tension and area compressibility by measuring changes in 

membrane shape as a function of pipette suction pressure, the use of opposing 

membranes and/or a force sensing red blood cell expanded the measuring capability to 

detect weak attractive interactions as well as biological specificity interactions such as 

ligand-receptor binding
2, 10-12

.  In terms of substrate supported membranes, Atomic Force 

Microscopy (AFM)
13

 is widely used to measure membrane topology, but only sparingly 

used to measure membrane-membrane interactions due to challenges in forming a 

membrane on silicon nitride tips.
14-16

  Chemically functionalizing the tip with gold and a 

hydrophobic mercapto undecanol has been shown to promote spontaneous vesicle fusion, 

yielding a supported lipid monolayer appropriate for measuring membrane-membrane 

interactions.
15
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The most widely used and versatile technique for measuring membrane-

membrane interactions is the Surface Force Apparatus, which provides force-distance 

profiles with 1Å resolution in distance, 10pN in force, and visualization of the area of 

contact between two macroscopic membrane coated surfaces.
2, 17-22

 Traditionally, SFA 

employs mica, a molecularly smooth and widely used solid support for force 

spectroscopy and fluorescence microscopy measurements. However, membrane based 

biosensors typically use silica or glass substrates; in part due to the fact that silica is 

readily available, cheap, easily chemically modified, optically transparent, and less 

sensitive to surface damage
23-25

.  It is, thus, important to establish the typical conditions 

present (e.g. charge density, hydrophobicity, steric interactions, etc.) for a bilayer 

immobilized on silica and thus how a silica supported membrane interacts with materials 

in the environment (e.g. particles, proteins, cells, etc.) for applications.  Moreover, there 

is a large effort to develop models to recapitulate integral membrane proteins in 

supported membranes for controlled biophysical studies
26-28

.  In order to study the 

interaction of membranes with transmembrane proteins, it is necessary to prevent 

deleterious interactions of the embedded protein with the underlying inorganic support.  

Hydrophilic polymer cushions are actively being pursued as a means to provide a highly 

hydrated, soft, flexible spacer between the substrate and the membrane to better mimic 

biological conditions and native function 
24, 29-40

 Grafting of polymers on silica is 

becoming routine. Follow on work will present studies of interaction forces of polymer 

cushioned membranes.
41

  

Though the interaction between lipid bilayers immobilized on mica surfaces have 

been well documented, no work has reported measurements of membranes immobilized 
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on silica using the SFA. In this work, we measure and analyze the interaction between 

two DPPC bilayers deposited on smooth silica thin-films.  The silica (SiO2) is deposited 

via electron beam deposition (e-beam) on mica to yield relatively smooth films (5Å rms).  

The resulting optical interferometer is analyzed using both the 5-layer multiple beam 

interferometry analytical solution and multiple matrix solution of the full optical system 

(see Chapter 1). The results are compared to the interaction of bilayers immobilized 

directly on mica under similar conditions.     

 

Materials and Methods 

Chemicals.  

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (melting point 41°C) was 

purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Texas Red® 1,2-

Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine, Triethylammonium Salt (TexasRed 

DHPE) was purchased from Life Technologies Corp. (Grand Island, NY). Lipids were 

dissolved in chloroform at a concentration of 1 mg/ml. KNO3 was used as the 

monovalent electrolyte in all solutions. The water used was purified with a MilliQ 

Gradient water purification system, with a resistivity of 18MΩ·cm.  

 

Sample preparation.  

Silica-covered mica was prepared based on the procedures previously described 

by Vigil et al.
42

 First, mica was cleaved to uniform thicknesses of 3 to 4 microns, and 

adhered to a clean mica backing sheet. A CHA e-beam evaporator SEC-600-RAP was 

then used to deposit SiO2 onto the mica pieces.  To ensure uniform deposition the 
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samples were rotated in their planetaries and the raster was scanned at an amplitude of 

one fourth of the crucible's diameter.  Films with approximately 500Å or 1000Å SiO2 

layers were deposited using the following operating conditions; base pressure of 10
-6

 torr, 

deposition pressure of 5x10
-6

 torr, filament current of 26mA, accelerating voltage of -

10kV, and a deposition rate of ~1Å/s.  After the SiO2 was deposited, the SiO2-covered 

mica pieces were flipped and adhered to a clean mica sheet and silver was evaporated 

onto the backside of the mica pieces. Samples were stored under vacuum in this 

configuration until use. 

Supported lipid bilayers were prepared by Langmuir-Blodgett (LB) deposition 

using a temperature-controlled Wilhelmy Trough (Nima Coventry, UK) and assembled 

onto the back-silvered mica or SiO2 covered mica substrates glued onto cylindrical silica 

disks, a procedure described elsewhere.
43-44

 Prior to lipid deposition the SiO2-mica 

surfaces were placed under UV light for a total of 30 minutes in 10 minute increments to 

ensure cleanliness and surface hydroxylation. Both the inner and outer leaflets of DPPC 

were deposited at 45mN/m.  The inner leaflet was deposited by raising the substrates 

vertically through a compressed DPPC monolayer at the air-water interface at a dipping 

speed of 1mm/min. The monolayer transfer ratio was 1.00±0.05 on mica and 0.97±0.05 

on SiO2-mica.  Subsequently, the outer DPPC layer was deposited in a vertical geometry 

under similar conditions but at a faster deposition rate of 4mm/min to prevent desorption 

of the inner leaflet at the air-water interface.  The transfer ratio for the outer monolayer 

was 1.00±0.05 on mica and 0.90±0.05 on SiO2-mica.  The pressure-area isotherms 

obtained were in agreement with those in literature.
45

 To demonstrate the similar quality 

of the deposited DPPC membranes on mica and SiO2-mica surfaces, fluorescence images 
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of DPPC membranes containing 1mole% Texas Red DHPE are shown in the Figure 3.  

No fluorescent dye was incorporated into membranes for SFA experiments. 

 

Atomic Force Microscopy (AFM).  

AFM studies were done using the NEAT-ORU spectral imaging facility at the UC 

Davis campus with an Asylum Research (Santa Barbara, CA) MFP-3D AFM. Veeco 

SiliconNitride MSCT levers, k~=0.03, were used for imaging. 

 

Surface Force Measurements.  

The SFA technique has been used extensively to measure interaction forces 

between surfaces
46-47

. After bilayers were deposited on the solid support, the surfaces 

were transferred and mounted into the SFA under water, a procedure detailed 

elsewhere
17

. The water in the SFA box was saturated with a speckle of DPPC to prevent 

lipid desorption from the substrate during the course of the measurements. After the 

surfaces were mounted, the SFA box was placed in a temperature controlled room at 

25.0°C. A custom, automated SFA was used for convenient data collection
48

.  The system 

enables constant and/or variable motor displacements via a computer controlled motor 

system.  A sensitive CCD camera (Princeton SPEC-10:2K Roper Scientific, Trenton NJ) 

was interfaced with the spectrometer and computer acquisition system to allow 

automated wavelength determination of the fringes of equal chromatic order.  

The separation distance analysis traditionally used for supported membranes on 

mica surfaces is to approximate the system as a symmetric 3-layer interferometer and use 

analytical solutions for the resulting optical interferometer. Other methods include a 5-
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layer analytical form and the multilayer matrix model (MMM) that can be used for 

asymmetric and more complicated optical systems.  Immobilizing bilayers on mica-

covered silica surface requires an extra set of symmetric layers in the interferometer and 

complicates the analysis of the separation distance.  In the Chapter 1 for this work, we 

demonstrate that approximating the optical system using a simple 3-layer interferometer 

is insufficient, and can only be used as a first estimate of the separation distance. The 

difference between the results obtained using the 3-layer analytical method and MMM is 

~13%, while the difference between the 5-layer analytical method and MMM is ~3.5% 

for separation distances less than 200Å. In this work the 5-layer analytical method was 

primarily employed. Membrane thickness at contact was determined using MMM.       

 

Results  

AFM of SiO2 covered mica.  

Figure 1A shows a representative AFM image of a ~1000Å-thick SiO2 layer, e-beam 

deposited on mica hydrated in MilliQ water. Figure 1B shows the 3-dimensional profile 

that corresponds to image 1A.  Image analysis gave a peak to valley roughness of 312Å 

for a hydrated film in bulk water (6±2Å rms).  Similar surface quality was observed with 

dry films in air (results not shown).  In all cases scans were recorded over different 

regions of the films and the scans were reproducible. Similar, but lower, values for the 

roughness of e-beam deposited SiO2 thin films on mica were reported by Vigil et al. The 

surface quality of our films is also consistent with SFA measurements, where we  
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Figure 1. (A) Representative 1µm × 1µm AFM scans of a SiO2 e-beam evaporated film 

on mica in MilliQ water. (B) 3D profile of (A). The peak to valley roughness of the film 

is 31±2Å. (C) 2D (x-y vs. z) scans of different regions of Figure 1A. The vertical line in 

part (A) corresponds to Profile 1, horizontal line corresponds to Profile 2, diagonal (tilted 

to the right) is Profile 3 and diagonal (tilted to the left) is Profile 4.   
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found the SiO2 films swelled slightly by 2.2% in water compared to their dry thickness 

(see Chapter 1).  Vigil et al. suggested the swelling was due to formation of protruding 

silica hairs or gel formation at the SiO2-water interface. As the roughness of our SiO2 

film did not increase appreciably upon hydration, we attribute the 2.2% increase in film 

thickness to imbibing a small amount of water in defects within the SiO2 film.   

 

SiO2 interaction in aqueous solution.  

Figure 2 shows the force-distance profile between two e-beam evaporated silica 

films on mica in ~0.5mM KNO3 at pH 6. Contact, D=0, was defined as hard flattened 

contact in air  F R ≥ 70 mN m . The force curve is characterized by two types of 

repulsive interactions: the expected long range electrostatic double layer interaction due 

to the negative charge of the silica film in water and a shorter-range steric interaction 

presumably due to surface roughness and hydration
49-50

. Theoretically and experimentally 

both electrostatic and steric/hydration interactions decay roughly exponentially. The 

silica surfaces were assumed to be symmetric, ie. the films had the same negative charge 

density or surface potential.  The electrostatic interaction was then fitted by solving the 

nonlinear Poisson-Boltzmann (P-B) equation using a numerical algorithm developed by 

Grabbe and Horn.
51

 The algorithm explicitly computes the electrostatic potential or 

constant surface charge between two flat surfaces using a relaxation method on a finite 

mesh. The Derjaguin approximation was used to convert from the energy between flats to 

force between crossed cylinders, F/R = 2πE.  The solid lines are the P-B fits for a 

constant potential of ψ   -107mV and a constant surface charge of σ   9. mC m
2
. These 

results are in good agreement with previous studies where the magnitude of the negative  
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Figure 2. Force-distance profile between two e-beam evaporated silica films on mica 

substrates in ~0.5mM KNO3. Solid lines are electrostatic fits to the data using the 

Poisson-Boltzman (P-B  equation with constant surface potential ψ  -107mV and 

constant surface charge σ  -9.2mC/m
2
. D = 0 is defined as hard, flattened contact 

between the silica films (F/R>70mN/m) submerged in water.  (Inset) Remaining steric 

force after subtracting the electrostatic contribution. 

 

 

surface potential of silica at pH   7.5 was ψ   -120mV in 0.1mM NaCl.
23, 52

 For 

the conditions here, pH~6, a lower charge density and zeta potential are expected.
53

  

To better qualify the short-range interaction, the electrostatic contribution was 

subtracted from the measured force profile
43

.  The remaining, steric portion of the 

interaction is shown in the Inset of Figure 2.  The measured force profile deviates from a 

purely electrostatic interaction at short range, D<30Å, consistent with the AFM 

topography measurements in Figure 1. When an exponential is fit F/R~exp (D/Lc), we 

find that the characteristic length for this case is Lc~6Å.  The characteristic length is 

consistent with hydration of the silica interface and compression/interdigitation of 

protrusions of the opposing surfaces (6±2Å rms).
49-50

 This additional repulsive 



26 

 

 

 

contribution can possibly be explained by Valtiner at al., who suggested that this 

additional force is attributed to repulsive hydration and steric forces.
54-55

 After hydration, 

no change in the interaction profile was detected over many days demonstrating that the 

films were stable.  A similar short-range repulsion between silica films in water was 

observed by Vigil et al.,
42

 but attributed to the extension of dangling Si-(-O-Si-)n-OH 

groups and formation of a silica gel. 

 

Fluorescent microscopy images of supported DPPC membranes on mica and silica 

coated mica.  

Figure 3A and 3B show representative fluorescent images of LB deposited DPPC 

bilayers on mica and silica-coated mica containing 1 mole% Texas Red DHPE. The 

membranes are uniform and very similar in both cases. Small domains appear throughout 

the images; the uniformity confirms that a well packed membrane exists on both 

substrates but the resolution of the images does not allow differentiating between the two.   

Fluorescence recovery after photobleaching (FRAP) measurements were performed to 

confirm the gel phase state of the DPPC membrane at room temperature. FRAP has been 

used extensively to measure the lateral diffusion coefficient of model membranes.
56-58

 A 

small area was photobleached with high power light, leaving behind a dark circular 

region (as seen in Figure 3A and 3B). When the bilayer is in the fluid phase, diffusion 

drives the lipid components, along with the integrated fluorophore, into/out-of the 

bleached area leading to a recovery of the bleached spot. No recovery over an hour time 

scale was observed (Figure 3A and 3B), which is expected for DPPC at 25°C.  
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Figure 3. Fluorescent images of DPPC bilayers + 1% Texas Red DHPE deposited via 

LB deposition at room temperature. (A) Bilayer on mica. (B) Bilayer on e-beam 

deposited SiO2-covered mica. Horizontal line represents 20µm 

 

 

Control measurements of DPPC bilayers on mica.  

Traditionally DPPE has been used as the inner leaflet layer in supported 

membrane experiments measured with the SFA.  DPPE binds to mica through a strong 

electrostatic interaction and provides a stable hydrophobic surface upon which to deposit 

the outer lipid monolayer leaflet.  Here, a symmetric DPPC bilayer was used instead as 

DPPC is one of the most commonly studied phospholipids and considered a better mimic 

of biological membranes.
23, 59

 Before describing the results of the force-distance, F(D), 

measurements, it is important to establish an appropriate reference frame for the contact 

between the bilayer surfaces, which will define D=0.  As in previous SFA measurements, 

we choose to define D=0 as contact between the membranes in the absence of hydration 

and protrusion effects.
17

  In the case of DPPC membranes supported on mica, the 

hydrated thickness of the two outer monolayers, Δ, was determined at the end of each 

experiment by measuring the thickness change following drainage of the solution from 

the apparatus and removal of the two outer monolayers.  From the measured thickness 
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change relative to contact between the bilayers at a force of about 10mN/m, bilayer-

bilayer contact, D=0, was defined as  

               Δ - T                      (1)                                                        

The anhydrous bilayer thickness (T) was calculated from the known volumes occupied by 

the hydrocarbon chains and PC head group given by  

                                                       T=2[2Vhc+ Vhead]/A                                     (2)                                              

where Vhc =(27.4 + 26.9n) Å
3
 is the average volume of a saturated n-carbon chain in the 

gel state
60

, Vhead = 324.5Å
3
 is the average head group volume of PC

61
, and A is the 

deposited area per lipid.  For example, the thickness of two outer DPPC monolayers 

deposited at A = 48 Å
2
 per molecule  Π 45mN m  is T = 2[2(27.4 + 26.9x15) + 

324.5]/48 = 49.4Å. Typically, phosphotidylcholine membranes come into contact at 

separations of about 20-30Å depending on the compressive load.
17, 62

 The thickness of the 

bilayer was assumed to remain constant during experiments. This is reasonable given that 

the DPPC monolayers (Tmp = 41°C) were deposited at room temperature in a close 

packed solid phase and no phase changes or density changes are expected to take place.  

Figure 4A shows the measured force-distance profile between two DPPC bilayers 

immobilized on mica substrates in a monovalent solution of 0.5mM KNO3 at room 

temperature. As can be seen, a very weak repulsion
63

 is observed between the surfaces for 

separations below ~150Å followed by a strong, short-range repulsion at about 30Å. As 

DPPC is zwitterionic, but overall neutral, we attribute the weak repulsion to a small level 

of residual charge from the mica surfaces or lipid membrane as the decay length is 

roughly consistent with the electrolyte concentration
63

. If fully dissociated, mica has a 

maximum surface charge density
46

 of 50Å
2
/e

-
. The surface charge density or surface  
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Figure 4. (A) Force-distance profile between two DPPC bilayers supported on mica in a 

monovalent solution of 0.5mM KNO3. Open circles indicate approach and closed circles 

indicate separation. (Inset) Illustration of the two DPPC membranes on mica, where D=0 

is defined as the contact between two non-hydrated DPPC bilayers. T is the thickness of a 

DPPC leaflet.  (B) Small range plot of the data in (A) showing the van der Waals 

interaction F= -AR/6D
2
 (dash line) with A=(71)×10

-21
J.  Adh is the magnitude of 

adhesion force. (Inset) Semi-log plot of the repulsive portion of the force profile. 
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potential measured experimentally is dependent upon the type and concentration of 

electrolyte present in the solution. As shown in Figure 3A, the surface charge of the mica 

is almost completely damped after depositing a bilayer (with a low dielectric oil core) on 

the surface.
64

 The almost-negligible electrostatic repulsion suggests reasonably strong 

electrostatic binding of DPPC lipid bilayer to mica. The electrostatic binding rises from 

the attractive interaction between the underlying, negatively charged mica substrate and 

the positively charged terminus of the zwitterionic headgroup. In contrast, no electrostatic 

repulsion is measured when the inner leaflet of the membrane is DPPE.  Presumably the 

difference resides in the weaker physisorption and higher hydration of PC headgroups 

compared to PE headgroups
65

.  

Figure 3B illustrates the van der Waals adhesion between the DPPC bilayers with 

a magnitude of Adh = Fad /R= -0.40 ± 0.10 mN/m at a separation of D = 303Å.  In 

addition, the experimental data was compared to the theoretical Van der Waals 

interaction
17

 F=-AR/6D
2
 (dash line) with A=(71)×10

-21
J, with excellent agreement. The 

inset in Figure 3B is a semi-log plot of the short range repulsion between the membranes. 

An ever present hydration layer on the head groups and the thermal protrusions of lipids 

from the membrane are responsible for the short range repulsion. In addition, as 

suggested Marra and Israelachvili
17

, the hydration of cations can also add to the repulsive 

force.   

 

SFA measurements of DPPC bilayers immobilized in SiO2  

The measured transfer ratio of DPPC bilayer on the SiO2 coated mica surfaces 

was 0.97±0.05 for the inner leaflet and 0.90±0.05 for the outer leaflet. This result 
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corroborates an earlier reflectivity studies that showed the formation of a well packed 

membrane with near complete coverage on a silica surface using the LB deposition 

technique.
66

 Fluorescence images of DPPC membranes containing 1mole% Texas Red 

DHPE on SiO2 coated mica are shown in Figure 3. As evidenced by fluorescence 

microscopy well packed membranes are present at the micron scale. However, the 

presence of small defects cannot be ruled out from such measurements.  The lower 

transfer ratios of lipid monolayers obtained on silica to mica also suggest that the 

membranes on silica contain a higher number of defects, which is consistent with the 

significant electrostatic repulsion measured with silica supported DPPC membranes 

described in the next section. Bassereau and Pincet demonstrated that lipids in the inner 

leaflet can desorb during the deposition of the outer leaflet monolayer, thereby resulting 

in lower transfer ratios and holes in the bilayer.  The holes span the thickness of the 

bilayer due to the high energy of exposing hydrophobic chains to water. The adsorption 

energy of a DPPC lipid to SiO2 vs mica can be readily estimated from their transfer ratios 

using:
67

  

                                                Ea/kT = (α am γDPPC/kT) – ln(ρ)                                         (3) 

where Ea is the adsorption energy, k is the Boltzmann’s constant, T is the temperature, am 

is the molecular area of DPPC (am= 45 Å2
 at ПDPPC =45mN/m),

68-69
 α  is a correlation 

coefficient, and  γDPPC  is the surface tension of DPPC at the air-water interface defined as 

γDPPC = 72mN/m -ПDPPC.
70

  The ratio between the total surface covered by holes and 

bilayer is ρ = x/(1-x), where x can be found from the transfer ratio, x =(1-R)/2.
67

  To 

calculate the adhesion energy, we assume  =0.7, the correlation value measured for 

DMPE on mica
67

. This yields an adsorption energy of a DPPC bilayer on silica of Ea~ 
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1kT (for R=0.90) vs. an adsorption energy on mica of Ea,min~ 3kT (for R=0.99). This 

difference confirms the lower adsorption energy of DPPC bilayers on silica than mica.  

Figure 5A shows the measured force-distance profile of DPPC bilayers 

immobilized on silica substrates under different ionic strengths (0.5 and 1.5mM KNO3). 

The reduction of the long-range repulsion with increased salt concentration clearly 

demonstrates that the interaction is electrostatic. As mentioned earlier, the head groups of 

the lipid bilayers are zwitterionic but overall neutral in charge. Thus, the long range 

electrostatic force is due to the underlying, negatively charged SiO2 coated mica 

substrates. To clearly delineate the electrostatic contribution of the SiO2 films in the 

measured force profile, the reference frame, D=0, is based on SiO2-SiO2 contact in 

0.5mM KNO3 aqueous solution rather than DPPC-DPPC membrane contact. The 

distance-shift was based on the contact before (SiO2-SiO2 in water) and after the bilayers 

were immobilized on silica using MMM to determine the thickness of the membranes. 

MMM was used in this case to ensure correct membrane thickness measurements.  

Equation 1 was also employed to observe consistency in outer layer thickness between 

immobilized bilayers on silica vs. mica. Interestingly, we observed an additional shift of 

20Å in the thickness estimated by draining the SFA of water and removal of the outer 

DPPC monolayer leaflets compared to studies on mica.  We attribute this to some loss of 

the inner layer leaflets of the membranes immobilized on silica. Removal of more than 

the outer two leaflets demonstrates a weaker physisorption of the inner leaflet to silica as 

compared to mica again consistent with the difference in the estimated adsorption energy 

(Eq. 3). 
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Figure 5. (A) Measured force profile between DPPC-DPPC membranes supported on 

SiO2–covered mica in 0.5mM and 1.5mM KNO3. D = 0 is defined as contact between 

bare SiO2-SiO2 surfaces in 0.5mM KNO3. (B) Force profile after the electrostatics have 

been subtracted from the measured force profile in (A). D=0 is based on the contact 

between two dehydrated DPPC bilayers.  Dash line is the theoretical Van der Waals fit 

(F=-AR/6D
2
). Adh = Fad/R is the magnitude of the adhesion force.  
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The electrostatic repulsion was fit using the Poisson-Boltzmann (P-B) equation at 

the two salt concentrations. The electrostatic potential decreases slightly as the electrolyte 

concentration increases, and the potential is lower in the presence of a membrane (Figure 

2). The significant electrostatic repulsion is likely due to small holes in the membrane, 

and therefore, less screening of the underlying substrate charge by the supported 

membrane. Adhesion is again observed when the surfaces are separated. The adhesion is 

comparable between the two salt concentrations with a magnitude of about -0.65mN/m. 

This is in very good agreement with the expected VDW adhesion between DPPC 

bilayers.
17

 No additional attraction or adhesion from hydrophobic interactions was 

detected. This is consistent with the formation of membrane spanning holes as observed 

by AFM
67, 71-72

. We further comment that the measured adhesion is identical to the 

measured adhesion of DPPC membranes on mica once the small electrostatic 

contribution is accounted for, -(0.40+0.20)mN/m. 

After subtracting the electrostatic contribution (Figure 5B) the remaining short 

range repulsion is “softer” compared to when the bilayer is supported on mica substrates. 

This softer repulsion is consistent with the increase in surface roughness.
54-55

 For this 

figure, D=0 was defined as the contact between DPPC bilayers for ease of comparison to 

data shown in Figure 4. To obtain D=0, the thickness of two DPPC membranes was 

determined using Equation 2 and subtracted from the total thickness as determined using 

MMM and the contact wavelengths in the presence and absence of the membranes. 
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Conclusions 

Though the interaction between lipid bilayers immobilized on mica surfaces have 

been well documented, much less work has been done on bilayers immobilized on silica. 

The closest system was a measurement of a lipid bilayer on mica with a bare silica 

surface by Anderson et al.
23

 The measured profile between a mica supported membrane 

and bare silica surface demonstrated that a long range repulsion force, attributed to 

residual double layer potential, and short-range repulsive thermal undulation forces were 

the dominant interactions.  

The structure of DPPC membranes is similar on mica or silica surfaces as 

ascertained by fluorescence microscopy (Figure 3), however it is likely that silica 

supported membranes contain more holes as indicated by reduced transfer ratios.. The 

measured forces between DPPC bilayers immobilized on silica or mica are also similar, 

with the exception of a stronger electrostatic repulsive force present when silica is used. 

A summary of the forces and observations made in these experiments is enumerated next. 

First, the most important difference between the interaction of bilayers immobilized on 

mica and bilayers immobilized on silica is the presence of a strong electrostatic force 

when silica is used. We attribute this force to holes in silica supported membranes due to 

the weaker physisorption of lipids to the silica substrate and the hydrated surface 

roughness of the silica.  These defects are below the resolution of fluorescence 

microscopy. Second, a van der Waals attraction consistent with well-packed membranes 

is measured upon membrane separation. In Figure 4B and 5B, the theoretical Van Der 

Waals interaction, F=-AR/6D
2
 with A=(71)×10

-21
J is plotted against the experimental 

results (dashed lines for both figures). For silica Deq =343Å, which is slightly greater 
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than the equilibrium distance for mica (Deq=303Å) due to the greater fluctuations in the 

more hydrated membrane and roughness of the underlying silica support. The magnitude 

of adhesion force between membranes immobilized on silica, Adh, is in agreement with 

theoretical predictions and previous measurements of DPPC membranes supported on 

inner leaflets of DPPC
17

. The adhesion is comparable between the two salt concentrations 

at about 0.65mN/m. Third, membranes on silica appear slightly more compressible due to 

the softer/rougher underlying silica layer. Fourth, the physisorption of the inner DPPC 

leaflet to silica is weaker than to mica and can be quantified by the lower transfer ratios 

during Langmuir Blodgett deposition.  

In particular, the presence of an unexpected electrostatic interaction when 

membranes are supported on silica and presence of holes in the membrane could be 

important in biophysical membrane studies on glass and biosensor applications where 

selective binding of ligands or proteins to membranes is important.   
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Impact of membrane fluidity on steric 

stabilization by lipopolymers  
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Abstract 

 In this work, the impact of lipid lateral mobility on the steric interaction between 

membranes containing polyethylene glycol (PEG) functionalized lipids was investigated 

using the Surface Force Apparatus. The force-distance profiles show the presence of 

electrostatic and steric repulsion that arise from the presence of negatively charged PEG 

functionalized lipids. Fluid phase bilayers have high lateral diffusion relative to gel phase 

bilayers; however a quantitative comparison of the interaction forces between membranes 

in these two different phase states demonstrates a reduced rate of diffusion in the fluid 

phase for the PEG-lipids under constrained geometries. This finding suggests that lateral 

friction between the opposing polymer chains is significant in restricted environments.  

As a result, binding affinity of ligated PEG chains used in liposomal drug delivery can 

only be modestly tailored by the phase state of the liposome. 

 

Introduction 

Because of its low toxicity, low protein absorption, non-ionic character, and 

solubility in both aqueous and organic solvents, polyethylene glycol (PEG) is the most 

commonly used polymer coating to biocompatibilize surfaces for biomedical 

applications
1-6

. One specific application involves the grafting of PEG to vesicle or 

liposome surfaces for drug delivery. By judicious choice of grafting density and PEG 

molecular weight, circulation half-lives of liposomes can be extended from hours to days 

due to reduced plasma interactions by the steric repulsive barrier presented by the 
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polymer chains7-13.  As a result, PEG-coated liposomes have acquired the moniker “Stealth 

Liposomes™” due to their ability to evade the body’s immune system. The enhanced 

circulation time allows Stealth Liposomes to accumulate inside tissues and tumors which 

leads to a drug-release system referred to as passive targeting
10

. 

 However, extending circulation times is only part of the equation.  It is also 

highly desirous to actively target the liposome to a specific diseased cell type, e.g. cancer 

cells.  Towards this goal, there has been significant effort to functionalize PEG chains 

with specific ligands to provide selective targeting
10, 14-18

.  In ex-vivo studies such as cell 

culture, selective targeting has been demonstrated to work with high efficiency
19

.  

Unfortunately, translating these bench top studies to animals or humans has not 

demonstrated significant benefit or increase in efficacy through targeting. While many 

studies of liposomal based technologies look promising, PEGylated liposomal 

doxorubicin (DOXIL/ Caelyx) has been the only approved liposomal formulation in the 

USA and Europe for Kaposi’s sarcoma and recurrent ovarian cancer
20-22

. 

PEG steric stabilization clearly aids in circulation longevity, but it can also be 

viewed as a steric hindrance once the liposome reaches the active site
5
. It has been 

reported that reducing steric repulsion increases the net adhesive force of ligands to 

access receptor sites
16

.  Though different formulations have been created to increase the 

binding effectiveness in targeting, it is important to understand the surface behavior of a 

PEGylated membrane when it comes to contact to another surface. Here, we investigate 

the impact of membrane fluidity and lateral mobility of PEG functionalized lipids on the 

steric interaction between two opposing membranes.  In this system, the grafting density 

of the PEG chains in the contact region can dynamically respond to confinement and 
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diffuse along the lipid membrane surface. Consequently, fluidity can reduce steric 

hindrance once the liposomal surface reaches the target site. The measured reduction in 

the steric interaction is used to estimate the diffusion of the PEG functionalized lipids in 

the contact region between the opposing membranes.  

 

Materials and Methods 

Chemicals. 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), 1,2-

dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-

phosphoethanolamine-N- [methoxy(polyethylene glycol)-2000] (ammonium salt) 

(DMPE-PEG2000), were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL) and 

used as received. 

 

Sample preparation. Supported lipid bilayers were prepared by Langmuir-Blodgett 

(LB) deposition using a temperature-controlled Wilhelmy Trough (Nima Coventry, UK) 

as described elsewhere
23-24

. Lipids were dissolved in 9:1 chloroform/methanol at a 

concentration of approximately 1 mg/ml. The bilayer surfaces were assembled onto 

molecularly-smooth, back-silvered mica substrates glued onto silica disks (Figure 1). A 

close-packed, solid phase inner monolayer of DPPE (~ 43 Å per molecule, = 40 mN/m) 

was first deposited by raising the substrates vertically through a compressed DPPE 

monolayer at the air-water interface yielding transfer ratios of 1.0 ± 0.05.  Afterwards, an 

outer layer of 92.5 mole % DMPC + 7.5 mole % DMPE-PEG2000 was deposited onto 

the DPPE film at 35mN/m.  The transfer ratios of the mixed outer monolayers were 0.99 

±0.03.  DMPC was chosen as the matrix lipid because its phase transition temperature is 
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23.5°C 
25

, thus the temperature of the system can be easily manipulated to modify the 

diffusivity of the outer lipid layer; below 23.5°C in the solid phase D~0.02µm
2
/sec 

26
 and 

above in the fluid phase D~4µm
2
/sec 

27
. 

 

Surface Force Measurements. The Surface Force Apparatus (SFA) was used to 

measure the interaction forces between the PEGylated bilayers. The SFA technique has 

been used extensively to measure interaction forces between surfaces
28-29

. The studies 

using this method provide a better understanding for inter-surface behavior between 

relatively large areas, compared to Atomic Force Microscopy (AFM) performed in 

previous studies
30

. After depositing the membranes on mica, the surfaces were transferred 

and mounted into the SFA under water, a procedure detailed elsewhere
31

.  The water in 

the SFA box was saturated with a speckle of DMPC to prevent lipid desorption from the 

solid substrate. After the surfaces were mounted, the SFA box was placed in a 

temperature controlled room at 20°C, which is below DMPC’s transition temperature. To 

measure the interacting forces when in the fluid phase, the temperature was later 

increased to 28°C.  A custom automated SFA was used for convenient data collection
17

.  

The system enabled constant surface displacement via a computer controlled motor 

system.  A sensitive CCD camera was interfaced with the spectrometer and computer 

acquisition system to allow automated wavelength determination of the fringes of equal 

chromatic order.  

Bilayer-bilayer contact, D = 0, was defined as the contact between nominally 

dehydrated bilayers without any polymer layer
23

.  Both PC and PE lipids are zwitterionic.  

However, PEG-functionalized lipids are negatively charged as the PEG chain is 
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covalently attached to the terminal amine head group of the DMPE lipid.  Any 

electrostatic interaction between the membrane surfaces is therefore attributed to the 

presence of DMPE-PEG2000 (Figure 1).   As the negative charge is at the phosphate 

group, the outer Helmholtz plane in the electrostatics analysis used the same reference of 

D = 0 as in the force profile measurements.   

 

Results and Discussion 

Isotherms for the various lipid monolayers: 100% DMPC, 100% DMPE-

PEG2000, and 7.5 mol% DMPE-PEG2000 + 92.5 mol% DMPC, are shown in Figure 2.   

Lateral interactions between lipids and PEGylated lipids in monolayers at the air-water 

interface have been previously measured. It has been reported that above a critical 

pressure of ~10 mN/m, it is energetically more favorable for the polymer to extend into 

the water solution and that lipopolymer mixes with the lipid at the air-water interface 
24, 

32
. In this work with DMPC doped DMPE-PEG2000 monolayers, we observe the same 

phenomenon of PEG absorption to the air-water interface and then being squeezed into 

the water subphase with increasing lateral compression. To establish whether DMPC and 

DMPE-PEG2000 phase separate or mix, the isotherm of the monolayer doped with 7.5 

mol% DMPE-PEG2000 was compared to that expected for ideal-mixed-behavior, 

expressed by equation 1:                                                                                                

                                                                    (   )                                                 (1) 

Here Ax is the average area of a molecule in mixture at the air-water interface, AL is the 

area of a DMPC lipid in a pure monolayer, AP is the area of a PEG2000 chain in a pure 

DMPE-PEG monolayer, and X is the mole fraction of DMPC in the mixed monolayer.   
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Figure 1. A) Illustration of  the lipopolymer bilayer geometry in the SFA. RF denotes 

the Flory radius of the polymer chain, which is 35Å for PEG-200023-24.  The average 

distance between PEG grafting sites is symbolized by s, where 
2sσ   and σ is the 

lipopolymer-grafting density in the outer layer. M is the distance based on the contact 

between the inner DPPE monolayers, T/2 is the outer DMPC layer thickness, and L is 

the polymer layer thickness.  D = 0 is defined as the contact between two “nominally” 

dehydrated bilayers, D = M-T.  B) Illustration of maximum distance, r, a lipopolymer 

needs to travel in order to exit the contact zone between two surfaces. R is the radius of 

curvature of the cylindrical support surface. 
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Figure 2. Surface pressure vs. area curve isotherms of: 100 mole% DMPC, 100 

mole% DMPE-PEG2000, and 7.5mole% DMPE-PEG2000 + 92.5 mole% DMPC.  

Symbols (x) are the theoretical prediction if the mixture behaves ideally. 

 

The x-points curve in Figure 2 displays Ax as a function of surface pressure, 

where AL and AP were obtained from the pure DMPC and DMPE-PEG2000 isotherms 

respectively. The Ax curve overlaps the isotherm obtained experimentally demonstrating 

that the system mixes ideally.  As a result, the grafting density of the lipopolymer is 

readily obtainable from the mole % of lipopolymer and the area per lipid molecule. At 

35mN/m, the average area per molecule is 57Å
2
, a value consistent with previous 

measurements
33

.  Thus, for the 92.5 mol % DMPC - 7.5 mole% DMPE-PEG monolayer, 

the area per grafted PEG chain, σ, is ~760Å
2
 yielding a distance, s, of ~28Å between 
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grafting points.  This concentration was selected to match to the grafting density of 

previously studied 4.5- 5 mole% DSPE-EO45 mixed in gel phase DSPE membranes
23-24

.  

Relative to the unperturbed polymer chain radius of gyration,      
     35Å, this 

grafting density is in the overlapping mushroom regime,      
      ⁄   

23-24, 34

. 

 

Figure 3. Force-distance profile of DMPC bilayers with a surface coverage of 7.5% 

DMPE-PEG2000 at 20°C. The electrostatic curve was fit using the concentration of 

[NaNO3] = 0.25mM and surface charge density of 1.1 mC/m
2
. 
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Figure 3 shows an example force-distance profile between two DMPC bilayers 

doped with 7.5 mol% DMPE-PEG2000 at 20ºC. At this temperature the membrane is in 

the gel phase and the force profile matches results obtained  with gel phase membranes 

containing 4.5 mol% DSPE-PEG2000
23-24

.  As expected, the force-distance curve 

displays long range electrostatic and shorter range steric repulsion associated with the 

presence of the lipopolymers in the membranes. Theoretically and experimentally both 

the electrostatic and steric forces decay roughly exponentially.  In the case of electrostatic 

forces, the decay is determined by the ionic strength (Debye length, κ
-1

~200Å).  In the 

weakly overlapping mushroom regime, the steric interaction has a characteristic decay 

length approximately the thickness of the polymer layer,       , but for two layers 

would be        .  Unless the two decay lengths are similar, a double-exponential 

curve is measured from which the electrostatic and steric contribution can be separated.  

The electrostatic contribution was determined by solving the nonlinear Poisson-

Boltzmann equation explicitly using a numerical algorithm
35

. The solid line in Figure 3 is 

the electrostatic contribution of the force profile based on the parameters in Table 1 

assuming the outer Helmholtz plane to reside at the lipid head group interface, identical 

to the reference frame for contact, D = 0. The electrostatic portion was then subtracted 

from the force profile and the remaining repulsive force was attributed to the steric 

repulsion due to the grafted polymer chains.   

For comparison Figure 4 shows a series of steric force-distance profiles (after 

subtracting the electrostatic repulsion) obtained above and below the phase transition 

temperature of the membrane.  Double-layer parameters for each of the experimental 
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conditions are summarized in Table 1. While diffusion is negligible when the membrane 

is in the solid phase (T<23.5ºC), this is not true when the membrane is in the fluid phase.   

 

Temperature  

(°C) 

Rate  

(nm/min) 

Electrolyte 

[NaNO3 ] 

(mM) 

Debye 

Length           

κ
-1

(Å) 

Surface 

Charge 

 ensity, σe 

(mC/m
2
) 

20 3 0.25±0.02 195 1.10 

28 4 0.25 ±0.02 200 1.25 

28 0.1 0.25 ±0.02 200 1.30 

Table 1. Double layer parameters used to subtract the long-range electrostatic 

contribution from all force measurements and summary of chain extension as function of 

rate of approach. 

 

Indeed, as the surfaces approach each other, the increase in osmotic pressure 

provides a directed driving force for the lipopolymer to diffuse out of the contact zone.  

As a result, the measured electrostatic and steric repulsion when the membrane is in the 

fluid state will be dependent on the rate of approach and the amount of lipopolymer, if 

any, that remains between the membranes.      

As shown in Figure 4, membrane fluidity clearly results in a decrease in measured 

repulsion between the membranes, indicating that the amount of lipopolymers present in 

the contact zone decreased.  Both the onset of the repulsion and the magnitude decrease 

when the membranes are in the fluid phase.  A simple back of the envelope calculation 

can be used to estimate the time for a lipopolymer to diffuse out of the contact zone 

from 〈  〉            .  As illustrated in Figure 1B the curvature of the contact zone 

(here ~1cm) and the polymer layer thickness, yields an effective distance of ~15µm.  

Using the measured diffusion of PEG-lipids in single supported membranes, 

D~4µm
2
/sec, from Albertorio et al.

27
, the expected time for the lipopolymer to diffuse out 

of the contact region is only           1min.  Thus, an approach rate of 4nm/min is 
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sufficient for the lipopolymer to escape from the contact region.  Even at a very slow 

approach rate of 0.1nm/min, which affords an order of magnitude increase in        , 

lipopolymer clearly remains trapped between the approach surfaces – indicative of 

hindered diffusion. Kaufmann and coworkers
30

 have determined that the mobility of 

PEG-lipids is reduced for concentrations above 6 mole % due likely to steric interactions 

of the polymer chains.   

One approach to quantify the amount of polymer remaining between the 

membrane surfaces is to use polymer theory to model the resulting steric repulsion and 

extract the amount of PEGylated lipid from the theoretical fit to the data. Previous work 

has shown that the Alexander de Gennes (AdG) theory
36-38

 and the self-consistent mean 

field theory of Milner, Witten, and Cates (MWC) both give a reasonable estimate for the 

compressive forces of grafted polymer brushes, even for systems that are not in the 

strongly stretched brush regime
24, 39

.  In this case, we choose to use the MWC model as 

an explicit fit to the data without fitting parameters can be obtained.  Assuming that the 

brushes have a parabolic profile and do not interdigitate, the force (F) normalized by the 

curvature of the cylindrical surfaces (R) as a function of separation distance (D), as 

measured in the SFA, 
 

 
, can be obtained from MWC theory for the interaction energy 

between flat interfaces, E , using: 
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Figure 4.  Steric Force-distance profiles between bilayers containing 7.5 mol% 

DMPE-PEG2000 as a function of approach rate. The steric forces were obtained by 

subtracting the electrostatic double-layer contribution. Approach rate: 3 nm/min at 

20°C ( ), 4nm/min at 28°C ( ), 0.1nm/min at a 28°C ( ).  The solid curves are fits 

to the MWC model (Equation 2).  Solid heavy line indicates MWC fit in the gel-phase 

case. Thin solid curve represents the MWC model for   ⁄  the initial grafting density. 

The dashed lines are predictions for the SWP model for surfaces bearing mobile 

polymer chains. 
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Where   (=3.5Å) is the size of a monomer, σ is the area per grafted chain, w is the 

excluded volume parameter ǂ1,   can be found from   
      ⁄ or the statistical segment 

length, and the equilibrium extension of the polymer layer, ho, is given by:   

                                             (
  

  
)

 

 
    (    )

 

 (
 

  
 )

 

 (    ) 
 

                              (3) 

For gel-phase membranes, σ was fixed to the known value of 1chain/     , w = (3.5Å)
3
, 

and h0 = 38Å.  As shown in Figure 4, MWC provides an excellent fit to the data for D < 

60Å.  For small compressions (D > 60Å), the polydispersity (PDI~1.07) of the chains 

would have to be accounted for to accurately fit the data
40-41

.  However, the MWC model 

is unable to properly account for the fluid phase membrane force profile data as the 

amount of lipopolymer between the membranes changes as a function of separation 

distance.  For comparison, the MWC prediction for a system with a grafting density of ½ 

of the initial concentration (1chain/1520Å
2
 vs. 1chain/760Å

2
) is shown in Figure 4 (thin 

solid curve).   

 A more accurate way to determine the amount of polymer present in the contact 

zone with fluid membranes is to integrate the area under the curve to obtain total pressure 

for the contact area. Assuming that the total pressure arises strictly from osmotic 

repulsion then Morse equation
42

 can be used to relate pressure (Π) and concentration in a 

straight forward manner: 

                 Π = iMRT                                                           (4) 

where i is the dimensionless van't Hoff factor, M is the molarity; R the gas constant; and, 

T is the temperature. As the polymer concentration in the contact zone is known for the 

                                                 
ǂ he excluded volume parameter can be found from the osmotic pressure, Π, and volume fraction of PEG monomer in 

the brush via    

 
     . At an osmolality            ⁄ , the osmotic pressure is ~0.21MPa, yielding   

(     )    . 

 

http://en.wikipedia.org/wiki/Dimensionless_quantity
http://en.wikipedia.org/wiki/Van_%27t_Hoff_factor
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gel-phase case, the ratio of final lipopolymer concentration Mf, over initial concentration, 

M0, can be interpreted as the % lipopolymer remaining at the contact zone, and can easily 

be obtained from the ratio of the integrated fluid to gel force profiles shown in Figure 4. 

Table 2 shows that the amount of polymer present in the contact zone decreases as the 

rate of approach decreases.  Indeed at the slowest approach, 87% of the lipopolymer has 

escaped from the contacting region of the surfaces.  A quantitative determination of the 

diffusion coefficient in this restricted geometry (Figure 1) would require development of 

the appropriate governing equation based on an osmotic pressure driving force.  

However, the effective diffusivity can simply be approximated from the contact geometry 

and measurement time at the slowest approach yielding       
   

   
. 

 

Rate 

(nm/min) 

% Polymer 

remaining at the 

contact zone  

Elapsed 

time (min) 

3 100 N/A 

4 45±5 1.5 ± 0.5 

0.1 13±3 30 ± 3 

Table 2. Estimation of % polymer remaining at the contact zone. Elapsed time starts 

when steric repulsion arising from the polymer layer is detected upon approach and ends 

when surface separation is initiated. 

 

 In regards to quantifying the experimentally measured steric force, Subramanian, 

Williams, and Pincus (SWP) provide an estimate of the total free energy when a surface 

bearing grafted  but mobile polymer chains in the mushroom regime is compressed by a 

bare disc of area A1 
43-44

.  In their scaling model, the total free energy consists of two 

components; the energy to compress the mushrooms and translational entropic terms that 

account for the change in the initially, uniform grafting density, σ = σ0, as chains leave 
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the region under the disc,     , and move into the surrounding membrane,     . 

Assuming the system is always at equilibrium and in the limit of low grafting density, 

σ0RF
2
<< 1, the free energy is minimized with respect to the density of chains under the 

disc, σ1, and one finds: 

                                                  [ 
 (  ⁄ )

 
 
]                                                   (5) 

where L is the equilibrium, uncompressed extension of the chains, and c is a numerical 

prefactor. Accounting for the geometry of the SFA and that both surfaces have grafted 

chains yields: 

                                                        
 

 
        [ 

     (
  

 ⁄ )
 
 
]                                      (6) 

The SWP model with c=0.1 and 1, is shown in Figure 4.  Although the SWP model 

assumes an isolated mushroom steric contribution to the total energy, which is not 

appropriate for the conditions used in this work, some general comparisons can be made.  

First, in the model the repulsion raises rapidly as some compression of the layer is 

required to drive the chains from the confined region and overcome the pressure forcing 

mushrooms back under the disk.  However, this “ideal gas” pressure is apparently below 

the experimental resolution, as no detectable steric force is observed at the slowest 

compression rate until D<60Å with is significantly less than the measured extension of 

the brush, 2L~70Å.  With further compression, the steric force rapidly rises due to 

confinement but plateaus as the osmotic pressure provides a sufficient driving force to 

push chains from the confinement region into the bulk (non-confined region).  In the 

experiments, lipopolymers are clearly driven out of the contact zone for modest 

compressions.  However, a critical compression and resulting plateau in the force is not 
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seen in the experiments – rather the force rises rapidly for separation distances below 

~55Å.  These observations suggest that the diffusion of chains out of the contact zone 

becomes limited as the surface separation approaches the grafted chain radius of gyration.  

Given the expected, rapid diffusivity of the lipopolymers (~4µm
2
/min), the trapping of 

chains in the compression region during the slowest compression implies that equilibrium 

during the compression was not maintained in the experimental system.  Unfortunately, 

slower compression rates become prohibitive due to potential experimental drift.    

Although more complicated expressions for the steric force, e.g. MWC, could be used in 

the SWP model and may more accurately represent the experimental system, the stringent 

requirement of equilibrium is difficult to achieve.   

 

Conclusion 

In closing, direct measurement of the steric repulsion between membranes with 

embedded lipopolymers demonstrate that the amount of lipopolymer in the contact region 

is modulated when the membranes are in the fluid phase.  The steric repulsion between 

the membranes decreases as a function of the approach rate due to osmotic pressure 

driven diffusion. Although a sufficiently slow approach should allow all lipopolymers to 

be depleted from the contact zone, we find that the diffusivity is significantly retarded 

and it is unlikely that equilibrium is maintained during the compression.   Still, these 

findings imply potential avenues to improve targeted drug delivery vehicles.  First, the 

steric barrier afforded by the embedded lipopolymers is critical to maintain circulation 

times by preventing non-specific protein absorption.  The steric barrier afforded by the 

embedded lipopolymers is still substantial even in fluid membrane systems.  Second, at 
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contact with another surface, these lipopolymers can be driven out of the contact zone if 

the membrane is fluid and thereby reduce the repulsion between the surfaces.  Thus, an 

ideal scenario for drug delivery applications would involve a small percentage of ligated 

long chain lipopolymers in a forest of un-ligated “steric” bumpers to provide adhesion to 

the target surface while maintaining a strong steric barrier.  The total amount of 

lipopolymers and the approach rate determines the magnitude of steric repulsion, while 

the inclusion of ligated lipopolymers can ensure that the contact/adhesion between the 

surfaces is maintained.  Subsequently, the adhesion between the surfaces could be further 

augmented by an under-layer of short, ligated chains buried in the longer chained steric 

forest.  Such a tiered system could provide robust steric repulsion that is converted to 

robust adhesion as the steric barrier presenting lipopolymers are excluded from the 

contact zone.  Experimental measurements probing such tiered structures are currently 

underway. 
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Abstract  

The young moduli for single endothelial cells were directly measured using the 

Surface Force Apparatus (SFA). We describe how bovine aorta endothelial cells 

(BAECs) were mounted in the SFA box and visualized before cell compression. Our goal 

is to understand the surface behavior of the cells, thus we limit the cell deformation to < 

7% deformation.  The Hertzian and Capsule Model were utilized to analyze the stress vs. 

deformation curves obtained experimentally. We report a young’s modulus of 87-

2800MPa if the Capsule Model is used and 93-902kPa if the Hertzian Model is used. The 

values for both models have been consistently different by three orders of magnitude, 

with the Capsule Model providing a better fit. Results indicate that endothelial cells have 

a higher Young modulus and bending modulus than macrophage cells and we describe 

possible reasons why this discrepancy exists.  

  

Introduction 

Endothelial cell membranes have active functional molecules on their surface, 

including proteoglycans, glycoproteins, and glycolipids. The detailed sequences of the 

carbohydrate and protein components of these molecules play a central role in the 

biological activity of the cell.
1
 These glycomolecules lie on the luminal side of the 

endothelial cell surface and form a polyelectrolyte brush layer better known as the 

glycocalyx. The glycocalyx acts as a vascular permeability barrier, protects and lubricates 

the cell from mechanical and chemical damage, and inhibits coagulation as well as 

leukocyte and platelet adhesion.
2-3

 The properties of the glycocalyx are also important for 
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several applications including improvement of liposome uptake for drug delivery and 

therapeutic targeting
1, 4

, white cell rolling on the endothelium during an immune 

response
5
, atherosclerosis studies

6
, and mechanotransduction

3
 among others.

7-8
  

Our understanding of the glycocalyx’s structural properties has mainly evolved 

from microscopy studies that mainly sought to determine the thickness of the glycocalyx. 

For example, Squire et al. carried out a series of electron microscopy studies where they 

determined that the thickness of the glycocalyx of endothelial cells, originated from frog 

mesentery capillaries
9
, was approximately 50-100nm.

10
 However, the fixation required 

for electron microscopy studies may damage or alter the structure of the extracellular 

matrix decreasing the reliability of such measurements. Later work by Damiano et al. 

used microparticle image velocimetry to infer the extent of the glycocalyx in vivo.
11-12

 It 

was shown that the hydrodynamically relevant endothelial layer present in vivo (0.5mm) 

was greatly diminished for endothelial cells cultured under standard, static conditions in 

vitro (0.02-0.03mm). Fundamental mechanical properties of live endothelial cells, such as 

the force required for compression, behavior and response to compression, and Young’s 

modulus are still unknown and such information is potentially helpful for improving 

therapeutic targeting and to expand our understanding of the fundamental structure-

function and materials properties of the glycocalyx.
3, 6-7

   

The Surface Force Apparatus (SFA) has been used extensively to measure the 

force, energy, or pressure vs. distance profiles between two surfaces with high 

precision.
13-14

 In short, this apparatus enables measurement of the interaction force 

between two crossed cylindrical surfaces as a function of their absolute separation. One 

of the surfaces is mounted on a weak double cantilever spring (Figure 1A) providing a 
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force sensitivity of order 50pN. White-light interferometry is used to measure the 

absolute distance between the two surfaces with angstrom resolution. Knowing the spring 

constant and displacement between the surfaces allows for the force-distance 

measurements between the two surfaces.  Importantly, the contact area between the 

surfaces is roughly the size of a single endothelial cell. 

Using the SFA, the force to compress single, live BAECs was measured.  In 

addition, the force measurements are converted to stress-strain curves to quantify the 

Young’s modulus under low, intermediate, and high strain. Finally, we compare these 

results to other measurements of cell mechanical properties.  

 

 

Experimental Methods 

Cell Culture 

 Bovine aortic endothelial cells (BAECs) were obtained from Cell Systems 

(Kirkland, WA). BAECs were cultured under standard procedures described in CSC 

Complete Medium by Cell Systems. BAECs used in this study were between passages 3–

9.  ulbecco’s Phosphate Buffered Saline (PBS) was purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Nano pure water used was obtained from Millipore Gradient A 

purification system with a resistivity of 18MΩcm.  

 

Culture Media and PBS  

Using aseptic techniques, BAECS were cultured in t-flasks with  ulbecco’s 

Modified Eagle’s Medium   MEM  F1 , 10% Fetalplex serum, and 1% penicillin 
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streptomycin. Using standard culture techniques, cells were detached at confluence, 

suspended, and then seeded at very low concentration onto surfaces for SFA 

measurements (see Figure 1B). The disk with seeded cells was then placed in the 

incubator (37°C and 5%CO2) to allow the cells time to attach to the surface.  

To minimize light scatter during the SFA measurements, PBS buffer was used 

instead of full medium as it is optically transparent and suitable for enabling endothelial 

cell survival for several hours at physiological temperature. After the cells were seeded 

for a few hours in the incubator, the SFA surfaces were removed and rinsed with PBS 

several times to effectively replace the full medium for PBS. The cells were used for 

force measurements for less than two hours after removal from the incubator and 

immersion in PBS buffer to ensure their viability.  

 

Substrates  

The SFA method primarily employs molecularly smooth, muscovite mica 

substrates of a uniform thickness (3-4microns). Muscovite mica is chemically inert and 

widely used as a solid support for force spectroscopy and fluorescence microscopy 

measurements.  Freshly cleaved mica sheets are coated with a 550Å layer of silver and a 

fixed silver side down to cylindrical silica support disks (radius = 1.5cm) for 

experimental measurements. Endothelial cells, which are cultured in monolayers, must 

attach to a substrate to grow and proliferate.
15-17

 Because morphology and proliferation of 

cells depends on the substrate and culture conditions
18

, we compared BAEC morphology 

and growth rate between mica and the t-flasks used for culturing. We observed little 
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difference between mica and t-flasks used for passaging and culturing, making mica a 

suitable substrate for the experiments. 

 

Surface Force Apparatus (SFA)  

 As stated earlier an SFA was employed to measure the compressibility of the 

BAEC seeded cells on mica substrates. Figure 1A is a schematic of the SFA box and 

Figure 1B is a typical phase microscopy image of a cell selected for SFA measurements 

seen through the microscope objective. As mentioned previously, cells are seeded on 

mica supported on a silica disk of cylindrical geometry and the opposing mica supported 

silica disk is staged such that the opposing surfaces have a cross-cylindrical configuration 

(Figure 1A). The typical contact area of the crossed cylinders is 70-100 μm
2
. Figure 1A 

also illustrates how white light enters the SFA box and passes normally though the 

optical interferometer created by the back silvered mica substrates. The resulting 

constructive light interference consists of discrete wavelengths   
 (        ) that are 

separated in a spectrometer as Fringes of Equal Chromatic Order (FECO). When the 

surfaces are separated, the wavelength,   
 , increases by a distance D. At large 

separations (>10,000Å), an approximate solution to the optical interferometer can be used 

to determine the surface separation can be used
13

: 

 

                                          
 

(       )
[
      

  
              ]                                   (1) 

 

Where    and      are adjacent fringes of unknown order p and situated between    
  and 

    
 .      is the distance calculated assuming      has shifted from   

 . If      
  then 
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  =0. µ is the refractive index of the liquid used. Contact, or D=0, in the reported data 

was based on mica-mica contact in the absence of cells. Equation 1 is derived from the 

analytical solution of a three layer interferometer. 

 

 
Figure 1. (A) Schematic of the surface force apparatus. (B) Micrograph of a typical 

BAEC cell selected for force runs.  The horizontal line in the cell figure represents 25 µm 

 

Results and Discussion 

Force runs between single BAECs and a bare mica substrate were carried out in 

PBS using the SFA. Multiple measurements on different cells were performed and their 

force-distance profiles are shown in Figure 2.  

The reference frame for the set of all curves is based on last compression point for 

each cell. It is presented in this format to show that the compression for single cells is not 
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necessarily reversible, hysteresis is present, and that cells, as expected, do not posses 

identical behavior. However, based on the single cell measurements performed (Figure 

2), we were able to obtain an envelope of force-distance profiles that can provide a range 

of values that are unique for these types of cells.  The inset in Figure 2 is the curve from 

the stiffest cell measured. The reference frame for this curve (D=0) is mica-mica and 

therefore it is possible to obtain the cell height from these profile. Overall the cell height 

for the measured cells (not included in Figure 2) was >2µm. 

 

 
 

Figure 2. Fexp/R vs. Distance profiles for compression of multiple single BAECs. The 

reference frame is based on the last point of compression for each cell. Inset in this figure 

is a curve taken from set of profiles that form an envelope (in this case it’s the curve that 

leads to a higher Young modulus). The reference frame for this curve (D=0) is mica-mica 

contact. 
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The SFA measures the force-distance (F-D) profile between two cross cylindrical 

surfaces. The force is usually normalized by the effective radius of curvature (R) of the 

opposing surfaces to account for differences in contact area. To extract mechanical 

properties, we followed the proposed method by Banquy et al.
19

 where the experimental 

force, Fexp,  is normalized by 2πRDND.
19-20

  Where D is the distance between surfaces 

(with mica-mica contact happening at D=0) and ND is the cell density or 1cell/πRc
2
 where 

Rc is the cell radius. 

                                              F(D) = Fexp/ (2πRDND) = Fexp Rc
2
/2RD                           (2) 

Typically Rc is the radius of a spherical shaped cell and it is usually half of the 

cell height. Because endothelial cells are not necessarily spherical and usually have 

elongated morphology,
21

 we cannot make this assumption. To obtain a general expression 

independent of the cell radius for force, we divided the above expression (Equation 2) by 

Rc
2
: 

                     F(D)/ Rc
2
= Fexp /2RD                                             (3) 

 

Deformation is defined as   (  
 

  
) where L0 is the initial height of the cell 

when deformation is zero. Figure 3 shows the normalized force profiles based on 

Equation   vs. deformation, δ, curves for the stiffest and the softest cell compression 

profiles measured.  

 The Hertzian Model (HM) was used fit to the data. HM has been used previously 

to model and extract mechanical properties of compressed spherical shaped cells such as 

macrophage and T lymphoma cells.
19, 22

  This model is based on the contact theory of 

homogeneous elastic spheres. One of the assumptions implies cell incompressibility (only 
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elastic deformation) and that the cell membrane is impermeable.  In addition, the model 

further assumes no adhesion or friction between the bodies at contact. The model relates 

the force, F, to compress two bodies to their Young’s modulus, E: 

                                                         
√   

 (     )
  
  

 
                                   (4) 

Where    is the Poisson ratio (  =0.5 for an incompressible liquid inside an 

impermeable membrane), and    is the radius of contact area or in this case the radius of 

the cell.
23

 As seen by the dotted curves in Figure 3, this model provides a satisfactory fit 

to the stiff cell experimental data over the full deformation range.  The E values obtained 

from this model are summarized in Table 1.  

Also employed to fit the experimental data was The Capsule Model, shown in 

Figure 3-dashed curves. This model describes the compressive behavior of a balloon 

filled with an incompressible fluid.
19, 24

 In the past it has been utilized to model the 

compression of spherical shaped cells. Assuming impermeability and incompressibility of 

the fluid inside, the force contributions upon loading come from the stretching and 

bending of the cell membrane.  

                                                    
 

    
    

   
 

 √ 
   

 
                                     (5) 

 

The first term corresponds to the stretching force and the second term represents the 

bending force. Here h is the membrane thickness which is about 4nm for cell membranes. 

In a simple calculation, Lulevich et al.
24

 showed that for small deformations, the bending 

force term of equation (5) can be neglected, leading to a simplified form of the Capsule 

Model:   
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                                                  (6) 

This simpler form provides a better fit (Figure 3) than the full form (not shown in our 

analysis).  

 In addition to the Young’s modulus, the Capsule Model provides an expression 

for the bending modulus
19, 24-25

, K : 

                                                    
   

  (     )
                                                                  (7) 

The values for the bending moduli are summarized in Table 1.  

 

 

Table 1. Summary of elastic and bending moduli extracted from the stiffer and softer 

profiles measured 

 

Hertzian Model 

Elastic Modulus, E 

(kPa) 

Simplified Capsule Model 

Elastic Modulus, E 

(MPa) 

Bending Modulus, 

K, (kT)* 

Stiffer Cell   119  47914  8 8 4  

Softer Cell 948  864  1497  

*T= 298K 

 

 

Comparing our values with previous literature, we see that our values for the 

softer cell compression are within the same order of magnitude of the values reported in 

literature.
19, 24

 Lulevich et al.
22

 used the Capsule Model for live single cells but did not 

compare his reported values to the Hertzian Model. Instead, the Hertzian model was used 

to fit dead and fixed dead cells only. This previous work showed that using the Capsule 

Model, the Young modulus for the compression of single live T-cells is 10-30MPa and 

cells burst at a deformation of about 30%.
24

 Our work was focused on measuring the cell 

surface deformation and thus did not surpass a deformation of 7% in order to preserve the  
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Figure 3. Force/Cell Radius

2
 vs. Deformation curves for single endothelial cells. The 

experimental curves display the stiffer (diamond) and the softer (squares) profiles 

measured in our experiments. The solid curves are an exponential fit to the experimental 

data. Fits to the Hertzian Model are shown in dotted curves. The dashed curves are fits to 

the Simplified Capsule Model (assume stretching deformation only) 

 

 

cell viability. We report values that are based on the stiffest and the softest case scenario 

after measuring multiple cells.  Looking at our values, we see that the E values for the 

Hertzian Model are three orders of magnitude smaller than the values obtained for the 

Capsule Model. Other studies by Banquy et al.
19

 have measured the compression of 

macrophage monolayer using the SFA and report an E=2-6.5MPa using the Capsule 

Model and 10-35kPa using the Hertzian model. Interestingly, this previous work 

demonstrates that their values from both models have a consistent three order of 

magnitude difference. It was suggested that  the Hertzian Model
19

 does not provide a 

good estimate for deformations greater than 30%. In our experiments, however, we did 
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not surpass a deformation greater than 7%. These results suggest that endothelial cells are 

stiffer than macrophages and T-lymphoma cells. This makes sense as the other type of 

cells can easily change conformation while endothelial cells are less mobile and 

deformable.   

 

Conclusion 

We demonstrated a detailed method of how to mount single BAEC cells in the 

SFA and showed that sensitive enough to measure the compressibility of single 

endothelial cells and established. Unlike other studies, we demonstrate that cells do not 

have a uniform behavior. The mechanical properties of single endothelial cells were 

quantified and compared to the elasticity macrophages and T-lymphoma cells. We 

established that BAECS are relatively stiffer, which makes sense as they are cells that 

have limited deformability compared to macrophages.  
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