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Abstract 

       Protein Microarrays offer an efficient and economic way for high-throughput 

analysis of the expression, function and interaction of proteins. Though successful 

application of this technology will have a powerful impact to biomedical sciences, many 

problems remain to be solved.  Two of these problems include immobilizing proteins 

onto surfaces while maintaining their in vivo activities, while also limiting non-specific 

adsorption of other biomolecules. We have used surface chemistry to design 

biocompatible materials to overcome these challenges. While designing these materials 

we have uncovered the science behind nonuniform spot profiles of immobilized 

biomolecules deposited from microdroplets. We have also investigated surface tethered 

macromolecules. Both have implications in the understanding, designing and applying 

of protein microarrays. 
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1.1 Motivation 

             Biochips are emerging as a cutting-edge high through-put analytical technology 

in the field of biosciences, because of their ability to provide a global view of whole 

genomics and proteomics.1 In the development of biosciences, especially in genomic and 

proteomics, vast amount of data have to be analyzed in parallel. Traditional methods of 

performing this kind of work are time consuming and expensive. Biochips, enabling the 

analysis of thousands of parameters at the same time, on a very small solid surface, have 

had a powerful impact on this field. Examples of the applications of biochips include 

gene expression profiles, drug screening, disease markers and protein profiles. 2 

Specifically, biochips simplify traditional methods by transforming a problem from a 3D 

system to a 2D surface where a wide variety of high-throughput analytical methods can 

be easily applied. Surface chemistry plays an important role in biochips, one of the 

instances is the successful application of surface chemistry to the development of DNA 

microarrays in the past decade. Protein molecules are more complex and fragile than 

DNA molecules, so there are more challenges in the development of protein microarrays. 

Generally, there are at least two challenges which have to be overcome by using surface 

chemistry for successful application of this technology:  keeping activity of immobilized 

proteins and eliminating non-specific adsorptions. In order to address these challenges 

clearly, detailed background information of biochips, especially DNA microarrays and 

protein microarrays, will be introduced in the followed section.3,4 ,5 ,6 ,7 

 

1.2 Background  
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             Most of the ideas and methods for Protein microarrays have been borrowed from 

DNA microarrays. DNA microarrays are one kind of biochip widely used in genomic 

research and disease diagnosis. Biochips are designed for high through-put analysis of 

biomolecules and biomolecule interactions. In figure 1.1, hundreds or thousands kinds of 

biomolecules are immobilized as receptors at separated locations on a 1 square inch 

modified solid surface. The diameter of the spots is very small (several to 300 

micrometers), so only a very small amount of sample has to be used for each spot. The 

large number of the spots enables performing hundreds or thousands of tests in parallel. 

For example, 100 µL of sample can be used to generate 10,000 spots on a microarray 

surface, which can analyze 10,000 parameters in one experiment; however, the same 

amount of sample can only generate 1-2 data points by using conventional 96-well 

ELISA. 8,9 For conventional methods, washing the non-specific adsorbed molecules or 

reagents is always a challenge. However, a microarray method makes it much easier, 

since receptors are chemically attached to a flat surface.  Sensitivity of the microarray 

method has also been well studied in recent years. Ekins and coworkers suggested that 

the microarray method is more sensitive than conventional methods. 10 , 11 , 12 , 13 , 14 , 15 

Especially, introducing single molecular fluorescence detection as a microarray 

detection method  improves the detection limit to a molecular level. 16  Employing 

nanowires in detection of biomolecules is another way to improve the sensitivity of 

microarrays. Binding or leaving of biomolecules affects the electrical field around a 

nanowire, which affects the conductivity of the nanowire. Biomolecules can be detected 

by tracking the change in conductivity of the nanowire.17,18  Mrksich group used the 
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mass spectrum as a detection method for protein microarrays, where more detailed 

information can be acquired. 19 , 20 ,21  Recently, Boxer and coworkers have employed 

secondary ion mass spectrometry (SIMS) technique to reveal the lipid distribution within 

a phase-separated membrane with a lateral resolution of 100 nm.22,23 Other detection 

methods for microarrays include fluorescence,24 ,25 ,26  ellipsometry,27  surface plasmon 

resonance SPR28,29,30, chromogenic detection31, and atomic force microscope (AFM)32. 

The markers in figure 1.2 (a) (b) (c) can be fluorescence group or specific enzymes. This 

type of biomarker can be attached directly on a target molecule or on a probing molecule 

which specifically binds a target molecule.  This method has been used widely even 

though the disturbance of the attached biomarker to the target or probing molecule is 

still in controversy.33,34   

 

 

 

 

 

 



Figure 1.1 Schematics of a biochip

different locations  
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Schematics of a biochip where different biomolecules are immobilized in where different biomolecules are immobilized in 
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(a)                                               (b)                                               (c) 

 

Figure 1.2 Schematics of using a biochip to detect biomolecules. (a) A biochip 

immobilized with receptors incubating with sample ligands (some of them attached with 

makers directly) (b) Using a specific probing molecule to bind a specific ligand (c) Each 

spot is attached with a ligand or probing molecule which is attached with a marker. 
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         In the area of biochip technology, DNA microarrays have been well developed 

in the past decade.  Today, DNA microarrays are widely used in biomedical sciences. 

The development of DNA microarrays attributes to the followed two main reasons: one 

is the invention of PCR technology, enabling the clone of thousands of DNA molecules 

in situ; the other is that the structure of DNA molecules is considerably stable and most 

information is stored in their base sequences, which remains intact under most 

experimental conditions. 35  However, this well-developed technology cannot fulfill all 

the needs in biological sciences. In organisms, DNA molecules are only the codes which 

store the genetic information. More functional and direct molecules in organisms are 

proteins. For example, most drug targets are proteins. Compared to DNA molecules, 

protein molecules are much more fragile and the function of proteins is not only related 

to their amino acid sequences but also to their conformation which is very hard to retain 

during most experiments. Furthermore, there is not an efficient way to clone proteins 

compared to PCR to clone DNA. Although the recombinant technology allows 

generation of small amounts of proteins, purification and refolding are very complicated 

and time-consuming. 36  As a conclusion, borrowing designing ideas and detection 

methods from DNA microarrays is not enough for the development of protein 

microarrays.37,38 Since the conformation of the immobilized proteins is more likely to be 

affected by their local environment, surface chemistry employed in protein microarrays 

will be much more complicated. The surface chemistry has to mimic the natural 

environment to retain the activity of immobilized protein molecules. The structure of 

proteins is more complicated and diverse than DNA, so the method to eliminate the non-
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specific protein adsorptions is more complicated. To fully understand the challenges in 

protein microarrays, it is necessary to give an overview of this technology at first. 

 

1.3 Overview of protein microarrays 

1.3.1 Array method 

  Protein molecules have to be spotted on surface in an array format in order to 

facilitate  high-throughput analysis. Because the size of the spots is very small and the 

number of the spots is usually quite large, introducing an automatic system is necessary 

to speed and standardize this process. Traditional arraying methods in DNA microarrays 

include photolithographic techniques39 and robotic spotters. Robotic spotting is widely 

used because it is easier and more efficient. In figure 1.3, the regular robotic array 

process includes spotting the sample solution on an array surface and washing the pins 

before or after each spotting. 

 

 

 

 

 

 

 

 

 



Figure 1.3 Schematics of a robotic spotter
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Schematics of a robotic spotter 
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              Due to the very small size of the spotted microdroplets, the evaporation is very 

fast. Usually 10-50% glycerol is added to sample solution to keep the hydrate condition 

of proteins in the arraying process in ambient. This method works for most non-

membrane proteins, even though partial dehydration happens. The reason is that most 

non-membrane proteins are hydrophilic and maintain a thin layer of water with the help 

from glycerol even in the partially dehydrated situation.  

             Arraying methods can also affect shape and homogeneity of spotted 

microdroplets, which will directly affect the data profiles of the array results. Arraying 

without humidity control sometimes generates ring structure on sample spots where the 

edge of the spots has much higher sample concentration because of drying.  There is 

another mechanism behind the ring problem in protein microarrays where the spots are 

always kept hydrated. This will be discussed in chapter 4 in detail.  

 

1.3.2 Surface Chemistry 

Surface chemistry plays a very important role in making protein microarrays. 

After arraying such a small protein droplet on a surface, keeping natural activity and 

localization of immobilized proteins is a real challenge. The natural activity of proteins 

is related to their conformation. The conformation of a protein is likely to change if the 

local environment is different than its natural environment. Compared to the traditional 

protein experiments performed in test tube or gel, for the immobilized proteins on 

protein microarrays, the PH, ion strength, and temperature are very easy to be tuned and 

washing becomes extremely easy.  Non-specific interactions between the immobilized 
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proteins and surface is not easy to eliminate. In most cases, this interaction will change 

the natural behavior of immobilized proteins. Among these interactions, static and 

hydrophobic interactions are dominant in most situations. It is well-known that most 

protein molecules have both hydrophobic and hydrophilic domains and they usually 

bury their hydrophobic domains as much as possible in aqueous environment. When we 

spot proteins on a solid surface, the proteins will change their conformation to favor the 

hydrophobic interaction with surface which finally leads to partial or total 

conformational change. Charged surfaces have a very high non-specific adsorption to 

proteins with opposite charge. 

         In 1998, Silzel et. al. made an antibody microarray for myeloma proteins on a 

polystyrene film by using a modified desktop inkjet printer, demonstrating that proteins 

can be immobilized and detected by this technique40. Later, in 2000, MacBeath et. al. 

made protein microarrays based on a modified glass surface and did multiple tests on 

their surface with different biomolecules. Zhu et. al. fabricated protein microarrays on r-

APS modified PDMS surface  for high through-put analysis of yeast protein kinases.41,42 

Although the successful application of protein microarray was demonstrated, many 

challenges remain to be overcome. One of them is non-specific adsorption. In fact, not 

only unmodified glass slides but polystyrene films, hydrophobic or charged surfaces 

have a non-specific adsorption background. Techniqually, the first step to improve 

protein microarray technology is to make a surface resistant to non-specific adsorption 

of proteins.  

         A surface resistant to non-specific adsorption of proteins is called a non-fouling 
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surface. These kind of surfaces have been well studied in many fields in last century.  

One of related areas is clinical implantation. The surfaces of implanted devices have to 

be non-fouling, otherwise, proteins will adsorb on these surface, developing 

inflammation, fibrosis, thrombosis, infection and other adverse reactions.43 , 44   Non-

fouling surfaces are especially important because blood will aggregate in fouling 

artificial vessels. So these devices have to be treated with surface coatings before 

implantation. A wide variety of materials show a non-fouling property. Those materials 

include metals, organic molecules and polymers.  Most polymers showing a property of 

non-specific adsorption resistance are hydrophilic polymers including 

poly(vinylpyrrolidone), poly(2-methacryloyloxyethyl phosphorylcholine), poly(ethylene 

oxide), polysaccharides and poly (carboxybetaine methacrylate)45 ,46 ,47.  

         In 2001, Whitesides and coworkers surveyed a wide variety of polymers and 

chemicals using surface plasma resonance (SPR) on gold surfaces. They found the 

surface repels most nonspecific protein adsorptions when the number of oligo-ethylene 

glycol units of surface attached PEG is larger than 3. Among all the surveyed materials, 

PEG is the most economic and efficient material: (1) PEG is inexpensive to produce; (2) 

PEG can be relatively easily grafted to solid surfaces; (3) PEG can be easily 

functionalized ; (4) The flexibility of the PEG chain allows considerable space for 

immobilized protein molecules48,49. 

         The mechanism for the resistance of PEG to protein adsorption has been a 

subject of many studies. Jeon et al. proposed that protein resistance of a PEG covered 

surface was the net force of steric repulsion, van der Waals attraction, and hydrophobic 
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interaction between the protein and the underlying solid substrate. Compared to 

hydrophobic interaction, the van der Waals attraction is of less significance. Thus, it is 

hydrophobic interaction which mainly competes with steric repulsion in determining the 

outcome of protein-surface interaction. The latter is related to the change of the free 

energy of PEG chains on the surface.50,51 Harder and coworkers applied FTIR to study 

the conformation of three kinds of oligo(ethylene glycol) (OEG)-terminated self-

assembled alkanethiolate monolayers (SAMs) on Au and Ag. The OEG groups include a 

hydroxyl-terminated hexa(ethylene glycol) (EG6-OH), a methoxy-terminated 

tri(ethylene glycol) (EG3-OMe) end group, and a substituted 1-tridecanethiol chain with 

a methoxy-terminated tri(ethylene glycol) end group and a -CH2OCH3 side chain at the 

C-12 atom (EG[3,1]-OMe). The results showed that in OE6-OH SAM on Au or Ag , the 

OEG moiety coexisted in crystalline helical and amorphous phases; the EG3-OMe 

SAMs on Au and Ag were disordered and at low coverage; the OE3-Me SAM showed 

different conformations on Au and Ag. On the Au surface, the characteristic vibrational 

frequencies for OEG were at 1350, 1204, and 960 cm-1, which were typical of OEG in 

helical conformation; on Ag, the IR frequencies at 1325 and 1313 cm-1 were indicative 

of OEG moieties in a planar conformation. Also the asymmetric CH2 stretching mode 

frequencies of the alkyl backbone was 2917 on Ag and 2919 on Au, indicating a higher 

density in the former.  Protein adsorption studies revealed that the EG3-OMe SAM was 

protein resistant on Au but not Ag. Because the OEG moiety in the helical conformation 

was hydrated while that in the planar conformation was not, this finding supported the 

hypothesis that binding of interfacial water by the OEG moieties was important in their 
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ability to resist protein adsorption52. Wang et al. carried out computer simulation of the 

conformations of both helical and planar structure of methoxy- and hydroxy- terminated 

OEG and showed that the helical conformation was more flexible than the rigid planar 

conformation.53 They also simulated the interaction of these conformations with water. 

The solvated EG moieties with non-uniform gauche rotation were by far the most stable 

in the solvated state. All these implicated the important role of the interaction between 

water and OEG in contributing to the resistance of the helical OEG to protein 54 . 

Furthermore, Harder et al. suggested that the conformational freedom of PEG on the 

surface was not a necessary condition for rendering the surface resistant to protein 

adsorption and the conformational dependant degree of salvation, and consequently the 

stability of an interfacial water layer, determined if the protein, reaching the surface by 

diffusion, could irreversibly adsorb onto the surface. This study suggested that resistance 

to protein adsorption should increase at higher coverage of helical PEG.50 However, 

David et al. found that for protein adsorption on HS(CH2)3O(CH2CH2O)5CH3 SAM 

covered gold, protein resistance was optimal at a SAM coverage of 60%, suggesting the 

importance of conformational freedom of PEG on the surface in the resistant to protein 

adsorption.  They proposed the following mechanism. As a protein approaches the 

surface, in which the underlying substrate is fully screened, it will directly contact a 

patch of oligomers, compressing and restricting their conformational mobility. If the 

density of the oligomer layer is not very high, the flexibility of surface attached 

oligomers will release the strain laterally to surrounding oligomers and ultimately 

increase the total free energy of the system;55 this is the driving force for the repulsion of 
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proteins by surface attached oligomers.; On the other hand, there is smaller free energy 

change when the protein molecule interacts with a surface with higher oligomer 

coverage. Recently, Voros et al. explained the important role of the water in the grafted 

PEG and suggested a fine structure between the water and PEG molecules in the PEG 

film.56  The interfacial force microscope (IFM) study in our group shows that there 

several layers of ice-like water molecules on carboxylic terminated surface, which 

support the theory about the change of the orientation of the water molecules 

surrounding a hydrophilic surface.  

         PEG grafting on silicon surface was done by a number of groups. Prime and 

Whiteside attached the PEG onto gold surfaces by using SAM.49 As illustrated in 

figure1.4 (a), Sofia et. al. developed the method of using tresyl chloride activated PEG 

to couple with amino modified silicon wafer and demonstrated the resistance of the PEG 

coupled surface to nonspecific protein adsorption 57 . In figure1.4 (b), Martin et. al. 

coupled the Epoxy PEG to a amine modified surface58,59.Yang et. al. grafted PEG on 

surface by using silane chemistry60 as illustrated in figure1.4 (c). Other methods include 

polymerization of PEG attached monomers.61 The method developed in our group is 

illustrated in figure1.4 (d). A silicon surface is treated with ammonium fluoride to form 

a hydrogen terminated surface, then incubated this surface at low pressure of chlorine 

gas at 80oC for half an hour to generate a chlorine terminated surface, followed applying 

a thin layer of PEG on this chlorine terminated surface in a heated vacuum glass tube at 

150c overnight. We found that PEG with different molecular weights result in different 

conformations. The conformation of low molecular weight PEG molecules was helical 
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and brush-like while that of the high molecular weight PEG molecules was curled and 

coil-like.  Both have a resistance to protein adsorptions. Specifically, a higher grafting 

density ensured a higher resistance to protein adsorption. Latter, we also developed a 

multi-arm PEG coating which has a much higher stability in applications. The ultra 

flatness of the surface and the covalent bond between the PEG molecule and Si(111) 

substrate are attractive features of the PEG/Si system62,73. 
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 of PEG grafting methods: (a) tresyl chloride coupling method (b) 

epoxy method (c) silane chemistry method (d) method developed in our group
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         Immobilizing protein molecules by using physical adsorption usually involves 

nonspecific adsorption, denaturing and disorientation,63,64,65  lowering the accuracy and 

reproducibility of microarray technology. As we discussed in the last section, surfaces 

resistant to non-specific protein adsorption are used for protein microarrays. So we 

believe chemical attachment is the best way to immobilize proteins. In figure 1.5 (a and 

b), methods to immobilize proteins using an epoxy or aldehyde group to react with the 

N-terminus of proteins have been illustrated, which have been used widely in both 

industry and academic research. One of the caveats of this methodology is that a portion 

of proteins will be attached with the wrong orientation, since we cannot choose which 

amine group, for proteins with more than one amine group on its surface, reacts with the 

surface. The orientation of the immobilized protein molecules affects the protein-ligand 

binding since most of these bindings are site specific. The efficiency of the protein 

microarrays will be improved if we can selectively choose the binding sites on a sample 

protein molecule. A few methods can control the orientation of immobilized proteins, 

including biotin-Streptavidin,66 Diels-Alder coupling,67 capture protein-capture ligand,68 

Staudinger Ligation,69 metal-histidine.25 The metal-histidine method was widely used. 

Development of biology enabled selectively choosing the site on a protein molecule to 

be attached with a 6 histidine(6xHis) tag. This 6xHis tag will specifically chelate with 

nickel or copper ions. The idea for this method is borrowed from traditional immobilized 

metal affinity chromatography (IMAC)70, which usually immobilizes nickel ions with 

nitrilo triacetic acid (NTA) or iminodiacetic acid (IDA), leaving 2 or 3 empty biding 

sites for nickel ions to bind with 6xHis to immobilized 6xHis tagged proteins. This 
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process is reversible. The immobilized proteins can be washed down after rinsing with 

immidazole contained buffer. The earliest application of this method in protein 

microarray was in Vogel group and Whitesides group.71,72 In 1996, as illustrated in 

figure 1.5 (c), Whitesides group mixed the NTA terminated alkanethiol with ethylene 

glycol terminated alkane thiol and self assemble them on gold surface. In 1997, as 

illustrated in figure 1.5 (d), Vogel group attached NTA to silicon surface by using silane 

chemistry.  Both methods for immobilizing protein molecules were successful. The first 

method with ethylene glycol units was especially successful at minimizing the 

nonspecific protein adsorption.   Previous research in our group took the advantage of 

these methods. We covalently attached IDA groups on M-PEG coated surface. Multiple 

tests were run on this surface and we found it is an ideal surface for protein 

immobilization with specific orientations. Especially because this surface does not 

require the purification of proteins.73 
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Schematics of protein attachment (a) epoxy reacts with 

reacts with amine (c) metal-histidine method on silicon surface, where the NTA was 

covalently attached (d) NTA terminated alkane thiol mixed with ethylene glycol 

thiol, where the later was used to eliminate non-specific adsorp

 

 

 

 

poxy reacts with amine (b) aldyhyde 

histidine method on silicon surface, where the NTA was 

covalently attached (d) NTA terminated alkane thiol mixed with ethylene glycol 

specific adsorption.  



21 
 

1.4 Membrane protein microarrays 

             The methods discussed above are specific for proteins in aqueous environment. 

However, a large number of membrane proteins locate in the membrane structures of 

organisms. About 60% of drug targets are membrane proteins74. Introducing this high-

throughput microarray analysis method to membrane protein would have a powerful 

impact on this field. Although most membrane proteins are very robust and a variety of 

membrane proteins retain most of their individual activities without surrounding 

membranes, for system studies, it would be great if we can immobilize membrane 

proteins as well as their surrounding membrane. Additionally, some functions of 

membrane proteins are associated with membranes.75 

         Membrane structures are widely distributed in organisms. The main components 

or the main construction materials are lipids. Lipid molecules form a double layer to 

bury their hydrophobic tails inside. This doubled layer has 2d fluidity, which facilitates 

the traffic of the membrane proteins. So membrane proteins, especially transmembrane 

proteins, usually have a hydrophobic region which interacts with the hydrophobic tails 

of surrounding lipid molecules. If we directly immobilized a membrane protein 

molecule onto a surface without the membrane protection, the conformation of the 

membrane protein will probably change. The activity will be partially or totally lost due 

to the extent of the conformation change. And also the membrane proteins are 

communicating with each other, so the localization of membrane proteins will stop this 

communication76. As a conclusion, it is best to immobilize a lipid bilayer as well as 



22 
 

keeping its lateral mobility and activity. Thus, the membrane proteins will be confined 

and laterally delocalizing in a lipid bilayer as well as in a natural cell membrane.77  

         The first step to achieve this goal is to make a lipid bilayer. The lipid bilayer 

structure of chromocytes was proposed by Gorter and Grendel78 in 1924. After almost 

four decades, in 1960s, Mueller et. al. developed a supported lipid bilayer across an 

aperture around 1mm (diameter) under water, which is referred to as a black lipid 

membrane (BLM).79,80 The BLM system is illustrated in figure 1.6. The most important 

advantage of BLM is that both sides of BLM do not interact with the solid support, so 

the lipid bilayer structure of BLM is very active and mobile as well as that of vesicles 

and liposomes. The incorporated membrane proteins will retain the same activity and 

mobility as in their natural environment.  Since its advent, BLM system has been found 

to be a useful and realistic model for biological membranes.81,82  The application of this 

technique includes biosensors and the incorporation of ion channels. However, the BLM 

system is not the ideal platform for those applications because it is fragile and not stable. 

A very small disturb around it will affect its quality since this 1mm diameter and 5 nm 

thick membrane is only supported by a very small piece of solid on its edge83. A more 

stable membrane enables employing a wide variety of analytical methods. Many 

methods have been developed to improve stability of lipid bilayers. The most well-

known method is solid supported lipid bilayers (SLBs) as illustrated in figure 1.7.  A 

decade ago, McConnell and Tamm deposit lipid bilayers on solid surfaces for 

biophysical studies84. Lipid bilayers formed on a solid surface are much more stable than 

BLM. They have been extensively studied in biomedical research since their advent. 
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85,86,87 Compared to BLM, both SLBs and incorporated membrane protein molecules are 

affected to some extend by the interaction with the supporting solid substrate, but this 

does not hinder the application of this technique in a number of fields including 

biophysics research, biosensors and biochips because there are advantages of using this 

technique. One of the advantages is that SLBs are a good platform for application to a 

variety of surface analysis methods including fluorescence microscopy88, AFM89, cyclic 

voltammetry, SPR90 and ellipsometry91. 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 1.6 Schematics of a black lipid membrane system. The membrane is supported 

by a hydrophobic aperture on its edges and the whole system is immerged in aqueous 

solution. The diameter of the aperture is around 1mm.
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Schematics of a black lipid membrane system. The membrane is supported 

by a hydrophobic aperture on its edges and the whole system is immerged in aqueous 

solution. The diameter of the aperture is around 1mm. 

 

Schematics of a black lipid membrane system. The membrane is supported 

by a hydrophobic aperture on its edges and the whole system is immerged in aqueous 
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1.4.1 Deposition method 

             Dispersed lipid molecules in solution are not in a stable state. Water molecules 

form a very ordered ice-like cage structure around each molecule, causing a rise of the 

system energy. The system energy likes to be lower, and the aggregation of lipid 

molecules lowers the system energy. The lipid molecules are amphiphilic, so they form 

structures hiding their hydrophobic tails away from the aqueous environment and 

exposing their hydrophilic heads to the water. 92  The most common structures are 

liposomes, micelles, vesicles, bilayers and cylinders. Forming lipid bilayer on solid 

surface is a very complex process. It is related to surface-vesicle interactions, surface 

roughness and vesicle curvatures.93,94  

         There are three major methods to form a lipid bilayer on a solid surface: 83 1) 

Lagmuir-Blodgett method:84,95,96 which is carried out by pulling a hydrophilic substrate 

through a lipid monolayer formed on an air-water interface and sequentially pushing it 

horizontally through another lipid monolayer.2) Vesicle deposition: 97 , 98  a nice lipid 

bilayer is formed by incubating a vesicle solution with clean glass, silicon or other solid 

surfaces. 3) Hybrid method:99 Lagmuir-Blodgett method is used to deposit a first layer 

followed by the incubation with vesicle solutions. All these methods have their specific 

use in research. However, only the vesicle deposition method will be discussed here. 

The reason is that we have to incorporate membrane proteins into lipid bilayers. The best 

way is to reconstruct membrane proteins into vesicles first.100   

 

1.4.2 Array method 
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             It is convenient if membrane protein microarrays can use a similar array method 

to non-membrane protein microarrays. Membrane proteins inserted into lipid vesicles in 

solution were spotted by a robotic spotter. Because of the amphiphilicity of lipid 

molecules, even partially dehydration willchange the lipid bilayer quality. Fully 

hydrated environment is required for membrane protein inserted lipid vesicles to form a 

lipid bilayer on a surface as well as stabilizing the lipid bilayer. The rupture of a lipid 

bilayer occurs when exposed to air-water interface. To avoid partially dehydration, 

arraying membrane protein microarrays on silicon, glass or other solid surfaces had to be 

done by using an array system in a humidified chamber (~98% humidity) followed 

transferring the microarrays to water right after arraying. In addition, because lipid 

bilayers formed on these surfaces diffuse, corrals were made on silicon surface by 

lithographic patterning to confine the lipid bilayers (figure 1.8).101   

        We believe that unmodified silicon or glass is not an ideal surface for protein 

microarrays. The flatness of these surfaces cannot help to hold the interfacial water 

between the lipid bilayer and the surface, rupturing the lipid bilayers right after exposed 

to air-water interface. The polymer modified glass surface we made makes it possible to 

use a regular robotic spotter in ambient and similar incubation methods to non-

membrane protein microarrays. There is no requirement for introducing humidity control 

and transferring to water right after arraying. Furthermore, lipid bilayer spots formed on 

our modified surface can be transferred many times from air-water interface without 

significant intensity dropping.   
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1.4.3 Formation of supported lipid bilayers 

             Kinetics of lipid bilayer formation can be monitored by quartz crystal 

microbalance (QCM) or surface plasma resonance (SPR). The dramatic difference 

between QCM and SPR is the sensitivity to trapped water.102,103,104 An SLB has lateral 

mobility due to the thin layer of water (1nm) trapped between the SLB and the substrate, 

which is a very important in  determining how close the SLB is to the natural membrane. 

The most common method to detect the lateral mobility of SLB is fluorescence after 

photo bleaching (FRAP).Other characterization methods to characterize SLB include 

ellipsometry,105  AFM,106 Impedance  spectroscopy107  and  sum-frequency vibrational  

spectroscopy 108 . For the application of SLB to protein microarray, the ability to 

incorporate biomolecules and keep the natural activity of these biomolecules can be 

characterized by a variety of methods including fluorescence microscopy, attenuated  

total reflection infrared spectroscopy (ATR-IR),109 NMR,110 second harmonic generation 

(SHG)111, AFM and ligand binding.  

         For vesicle deposition method, the interaction between the vesicles and the 

surface plays an important role in the formation of lipid bilayers from vesicles. 

Conclusively, usually two major steps are involved in this process: vesicle adsorption 

and vesicle rupture. This means to form a lipid bilayer the first step is that vesicles 

should adsorb on surface. The second step is the rupture of the adsorbed vesicles. 

Vesicle rupture is a very complicated process, which is affected by many parameters 

including temperature, vesicle size, ion strength, divalent cations, surface roughness and 

charge interactions.112,113 Here most of these parameters will be discussed. 



Figure 1.7 Schematics 
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Schematics of a solid supported lipid bilayer 

  



Figure 1.8 Schematics of a silicon wafer patterned with corral for membrane protein 

microarrays. 
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Schematics of a silicon wafer patterned with corral for membrane protein 

 

Schematics of a silicon wafer patterned with corral for membrane protein 
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         Surface plays an important role in SLB formation. Lipids are amphiphilic 

molecules. They bury their hydrophobic tails inside and expose their hydrophilic heads 

outside to favor the interaction with water molecules when they form bilayer structure in 

aqueous environment. To favor the interaction between surface and lipid bilayers, the 

surfaces used for supported lipid bilayers have to be hydrophilic or partially hydrophilic. 

Hydrophobic surfaces lead to the formation of lipid monolayers.114 The substrate used 

widely is glass. The glass surface is flat and charged in aqueous solution, facilitating the 

interaction between the surface and the lipid vesicles or bilayers.  

         The first step to form a lipid bilayer is the adsorption of vesicles115. In 1990, 

Seifert and Lipowsky developed a theoretical model to describe the formation of a lipid 

bilayer on a surface. Energetically, they proposed that a vesicle will adsorb on a surface 

if the adhesion energy gain between the vesicle and the surface wins the bending energy 

loss116. A critical radius was estimated in this theory also. Vesicles larger than this 

critical size will adsorb on the surface. This critical size is not discussed very often 

because the vesicle size used in most SLB experiments is much larger than it.  In 1997, 

Seifert suggested that isolated vesicles will rupture when their size is larger than a 

critical size117. Brisson and coworkers found the critical size is around 75nm on mica 

surface in the absence of Ca2+ ions.118.  The vesicles with size below this limit will fuse 

with other vesicles until they are large enough to rupture. The significance of Ca2+ ions 

was also demonstrated in their work, even though the mechanism is not very clear. 

Without the presence of Ca2+, vesicles smaller than 50nm (diameter) could not rupture 

on the mica surface.  However, vesicles with size much smaller than 50nm could rupture 
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in the presence of Ca2+ ions.119 Additionally, the Ca2+ ions could also low down the 

barrier between the negatively charged vesicles and the negative charged glass or silicon 

surface. Other bivalent ions such as Mg2+ showed the very similar effect to Ca2+ ions120.  

         Surface charge also plays a very important role. Surface charge affects the 

rupture of vesicles with charged lipids as well as vesicles composed of neutral lipids. 

Surfaces with less charge such as gold and TiO2 cannot form SLB by vesicle deposition 

method 121 . The charge effect was further demonstrated in Cha’s work. Cha et. al. 

employed (self-assembled monolayers) SAMs to immobilize a mixed monolayer of two 

kinds of alkane thiols, whereas one has a neutral hydroxyl end group and the other one 

with a charged end group. A surface charge density of 75% is the minimum requirement 

for the vesicles from a neutral lipid (EggPC) to rupture and form a bilayer structure. 

Another point demonstrated in their work is the selection of buffer solution for a specific 

surface. If the buffer has the same charged large ions as the surface it will help the 

vesicle rupture on this surface. A typical example is that Tris buffer can help the vesicle 

rupture on amine terminated surface whereas PBS promote the vesicle rupture on 

carboxylic acid terminated surface122. The significance of this experiment was not only 

applied as a method to help form SLBs but also disclosed a part of the mechanism 

behind vesicle rupturing.    

         Charge on lipids also plays a very important role, which has been studied by a 

number of groups. In 2003, Brisson and coworkers studied the system with three lipid 

molecules on a silica surface: DOPC, DOPS(negative charged), DOTAP(positive 

charged). In the presence of EDTA and on silica surface, vesicles with composition of 
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DOPC/DOPS (1:1) could not form a bilayer structure and only adsorbed as intact 

vesicles whereas SLB formed with vesicles of pure DOPC or DOTAP. The SLB 

forming process from pure DOPC vesicles is a two-step process: 1) initial adsorption of 

vesicles 2) Vesicle fusing and rupturing start at certain coverage. However, the SLB 

forming process from pure DOTAP vesicles is a one-step process: SLB forming starts at 

very low coverage120.   

         Surface roughness became more interesting recently with the traditional bare 

glass or silicon SLB substrate gradually substituted by chemically modified solid 

surfaces. Different to traditional flat surfaces including mica, silicon or glass, chemically 

modified, especially polymer coated surfaces involve roughness range from nm to µm. 

Brisson and coworkers have studied the SLB formed on rough silica surface and 

nanoparticale surface. In 2003, they found that SLBs can reflect the large grains on the 

rough silica surface buy using AFM, which suggests that the SLB can follow the 

curvature of the large grains. But they could not exclude the possibility that the AFM 

compress the SLB during scanning123. In 2005,  cryoelectron microscopy image showed 

that SLBs formed on 100nm size silica nanoparticles follow the curvature of these 

particles, which suggests their previous conclusion on rough silica surface  is probably 

right. Recent research on rough silica surface shows that surface topography hampered 

the overall bilayer formation kinetics for the smaller vesicles (30nm), but promoted SPB 

formation for the larger vesicles (100nm)124. Other surfaces including polymer coated 

surface demonstrated fluorescence recovery and diffusion constant of the SLB are 

affected by the surface roughness.125 
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1.4.4 Surface chemistry for membrane protein microarrays: 

         To mimic the natural membrane, SLBs have to have considerable lateral 

mobility with enough space between the lipid bilayer and the substrate. Although the 

SLBs on most oxide surface have lateral mobility but the space between the bilayer and 

the solid substrate is too small for most membrane proteins. The direct contact between 

membrane proteins and solid surface will denature the proteins. To overcome those 

hurdles, many methods have been proposed and tested.  

         As we discussed before, the SLB system is an ideal platform for a variety of 

surface analysis methods. As illustrated in figure 1.8, Jay Groves et. al. fabricated a cell 

membrane array by using lithography to make corrals on a silicon surface, where the cell 

membranes are separated by the corrals101. The SLB formed on those surface are 

considerably stable under water and ligand-receptor binding experiments have been 

done successfully on these surfaces. Other methods include using soft polymer cushion, 

which help to maintain the structure and dynamic properties of immobilized lipid 

bilayers 126 . Sackmann and coworkers immobilized lipid bilayers incorporated with 

Integrin αIIbβ3 receptors on bare glass surfaces and cellulose coated surfaces, and they 

found that the receptor activity on a bare glass surface was much lower than that on 

cellulose coated surface.  Other experiments demonstrated membrane proteins 

incorporated SLBs on glass are impossible to move127 due to the interaction between the 

proteins and the substrate.  Additionally, the lateral mobility of SLBs on glass is also 

affected to some extent128, even though it is well known that there is a 1 nm thick water 

layer between the bilayer and the substrate. A wide variety of polymers have been used 
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for supported lipid bilayers besides cellulose or cellulose derivatives. Wagner and Tamm 

introduced a polyethylene glycol-supported lipid bilayer system where each chain of the 

PEG was attached to the lipid and substrate by its ends. The polyethylene glycol 

eliminated the interaction between the lipid bilayer and the solid substrate by separating 

the bilayers from the solid surface. So the majority of the incorporated proteins are 

mobile. Also, the PEG has a very weak interaction with proteins and lipids which help to 

keep the mobility of the lipids and natural activity of membrane proteins. By varying the 

PEG concentration on surface, they demonstrated that the best polymer concentration for 

the reconstitution of integral membrane proteins into polymer-supported lipid bilayers is 

just below the mushroom-to-brush transition129. Smith et. al. introduced polyacrylamide 

to form a lipid bilayer to include membrane proteins. High mobility for both lipids and 

membrane proteins is achieved when the thickness of the polymer film is 5nm125. A 

number of other polymers have been used to form lipid bilayers.130 As a summary, 

employing polymer cushion can avoid the interaction between the membrane proteins 

and solid substrate and lubricate the SLBs as well. Additionally, most polymers 

employed are hydrophilic.  Tightly bonded water layers on those hydrophilic polymers 

could help the incorporated membrane proteins to maintain their natural conformation. 

Furthermore, flexibility of polymer chains can create a local space for incorporated 

proteins. 

         High mobility of both lipid bilayers and incorporated membrane proteins is 

achieved by introducing a polymer or an organic layer to the interface. However, the air-

stability of lipid bilayers is rarely reported. In 2000, Fang et. al. first reported air-stable 
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lipid bilayer on a r-APS coated silicon surface for membrane protein 

microarrays131,132,133,134, but later it was proven to be a lipid multiplelayer instead of a 

bilayer135. In most cases, lipid bilayers formed on surfaces will simultaneously desorb 

from the surface right after transferring through the air-water interface.  For more 

practical application it would be much better if the lipid bilayers were air-stable. 

Especially, for membrane protein microarrays, air-stability enables us to use the regular 

ambient robotic spotter for membrane protein microarrays. Additionally, the 

improvement of the stability will help sustain the bilayer after incubation with all kinds 

of solutions. 

             There are many approaches to stabilize SLBs. Cremer et. al. made air-stable 

SLBS on a glass surface by using strapavidin to block the biotin presenting SLBs or 

introducing a small amount of PEG-linked lipids to SLBs. Lipid bilayers made by those 

methods are air-stable and have potential for many applications. But for application to 

membrane protein microarrays, the involvement of PEG chains or strapavidin molecules 

on the bilayer surface blocks the ligand-receptor interactions of the incorporated 

biomolecules. Sugars were also introduced to help maintaining the air stability of the 

lipid bilayer as well and trehalose was found to be the best among six disaccharides and 

glucose136. One of other approaches is making a lipid monolayer on a hydrophobic 

surface.  The typical surfaces used in this technique are SAMs on Au137 or silicon138. 

Lipid monolayers formed on these surfaces are air-stable and widely used in the research 

of biosensors 139 , however, the monolayer structure cannot be used to incorporate 

membrane proteins for membrane protein microarrays. Polymerizing supported lipid 



36 
 

bilayers can also form very stable lipid bilayers, which remain intact to surfactants, 

organic solvents and transferring across air/water interface140. But the mobility of this 

kind of bilayer is totally lost after polymerization. In our work, we applied PEG coating 

on a glass surface and covalently attached cholesterol molecules on the PEG coated 

surface. Air-stabile lipid bilayers were fabricated by using this modified surface.   

 

1.5 Surface tethered macromolecules 

             Surface tethered macromolecules have been widely used in many areas. A 

typical example in protein microarrays is that a protein, DNA or other biomolecule is 

attached to a surface by single or multiple molecule chains. As we discussed before the 

surfaces used in most protein microarrays are non-fouling surfaces, which repel the 

biomolecules attached. In other words the sample biomolecules attached on the surfaces 

have an unfavorable interaction with the surface, which builds up the strength in the 

molecular linker between the biomolecules and the surface. The stability of this type of 

linkers will dramatically affect the property of protein microarrays. Are these molecular 

linkers (single or multiple molecular chains) stable enough to withstand the unfavorable 

interaction between the biomolecules and surface? To answer this question, we 

introduced a surface-initiated polymerization of a hydrophilic polymer on a hydrophobic 

surface. A covalently tethered polymer molecule can spontaneously break away from the 

surface when polymer/surface interaction is sufficiently unfavorable. This is 

demonstrated in surface initiated polymerization of a hydrophilic polymer, 

hyperbranched polyglycidol, from minority surface sites embedded in a hydrophobic 
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self-assembled monolayer. As each hyperbranched polyglycidol molecule grows larger, 

it encounters more unfavorable interaction with the hydrophobic surface and leads to 

spontaneous bond rupture and desorption. This finding challenges the traditional view 

on noncovalent interaction of macromolecules with the local environment at interfaces 

and has broad implications for the understanding, design, synthesis, and applications of 

surface tethered macromolecules. In chapter 5, it will be discussed in details. 
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2.1 Introduction 

              A wide variety of characterization methods have been employed in our 

experiments. Commonly used methods include surface characterization tools include X-

ray Photoelectron Spectroscopy (XPS), Atomic Force Microscopy (AFM), Attenuated 

Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR), Ellipsometry, 

Fluorescence Microscopy and water contact angle. Other less utilized characterization 

methods include Nuclear Magnetic Resonance Spectroscopy (NMR), Fourier Transform 

Infrared (FTIR) Spectroscopy, Matrix Assisted Laser Desorption/Ionization Time-of-

Flight (Maldi-tof) and Electrospray Ionization Mass Spectrometer (ESI-MS). The 

fundamental principles of the commonly used surface characterization methods are 

discussed below. 

 

2.2 X-ray Photoelectron Spectroscopy (XPS) 

              XPS is known to be a very useful technique to analyze the elemental 

composition of the solid surface quantitatively. Especially, XPS can be used to 

determine the chemical states and the 3D spatial distribution of the analyzed elements; 

and also XPS can be used to determine the thickness and the chemical composition of 

the film if the sample is present as a film. The most common anode materials are Mg 

and Al, which produce photons with energies with 1253.6 and 1486.6 eV, respectively. 

Most modern XPS machines are equipped with a monochromator, which improves the 

sensitivity of the spectrometer by producing a narrow x-ray line. Two types of electron 

analyzers widely used are cylindrical mirror analyzer (CMA) and hemispherical sector 
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analyzer (HSA). A HAS is used more often than a CMA in modern XPS instrument. The 

XPS machine (Phi540, Perkin Elmer) used in our experiments has no monochromator. 

Major parts of the instrument, including X-ray anode and hemispherical electron energy 

analyzer, are housed in an ultrahigh vacuum chamber (UHV), pumped by an ion pump. 

The sample can be introduced into UHV through a load-lock chamber.  During scanning, 

the pressure in the UHV chamber is lower than 2x10-9torr. The Mg K   (1253.6ev) is 

used as the source of the x-ray beam. The binding energy (EB) is related to the kinetic 

energy (KE) of the ejected electron by the following formula: 

�� = ℎ� − �� − 	
   

Whereas 	
 is the work function of the solid surface; ℎ� is the energy of the incident X-

ray photon. Different elements have different binding energies. For the same element in 

different chemical environment, it will have a different binding energy. This allows us to 

quantify how much and what chemical state the element is. 

A photoelectron has a limited escape depth in different materials. When the 

photoelectron has been ejected by an x-ray photon, its intensity will attenuate because of 

the interaction with the overlayer. Based on the change in intensity, we can calculate the 

thickness of the layer on the surface by using the followed formula.       

  � �⁄ = exp (−� � cos �⁄ )  

Where � is the intensity of the photoelectrons before the adsorption of the film, and I is 

the intensity of the photoelectrons after the grafting of the film. L is the thickness of the 
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film and � is the angle between the detection and the surface normal; � is the mean free 

path of the photoelectrons of the detected element.  

The relation of the intensity of C1s peak with the thickness of the homogeneous 

film can be calculated from the following formula: 

 ����� = �(� !) "����#
$%&'(

)���� * exp +− $,-
. /01 23$

 45 = �(� !)"6789#)����
. /01 2

$ :1 −

exp ( $
. /01 2)<   

Whereas �(� !)is the sensitivity factor for the C1s photoelectrons; "6789#is the surface 

concentration of the of the film; )����  is the number of  carbon atoms in each film 

molecule; z is the distance from the silicon surface; � is the attenuation length of C1s 

photoelectrons in the PEG film; and L is the thickness of the film.1,2 

 

2.3 Water contact angle 

Water contact angle as shown in figure 2.1, is a simple technique to determine 

surface energy. Hydrophobic group terminated surface has a high contact angle with 

water, hydrophilic group terminated surface has a low contact angle with water. We use 

water contact angle measurement to determine the hydrophobicity of the surface. The 

surface energy is related to the contact angle by the following Young’s equation: 

=!> − =!� = =�> cos �  

Where =!> , =!� , and =�>  are the surface free energies of solid-vapor, solid-liquid, and 

liquid-vapor interfaces respectively. 



Figure 2.1 A water drop on a solid surface.  The angle θ is the contact 

drop.  
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A water drop on a solid surface.  The angle θ is the contact 

 

A water drop on a solid surface.  The angle θ is the contact angle of the water 
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2.4 Attenuated Total Reflection Fourier Transform Infrared Spectroscopy 

ATR-FTIR Spectroscopy has proven to be very useful for acquiring 

conformational information about functional groups within organic monolayers. 

Polarized ATR-FTIR Spectroscopy can be used to obtain information about the 

orientation of the molecules3. There are two important uses: one is to obtain information 

about the substrate film used to immobilize the proteins; the other is to acquire structural 

information about the protein. The ATR-FTIR Spectroscopy used in our lab is a MIDAC 

M250-C FTIR spectrometer (MIDAC, Irvine, CA, USA) equipped with a liquid 

nitrogen-cooled mercury-cadmium-telluride detector. Nitrogen is used to purge the FTIR 

system. Both ends of the ATR crystal are polished at 45o. The IR light enters into the 

ATR crystal and, after roughly 50 reflections, exits the crystal and is detected (figure 

2.2). Data acquisition consists of averaging at least 50 scans. One of the disadvantages 

of using Si as an ATR substrate is that information below 1500 cm-1 is lost due to 

absorption by the Si and SiOx phonons.4  

 

 

 

 

 



Figure 2.2 A schematic of an ATR
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A schematic of an ATR-FTIR Spectroscopy 
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2.5 Fluorescence microscopy 

Fluorescence microscopy is a well-established and widely used technology. 

Because of the high sensitivity of fluorescence detection, it can be used to analyze trace 

amounts of sample and, in this project, to detect the amount of proteins immobilized on 

the surface. Figure 2.3 is the widely used illumination system (epi-illumination). The 

excitation light is reflected by a dichromatic splitter to the sample. Fluorescence light 

comes out and goes through the splitter toward the detector.5,6  

 

 

 

 

 

 

 

 



Figure 2.3 A schematic of a fluorescence m
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A schematic of a fluorescence microscope commonly used

 

 

icroscope commonly used 

 



57 
 

2.6 Atomic Force Microscope 

As illustrated in figure 2.4, the main component of an AFM is a microscale 

cantilever and a sharp tip. A laser focuses on the other side of the cantilever where the 

tip is attached and is reflected by the cantilever onto a four-quadrant photodiode, which 

gives the quantitative information of the bending of the cantilever. In different type of 

AFMs, either the probe head or the sample stage moves.  When the cantilever scans over 

the sample surface, it bends differently due to different surface topography, which can 

be tracked by laser. For contact AFM, usually the force between the tip and surface is 

fixed to a certain value. Laser tracks the bending of the cantilever and gives the signal to 

the controller to move the probe head or the sample stage to maintain the fixed force. 

Record the movement of the probe head or the sample stage, topography of the sample 

surface can be extracted. At the same time, a friction force image can be extracted from 

the laser movement. Contact AFM has limitations because there is a strong interaction 

between the tip and the surface, which either deforms or damages the sample during 

scanning. Another type of AFM called non-contact or tapping can scan the surface 

without strong interaction with the sample surface. Different to contact AFM, this type 

of AFM vibrates the cantilever in certain frequency and amplitude. Laser tracks the 

vibration of the cantilever and gives the signal to the controller to move the probe head 

or the sample stage to maintain the fixed amplitude. Record the movement of the probe 

head or the sample stage, topography of the sample surface can be extracted. 

Simultaneously, a phase image can be extracted from the laser movement.78 
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In most experiments in this thesis, tapping mode AFM was used, due to the 

softness and stickiness of the polymers used in these experiments. The AFM machine 

used most often is from Digital Instrument, and the software is NanoScope III. Scanning 

Probe Image Processor (SPIP 4.6.0.0) from Image Metrology was used to calculate the 

surface coverage and volume of polymer islands. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 2.4 A Schematic of an atomic force microscope.
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A Schematic of an atomic force microscope. 
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2.7 Ellipsometry 

Ellipsometry has proven very useful in determining variety of thin film physical 

properties, including thickness, optical constants and compositions. Elliptically polarized 

light is reflected from a sample surface. The ellipsometer measures the amplitude ratio 

and the phase shift of the reflected light. Multiple sets of data obtained at different 

wavelengths can be used to calculate the thickness of the sample. Compared to other 

techniques including XPS and AFM, ellipsomtry is non-destructive to most samples. 

Ellipsometry is also a very sensitive surface analytical method. It has been widely used 

in a variety of fields including materials research, biological studies and biotechnologies. 

For example, in the previous chapter, we mentioned the application of this technique in 

protein microarrays, which studies the protein-ligand bindings directly without the need 

of introducing biomarks for probing. In chapter 5, this technique has been used to study 

a surface-initiated polymerization. 
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Chapter 3 

Fluidic and air-stable supported lipid bilayer  

and cell-mimicking microarrays* 
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and air-stable supported lipid bilayer and cell-mimicking microarrays” J. Am. Chem. Soc. 
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3.1 Introduction 

              The majority of drugs under development target cell surfaces. Examples include 

molecules that bind G-protein coupled receptors 1  and ion channels, 2  the bivalent 

monoclonal antibody (mAb)3 or engineered multivalent mAb fragments4 that recognize 

cell surface antigens, and other small molecules 5 or nano-particles6 that attack disease 

cells based on multivalent recognition. In view of this cell-centered drug development, 

there is a growing need of high throughput analytical techniques incorporating the 

fluidic cell membrane environment. Fluidic supported lipid bilayers (SLBs) constitute a 

benchmark in studying cell surface processes, providing an analytical platform which 

mimicks the cell membrane environment.7-10 However, due to its instability under a 

variety of sample processing or handling conditions, particularly exposure to air, 

developing the SLB into a practical and high-throughput technique has been extremely 

difficult. In this paper, we report a novel method of fabricating air-stable and fluidic 

SLBs based on the unique properties of cholesterol. Cholesterol, a crucial and naturally 

occurring component of all mammalian plasma membranes, is recognized for its 

biochemical and biophysical importance. The presence of cholesterol increases the 

stability and rigidity of lipsomes by increasing their area-expansion modulus and 

bending energies. 11  The rigid and flat cholesterol molecule imposes conformational 

ordering locally and increases the packing density of lipid molecules in the immediate 

surrounding.12 In nature, cholesterol molecules in the cell membrane are known to phase 

separate into cholesterol rich and cholesterol deficient domains.12 To fully take 

advantage of the stabilizing effect, we disperse and immobilize cholesteryl by covalent 
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linking to a hydrophilic polymer [poly-ethyleneglycol (PEG)] brush. This allows a 

uniform interaction of cholesteryl groups with the entire bottom leaflet of an SLB, 

resulting in air-stability of the SLB while maintaining fluidity of the lipid membrane 

environment. The fluidic and air-stable SLB is not only a robust model for biophysical 

studies, but also an efficient cell-mimicking platform for high-throughput analysis. 

 

3.2Experimental methods 

             Materials. Egg phophatidylcholine (EggPC), 1,2-dioleoyl-3-trimethyl 

ammonium propane (DOTAP), and ganglioside-GM1 were from Avanti Polar Lipids 

(Alabaster, AL). Texas Red tagged dihexadecanoyl-phosphatidylethanolamine (TR-

DHPE) was purchased from Invitrogen (Carlsbad, CA). The negatively charged PEG 

brush coated glass coverslips were from MicroSurfaces, Inc. (Minneapolis, MN). 

Primary antibodies against PLN (L-15) and pS16-PLN (Ser16) were from Santa Cruz 

Biotechnology (Santa Cruz, CA). FTIC tagged secondary antibody [AffiniPure Donkey 

Anti-Goat IgG(H+L)] were from Jackson ImmunoResearch Laboratories (West Grove, 

PA). All other chemical reagents were from Sigma-Aldrich (St. Louis, MO). 

Phospholamban (PLN) monomer (C36A, C41F, C46A construct) and pentamer (wild-

type) were expressed and purified as previously described. 13  Phosphorylation at S16 

(pS16-PLN) was carried out on monomeric PLN as described previously using the 

catalytic subunit of protein kinase A (Sigma-Aldrich, St. Louis, MO). 14  Unlabeled 

cholera toxin B (CTB) and FTIC dye-tagged CTB were both purchased from Sigma-

Aldrich (St. Louis, MO). 
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             SUV. Preparation of SUV solution was carried out via the extrusion method of 

Avanti Polar Lipids. Briefly, mixed lipids were evaporated under argon flow until dry 

and the lipid mixtures were reconstituted in Tris buffer (50 mM Tris-hydroxymethyl-

aminomethane in 100 mM NaCl, pH 7.5) to give a total lipid concentration of 1mM. 

Suspension of the lipid mixtures after prefiltration through 0.45 µm pores was forced 

through a polycarbonate filter with 50 nm pores more than 11 times. This SUV solution 

was stored at 4 oC until use. To incorporate GM1, we added 2% GM1 (in methanol) to 

the mixed lipid solution before the drying step. The reconstitution of proteins, 

monomeric and pentameric phospholamban (PLN), into SUVs has been described 

elsewhere.15,16 Briefly, PLN was first dissolved into a 10% SDS solution to give a final 

protein concentration of ~1 mg/ml. The protein/detergent mixture was then added to the 

SUV solution (~7 mg/ml) to give a final protein concentration of ~0.2 mg/ml, a 

lipid:protein (monomer) molar ratio of ~100:1, and a total lipid concentration of ~3.5 

mg/ml. The mixture was then subjected to 2-3 days of dialysis using a 10 kDa molecular 

weight cut-off membrane, until all SDS was removed. 

             Cholesteryl-PEG Surface. To covalently attach cholesteryl groups, we incubated 

the PEG brush surface with 30 mM cholesteryl chloroformate in DMF/CH2Cl2 (1:1) in 

the presence of a catalytic amount of pyridine at room temperature. The reaction time 

was varied between 0.5 and 5 hours to give different surface cholesteryl density, which 

was quantitatively determined for each surface by X-ray photoelectron spectroscopy 

(Phi 540) based on the C1s peak areas. The estimated error in surface cholesteryl density 
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is ± 20%.  

             SLBs. A sufficient amount of the SUV solution was placed on each 

functionalized surface of interest and incubated for one hour at room temperature. 

Excess vesicles were removed from the surface by flushing with copious amounts of 

Tris buffer. To test air-stability, we removed the SLB-covered surface from the buffer 

solution and left it to dry in air for ~ two hours. We rehydrated each surface by placing it 

back in the buffer solution. Note that all SLB covered surfaces were handled 

horizontally to avoid excessive shear force from liquid fronts running across the surface. 

Most washing/rinsing steps were carried out with the SLB covered surfaces facing up at 

the bottom of Petri dishes and with buffer solutions added and withdrawn at 

localizations away from the sample surfaces. 

             Arraying & Immunostaining: SUV solutions were deposited on cholesteryl-PEG 

surfaces with a robotic arrayer (Molecular Dynamics). To avoid rapid drying of the 

nanoliter droplet, we added 10% glycerol to each SUV solution. We incubated the 

arrayed coverslips in high humidity environment for 30min-1hour and then rinsed each 

sample with Tris buffer to remove excess lipids on the surface. For CTB incubation, the 

sample was incubated with diluted CTB solution (1 nM) for 3 hours. For 

immunostaining, we incubated the coverslips with primary antibody (1:200 dilution in 

TRIS buffer) for two hours, followed by sufficient washing and then incubation with 

secondary antibody solution (1:200 dilution in TRIS buffer) for one hour. We washed 

each sample with copious amounts of buffer before imaging. 
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              FRAP. We carried out all FRAP experiments using a Nikon fluorescence 

microscope. Bleaching was done with a 60x objective and full lamp power for 1 minute; 

the diameter of the bleached spot was 40 µm. Images for recovery were taken at reduced 

excitation power with a 20x objective. 

 

3.3 Results and discussions 

The densities of covalently attached cholesteryl groups on the PEG brush 

surface are quantified by XPS. Figure 3.1 shows XPS in the C1s region for the PEG 

brush surface before (lower) and after (upper) cholesteryl group attachment. The C1s 

spectrum for the PEG brush surface is dominated by ether carbon in the PEG brush (BE 

= 286.1 eV), with the smaller peak at BE 288.6 eV due to surface –COOH groups. 

Thickness of the PEG brush coating is 2.3 nm, as determined from the attenuation of the 

substrate XPS peaks. After reaction with cholesteryl chloroformate, the peak at BE = 

284.6 becomes evident. This peak corresponds to zero valence carbon (C bonded to C or 

H) and is dominated by most carbon atoms in the cholesteryl group. Note there is also an 

increase in the 288.6 eV peak due to the formate linker. Because these different carbon 

peaks are well resolved, we obtain surface density from the relative peak areas, taking 

into account photoelectron attenuation factors, as detailed previously17. For the upper 

spectrum in Figure 3.1, this quantitatively analysis gives a surface cholesteryl density of 

0.30 ± 0.06/nm2. The error bar mainly comes from uncertainty in the photoelectron 

escape depth. 



Figure 3.1 X-ray photoelectron spectra (XPS) in C

functionalized PEG brush before (lower) and after (lower) cholesteryl attachment 

reaction (2 hours). The peaks at binding energy BE = 288.6, 286.

represent carbon atoms in 

The dots are experimental data and the solid curve is the sum of individual fits (dotted 

curve) to peaks at different binding energies.
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ray photoelectron spectra (XPS) in C1s region of the 

functionalized PEG brush before (lower) and after (lower) cholesteryl attachment 

reaction (2 hours). The peaks at binding energy BE = 288.6, 286.

represent carbon atoms in –COO-, PEG, and cholesteryl (hydrocarbon), respectively. 

The dots are experimental data and the solid curve is the sum of individual fits (dotted 

curve) to peaks at different binding energies. 

 

region of the –COOH 

functionalized PEG brush before (lower) and after (lower) cholesteryl attachment 

reaction (2 hours). The peaks at binding energy BE = 288.6, 286.1, and 284.6 eV 

, PEG, and cholesteryl (hydrocarbon), respectively. 

The dots are experimental data and the solid curve is the sum of individual fits (dotted 
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              To form SLBs on the cholesteryl-PEG/glass surfaces, we use the vesicle fusion 

method7-10 (illustration in Figure 3.2). The fluorescence microscopy images in Figure 3.2 

are from SLBs formed on surfaces with cholesteryl densities of θCh = 0.0, 0.2, and 

0.3/nm2, respectively. While SLBs with spatially uniform fluorescence intensity 

distributions are formed on all surfaces in buffer solutions (a-c), the influence of 

cholesteryl becomes apparent when the SLB is exposed to air and dehydrated. On 

surfaces with low cholesteryl densities (θCh < 0.3/nm2), moving through the water-air 

interface and drying in air results in desorption and extensive restructuring of surface 

adsorbed lipid molecules, as evidenced by the lower and non-uniform fluorescence 

intensity of images (d, e). Upon rehydration of these dried surfaces in buffer solution, 

most lipid molecules are washed off the surfaces (g, h). In contrast, when the surface 

cholesteryl density reaches a critical value of θCh = 0.3/nm2, fluorescence images of the 

SLBs remain spatially uniform upon drying (f) and rehydration (i); thus establishing air-

stability. Results for θCh = 0.5/nm2 (figure 3.6) are similar to those of θCh = 0.3/nm2.  

 

 

 

 

 

 

 



Figure 3.2 Fluorescence microscopy images of supp

surface with the indicated densities of surface tethered cholesteryl groups: 

(b, e, h), and 0.3/nm2 (c, f, i). The scale bar (0.4 mm) for each column is shown at the top. The 

SLBs are formed from the fusion of SUVs containing 0.5% Texas

glycero-3-phosphoethanolamine (TR

1,2-dioleoyl-3-trimethyl ammonium propane (DOTAP). Images for the as

buffer solution (a, b, c) and those after dehydration (g, h, i) are taken with 4x objective, while 

those in the dehydrated state (d, e, f) are taken with 10x objective to reveal more details.
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Fluorescence microscopy images of supported lipid bilayers formed on a PEG 

surface with the indicated densities of surface tethered cholesteryl groups: 

(c, f, i). The scale bar (0.4 mm) for each column is shown at the top. The 

ed from the fusion of SUVs containing 0.5% Texas-Red 1,2

phosphoethanolamine (TR-DHPE), 50% egg phophatidylcholine (EggPC), and 50% 

trimethyl ammonium propane (DOTAP). Images for the as

tion (a, b, c) and those after dehydration (g, h, i) are taken with 4x objective, while 

those in the dehydrated state (d, e, f) are taken with 10x objective to reveal more details.

 

lipid bilayers formed on a PEG brush 

surface with the indicated densities of surface tethered cholesteryl groups: θCh = 0.0 (a, d, g), 0.2 

(c, f, i). The scale bar (0.4 mm) for each column is shown at the top. The 

Red 1,2-di-hexadecanoyl-sn-

DHPE), 50% egg phophatidylcholine (EggPC), and 50% 

trimethyl ammonium propane (DOTAP). Images for the as-formed SLBs in 

tion (a, b, c) and those after dehydration (g, h, i) are taken with 4x objective, while 

those in the dehydrated state (d, e, f) are taken with 10x objective to reveal more details. 
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Within the air-stable SLB, lipids remain mobile even after the membrane has 

gone through dehydration and rehydration, as shown by fluorescence-recovery-after-

photobleaching (FRAP) in Figure 3.3. Sample fluorescence microscopy images (along 

with cross-sectional profiles) for the rehydrated SLB are shown on the right side. Similar 

images are obtained for the as-prepared SLB in buffer solution before drying (figure 3.7). 

Fitting the FRAP data in Figure 3.3 gives lipid diffusion constants of D = 1.3 ± 0.2 

µm2/s and total recovery percentage > 90% at long times, both before and after the 

dehydration-rehydration cycle. This diffusion constant is typical for tethered lipid 

bilayers.18 Within the range of cholesterol density (~0.1-0.5/nm2) investigated, we find 

no significant change in lipid diffusion constants.  

 

 

 

 

 



Figure 3.3 FRAP results for an SLB formed on a PEG/glass surface with a tethered 

cholesteryl density of 

panel for the SLB after air

from fits (solid lines) to the FRAP data and average values from repeated measurements 

are shown. The right shows two flu

sectional profiles for the rehydrated SLB taken at 60 s and 660 s after photobleaching.
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FRAP results for an SLB formed on a PEG/glass surface with a tethered 

cholesteryl density of 0.3/nm2. The lower panel is for the as-formed S

panel for the SLB after air-drying and rehydration. The diffusion constants are obtained 

from fits (solid lines) to the FRAP data and average values from repeated measurements 

are shown. The right shows two fluorescence images (240 µm x 400 µ

sectional profiles for the rehydrated SLB taken at 60 s and 660 s after photobleaching.

                                            

FRAP results for an SLB formed on a PEG/glass surface with a tethered 

formed SLB and upper 

drying and rehydration. The diffusion constants are obtained 

from fits (solid lines) to the FRAP data and average values from repeated measurements 

240 µm x 400 µm) and cross 

sectional profiles for the rehydrated SLB taken at 60 s and 660 s after photobleaching. 
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             We have also carried out FRAP measurements on the SLB in the dehydrated 

state and find no lipid mobility (figure 3.8). Note that we use the term “air-stable SLB” 

to describe the supported lipid bilayer which remains intact after dehydration and 

rehydration. While fluorescence microscopy shows no difference between the hydrated 

and the dehydrated SLB, it is possible that, in the dehydrated state, reorganization of 

lipids may occur on scales smaller than what is resolvable optically. Even after 

rehydration, defects with sizes smaller than optical resolution may also form in the SLB 

after repeated cycles of dehydration and rehydration. However, the insensitivity of the 

FRAP data to dehydration/rehydration cycles suggest that accumulation of defects, if 

present, is not significant.  

              A supported lipid bilayer is known to be unstable upon exposure to air.19 This is 

because dehydration of the hydrophilic head groups makes the organized two-

dimensional lamellar configuration energetically unstable. Extensive reorganization of 

lipid molecules into three-dimensional structures occurs upon air-exposure, resulting in 

the destruction of the SLB and desorption of lipids from the surface.10 The key to our 

success lies in the dispersed (statistically from the attachment reaction) and immobile 

nature of tethered cholesteryl groups. The critical surface cholesteryl density of 0.3/nm2 

corresponds to a cholesteryl-to-lipid ratio of ~1:6 in the bottom leaflet. At this critical 

density, the local ordering and stabilization by cholesteryl is distributed throughout the 

entire bottom leaflet. This effect is combined with covalent tethering of the cholesteryl 

groups to provide a sufficient energy barrier which prevents the restructuring of the lipid 

bilayer when the top surface is dehydrated, thus, leading to air-stability. Supporting our 
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conclusion, we note that air-stability was not achieved in previous studies of supported 

lipid bilayers on tethered cholesteryl groups in binary thiol self-assembled monolayers 

(SAMs) on gold surfaces,20 where extensive phase separation resulted in domains of 

cholesteryl thiol separated from those of short hydrophilic thiols.21 Vesicle deposition on 

such a phase separated surface led to lipid monolayers on the cholesteryl domains while 

lipid bilayers formed on the hydrophilic thiol domains, without achieving air-stability.  

There have been previous attempts in making stable supported membranes. 

Plant and coworker demonstrated the approach of hybrid bilayer22,23 where a stable lipid 

monolayer was assembled onto an alkanethiol self-assembled monolayer. The hybrid 

bilayer is not suitable for the incorporation of transmembrane proteins. Saavedra and 

coworkers demonstrated a stable supported lipid membrane by polymerizing 

diacetylene-lipid conjugates. 24  The lack of lipid mobility in such a polymerized 

membrane limits it application. Cremer and coworkers achieved air-stability by covering 

the SLB surface with proteins and polymer-brushes. 25 - 26  However, the protection 

functionalities on the surface of the SLB may inhibit or prevent proper interaction of 

membrane proteins or surface glycans with their targets, thus limiting their applications. 

This group also demonstrated that an SLB becomes air-stable if the solution in contact 

with the SLB before drying contains a relatively high concentration of trehalose, 27 an 

approach adapted from anhydrobiotic organisms. 28  This approach requires the 

introduction of trehalose every time the SLB is exposed to air. In contrast,  the air-stable 

SLB demonstrated here can be continuously dehydrated and rehydrated without the need 

of adding special components to the solutions. As shown below, it also allows the 
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reconstitution of peripheral as well as transmembrane components.  

The success in achieving air-stability has enabled us to directly form SLB 

microarrays simply from robotic spotting. Drying of the nanoliter droplets after arraying 

is not a problem because of the air-stability of the SLB and because excess lipids are 

easily washed off. Figure 3.4 a shows fluorescence images of a 2x1 array of SLB formed 

from robotic spotting of SUV solution on the cholesteryl-PEG surface and the same 

array after it has been withdrawn from the air-water interface once and four times, 

respectively. Insets (b) and (c) show zoomed-in images on one spot taken at 47s and 

600s, respectively, after photobleaching. Lipid molecules in the SLB spot are clearly in 

the fluidic state; fitting the FRAP data (not shown) gives similar diffusion constants as 

that in Figure 3.3. The data points in Figure 3.4 show that the spot intensity remains 

constant after the array has been withdrawn from the air-water interface for as many as 

11 times (without complete drying), indicating remarkable robustness of the SLB spots. 

 

 

 

 

 

 

 

 



Figure 3.4 (a) Fluorescence microscope images of a 2x1 array of SLBs on the 

cholestery-PEG/glass surface (

and those after air-

respectively. The data points are fluorescence intensity as a function of the number of 

times of air-exposure. The zoomed

the air-water interface once after arraying and washing) taken at (b) 47 s and (c) 600 s 

after photobleaching. All fluorescence measurements were carried out with the sample 

in buffer solution. The scale bar is 40
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(a) Fluorescence microscope images of a 2x1 array of SLBs on the 

PEG/glass surface (θCh = 0.3/nm2). The as-formed array is shown at the top 

-exposure once and four times are in the middle and bottom, 

respectively. The data points are fluorescence intensity as a function of the number of 

exposure. The zoomed-in images are for a single spot (transferred through 

water interface once after arraying and washing) taken at (b) 47 s and (c) 600 s 

after photobleaching. All fluorescence measurements were carried out with the sample 

solution. The scale bar is 400 µm in (a) and 100 µm in (b) or (c).

 

(a) Fluorescence microscope images of a 2x1 array of SLBs on the 

formed array is shown at the top 

exposure once and four times are in the middle and bottom, 

respectively. The data points are fluorescence intensity as a function of the number of 

are for a single spot (transferred through 

water interface once after arraying and washing) taken at (b) 47 s and (c) 600 s 

after photobleaching. All fluorescence measurements were carried out with the sample 

µm in (b) or (c). 
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              The formation of such an air-stable SLB microarray does not require surface 

pre-patterning to form corrals, 29,30 but can be achieved from simple robotic spotting. 

Note that Fang et al. previously reported air-stable G-protein coupled receptor arrays 

formed from the direct deposition of membrane solution on a γ-aminopropylsilane 

(GAPS) coated glass surface.31 However, control experiments reported by McBee and 

Saavedra showed that SUVs deposited on the GAPS surface did not form SLBs and did 

not possess sufficient stability upon withdrawing of the sample from the air-water 

interface.32  Our ability to form fluidic and air-stable SLB microarrays from simple 

robotic spotting has opened the door to large scale screening of cell surface interactions. 

We demonstrate this using two model systems. 

           

 

 

 

 

 



Figure 3.5 Fluorescence microscopic images of SLB arrays deposited on the 

cholesteryl-PEG/glass 

& d) 2% ganglioside GM1. The red channel shows TR

channel detects the binding o

FITC-CTB to the GM

CTB and varying concentrations (C/nm) of CTB without dye label. 

containing PLN with a protein/lipid rati

spots containing PLN

containing PLN5 (left) with a protein cluter/lipid ratio of (1:500) and pS16

with a ratio of (1:100). The red cha
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Fluorescence microscopic images of SLB arrays deposited on the 

/glass surface (Ch = 0.3/cm2). Left: Arrays with (a & b) or without (c 

& d) 2% ganglioside GM1. The red channel shows TR-DHPE (0.5%) and the green 

channel detects the binding of FITC-CTB.  (e) Competitive assay of the binding of 

CTB to the GM1 containing SLB array from a solution containing 1 nM FITC

CTB and varying concentrations (C/nm) of CTB without dye label. 

containing PLN with a protein/lipid ratio of 1:100; (h & i) controls without protein; (j) 

spots containing PLN5 with a protein cluster/lipid ratio of 1:500, and (k) spots 

(left) with a protein cluter/lipid ratio of (1:500) and pS16

with a ratio of (1:100). The red channel is for TR-DHPE and green for FITC

Fluorescence microscopic images of SLB arrays deposited on the 

: Arrays with (a & b) or without (c 

DHPE (0.5%) and the green 

CTB.  (e) Competitive assay of the binding of 

containing SLB array from a solution containing 1 nM FITC-

CTB and varying concentrations (C/nm) of CTB without dye label. Right: (f & g) Spots 

o of 1:100; (h & i) controls without protein; (j) 

of 1:500, and (k) spots 

(left) with a protein cluter/lipid ratio of (1:500) and pS16-PLN (right) 

DHPE and green for FITC-2nd 
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antibody. A primary antibody against PLN is used for (g, i, j) and that specific for pS16-

PLN in (k). The scale bar in (d) is 400 µm. 
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In the first system, we incorporate into the SLB 2% ganglioside GM1, a 

glycolipid containing the oligosaccharide unit for the specific binding by cholera toxin B 

(CTB) subunits. We choose this model system because the pentameric CTB is known to 

bind to five GM1 and this multivalent interaction is expected to require fluidity in cluster 

formation.33 The fluorescence microscopy images in the left panel in Figure 3.5 show 

SLB arrays with (a & b) or without (c & d) GM1. As expected, the green dye-tagged 

CTB binds specifically to GM1 containing SLB arrays . We carry out FRAP 

measurements on SLB spots after CTB binding and find that the TR-DHPE lipids (red 

channel) remain mobile(figure 3.9) while the CTB-GM1 complexes (green channel) are 

not (figure 3.10), in agreement with previous studies.34 We also carry out quantitative 

analysis of binding on the SLB microarray using a competition assay. Panel (e) in Figure 

3.5 shows the amount of surface bound FITC-CTB (green fluorescence intensity) as a 

function of solution phase CTB (without dye label) in the presence of 1 nM FITC-CTB. 

The data gives an IC50 value of ~6 nM, in agreement with previous measurements on 

CTB binding to ganglioside GM1 in lipid membranes supported on microspheres.35 

In the second model, we use phospholamban (PLN), a single-pass integral 

membrane protein which inhibits the sarcoplasmic reticulum calcium ATPase (SERCA), 

thus regulating heart muscle contraction and relaxation.15 We incorporate both 

monomeric (PLN, 6 kDa)15 and pentameric (PLN5, 30 kDa)16 forms into SLB 

microarrays and use an antibody (Anti-PLN) against PLN for specific detection. The 

right panel in Figure 3.5 shows specific detection of PLN (f-j). The red channel (TR- 

DHPE) shows the position of the spots and the green channel is immunostaning (FITC-
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2nd antibody). The control (h & i) shows spots without protein incorporation. Anti-PLN 

recognizes PLN5 (j) with higher affinity than that for the monomer (g), indicating the 

more accessibility of antibody binding sites on PLN5. In addition, we demonstrate that 

our approach is sensitive to post-translational modifications. In fact, PLN is 

phosphorylated at S16 by protein kinase A, a process which releases SERCA inhibition 

and re-establishes calcium flux.14 We reconstituted phosphorylated PLN at serine 16 

(pS16-PLN) in SLB arrays and using anti-pS16-PLN antibody we are able to localize 

this protein (k). While the above experiment successfully demonstrates the incorporation 

of a single domain transmembrane protein, potential applications in drug screening 

requires the incorporation more complicated systems, such as the G-protein coupled 

receptor complex. It may be necessary to control the distance between the bottom leaflet 

and the polymer cushion by varying the length of the tether linking the cholesteryl group.  

 

 

 

 

 

 

 

 

 

 



82 
 

 

Figure 3.6 Fluorescence microscopy image (10x objective) of a supported lipid bilayer on a 

PEG brush surface with the density of surface tethered cholesteryl groups at 0.5/nm2 after 

dehydration & rehydration process. The scale bar (0.4 mm) for the image is shown at the top. 

The SLBs are formed from the fusion of SUVs containing 0.5% Texas-Red 1,2-di-

hexadecanoyl-sn-glycero-3-phosphoethanolamine (TR-DHPE), 50% egg phophatidylcholine 

(EggPC), and 50% 1,2-dioleoyl-3-trimethyl ammonium propane (DOTAP).  
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11s                                                   660s 

Figure 3.7 FRAP images (240 µm x 400 µm)for an SLB formed on a PEG/glass surface 

with a tethered cholesteryl density of 0.3/nm2, are taken at 11 s and 660 s after 

photobleaching. 

 

 

 

 

 

 

 

 

 

 

 

 

 



26s                                                  240s

Figure 3.8 FRAP im

with a tethered cholesteryl density of 

240 s after photobleaching.
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26s                                                  240s 

images (240 µm x 400 µm)for an SLB formed on a PEG/glass surface 

with a tethered cholesteryl density of 0.3/nm2 in dehydrated state

s after photobleaching. 

 

for an SLB formed on a PEG/glass surface 

dehydrated state, are taken at 26 s and 
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                    32s                                                        600s 

Figure 3.9 FRAP images (240 µm x 400 µm) of SLB arrays with 0.5% TR-DHPE and  

2% ganglioside GM1  deposited on the cholesteryl-PEG/glass surface (θCh = 0.3/cm2) 

after binding with FITC-CTB. The two images are taken at 32 s and 600 s after 

photobleaching. The red channel shows TR-DHPE (0.5%).  
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                    66s                                                    600s 

Figure 3.10 FRAP images (240 µm x 400 µm) of SLB arrays with 0.5% TR-DHPE and 

2% ganglioside GM1  deposited on the cholesteryl-PEG/glass surface (θCh = 0.3/cm2) 

after binding with FITC-CTB. The two images are taken at 66 s and 600 s after 

photobleaching. The green channel detects the binding of FITC-CTB. 
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3.4 Conclusions. 

We achieve both air-stability and fluidity in supported lipid bilayers based on 

the unique properties of cholesterol and demonstrate the easy fabrication of SLB 

microarrays from direct robotic spotting. The SLB microarray can serve as a general 

platform for the analysis of cell surface interactions. The screening of ligands for 

membrane proteins, such as G-protein coupled receptors1 and ion channels,2 is an 

obvious example. Another exciting application is the high-throughput analysis of 

multivalent cell surface interactions.36 In the burgeon field of nanomedicine, multivalent 

interaction is often employed in targeting nanoparticle based drugs to particular cells.6 It 

is now possible to implement all these cell surface interactions in a high throughput 

format based on the fluidic and air-stable SLB microarray reported here.  
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Chapter 4 

Transport at air/water interface is 

reason for rings in protein 

microarrays* 

 

*Reproduced in part with permission from Deng, Y.; Zhu, X.-Y.; Kienlen, T.; Guo, A. 

“Transport at the air/water interface is the reason for rings in protein microarrays” J. Am. 

Chem. Soc. 2006, 128, 2768-2769. Copyright 2006 American Chemical Society 
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4.1 Introduction 

Following the success of DNA microarrays in genomics research, protein 

microarrays (including peptide and antibody arrays) are becoming important tools in 

proteomics. One of the most pressing issues in protein microarray technology is how to 

apply the technology quantitatively,1since a wide variety of biological events are related 

to the expression level and activity of biomolecules. Applying the technology 

quantitatively will shed light on complex biological systems.2 Despite the promise of the 

technology, several challenges remain to be solved: keeping the natural activity of the 

immobilized receptors , lowering the background from the non-specific adsorption of 

protein to substrate, understanding and controlling the chemical and physical processes 

involved in probe immobilization. Many methods have been developed to overcome the 

first two challenges, including non-fouling coatings, spacers and blockers. However, 

much less work has been done to overcome the last challenge.   

A protein microarray is usually made on a robotic spotter which deposits 

nanoliter to sub-nanoliter size droplets of protein solutions on a solid surface. After 

incubation and washing off excess solution, the microarray is used for probe-target 

interaction and the result is most commonly detected via fluorescence imaging. A survey 

of protein microarray literature shows that one of the major reasons for poor 

reproducibility is non-uniform spot profile. In particular, spots on a protein, peptide, or 

antibody microarray often exhibit ring-like structures. 3 - 6  Despite their common 

occurrence, the mechanism for ring formation in protein microarrays is not understood. 
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Formation of ring structures is well documented for thin films deposited on solid 

surfaces by the evaporation of a solution or suspension of a wide variety of materials;7-9 

the most commonly seen rings are coffee stains. In 1997, Deegan et. al. studied the 

mechanism of the formation of the coffee ring after the drying of a coffee drop on the 

top of a coffee table. The evaporation of the water from the coffee droplet will generate 

capillary flows toward the edge of the droplet because the edge of the droplet is pinned 

by the rough surface. These capillary flows transport the coffee particles to the edge of 

the droplet during the drying process and finally the edge of the droplet accumulates 

much higher concentration of the coffee particles. 10 However, the mechanisms for these 

ring structures all involve drying and cannot be responsible for the ring structure seen in 

protein microarrays where the spots are kept hydrated. 

 

4.2 Experimental methods 

Materials. Detergent  triton X-100 was from fisher. Tween 20, 3-

glycidyoxypropyl trimethoxysilane and rabbit polyclonal anti-vanilloid  receptor were 

from aldrich. Cye 3 -conjugated anti-rabbit was from Jackson Immunoresearch 

Laboratory, Inc.  Copper ions  immobilized surfaces were from Microsurfaces, Inc.  

Glass slides cleaning procedure:  Glass was boiled with Piranha (H2SO4 : H2O2 

= 3: 1) for 2 hours then rinsed with plenty of DI water and blow dried with nitrogen.  
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Surface preparation. The epoxy slide was prepared from exposing clean glass 

slides to 3-glycidyoxypropyl trimethoxysilane vapor, followed rinsed with 

dichloromethane and blow dried with nitrogen. 

6xHis tagged GFP preparation. The 6xHis tagged GFP is prepared by Dr. 

Athena Guo from Microsurface, Inc. The procedure can be found in Proteomics 2004, 4, 

1965. 

Arraying & immunostaining. Antibody solutions were deposited on the epoxy 

slide via a robotic spotter (Molecular Dynamics, Array Spotter II). Each slide was 

incubated for one hour in controlled humidity environment, washed three times with a 

buffer solution (PBS with 0.01% Tween 20), blocked with 1% BSA in PBS. Each 

sample was then incubated with a dye-labeled secondary antibody solution (Cye 3 -

conjugated anti-rabbit) for 1 hour, followed by PBS buffer wash three times. 

Fluorescence images were obtained on a Nikon 50i microscope with excitation at 550 

nm. 

X-ray photoelectron spectroscopy(XPS). All XPS data were taken on a Phi 540 

with an Mg anode operated at 200 W and a hemispherical electron analyzer under a 

pressure of 2×10-9 torr. 

Fluorescence Microscopy. All fluorescence data were obtained on a Nikon 50i 

microscope with excitation at 550nm. 

 

4.3 Results and discussion 
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A typical example of the ring structure is shown in Fig. 1A for an antibody 

spot on an epoxy terminated glass slide. After the deposition of nanoliter droplets of 

antibody solutions on the epoxy slide, we kept the sample in an environment with 

controlled humidity and confirmed using optical microscope that the size of each droplet 

on the surface did not change during incubation. A close examination of the morphology 

of the ring structure in Figure 4.1A, particularly the cross sectional profile of 

fluorescence intensity in Figure 4.1B, provides clue. Within the ring, the fluorescence 

intensity peaks at the center and gradually decreases towards the boundary of the spot. 

Immediately outside the boundary, the concentration of immobilized antibody rises 

rapidly then decays with increasing distance from the boundary. To form such a 

concentration profile, protein molecules must be transported to the boundary outside of 

the droplet. Because the droplet remains stationary (no expansion or contraction) during 

incubation, we believe that transport of protein molecules occurs at the air-liquid 

interface. The proposed mechanism is shown schematically in Figure 4.1C. Protein 

molecules are known to preferentially accumulate at air/water interfaces.11,12 Because 

the surface area to volume ratio scales with the inverse of droplet size, the equilibrium 

between solution phase protein and adsorbed protein at the air/liquid interface should 

greatly shift to the latter as the size of the droplet decreases from macroscopic to the 

nanoliter and sub nanoliter scale. This effect provides an efficient mechanism for 

transporting protein molecules to the perimeter of the droplet, thus giving rise to a high 

concentration of protein molecules at or immediately outside the boundary of the spot. 

Diffusion of protein molecules accumulated at the boundary to area outside the spot 
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accounts for the rapid decay in fluorescence intensity further away from the boundary 

(Figure 4.1A & B). 

 

 

 

 

 

 

 

 

 

 

 



Figure 4.1 (A) & (D): Fluorescence microscope images of antibody (rabbit polyclonal 

anti-vanilloid  receptor 1) spots immobilized on an epoxy functionalized glass slide. In 

(A), a diluted antibody solution (1:500) was used directly while in (D) a s

detergent (0.006% triton X

slide was prepared from exposing clean glass slides to 3

trimethoxysilane vapor. Antibody solutions were deposited on the epoxy slide via a 

robotic spotter (Molecular Dynamics, Array Spotter II). Each slide was incubated for 

one hour in controlled humidity environment, washed three times with a buffer solution 

(PBS with 0.01% Tween 20), blocked with 1% BSA in PBS. Each sample was then 

incubated with a dye-
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(A) & (D): Fluorescence microscope images of antibody (rabbit polyclonal 

receptor 1) spots immobilized on an epoxy functionalized glass slide. In 

(A), a diluted antibody solution (1:500) was used directly while in (D) a s

detergent (0.006% triton X-100) was added to the diluted antibody solution. The epoxy 

slide was prepared from exposing clean glass slides to 3

trimethoxysilane vapor. Antibody solutions were deposited on the epoxy slide via a 

obotic spotter (Molecular Dynamics, Array Spotter II). Each slide was incubated for 

one hour in controlled humidity environment, washed three times with a buffer solution 

(PBS with 0.01% Tween 20), blocked with 1% BSA in PBS. Each sample was then 

-labeled secondary antibody solution (Cye 3 

 

(A) & (D): Fluorescence microscope images of antibody (rabbit polyclonal 

receptor 1) spots immobilized on an epoxy functionalized glass slide. In 

(A), a diluted antibody solution (1:500) was used directly while in (D) a small amount 

100) was added to the diluted antibody solution. The epoxy 

slide was prepared from exposing clean glass slides to 3-glycidyoxypropyl 

trimethoxysilane vapor. Antibody solutions were deposited on the epoxy slide via a 

obotic spotter (Molecular Dynamics, Array Spotter II). Each slide was incubated for 

one hour in controlled humidity environment, washed three times with a buffer solution 

(PBS with 0.01% Tween 20), blocked with 1% BSA in PBS. Each sample was then 

labeled secondary antibody solution (Cye 3 -conjugated anti-rabbit) 
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for 1 hour, followed by PBS buffer wash three times. Fluorescence images were 

obtained on a Nikon 50i microscope with excitation at 550 nm. Panels (B) & (E) are 

cross sectional profiles of images (A) & (D), respectively. Panels (C) and (F) are 

schematic illustrations of nanoliter droplets (light blue) on a solid surface (gray) with 

protein molecules in red and detergent molecules in dark blue. 
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If the proposed mechanism is true, we should be able to eliminate the ring 

structure by adding competitive surfactants to displace protein molecules at the air/water 

interface11,12 (see cartoon in Figure 4.1F). This is indeed observed. Fig. 1D shows 

fluorescence microscope image of the antibody spot obtained with a small amount of 

detergent (0.006% triton X-100) added to the antibody solution (no significant change in 

contact angle), under otherwise identical conditions as in Fig. 1A. Instead of the ring, we 

now observe nearly uniform intensity inside the spot, with negligible intensity outside 

the boundary (see also cross sectional profile in Figure 4.1E). The integrated intensity of 

the spot in Fig. 1D is four times that in Figure 4.1A (inside the ring).  Even if we include 

the ring in integration, the total intensity of the spot in Fig. 1A is still less than half of 

that in Figure 4.1D. In the absence of competitive surfactants, the accumulation of 

protein molecules at the air/water interface and the perimeter of the spot results in a 

depletion of protein concentration within the nanoliter droplet and, thus, a decreased 

immobilization efficiency. When protein molecules are displaced from the air/water 

interface by competitive surfactants, the concentration of protein solution in contact with 

the solid surface is the same as concentration in bulk sample. As a result, the 

immobilization efficiency is now directly related to protein concentration. This is also 

critical to the quantitative application of protein microarrays. 

 

 

 



Figure 4.2. Fluorescence microscope images of 6xHis tagged GFP immobilized on Cu

chelated polyether/glass surfaces with different surface Cu

2.6x1013/cm2; (B) 4.9x10

100 
 

. Fluorescence microscope images of 6xHis tagged GFP immobilized on Cu

chelated polyether/glass surfaces with different surface Cu2+

; (B) 4.9x1013/cm2; (C) 1.2x1014/cm2; and (D) 2.0x10

 

. Fluorescence microscope images of 6xHis tagged GFP immobilized on Cu2+ 

2+ concentrations: (A) 

; and (D) 2.0x1014/cm2. Nanoliter 
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droplets of crude lysate solution (4mg/ml) containing 6xHis-GFP and 10% glycerol were 

deposited onto the glass slide by the robotic spotter. Each slide was incubated at room 

temperature for 10 minutes, rinsed quickly with PBS containing 0.01% Tween-20 three 

times. The slide was covered with the buffer solution and imaged under the fluorescence 

microscope (excitation wavelength ~488 nm). The lower panel shows the fluorescence 

intensity within the spot as a function of surface [Cu2+] concentration. 
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To further verify the mechanism of ring formation, we use a model system: the 

immobilization of 6x histidine tagged green fluorescent protein (6xHis-GFP) on 

polyether (~ 3 nm) coated glass slides with controlled density of chelated surface Cu2+ 

ions (via surface attached iminodiacetic acid groups). These surfaces are commercially 

available (MicroSurfaces, Inc., Minneapolis, USA) and are similar to that described in a 

previous publication.13 The advantage of this system can be realized from the fact that 

intrinsic fluorescence is detected only when GFP is active under fully hydrated 

conditions and any ring formation mechanism due to drying can be completely 

eliminated. The reaction between 6xHis tags and surface Cu2+ sites is facile and highly 

selective. There is no protein adsorption in the absence of surface Cu2+ or poly-His tags. 

Except for activated surface sites with chelated Cu2+ ions, other area on the polyether 

coating is repulsive towards protein adsorption. With increasing concentration of surface 

active sites, the surface becomes less repulsive, resulting in a shift in equilibrium 

towards adsorbed protein on the solid surface. Figure 4.2 shows fluorescence 

microscope images of 6xHis-GFP immobilized on the surface with different 

concentrations of surface Cu2+ as determined by X-day photoelectron spectroscopy: (A) 

2.6x1013/cm2; (B) 4.9x1013/cm2; (C) 1.2x1014/cm2; and (D) 2.0x1014/cm2. As expected, 

the efficiency of protein immobilization (fluorescence intensity) within the spot 

increases as the density of surface reactive sites increases (bottom panel). For [Cu2+] less 

than ~5x1013/cm2 (Panels A & B), fluorescence intensity inside the spot is less than that 

at or immediately outside the boundary and the ring structure is observed. At higher 

[Cu2+] (panels C & D), the spot morphology becomes uniform. The finding of such a 
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transformation in spot morphology illustrates the central role of kinetics in protein 

immobilization. For protein molecules within the nanoliter droplet, immobilization onto 

the surface and transport via the air/water interface to the spot boundary are two 

competing kinetic processes. In the 6xHis-GFP example shown here, transport 

dominates for low [Cu2+] while surface immobilization reaction kinetics wins at higher 

surface active site densities. Thus designing surface chemistry for a facile 

immobilization reaction is critical in ensuring uniform spot profiles. In the case of low 

surface [Cu2+] where the ring structure is observed for 6xHis-GFP immobilization, 

transformation to a more uniform spot profile also occurs with the addition of detergent 

into the protein solution, Figure 4.3. This is similar to the results for antibody 

immobilization in Figure 4.1. Note that with the amount of surfactant added, there is a 

decrease in contact angle and an increase in spot size. 

 

 

 

 

 



Figure 4.3 Fluorescence microscope images of 6xHis tagged GFP immobilized on Cu

chelated polyether/glass surfaces with a surface Cu

the addition of detergent (0.006% triton X

0.025%; (C) 0.100%.

 

 

 

 

 

 

 

 

 

 

104 
 

Fluorescence microscope images of 6xHis tagged GFP immobilized on Cu

chelated polyether/glass surfaces with a surface Cu2+ concentration of 2.6x10

the addition of detergent (0.006% triton X-100) to the protein solution: (A) 0.00%; (B) 

0.025%; (C) 0.100%. 

 

Fluorescence microscope images of 6xHis tagged GFP immobilized on Cu2+ 

ncentration of 2.6x1013/cm2 and 

100) to the protein solution: (A) 0.00%; (B) 
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4.4 Conclusions 

In summary, we demonstrate that the ring-structure in spot morphology 

commonly seen in protein, peptide, or antibody microarrays results from the transport of 

protein molecules accumulated at the air/water interface to the perimeter of the droplet 

on a solid surface. The effect should become increasing significant as the droplet size 

decreases. One can eliminate the ring-structure by adding competitive surfactants to the 

protein solution or by designing facile surface reactions for protein immobilization. 
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Chapter 5 

A nano-tumbleweed: 

Breaking away a covalently tethered polymer 

molecule by non-covalent interactions* 

 

*Reproduced in part with permission from Deng, Y.; Zhu, X.-Y. “A nano-tumbleweed: 

breaking away a surface tethered polymer molecule by noncovalent interactions” J. Am. Chem. 

Soc. 2007200720072007,,,, 129, 7557-7561. Copyright 2007 American Chemical Society 
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5.1 Introduction 

Covalently tethered macromolecules on surfaces are assumed to be stable in the 

absence of chemical attack. Breaking a covalent tether bond requires significant 

mechanical force, on the order of nanonewtons (nN), as demonstrated in experiments 

using atomic force microscopy (AFM), 1 , 2  and optical tweezers. 3  Non-covalent 

adsorption of polymer molecules on solid surfaces is a strong function of polymer-

solvent interaction; polymer molecules are thermodynamically favored to desorb from 

the surface in good solvents. 4 , 5  For surface tethered (grafted) macromolecules, 

interactions of the macromolecule with the solvent, with the surface, and with each other 

are believed to determine their conformations, i.e., the swelling or extension of grafted 

polymer chains,6-8 but not breaking the covalent anchoring bond. Here we demonstrate 

that a covalently tethered polymer molecule can spontaneously break away (desorb) 

from the surface when polymer/surface interaction is sufficiently unfavorable. We study 

surface initiated polymerization of a hydrophilic polymer, hyperbranched polyglycidol 

(HPG), from minority surface sites embedded in a hydrophobic matrix. We demonstrate 

that as each HPG molecule grows larger, it encounters more unfavorable interaction with 

the hydrophobic surface and eventually leads to spontaneous covalent bond rupture and 

desorption, as driven by enthalpic gain from more favorable interaction with the solvent 

and entropic gain from more conformational freedom in the solution.  

HPG molecules can be synthesized via a ring-opening, anionic polymerization 

reaction of glycidol from a variety of initiators capable of forming anions.9,10 Initiation 

of HPG growth from surfaces has also been demonstrated on the hydrophilic silica 
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surface with Si-OH groups as initiators, with film thickness increasing monotonically 

with growth time.11 Here, we initiate HPG growth on –COOH sites embedded in a 

hydrophobic –CH3 matrix using mixed alkanethiol self-assembled monolayers (SAMs) 

on Au. Formation of SAMs on Au from mixed solutions of thiols has been extensively 

studied in the past.12-20 In general, the molar ratio of the two components in the mixed 

SAM is not linearly related to the composition in the mixed thiol solution. The 

adsorption of one component is usually favored over the other depending on their 

relative solubility. Kakiuchi and coworkers studied binary SAMs of HOOC-terminated 

and CH3- terminated alkane-thiols.18-21 These authors showed that for thiols of similar 

lengths, 1-undecaethiol and 11-mercaptoundecanoic acid (MUA), the two components 

are completely miscible in the monolayer, while those with very different lengths, 

hexadecanethiol and 3-mercaptopropionic acid, phase separation occurs in the SAM. We 

use mixed SAMs from binary mixtures of the following thiols: decanethiol, 

dodecanethiol, hexadecanethiol, 11-mercapto-1-undecanoic acid, and 16-mercapto-1-

hexadecanoic acid to control the surface hydrophobicity and the interaction energy 

between a surface tethered HPG molecule and the two-dimensional matrix. 

 

5.2 Experimental methods 

We used ultraflat gold surfaces obtained from template stripping.21 We prepared 

the mixed SAMs by immersion of clean Au surfaces in 1mM (total thiol concentration) 

ethanol solutions of binary mixtures of the following thiols: decanethiol, dodecanethiol, 

hexadecanethiol, 11-mercapto-1-undecanoic acid, and 16-mercapto-1-hexadecanoic acid 
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(90-99%, Aldrich). After incubation overnight and rinsing with ethanol, we removed 

weakly adsorbed HS-(CH2)n-COOH molecules using a deprotonation/reprotonation 

procedure.22-24 We used X-ray photoelectron spectroscopy (XPS, Phi 540) to quantify 

the mole fractions in SAMs made from solution mixtures of mercaptoundecanoic acid, 

HS-(CH2)10COOH (abbreviated as 11A, where A = COOH) and decanethiol, HS-

(CH2)9CH3 (abbreviated as 10C; 10 is the total number of carbon atoms). The O1s peak 

area (normalized to that of the SAM made from 100% 11A) was taken to be proportional 

to the surface mole fraction of the acid terminated thiolate, X11A (surface), as shown in 

figure 5.1. The X11A (surface) vs. X11A (solution) curve is not linear, but is closer to the 

linear relationship than that reported by Kakiuchi and coworkers.21 We believe the 

difference is due to the removal of weakly adsorbed acid bilayer in the present study but 

not in that of Kakiuchi and coworkers. On surface 11A/10C or 11A/12C, the two thiol 

molecules should be completely miscible in the SAM21 and the mole fraction of the acid 

terminated thiolate in each mixed SAM was X11A(surface) ~ 0.026 based on the 

calibration in figure 5.1.  

 

 

 

 

 

 

 



Figure 5.1 Mole fraction of mercaptoundecanoic (11A) in the mixed SAM with 

decanethiol (10C) vs. the mole fraction of the acid in the solution. The surface mole 

fraction, X11A (surface), was obtained from the normalized O

(surface) = 1 for the pure 11A SAM. The dashed line is the linear relationship.
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Mole fraction of mercaptoundecanoic (11A) in the mixed SAM with 

decanethiol (10C) vs. the mole fraction of the acid in the solution. The surface mole 

(surface), was obtained from the normalized O1s

(surface) = 1 for the pure 11A SAM. The dashed line is the linear relationship.

 

 

Mole fraction of mercaptoundecanoic (11A) in the mixed SAM with 

decanethiol (10C) vs. the mole fraction of the acid in the solution. The surface mole 

1s XPS peak area. X11A 

(surface) = 1 for the pure 11A SAM. The dashed line is the linear relationship. 
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For HPG growth, we first deprotonated each Au/SAM surface by dipping in 

KOCH3/CH3OH (1:20 w/w) for 10 seconds, rinsing the surface with methanol, and then 

drying it under a N2 stream. We then immersed the deprotonated surface in dry glycidol 

at 40oC for HPG growth, as illustrated by the reaction scheme in figure 5.2. After a fixed 

growth time, we remove the surface from glycidol, rinse it with methanol, and then dry 

it under a N2 steam. We characterized the surface by AFM imaging (Digital Instruments) 

in the tapping mode under ambient conditions using a silicon tip (20 nm radius of 

curvature). For each growth time, we used three independent samples and carried out 

AFM measurements on three separate spots on each sample. Each reported data point for 

film thickness was an average of nine measurements, with the error bar (standard 

deviation) obtained from statistical analysis. We used AFM images to determine the 

average volume per unit area (i.e., average thickness) of adsorbed HPG polymer 

molecules based on digital integration of each island (individual HPG molecule) with a 

threshold slightly above the very flat SAM background. This was feasible because 1) the 

substrate surface was flat (RMS roughness ≤ 0.5 nm); 2) the dimensions of adsorbed 

HPG molecules were relatively large (101-2 nm); and 3) the adsorbed HPG molecules 

were well separated from each other. As confirmation of the estimated thickness from 

AFM, we also measured film thickness by spectroscopic ellipsometry (Woollam M88). 

Here, each data point on film thickness was an average from three independent samples. 

 



Figure 5.2 Tapping mode AFM images of HPG molecules grown for 5 min at 40

a SAM/Au surfaces ob

100% mercaptoundecanoic acid, HS

consisting of 5% mercaptoundecanoic acid and 95% decanethiol. The sizes of images 

(a-c) are 5 m x 5 m x 50 nm. Image (d) is a

The right side shows schematically the surface initiated growth of HPG on a mixed 

SAM/Au surface. A- 
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Tapping mode AFM images of HPG molecules grown for 5 min at 40

a SAM/Au surfaces obtained from (a) 100% decanethiol, HS-(CH

100% mercaptoundecanoic acid, HS-(CH2)10COOH (11A); and (c) mixed thiols 

consisting of 5% mercaptoundecanoic acid and 95% decanethiol. The sizes of images 

c) are 5 m x 5 m x 50 nm. Image (d) is a zoom-in (1 m x 1 m x 50 nm) of image (c). 

The right side shows schematically the surface initiated growth of HPG on a mixed 

 represents a COO- group for HPG initiation and growth.

 

Tapping mode AFM images of HPG molecules grown for 5 min at 40oC on 

(CH2)9CH3 (10C); (b) 

COOH (11A); and (c) mixed thiols 

consisting of 5% mercaptoundecanoic acid and 95% decanethiol. The sizes of images 

in (1 m x 1 m x 50 nm) of image (c). 

The right side shows schematically the surface initiated growth of HPG on a mixed 

group for HPG initiation and growth. 
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5.3 Results and discussions 

The AFM images in figure 5.2 show surfaces following HPG growth for 5 

minutes at 40oC on SAMs of (a) decanethiol (10C); (b) mercaptoundecanoic acid (11A), 

and (c) a mixed SAM from a solution of [11A]:[10C] =1:20, corresponding to 

X11A(surface) = 0.026. HPG molecules do not grow on the hydrophobic –CH3 

terminated 10C SAM, but grow readily on the acid terminated 11A SAM surface to form 

close-packed islands with the film thickness increasing with growth time (data not 

shown). As expected, the density of HPG molecules on the 2.6% 11A and 97.4% 10C 

mixed SAM surface is much lower than that on the 100% 11A surface.  A zoom-in 

image (d) of growth on the mixed SAM surface clearly reveals well-separated, 

individual HPG molecules with diameter and height ranging from a few nm to a few tens 

of nm. 

We demonstrate the spontaneous desorption of HPG molecules from the 

systematic fluctuations in the size and coverage of HPG molecules as a function of 

growth time, as shown by tapping-mode AFM images in figure 5.3 for HPG growth on a 

mixed SAM surface of 2.6% 11A and 97.4% 10C. This is most evident in the image for 

7.5 min growth time when both the size and the coverage of HPG molecules are 

significantly higher than those at either shorter or longer growth times. For a total 

growth time of 20 min, the amount of HPG molecules on the surface is negligible. This 

fluctuation is quantified in panel (a) which shows average film thickness as a functional 

of growth time from two independent measurements: AFM (open circles and solid line) 

and ellipsometry (open triangles and dashed line). In AFM, the average thickness is the 
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total volume of HPG molecules in unit surface area. Within experimental uncertainty, 

the two independent measurements are in excellent agreement. The amount of HPG does 

not increase monotonically with time; there are at least two peaks at 7.5 & 15 min. To 

establish the origin of this fluctuation, we present histogram analysis of the size (volume) 

of HPG molecules on the surfaces. Panel (b) compares the histograms corresponding to 

the maximum (7.5 min) and a minimum (12.5 min.) and a “shoulder” on the growth 

curve. There is a preferential enhancement at 7.5 min in the population of HPG 

molecules with sizes larger than ~ 30,000 nm3. In particular, molecules with sizes ≥ 

100,000 nm3, present on the surface with 7.5 min. growth time, are absent at either 3 or 

12.5 min. Also shown in panel (b) is the histogram for 20 min growth; for this growth 

time, only a small number of HPG molecules with sizes < 20,000 nm3 are left on the 

surface. We conclude that HPG molecules growing to certain critical sizes prefer to 

desorb from the surface; the exact critical size in each case may vary depending on the 

local surface environment. These growth-desorption and regrowth-desorption cycles are 

responsible for the fluctuation in the population and size of HPG molecules. Note that 

this kind of growth-desorption cycles do not continue indefinitely due to the gradual loss 

of anionic sites and the termination of polymerization reactions. 

 

 

 

 

 



 

Figure 5.3 Tapping mode AFM images (5 m x 5 

times (1-20 min.) at 40

S-(CH2)9CH3. Note the z

(a): amount of HPG (average thickness) as a function of growth time from AFM (circles 

and solid line) and ellipsometry (triangles and dashed line). Each data point from AFM 

was the average of nine independent measurements on t

deviation shown as error bars. Each data point from ellipsometry was averaged over 

three samples. Panel (b): histogram analysis of the size (nm

surface for three growth times. The data sets were fro
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Tapping mode AFM images (5 m x 5 m x 60 nm) taken for different growth 

20 min.) at 40oC of HPG on a SAM of 2.6% -S-(CH2)10COOH in a matrix of 

. Note the z-scale is magnified to show individual HPG molecules. Panel 

(a): amount of HPG (average thickness) as a function of growth time from AFM (circles 

and solid line) and ellipsometry (triangles and dashed line). Each data point from AFM 

was the average of nine independent measurements on three samples, with the standard 

deviation shown as error bars. Each data point from ellipsometry was averaged over 

three samples. Panel (b): histogram analysis of the size (nm3) of HPG molecules on the 

surface for three growth times. The data sets were from individual images.

 

m x 60 nm) taken for different growth 

COOH in a matrix of -

dividual HPG molecules. Panel 

(a): amount of HPG (average thickness) as a function of growth time from AFM (circles 

and solid line) and ellipsometry (triangles and dashed line). Each data point from AFM 

hree samples, with the standard 

deviation shown as error bars. Each data point from ellipsometry was averaged over 

) of HPG molecules on the 

m individual images. 
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A surface tethered macromolecule interacts with the local environment through 

non-covalent interactions, including van der Waals, electrostatic, and hydrogen-bonding. 

The latter is the dominant interaction between a hydrophilic HPG molecule and the 

hydrophilic solvent (glycidol). Consider a typical hydrogen bond energy of 2-10 

kcal/mole and a typical covalent bond energy of ~200 kcal/mole. As an HPG molecule 

initiates on COO- sites and grows larger on the mixed SAM surface, it inevitably 

encounters more unfavorable interactions with the hydrophobic matrix. The formation of 

20-100 new hydrogen bonds may compensate for the loss of one covalent bond, a 

condition which can be easily satisfied when the HPG molecule reaches a critical size. 

Breaking away from the surface also allows easier formation of new C-O bonds due to 

the continuing polymerization reaction and growth of each HPG molecule. Compared to 

an end-tethered linear polymer which can adopt various conformations, the dentridic 

HPG molecule is much more rigid. As grown on the surface, an HPG molecule is 

conformationally restricted to half space and is under stress. Thus, breaking away from 

the surface is also expected to be favored entropically, because of the increased 

conformational freedom for an HPG molecule in the solution phase. This spontaneous 

bond-breaking event is in contrast to a recent demonstration involving the strong 

interaction between a surface and a macromolecule with long side chains that results in 

significant conformational deformation and the rupture of covalent bonds within the 

polymer backbone.25 The HPG desorption mechanism bears resemblance to what has 

long been proposed in cell biology that ligand-receptor interaction may uproot a receptor 

protein from the cell membrane.26  
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To verify the proposed nano-tumbleweed mechanism, we systematically vary 

the local chemical environment to control the interaction energy between a tethered 

HPG molecule and the surface. In particular, we vary the relative height of COOH 

initiation sites with respect to the surrounding CH3 matrix in SAMs obtained from mixed 

thiol solutions with 1:20 acid-terminated to alkanethiol ratios, as illustrated at the top of 

figure 5.4. On surface 11A/10C or 11A/12C, the two thiol molecules should be 

completely miscible in the SAM,21 and the mole fraction of the acid terminated thiolate 

in each mixed SAM should be X11A(surface) ~ 0.026 based on the calibration in figure 

5.1. On surface 16A/10C or 11A/16C, the mole fraction of the acid terminated thiolate in 

the mixed SAM is expected to be different from the calibration value, but this does not 

change the qualitative conclusions below. Here surface 11A/10, consists of COOH sites 

slightly (~2 Å) higher topographically than the CH3 matrix. On surface 16A/10C, the 

COOH sites are more flexible and can extend ~8 Å away from the CH3 matrix. On 

surface 11A/12C, the COOH sites are ~1-2 Å lower than the CH3 matrix. On surface 

11A/16C, the COOH sites are ~6-8 Å lower than the CH3 matrix. AFM images in figure 

5.4 for five-minute growth show that the sizes and amounts of HPG molecules on the 

16A/10C surface are both substantially higher than those on the 11A/10C surface, while 

negligible growth is seen on either 11A/12C or 11A/16C. The differences are illustrated 

quantitatively by histogram analysis in the lower right panel. The lower left panel plots 

the average film thickness as a function of HPG growth time for the four surfaces. While 

the average thickness fluctuates with growth time on the 11A/10C surface, it increases 

monotonically with growth time on the 16A/10C surface to reach a value of ~3 nm for ≥ 
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15 min. For comparison, there is negligible HPG growth on the 11A/12C or the 

11A/16C surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 5.4 Top: schematic illustrations of the mixed SAM surfaces from solutions 

containing 5% COOH (A) terminated alkanethiols and 95% CH3 terminated 

alkanethiols. Middle: tapping mode AFM images obtained after 5 min growth of HPG 

on the four surfaces il

unit surface area) as a function of growth time on four mixed SAM surfaces. Panel (b): 

histogram analysis of the size (nm

growth time. 16A/10C (green circles), 11A/10C (red triangles); 11A/12C (black 

crosses); and 11A/16C (blue squares).
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Top: schematic illustrations of the mixed SAM surfaces from solutions 

containing 5% COOH (A) terminated alkanethiols and 95% CH3 terminated 

alkanethiols. Middle: tapping mode AFM images obtained after 5 min growth of HPG 

on the four surfaces illustrated in the top panel. Panel (a): amount of HPG (volume per 

unit surface area) as a function of growth time on four mixed SAM surfaces. Panel (b): 

histogram analysis of the size (nm3) of HPG molecules on the four surfaces for 5

/10C (green circles), 11A/10C (red triangles); 11A/12C (black 

crosses); and 11A/16C (blue squares). 

 

Top: schematic illustrations of the mixed SAM surfaces from solutions 

containing 5% COOH (A) terminated alkanethiols and 95% CH3 terminated 

alkanethiols. Middle: tapping mode AFM images obtained after 5 min growth of HPG 

lustrated in the top panel. Panel (a): amount of HPG (volume per 

unit surface area) as a function of growth time on four mixed SAM surfaces. Panel (b): 

) of HPG molecules on the four surfaces for 5-minute 

/10C (green circles), 11A/10C (red triangles); 11A/12C (black 
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Although the above experiments establish the nano-tumbleweed mechanism, we 

do not know which bond actually breaks. AFM experiments showed that the force 

needed to break a single thiolate molecule from the Au surface is 1.4-1.5 nN,2,27 which is 

the same as that for the breaking of a single Au-Au bond.28 The force needed to pull out 

a single thiolate from a SAM has not been measured, but we expect this to be > 1.5 nN 

due to additional van der Waals interaction with surrounding molecules within the 

assembly. For comparison, breaking a single C-Si bond requires 2.0 nN.2 Thus, we 

expect the force necessary to break a thiolate bond to be of similar magnitude to those 

for the breaking of a single C-C or C-O bond within the HPG backbone or at the SAM-

HPG interface. Unfortunately, because the density of HPG molecules grown on the 

SAM surface is many orders of magnitude lower than that of thiolates, it is not possible 

to observe the loss of thiolates after HPG growth and desorption. As future tests of the 

proposed mechanism, one may intentionally incorporate weak points into the thiol 

molecules and correlate the size distribution for HPG desorption with the bond strength 

of the weak point. Another possibility is to use solvents with different solubility for HPG 

and correlate solubility with HPG desorption.  

 

5.4 Conclusions 

We demonstrate that a hydrophilic polymer, hyperbranched polyglycidol, 

covalently tethered to minority surface sites embedded in a hydrophobic self-assembled 

monolayer, can spontaneously desorb from the surface due to unfavorable interaction 

with the local surface chemical environment. The finding presented here suggests that 
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the traditional view6-8 on the noncovalent interaction of surface tethered macromolecules 

with the solvent and with the local surface environment is incomplete. In addition to 

conformational changes, such noncovalent interaction can lead to the breaking of 

covalent bonds. This mechanism has significant implications for the understanding, 

design, and synthesis of surface tethered macromolecules, as well as their applications, 

such as biosensing, 29  colloidal stabilization, 30  lubrication/tribology,4 and 

biocompatibility of solid materials.31 
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