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Abstract 
Surfaces with switchable properties in response to external stimuli (e.g., 

temperature and pH) have attracted substantial research interest because of their ability 

to modulate biomolecule activity, protein immobilization, and cell adhesion. These 

stimuli-responsive substrates offer versatile platforms for developing biosensors, cell 

culture substrates, diagnostic systems, and drug delivery systems. In this work, we 

controllably functionalized substrates with genetically engineered polypeptides to 

fabricate thermally responsive surfaces for various bioanalytical applications. 

Genetically engineered elastin-like polypeptides (ELPs) are one class of thermally 

responsive biopolymers that are characterized by their lower critical solution 

temperature (LCST) phase behavior in water; ELPs at a given concentration in aqueous 

solvent phase separate to form protein-rich coacervates above the cloud point transition 

temperature (Tt). ELPs present an attractive alternative to synthetic, stimuli-responsive 

polymers due to their biocompatibility, monodispersity, and controlled physicochemical 

properties.  

To fabricate ELP-modified surfaces with desired structure and functionality, we 

first investigated the adsorption behavior of ELP homopolymers and ELP block 

copolymers onto silica surfaces. We provided an in-depth understanding of adsorption 

kinetics, mechanism and surface conformation for the “canonical” ELP sequence (Val-
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Pro-Gly-Val-Gly), which enabled precise conformational control of the adsorbed ELPs.  

We also showed that genetically incorporating the silaffin R5 peptides into ELP chains 

significantly enhanced the binding affinity of ELPs to silica surfaces, leading to thicker 

ELP layers with a higher surface coverage. To extend this work, we also explored the 

adsorption behavior of ELP block copolymers onto silica surfaces using theoretical and 

experimental approaches. Our results showed that the silaffin tag not only enhanced the 

binding of ELP block copolymers to silica surfaces, but also directed micelle adsorption, 

leading to close-packed micellar arrangements dissimilar to the sparse and patchy 

arrangements observed for ELP micelles lacking a silaffin tag. In addition, the surface-

grafted ELP unimers exhibited interfacial phase transition behavior, while the adsorbed 

ELP micelles were no longer thermally-responsive. These studies provided insight into 

the design of ELP based smart surfaces with controlled structure-architecture-function 

relationship. 

After achieving programmable adsorption of ELPs onto surfaces, we exploited 

these thermally responsive surfaces for several bioanalytical applications, including cell 

culture and diagnostic assays.  We first developed a simple approach to pattern cells on 

gold patterned silicon substrates using ELPs with cell- and gold-binding domains. Cell 

patterning was achieved by exploiting orientation of the adsorbed ELP to either enhance 

(gold regions) or impede (silicon oxide regions) cell adhesion at particular locations on 

the patterned surface. Along a similar vein, we fabricated a thermoresponsive cell 
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culture substrate using rationally designed ELP coatings with precisely spaced cell-

adhesive motifs. The reversible swelling and collapse of ELPs thermally modulated the 

accessibility of cell-binding domains to enable cell adhesion at T > Tt and efficient cell 

recovery at T < Tt.  

In addition, we have utilized ELP-modified particles to develop smart 

diagnostics. We demonstrated proof-of-concept for an acoustofluidic, chip-based 

method that enables the rapid capture and isolation of biomarkers from blood for off-

chip quantification. We showed that biomarkers were rapidly immobilized onto the 

surfaces of ELP-modified particles via co-aggregation, and continuously separated from 

the blood cells using an acoustofluidic device. The captured biomarkers can then be 

quantified using flow cytometry, or released from the surfaces of particles for further 

analysis. By designing ELP fusion proteins that can capture target bioactive materials, 

this platform system can be readily extended to separate a range of biological materials 

(e.g., cells, viruses and cell-free DNA) from complex biofluids. 

In summary, we achieved controlled adsorption of ELP homopolymers and 

block copolymers onto surfaces with tailored architecture and functionality. These ELP-

modified smart surfaces have been utilized to create cellular patterns, a 

thermoresponsive cell culture substrate, and a biomarker separation and detection 

platform.  
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1. Chapter 1: Introduction, scope of research and 
specific aims 
1.1 Stimuli-responsive surfaces  

Stimuli-responsive surfaces that are capable of reversibly altering their properties 

in response to environmental stimuli have attracted much interest due to its potential to 

attain unprecedented levels of control over biomolecular interactions at engineered 

interfaces. These smart surfaces employ external stimuli (e.g., temperature,1–4 pH,5–7 

electric field,8,9 light10 and metal ions11,12) to control biomolecule adsorption/desorption 

and cell attachment/detachment, providing attractive substrates for applications ranging 

from diagnostics, drug delivery, tissue engineering to cell culture.13–17 The switchable 

properties of these smart surfaces derived from the surface-bound stimuli-responsive 

elements, commonly polymers or biomolecules. Typically, the conformational changes 

of these surface-bound elements alter the interfacial properties of the surfaces, thus 

attracting or repelling the biomolecules/cells that come in contact with the surfaces.  

A broad range of synthetic, stimuli-responsive polymers have been developed, 

among which the thermally responsive poly(N-isopropylacrylamide) (pNIPAAm) is the 

most extensively explored smart polymer.13 The pNIPAAm are characterized by their 

lower critical solution temperature (LCST) behavior, where they undergo a reversible 

coil-globule transition and change from a hydrophilic state to a hydrophobic state in 

aqueous solution above the LCST (i.e., 32°C).18 The pNIPAAm-grafted surfaces have 

offered real-time control over the biomolecule-surface interactions, including reversible 
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adhesion of mammalian cells,19  release of bacterial,1,2 and adsorption of proteins.20 

Therefore, they have been widely used in diagnostics,21–23 cell culture24–26 and 

antifouling.2,4  

Besides stimuli-responsive homopolymers, block copolymers are another form of 

“smart” polymer system. Stimuli-responsive block copolymers, defined as 

macromolecules with two or more different blocks of varying monomer composition, 

can self-assemble into supramolecular structures in response to external stimuli, such as 

pH,27,28 ionic strength,29 light,30,31 and temperature.32–34 The morphologies and sizes of 

these supramolecular assemblies (e.g., micelles,35 vesicles,36 cylinders,37 and lamellae38) 

can be tuned by controlling copolymer architecture (e.g. linear, branched, graft), co-

monomer sequence (e.g. random, gradient, block) and molecular weight of the 

copolymers.39 Coating planar or particulate substrates with these stimuli-responsive 

block copolymers enables the development of innovative drug delivery systems40–44 and  

substrates for cell culture.45,46 For instance, poly(N-isopropylacrylamide-co-2-

carboxyisopropylacrylamide) (p(NIPAAm-co-CIPAAm)) copolymer-grafted surfaces 

with chemically conjugated RGD peptides promoted cell adhesion and spreading under 

serum-free conditions, and enabled temperature-induced cell recovery.47 In addition, 

pH- and temperature-responsive copolymers poly(N-isopropylacrylamide-co-acrylic 

acid) (pNIPAAm-co-AAc) were used as a three-dimensional cell culture matrix to 

preserve the phenotype of articular chondrocytes.48 Although a broad range of synthetic 
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stimuli-responsive polymers have been widely exploited in various applications,  these 

polymeric materials may elicit toxic, haemolytic or immunogenic side effects that limit 

their biological applications.49   

Stimuli-responsive biomacromolecules present an attractive alternative to 

synthetic polymers because of their biocompatibility, biodegradability, and non-toxicity. 

In particular, stimuli-responsive polypeptides, such as elastin-like polypeptides (ELP), 

provide additional attractive material design features, including genetic level control 

over their composition, chain length, and architecture. ELPs are one class of thermally 

responsive biopolymers, consisting of a pentapeptide repeat motif (Val-Pro-Gly-Xaa-

Gly, Xaa = any guest residue except Pro). A hallmark property of ELPs is their lower 

critical solution temperature (LCST) phase behavior in water; ELPs at a given 

concentration in aqueous solvent phase separate to form protein-rich coacervates above 

the cloud point transition temperature (Tt).50,51  

ELPs offer several distinctive features that are less attainable for synthetic 

polymers: (i) monodispersity;52 (ii) tunable LCST behavior;53 and (iii) a bioinert backbone 

for genetic incorporation of bioactive peptide domains with precise locations and 

spacing.54 Many proteins and functional peptides have been fused to ELP sequences, 

such as vascular endothelial growth factor (VEGF), fibronectin cell-binding peptides, 

human IL-1 receptor antagonist, thioredoxin (Trx), calmodulin (CaM), and blue 

fluorescent protein (BFP).12,55–62  These ELP fusion proteins are suitable for a variety of 
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biomedical applications in drug delivery,42,63–67 tissue engineering45,46,68–71 and 

biosensing.12,72,73 In addition, ELP block copolymers, comprised of dissimilar ELP 

sequences with decoupled LCST phase transition behaviors, have the ability to self-

assemble into predictable structures above the critical micellization temperature 

(CMT),40,74,75 together with a pre-defined, molecularly encoded bioactivity. Furthermore, 

the thermal responsiveness of ELPs also enables their purification by simply exploiting 

the phase transition behavior of ELPs, obviating complex chromatographic separation.58 

It is also worth noting that ELPs can be expressed at gram per liter quantities in a 

laboratory setting, allowing cost-effective fusion protein production.76 Taken together, 

ELPs are well suited for fabricating stimuli-responsive surface coatings with 

programmable architecture and functionality.   

1.2 Fabrication of stimuli-responsive surfaces 

Fabrication of such stimuli-responsive surfaces requires controllable 

immobilization of these stimuli-responsive polymers or polypeptides onto surfaces.77–80   

Synthetic polymers adsorb onto surfaces mostly via physical adsorption81–84 or covalent 

attachment.85–87 The covalent grafting of the polymers onto surfaces often requires 

chemical modification of surfaces to obtain specific functional groups, and the grafting 

process is often costly and laborious. For example, common methods for depositing 

pNIPAAm onto surfaces, such as atom-transfer radical polymerization (ATRP) and 

plasma deposition,88 require complex protocols.  
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To immobilize polypeptides onto surfaces, many surface immobilization 

methods have been developed, such as physisorption and chemical coupling. The 

chemical conjugation of polypeptides results in a stable peptide layer that is less 

vulnerable to desorption or displacement as compared to physically adsorbed 

polypeptides. However, the chemical coupling method often leads to a decrease in the 

bioactivity of the immobilized peptides.89 In addition, this method requires chemical 

modification of the surfaces to enable covalent conjugation of polypeptides.90 Despite 

these drawbacks, most of the reported ELP-modified surfaces were prepared either via 

coupling chemistry or physisorption.91–94 

Another approach to immobilize polypeptides onto surfaces relies on a 

recombinant affinity tag. A variety of short recombinant peptides with specific binding 

affinity to inorganic or metal substrates (e.g. silica, gold and silver) have been identified 

by a combinatorial library approach.95–100 For instance, the silaffin R5 peptides 

(SSKKSGSYSGSKGSKRRIL), derived from Cylindrotheca fusiformis, have been shown to 

direct silica precipitation under ambient conditions.101 Several gold binding peptides 

were reported to demonstrate high binding affinity and selective specificity to gold 

surfaces.102,103 By using these material binding peptides, proteins can be directly 

immobilized onto the target substrates with high affinity and controlled orientation,104–106 

providing an attractive alternative to physisorption and chemical coupling. A previous 

study demonstrates that green fluorescent protein (GFP) fused to a zinc oxide (ZnO)-
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binding peptide can selectively attach to the surfaces of ZnO particles.97 In addition, the 

incorporation of a graphene-binding peptide into ELPs not only enhanced the binding 

affinity of ELPs to graphene surfaces, but also controlled the orientation of adsorbed 

ELPs.106 Thus, artificially incorporating material binding peptides that tailored to interact 

with certain substrates, provides a facile approach to direct surface immobilization and 

orientation of polypeptides, enabling the fabrication of smart surfaces with desired 

properties. 

1.3 Application of the stimuli-responsive surfaces 

Applications of stimuli-responsive surfaces in diagnostics, drug delivery, cell 

culture or tissue engineering have been studied extensively and numerous papers and 

patents are evidence of rapid progress in this area.15 Here, we focus on the applications 

of these smart surfaces in cell culture and diagnostics.  

1.3.1 Smart cell culture surfaces 

The precise spatial control of cell adhesion on surfaces enables fundamental 

investigations in cell biology, and offers a powerful tool for designing cell-based assays 

and sensors. Stimuli-responsive surfaces that can control the adhesion and detachment 

behavior of cells on surfaces is well suited to create cellular patterns. The pNIPAAm 

micropatterns have been fabricated for single cell studies.107 The patterned pNIPAAm 

brushes were created using surface-initiated ATRP followed by a direct photo-ablation 

to selectively remove polymer brushes from the surfaces. The pNIPAAm micropatterns 
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allow for single cell confinement within a given geometry and enzyme-free cell 

detachment by lowering the temperature below the LCST. In addition, patterned 

pNIPAAm surfaces have also been used for producing a heterotypic cell co-culture of 

primary hepatocytes and endothelial cells.108 The pNIPAAm brushes were covalently 

grafted onto polystyrene surfaces using electron beam irradiation with a mental mask 

pattern. The first cell type was cultured below the LCST and adhered only onto regions 

in the absence of pNIPAAm. The second cell types were then seeded and adhered onto 

only pNIPAAm-grafted domains above the LCST. This patterned cell co-culture method 

was able to maintain cell pattern fidelity and differentiated cell functions of each cell 

type.  

Thermally responsive substrates that can reversibly modulate cell adhesion 

behavior also offer an innovative approach to harvest cell sheets, which has greatly 

accelerated the progress of cell sheet engineering technology.109 The most profound 

advantage of cell sheet technology is the ability to achieve high density cell sheet with 

intact cell-cell junctions and extracellular matrix (ECM).110 Conventional cell detachment 

techniques used in the recovery of cultured cells, such as enzymatically induced cell 

harvesting or mechanical cell scraping, can damage ECM and impair cell function.111 A 

pioneer work on thermoresponsive cell culture substrates was reported by Okano and 

coworkers, who used pNIPAAm-modified surfaces to recover cultured cells as a sheet 

simply by temperature change.112,113 The ability of such surfaces to switch from a 



 

8 

hydrophilic state (T < LCST) to a hydrophobic state (T > LCST) allows for the culture of 

adherent cells above the LCST and recovery of the grown cells below the LCST. These 

thermally responsive cell culture substrate enables fabrication of viable, transplantable 

cell sheets for various tissue engineering applications, such as the reconstruction and 

repair of myocardial tissue,114 and the transplantation of corneal endothelial cell 

sheets.115 In addition, Okano and coworkers demonstrated harvesting of confluent 

cardiac myocyte sheets without any enzymatic treatment, and showed that the stacked 

cardiac cell sheets could pulsate synchronously due to sheet-to-sheet communication via 

intact cell-cell junctions.116 

Besides synthetic polymers, polypeptides have also been used to fabricate 

thermoresponsive cell culture substrates.71,117–119 ELPs, derived from a fibrous protein 

(i.e., tropoelastin) in native ECM,120 hold a great potential to create highly customizable 

ECM-like environment for cell culture and tissue engineering. The temperature-

triggered aggregation of ELPs has been applied to harvest cell sheets.71,121 The stimuli-

responsive cell culture substrate was fabricated by physisorption of ELPs consisting of 

288 repeats of GVGVP (ELP-288) onto a hydrophobic surface. Cells with ELPs 

containing RGD domains (RGD-ELP) were seeded on the ELP-modified surfaces, and 

incubated at T >Tt to allow co-aggregation of surface bound ELPs with RGD-ELPs that 

attached to the integrins of the cells (see schematic in Figure 1a). After the cells became 

confluent, the intact cell sheet was detached from the surfaces by lowering the 
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temperature below the LCST.71 In addition, Na et al. developed a smart cell biochip 

based on covalently immobilized ELP micropatterns on the aldehyde-derivatized glass 

surface.119 The ELP-patterned surface was incubated with fibronectin solution to 

promote the adhesion of fibroblasts above the LCST, while the adhered fibroblasts were 

released from the surfaces by lowering the incubation temperature below the LCST (see 

schematic in Figure 1b).  

 

Figure 1: Example schematics of ELP-based thermoresponsive cell culture 
substrates for enzyme-free cell recovery. (a) Cell adhesion via temperature-triggered 
aggregation of surface adsorbed ELPs and RGD-ELPs that bound to the cells. By 
lowering the temperature, cells with the RGD-ELPs were released from the surfaces. 
(b) ELP micropatterns with adsorbed fibronectin reversibly controlled the adhesion 
and detachment of cells on surfaces in response to temperature. Adapted with 
permission from Mie et al.,71 and Na et al.119 Copyright: Wiley Periodicals, Inc. and 
American Chemical Society. 
 

1.3.2 Smart diagnostic assays 

Analysis of biomarkers in bodily fluids is essential for disease diagnosis, 

prognosis and evaluation of therapeutic efficacy.122–125  However, some clinically relevant 

biomarkers present in exceedingly low concentrations (e.g., nanomolar) during early 

disease states.126,127 Considerable research interest has been directed to develop smart 

diagnostic assays for biomarker analysis using stimuli-responsive polymer-biomolecule 
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conjugates. Two primary approaches have been utilized for developing these assays: i) 

smart polymer-biomolecule conjugates capture biomarkers and phase-separate in 

solution;128–131 ii) smart polymer-biomolecule conjugates are immobilized onto surfaces to 

capture biomarkers.21,23,132–134 One of the earliest immunoassay applications was 

developed by Hoffman, et al. in the mid-1980s.130 The pNIPAAm with conjugated 

antibody was used to capture antigens (e.g., biomarkers of hepatitis or AIDS) in blood. 

After adding a second labeled antibody to form immune complex sandwich, they heated 

up the solution to phase-separate the pNIPAAm/immune complex sandwich, followed 

by recovering the precipitates via centrifugation. The phase-separation immunoassay 

was much faster and just as accurate as enzyme-linked immunosorbent assay (ELISA).135 

The smart pNIPAAm diagnostic technology has recently been applied to several 

innovative surface or nanoparticle-based diagnostic systems that exploit pNIPAAm 

coatings on microfluidic channels, gold nanoparticles and magnetic nanoparticles.21–23,136–

141 For example, Stayton et al. used thermally responsive pNIPAAm-modified 

microchannels to capture and enrich pNIPAAm-protein conjugates via co-aggregation 

above the LCST.139  

Similar to pNIPAAm, ELPs have also been used for fabricating smart diagnostic 

assays. A simple and universal phase-separation immunoassay based on ELPs is 

reported by Chen and co-workers.142 They used ELP fusion proteins with specific 

antibodies to isolate and enrich paclitaxel. To extend this work, ELPs fused with 



 

11 

antibody binding domains have been explored for the purification of antibodies.143–146 In 

addition, an array of polystyrene microbeads conjugated with ELPs was used in a smart 

immunoassay to detect prostate-specific antigen (PSA), a cancer marker.147,148  These 

ELP-modified polystyrene beads enabled reversible capture and sensitive sequestration 

of PSA in the antigen mixture, and the captured PSA can be further released from the 

surfaces of the polystyrene beads.    

1.4 Specific Aims 

1.4.1 Specific Aim 1: Adsorption of ELPs onto surfaces 

The ability to control the adsorption of stimuli-responsive polymers or 

biomolecules onto surfaces is essential for the fabrication of “smart” surfaces with 

tailored architecture and functionality. Here, we investigated the adsorption behavior of 

the widely studied “canonical” ELP sequence (VPGVG) and ELP block copolymers onto 

silica surfaces. To immobilize ELPs onto silica surfaces, we fused ELP chains to material 

binding peptides that exhibit specific binding to certain substrates.  

The material binding peptides used in this study are silaffin R5 peptides, which 

can direct silica precipitation and promote silica formation under ambient conditions.101 

A number of silaffin fusion proteins have been developed and used for 

biomineralization,149,150 protein immobilization,151 nanocomposite material fabrication,152 

and biosensor development.153 We have previously shown to incorporate silaffin 

peptides into ELP block copoplymers for silica mineralization.154 Sang et al. 
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demonstrated the enhanced binding of green fluorescent proteins (GFP) to silica 

particles via fusing silaffin peptides to GFP. Thus, silaffin peptides have a great potential 

to be an effective affinity tag to direct the attachment of functional polypeptides onto 

silica surfaces.  

Herein, we fused the silaffin peptides to the widely studied “canonical” ELP 

sequence (VPGVG) using recombinant DNA technology. We then investigated in detail 

the ELP adsorption kinetics, mechanism, and conformational evolution of the adsorbed 

ELPs. We also explored how the silaffin tag and molecular weight affect the ELP 

adsorption behavior. We used a quartz crystal microbalance with dissipation 

measurement (QCM-D) to monitor the ELP adsorption process below the Tt. The ELP 

adsorption kinetics and the equilibrium was investigated, and the binding affinity of 

ELPs with and without the silaffin tag were quantitatively estimated. The contact angle 

measurements were used to determine whether surface-bound ELPs retained their 

thermoresponsive property. The detailed discussion of the approaches and experimental 

results of this study are presented in Chapter 2. 

Another objective of this aim is to study the adsorption behavior of ELP block 

copolymers onto silica surfaces, and to explore the effects of surface affinity and 

temperature on the adsorption kinetics and the resultant polypeptide layers. After 

genetically incorporating silaffin peptides into ELP block copolymers, we investigated 

the adsorption behavior of ELPs with and without the silaffin tag onto silica surfaces at 
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two different temperatures (i.e., below and above the micellization temperature). The X-

ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM) and contact angle 

measurement were used to characterize morphology, architecture and thermally 

responsive property of the resultant ELP layers. The detailed discussion of the 

approaches and findings of this study are presented in Chapter 3. 

Specific Aim 1 Hypotheses Addressed: 

i) Incorporation of the silaffin tag enhances the adsorption of the ELPs, 

leading to faster binding kinetics and thicker ELP layers with a higher surface 

density. 

ii) The silaffin tag directs the adsorption process and enables fast 

conformational changes of the adsorbed ELPs, resulting in distinct architecture and 

morphology dissimilar to ELPs lacking the silaffin tag.   

iii) ELP unimer modified surfaces exhibit tunable surface wettability in 

response to temperature, while ELP micelle coated surfaces are no longer thermally 

responsive. 

1.4.2 Specific Aim 2: ELP-modified surfaces for cell culture 
applications  

After establishing an easy and reliable method to fabricate ELP functionalized 

substrates with desired architecture and functionality, we utilized these thermally 

responsive surfaces for several applications, including cell culture in Aim 2 and 

diagnostic assays in Aim 3.   
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The ability to arrange distinct cells in specific, predefined patterns has broad 

applications in cell-based assays and fundamental studies of cell–cell interactions, cell 

differentiation and migration. To construct optimal patterned microenvironments for 

cells, the design of biomimetic polymer surfaces that recapitulate physical, chemical, and 

biological properties of native ECM plays a critical role. ELPs, also known as artificial 

extracellular matrix (aECM) proteins, are well suited for patterning cells due to their 

biocompatibility and low toxicity. In addition, genetically encoded synthesis of ELPs 

provides a facile method for including bioactive domains into specific regions of the ELP 

chains. Herein, we designed a bi-specific, hetero-end-functional ELP fusion protein 

incorporating both N-terminal cell-binding (GRGDS) and C-terminal gold-binding 

(cysteine) domains (herein referred to as RGD-ELP-Cys). Cell patterning on gold 

patterned silicon substrates is achieved by exploiting adsorbed ELP orientation to either 

enhance (gold regions) or impede (silicon oxide regions) cell adhesion at particular 

locations on the patterned surface. The dissimilar accessibility of cell-binding domains 

on the gold and silicon oxide regions of the surfaces directs the cell adhesion in a 

spatially controlled manner, leading to the formation of cellular patterns with high 

precision, fidelity, and stability. Chapter 4 described the detailed approaches and results 

of this study. 

A second objective of this aim is to fabricate thermoresponsive cell culture 

substrates. Thermoresponsive cell culture substrates that enable enzyme-free harvest of 
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cultured cells as an intact cell sheet by simple temperature modulation, are applicable in 

the field of tissue engineering and regenerative medicine.109 Here, we created 

thermoresponsive cell culture substrates using rationally designed ELP coatings with 

precisely spaced cell-binding domains.  In addition, cultured adherent cells were able to 

be recovered successfully as an intact cell sheet by lowering the incubation temperature. 

The detailed discussion of the methods and results of this study are presented in 

Chapter 5. 

Specific Aim 2 Hypotheses Addressed: 

i) End-terminal chemisorption of RGD-ELP-Cys onto gold regions via a 

cysteine-rich domain enhances the accessibility of the cell-binding domains and 

promotes cell adhesion at temperatures both above and below the Tt of the ELPs.  

ii) The accessibility of cell-adhesive motifs within the ELP layers greatly 

influences the binding strength and growth of the adhered cells. 

iii) The phase transition behavior of rationally designed ELPs is capable of 

concealing or exposing cell-adhesive motifs within the ELP chains, allowing thermal 

modulation of cell adhesion and detachment behavior.  

1.4.3 Specific Aim 3: Develop a biomarker separation and detection 
system using ELP functionalized particles  

The ELP based stimuli-responsive surfaces have also been used to develop smart 

diagnostic assays. We demonstrate an acoustofluidic, chip-based method that offers 

following distinct functions: i) capture of specific biomarkers from the blood; ii) 
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separation of captured biomarkers from the blood; iii) off-chip quantification of the 

captured biomarkers; and iv) release of biomarkers to the buffer solution for further 

analysis.  

A key component of this platform technology is the acoustofluidic separation, 

which has been used previously for a number of biological applications.155–162 This 

acoustofluidic system offers an attractive alternative to separate silicone-based 

elastomeric particles from blood cells prior to biomarker enumeration,163 compared to 

earlier techniques (such as centrifugation, which needs bulky equipment and milliliter of 

blood). The acoustic separation process is based on imparting acoustic radiation forces 

on silicone particles and cells in opposing directions, subsequently transporting them to 

different locations along an acoustic standing wave (i.e., to the pressure node or the 

pressure antinodes). The primary acoustic force, , exerted on a suspended object with 

a given volume, , is proportional to the square of the acoustic pressure amplitude, , 

and the acoustic contrast factor, :159,164–169 

= ( , )si (2 ),                                 (Eqn. 1) 

where k is the wave number and  is the distance from a vertical wall of the 

microfluidic channel. The acoustic contrast factor can be calculated from the following 

equation:159,164,166–170 
             ( , ) = − ,                                               (Eqn. 2) 
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where  and  represents the density of the object (i.e., particle or cell) and the 

fluid, respectively, and  and  denote compressibility of the object and the fluid, 

respectively. The direction of the primary radiation force depends on the acoustic 

contrast factor . If > 0, objects move towards the pressure node, whereas, if < 0, 

objects travel towards the pressure antinode. In general, cells exhibit positive acoustic 

contrast and thus migrate to the pressure node (corresponding to the center of a 

microfluidic channel). Alternatively, compressible silicone particles exhibit negative 

acoustic contrast and thus travel to the pressure antinodes (corresponding to the sides of 

a microfluidic channel). This convenient and discriminate separation mechanism allows 

for high-throughput and continuous sorting of silicone particles from blood cells.  

Central to the design of this system is the ELP co-aggregation: untethered ELPs 

can co-aggregate with surface-tethered ELPs at T >Tt. In a previous work, Chilkoti and 

co-workers have demonstrated that ELP patterned array can reversibly capture ELP 

fusion proteins from cell lysate (Figure 2a).94 This work was further extended to the 

fabrication of ELP-based biomolecular switches for capture and release of proteins  in 

response to temperature (Figure 2b).73 Based on these studies, Teeuwen et al. 

demonstrated the sequential immobilization of two ELP fusion populations onto an 

ELP-modified glass surface by locally controlling the temperature (Figure 2c).92 Thus, we 

hypothesized that the co-aggregation of ELP-modified particles and free ELPs in 
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solutions above the Tt allows thermally capturing and releasing free ELPs from the 

surfaces of ELP-modified particles (Figure 2d). 

 

Figure 2: (a-c) Example schematics of ELP-modified substrates for reversible 
capture and release of ELP fusion proteins. (d) Schematic of ELP functionalized 
particles capturing free ELPs from the solution above the Tt. Reproduced with 
permission from Nath et al.,94 Hyun et al.,73 and Teeuwen et al.92 Copyright: American 
Chemical Society and Royal Society of Chemistry. 

 
The schematic depicts the process for capturing and separating biomarkers from 

the blood is shown in Figure 3. First, ELPs was fused to ligands to capture a model for 

protein biomarkers from whole blood (Figure 3a,b). We then utilized silicone particles 

with covalently conjugated ELPs to rapidly capture ELP-ligands/biomarker complexes 

above the Tt (Figure 3c,d). The biomarker-particle complexes were then continuously 

separate biomarkers from blood (see Figure 3e). The captured biomarkers can be 

analyzed via flow cytometry or further released for recovery and enrichment by 

reducing the temperature of the solution (Figure 3f). 
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Figure 3: Schematic of the process for rapid capture and acoustic separation of 
the biomarkers from the blood. (a-b) ELP-ligands are used to capture biomarkers in 
blood. (c-d) ELP-coated silicone particles are added to immobilize ELP-
ligand/biomarker complexes to the surfaces of the particles above the Tt. (e) The 
captured biomarkers are continuously separated from blood cells using an 
acoustofluidic device. (f) The biomarkers can then be analyzed by flow cytometry or 
released from the surfaces of the particles below the Tt.  

 
Specific Aim 3 Hypotheses Addressed: 

i) Unlike the commercial surface-binding assays (i.e., ELISA), the mobility of 

soluble ELP-ligand fusion proteins allows for homogeneous capture of biomarkers 

with enhanced binding efficiency in solutions, leading to more sensitive detection of 

biomarkers within a shorter incubation time. 

ii) The ELP-modified particles can co-aggregate with untethered ELP-ligands 

in the solution above their Tt to facilitate rapid capture and sequestration of 

biomarkers in blood.  
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iii) The silicone particles with bound ELP-ligand/biomarker complexes can be 

rapidly and continuously separated from the blood cells with a high sorting 

efficiency, while most of biomarkers remained stably associated with the particles 

throughout the acoustic separation process.  
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2. Chapter 2: Directed adsorption of stimuli-responsive 
biomolecules onto silica surfaces 

This chapter describes a part of work for Specific Aim 1.  In this chapter, we 

conducted fundamental studies to provide in-depth understanding of the adsorption 

behavior of the widely explored “canonical” ELP sequence (Val-Pro-Gly-Val-Gly). The 

chapter is adapted from a manuscript that will be submitted to Langmuir (ACS) for 

publication. The authors include Linying Li, Chia-Kuei Mo, Qing Tu, Yiqun Zhang, Nick 

J. Carroll, Ashutosh Chilkoti, Stefan Zauscher, and Gabriel P. López.  

2.1 Synopsis  

The ability to control the adsorption of stimuli-responsive polymers or 

biomolecules onto surfaces enables fabrication of “smart” surfaces with tailored 

architecture and functionality. Here, we provide a mechanistic understanding of the 

adsorption behavior of stimuli-responsive polypeptides (elastin-like polypeptides, ELPs) 

onto silica surfaces. We demonstrate that ELPs undergo adsorption-induced 

conformational changes and adsorb onto the silica surfaces in three distinct stages that 

correspond to different molecular conformations. The incorporation of a terminal-end 

silaffin R5 peptide into the polypeptide chain facilitates rapid conformational changes of 

ELPs to reach adsorption equilibrium in a short time frame, whereas ELPs lacking the 

silaffin peptides exhibit slower surface rearrangement that precludes reaching an 

adsorption equilibrium within reasonable experimental time frames. The silaffin 
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peptides also significantly enhance the binding affinity of ELPs to silica surfaces, causing 

the ELPs to rapidly cover the surface with a thicker peptide layer compared to the 

unmodified ELPs. In addition, our observation reveals that ELPs of higher molecular 

weight form thicker peptide layers with a greater surface concentration. Finally, we 

demonstrate that polypeptide-modified surfaces have switchable wettability in response 

to temperature. This study offers an in-depth understanding of the polypeptide binding 

kinetics and the conformational evolution of the adsorbed polypeptides, which enables 

precise conformational control of the adsorbed polypeptides.    

2.2 Introduction 

Programmable adsorption of stimuli-responsive polymers or biomolecules onto 

solid surfaces provides a powerful tool to fabricate “smart” surfaces, whose properties 

can be modulated by external stimuli (e.g., changes in temperature or pH).171 Such 

stimuli-responsive surfaces offer versatile platforms for numerous applications ranging 

from biosensors,172 cell culture substrates,173 tissue engineering scaffolds,118 to 

bioseparation devices.174 While a broad range of stimuli-responsive synthetic polymers 

are applicable to fabricate these surfaces,171 peptide-based, stimuli-responsive 

biomacromolecules are an attractive alternative due to their biocompatibility, 

biodegradability, and non-toxicity. In particular, recombinant stimuli-responsive 

peptides, such as elastin-like polypeptides (ELPs), enable genetically encodable 

synthesis with precise control over their composition, architecture, and functionality.175 
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ELPs, consisting of a pentapeptide repeat motif (Val-Pro-Gly-Xaa-Gly, Xaa = any guest 

residue except Pro), are characterized by their lower critical solution temperature (LCST) 

phase behavior in water; ELPs at a given concentration in aqueous solvent phase 

separate to form protein-rich coacervates above the cloud point transition temperature 

(Tt).50,51 They offer the following distinctive features: (i) monodispersity;52 (ii) tunable 

LCST behavior;53 and (iii) a bioinert backbone for genetic incorporation of bioactive 

peptide domains with precise locations and spacing.54 ELP-modified surfaces have been 

exploited in immunoassays,93 switchable microarrays,94,176 microreactors,92 and 

microcantilever sensors172.  

Controlling the adsorption behavior of ELPs and their molecular conformation at 

surfaces would allow exposure of the desired functional groups to promote specific 

biointeractions,177 resulting in stimuli-responsive surfaces with tailored architecture and 

functionality. While ELPs have been immobilized onto different substrate materials (e.g., 

glass,178,179 mylar,180 chitosan,181 and mica182), there still lacks an in-depth understanding 

of the ELP adsorption process, including the adsorption kinetics, mechanism, and 

conformational evolution of adsorbed ELPs. In general, the adsorption of 

peptides/proteins onto solid surfaces is a complex phenomenon and involves many 

dynamic steps, such as diffusion, structural rearrangement and desorption.183 In 

particular, proteins with a low internal stability (e.g., myoglobin, albumin) usually 

undergo conformational reorientation upon adsorption, leading to irreversible 
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adsorption of proteins.184 The final organization of the adsorbed protein layer (i.e., the 

orientation, conformation, and surface coverage) is strongly influenced by the kinetics of 

mass transport of the proteins to the surface from the solution and the kinetics of the 

surface rearrangement of adsorbed proteins.185 As ELPs are intrinsically disordered 

proteins that lack a stable tertiary structure,186,187 we hypothesized that ELPs would 

undergo dynamic conformational changes upon adsorption to surfaces below the Tt.  

A facile approach to direct the orientation of adsorbed ELPs is to graft them onto 

solid surfaces via an end-terminal anchor group. We have previously demonstrated that 

genetic incorporation of a substrate-binding domain (i.e., gold-binding domain) into 

ELPs enabled direct surface immobilization with enhanced accessibility of cell-binding 

ligands.188 Here, we genetically incorporated an affinity tag (i.e., silaffin) into ELPs with 

various lengths (i.e., n = 40, 80, 160) of the canonical sequence (Val-Pro-Gly-Val-Gly)n. 

The silaffin R5 peptides (SSKKSGSYSGSKGSKRRIL), derived from Cylindrotheca 

fusiformis, can direct silica precipitation and promote silica formation under ambient 

conditions.101 As the lysine-rich motif of these polycationic silaffin peptides have a high 

affinity to the silica cell walls of diatoms,189 we hypothesized that the silaffin tag would 

also enhance the binding of ELPs to silica surfaces. In addition, it has been previously 

reported that grafting of end-functionalized polymers involves a multistage adsorption 

process with different conformations of the adsorbed polymers.190,191 Thus, we also aim 

to explore whether ELPs with a silaffin tag would exhibit a multistage adsorption 
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process, and to investigate how an affinity tag affects the conformational evolution of 

the adsorbed ELPs.  

In this study, we investigated in detail the ELP adsorption kinetics, mechanism, 

and surface conformation, and explored how an affinity tag and molecular weight affect 

the ELP adsorption behavior. As predicted, we observed adsorption-induced 

conformational changes of ELPs with and without a silaffin tag. In addition, we show 

that ELPs exhibited multistage adsorption regimes that corresponded to different 

conformations of adsorbed polypeptides. Compared to unmodified ELPs, ELPs with a 

silaffin tag demonstrated significantly higher binding affinity to silica surfaces, resulting 

in a thicker peptide layer with a higher surface coverage on silica surfaces. The silaffin 

tag also promoted a rapid surface rearrangement of ELPs to reach adsorption 

equilibrium, whereas adsorption equilibrium was substantially prolonged for the ELPs 

lacking the silaffin tag. In addition, the equilibrium surface coverage, thickness of 

adsorbed layers, and the time required to reach equilibrium increased with increasing 

molecular weight of ELPs. Finally, we demonstrate that adsorbed ELPs maintained their 

thermal responsive behavior on the surface. This detailed mechanistic understanding of 

ELP-surface interactions enables precise control over the orientation and conformation 

of the adsorbed polypeptides, providing powerful surface-engineering approaches for 

fabricating bioactive substrates.  
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2.3 Materials and methods  

2.3.1 Assembly of Silaffin-ELP fusion genes 

The ELP constructs (ELP-n) used in this study consist of an N-terminal leader 

DNA sequence that encodes for (Met-Ser-Lys-Gly-Pro-Gly) and a repeating 

pentapeptide (Val-Pro-Gly-Val-Gly) with various number of repeats (n = 40, 80, 160). 

Synthetic genes for ELP-40, ELP-80 and ELP-160 were available from a previous study.175 

Synthetic oligonucleotides encoding for both strands of the silaffin R5 peptides 

(SSKKSGSYSGSKGSKRRIL) with BseRI and NdeI compatible sticky ends were 

synthesized by Integrated DNA Technologies Inc.   

To build the gene encoding for the silaffin ELP fusion proteins (Silaffin-ELPs), 

three pET 24a plasmids, each harboring genes for ELP-40, ELP-80 and ELP-160 was 

double digested with BseRI and NdeI (New England Biolabs, Inc.), and then 

enzymatically dephosphorylated using calf intestinal alkaline phosphatase (CIP; New 

England Biolabs).  The linearized vectors encoding for ELPs were separated from other 

DNA fragments by gel electrophoresis with low melting agarose (AquaPor LM; National 

Diagnostics, Inc.), and were purified using an extraction kit (QIAquick® gel; Qiagen, 

Inc.). The purified ELP vectors were ligated with the silaffin R5 encoding 

oligonucleotides to create a plasmid-harboring gene for ELPs with the silaffin tag (herein 

referred to as Silaffin-ELPs). Correct assembly of the genes for Silaffin-ELPs were 

confirmed by DNA sequencing. The amino acid sequences of all the parent ELPs (i.e., 
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ELP-40, ELP-80, ELP-160) and Silaffin-ELP fusion proteins (i.e., Silaffin-ELP-40, Silaffin-

ELP-80 and Silaffin-ELP-160) are listed in Figure 5.  

2.3.2 Expression and purification of ELPs  

All the ELPs were expressed in BL21(DE3) E. coli and purified by inverse 

transition cycling, as described previously.58 These purified ELPs were characterized by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE; BioRad, Inc.). 

Figure 4 illustrates the purity of different ELPs. In addition, the band observed for each 

ELP in SDS-PAGE was consistent with its theoretical molecular weight (i.e., Silaffin-ELP-

40: 19.4 kDa; ELP-40: 17.1 kDa; Silaffin-ELP-80: 35.8 kDa; ELP-80: 33.5 kDa; Silaffin-ELP-

160: 68.5 kDa; ELP-160: 66.3 kDa.). 

 

Figure 4: SDS-PAGE gel with a molecular weight ladder (lane 1), Silaffin-ELP-
40 (lane 2), ELP-40 (lane 3), Silaffin-ELP-80 (lane 4), ELP-80 (lane 5), Silaffin-ELP-160 
(lane 6) and ELP-160 (lane 7). 

To characterize the aqueous LCST phase behavior of the ELPs, the optical density 

at 350 nm (OD350) of 150 µM solution of the parent ELPs and Silaffin-ELP fusion proteins 
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in phosphate-buffered saline (PBS) were measured as a function of solution temperature. 

Samples were heated at 1°C/min in a UV-visible spectrophotometer equipped with a 

multi-cell thermoelectric temperature controller (Cary 300; Varian, Inc.) between 5°C 

and 55°C. 

2.3.3 Quartz crystal microbalance (QCM) 

A Q-Sense E4 QCM-D instrument (Q-Sense AB) was used to investigate the in 

situ adsorption behavior of the ELPs to silica substrates. Prior to measurement, silicon 

dioxide coated sensor crystals (50 nm; QSX 303, Q-Sense AB) were immersed in 2% 

sodium dodecyl sulfate (SDS) for 2 h, followed by exposure to ultraviolet (UV)/ozone for 

10 min. The crystals were then thoroughly rinsed with deionized water, and dried under 

a stream of nitrogen gas. For each measurement, PBS buffer was first loaded into the 

flow module until a stable baseline was reached. An ELP solution at 23°C was then 

injected into the flow module at a constant flow rate of 25 µL/min, followed by a PBS 

wash to remove loosely bound ELP. Shifts in the crystal frequency and dissipation were 

continuously monitored using the Q-Soft software (Q-Sense AB). The  and  values 

measured at the third overtone were used for analysis. These data were fitted to the 

Voight viscoelastic model192,193 to estimate the surface concentration of ELP adlayers (i.e., 

apparent mass of the adsorbed polypeptides per area). 
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2.3.4 Preparation and characterization of polypeptide-modified silica 
surfaces 

2.3.4.1 Preparation of polypeptide-coated surfaces 

The silicon wafers were obtained from University Wafer Inc. The wafer surface 

was washed in a 1: 3 (v/v) solution of 30% H2O2: 98% H2SO4 for 5 h. After rinsing in 

deionized water and drying under a stream of nitrogen, the silicon wafers were placed 

into a 150 µM solution of Silaffin-ELPs or parent ELPs and allowed to incubate for 

different lengths of time. All the samples were prepared below the transition 

temperatures (Tt) of all the ELPs to ensure that the ELPs remained soluble. For atomic 

force microscopy (AFM) and contact angle measurement, the silicon wafers were 

incubated in a 150 µM ELP solution for at least 16 h, and then rinsed with deionized 

water prior to analysis.  

2.3.4.2 Atomic force microscopy (AFM) 

The morphology of the ELP-modified substrates was characterized by tapping 

mode AFM (Multimode 8, Bruker) at room temperature (~23°C). AFM images were 

obtained in deionized water using triangular Si3N4 cantilevers (Bruker, Scanasyst-Fluid) 

with a spring constant of 0.7 Nm-1. The root-mean square (rms) roughness (Rq) over 9 

um2 area is (value) ± (error). 

2.3.4.3 Ellipsometry 

The thickness of each ELP adlayer was measured using a spectroscopic 

ellipsometer (M-88; J.A. Woollam Co.). Spectroscopic scans were acquired over a 
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wavelength range of 400-700 nm and at a 65° angle of incidence. Ellipsometric data were 

analyzed using WVASE32 software by fitting 3-layer model composed of a silicon layer 

at the bottom, a thin silicon dioxide layer and a polymer layer on the top. The thickness 

of the polymer film was obtained using a Cauchy layer model with fixed constant (An = 

1.45, Bn = 0.01, and Cn = 0).194 The nominal thickness of the ELP adlayer was determined 

from the average of at least six thickness measurements taken per sample.  

2.3.4.4 Contact angle goniometry 

A contact angle goniometer (Model 100; Rame-Hart Instrument, Co.) was used 

for captive-air-bubble contact angle measurements. The sample was placed inside an 

environmental chamber of deionized water and was heated by circulating water from 

the temperature-controlled water bath. The temperature inside the chamber was 

measured via a thermocouple. The samples were equilibrated at a specified temperature 

for 20 min. Contact angle values reported are the average of at least six replicates.  

2.4 Results and discussion  

2.4.1 Adsorption of polypeptides onto silica surfaces 

To explore the effects of solution concentration, molecular weight and the silaffin 

tag on the ELP adsorption isotherm, we used a quartz crystal microbalance with 

dissipation measurement (QCM-D) to monitor the ELP adsorption process below the Tt. 

The ELP constructs investigated in this study comprise various amounts of a 

pentapeptide repeating motif (VPGVG) with an N-terminal leader DNA sequence that 
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encodes for positively charged MSKGPG peptides or silaffin peptides (i.e., 

MSSKKSGSYSGSKGSKRRIL; see amino acid sequence in Figure 5a). We performed the 

adsorption of ELPs onto the silica-coated quartz crystals from solutions at various 

concentrations at 23°C. Figure 5b,c show the equilibrium frequency change (∆ ) for the 

adsorption of Silaffin-ELPs and the parent ELPs as a function of polypeptide 

concentration. The ∆  (i.e., surface coverage or mass of adsorbed peptides per area) 

increased rapidly with increasing concentration, followed by a declining rate at higher 

polypeptide concentrations as the surface was gradually saturated. This result suggests 

that the adsorption of ELPs is primarily driven by the polypeptide concentration, which 

agrees with previous observations for the adsorption of a broad range of proteins and 

polymers.195 Besides the concentration, the molecular weight of ELPs also affects the 

adsorption isotherm. For both Silaffin-ELPs and parent ELPs, the saturation plateau 

level (i.e., adsorbed mass of ELPs at saturation) increased with increasing polypeptide 

molecular weight, which is in accordance with a previous study showing that maximum 

surface coverage increases with increasing molecular weight of ELPs.196 The initial slope 

of the adsorption isotherm also increased with increasing molecular weight of ELPs, 

which agrees with the adsorption of flexible linear polymers.197 Finally, the silaffin tag 

has a profound effect on adsorption isotherm of ELPs. The adsorption of Silaffin-ELPs 

resulted in a larger ∆  relative to that of ELPs without a silaffin tag, indicating that a 

higher amount of Silaffin-ELPs adsorbed to silica surfaces. In addition, the initial slope 
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of adsorption isotherms for Silaffin-ELPs was greater than that of ELPs lacking a silaffin 

tag, leading to fast attainment of the plateau at lower polypeptide concentrations. These 

data suggest that the silaffin tag enhanced the specific interactions between ELPs and 

silica surfaces, and enabled ELPs to adsorb with a high binding affinity. Taken together, 

these data demonstrate that the solution concentration, molecular weight and affinity 

tag greatly influence the ELP equilibrium isotherm and surface coverage at saturation.   

 

Figure 5: (a) A schematic indicating amino acid sequences of Silaffin-ELPs and 
the parent ELPs. (b, c) Adsorption isotherm for (b) Silaffin-ELPs and (c) parent ELPs 
adsorbed on silica surfaces below their Tt. 

Figure 6 shows the frequency change (∆ ) and the corresponding dissipation 

change (∆ ) for the binding of Silaffin-ELPs and parent ELPs to silicon oxide-coated 

quartz crystals at a concentration of 150 µM (a-d) and 4 µM (e-h). For both Silaffin-ELPs 

and parent ELPs, the surface concentration of adsorbed polypeptides increased with 

increasing molecular weight of ELPs. At the same concentration, the adsorption of 
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Silaffin-ELPs resulted in a larger ∆  relative to the parent ELPs, indicating that higher 

amounts of Silaffin-ELPs adsorbed to silica surfaces. In addition, Silaffin-ELPs reached 

adsorption equilibrium at a shorter time period compared to ELPs without a silaffin tag. 

These data suggest that silaffin domains enhance the binding affinity of ELPs to silica 

surfaces.   

The energy dissipation of ELP layers was also determined using the QCM-D 

measurements. The binding of ELPs induced large energy dissipation changes, 

indicating the peptide layers were viscoelastic. For both Silaffin-ELPs and parent ELPs, 

the energy dissipation change (∆ ) increased with increasing number of pentapeptide 

repeats, suggesting that ELP of longer length formed more dissipative layers. Our 

results agree with a previous study showing that viscoelasticity and surface coverage 

increases with increasing the ELP chain length.196 
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Figure 6: Time course of (a, c) frequency shift (∆ ) and (b, d) dissipation shift 
(∆ ) for the binding of ELPs with/without a silaffin tag to silica surfaces at a 
concentration of 150 µM. The arrows indicate the time when the surface was rinsed 
with PBS buffer. Time course of (e, g) frequency shift (∆ ) and (f, h) dissipation shift 
(∆ ) for the binding of ELPs with/without a silaffin tag at a concentration of 4 µM. 
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To estimate the surface concentration of ELPs (i.e., mass of the adsorbed 

polypeptides per area) on the quartz crystal surfaces, the frequency change (∆ ) and the 

corresponding dissipation change (∆ ) for the adsorption of ELP solutions at a 

concentration of 150 µM were fitted the Voight viscoelastic model.192,193 Table 1 

quantitatively confirms that the surface coverage increased with increasing chain length 

of ELPs, and a larger amount of Silaffin-ELPs adsorbed onto silica surfaces compared to 

the parent ELPs with the same chain length. As the associated water contents also 

contribute to the mass of adsorbed ELP layers in the QCM analysis,198 we further used 

ellipsometry to determine the polypeptide contents of the adsorbed film (i.e., dry mass) 

and the thickness of the ELP adlayers. The silicon wafers were incubated in ELP 

solutions with/without a silaffin tag (150 µM) and rinsed with deionized water prior to 

the ellipsometry measurements. Figure 7 shows that the thickness of ELP-modified 

layers increased with increasing polypeptide molecular weight. Silaffin-ELPs formed 

thicker peptide layers (up to 12 nm) than the parent ELPs (< 5 nm). The surface 

concentration Γ, i.e. the mass of the adsorbed polypeptides per area (ng/cm2), was 

calculated using de Feijter's formula,199 

Γ =  ⁄                                                                                                          (Eqn. 1) 

where  is the thickness of the peptide layer,  and  are the refractive indices 

of the peptide layer and air, respectively, and ⁄  is the refractive index increment of 

ELPs that was estimated to be 0.186 cm3/g.200 A refractive index value of 1.40 for ELP 
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layers201 and refractive index value of 1.00028  for air under ambient conditions202 were 

used. The surface concentration at saturation for each ELP adlayer was calculated and 

compared to the surface concentration derived from QCM measurement (see Table 1). 

The ellipsometry data agrees with the trends in QCM data, further confirming the effects 

of an affinity tag and polypeptide molecular weight on the equilibrium surface coverage 

of ELPs.  

Table 1: Surface concentration at saturation of ELP layers obtained from the QCM-D 
and ellipsometry data. 

Surface 
concentration 
(ng/cm2) 

Silaffin-
ELP-40 

Silaffin-
ELP-80 

Silaffin-
ELP-160 

ELP-40 ELP-80 ELP-160 

QCM-D 942 ± 46 1741 ± 29 3266 ± 31 463 ± 20 900 ± 42 2536 ± 38 
Ellipsometry 469 ± 54 1235 ± 78 2687 ± 71 448 ± 47 817 ± 20 998 ± 13 

 

 

Figure 7: Ellipsometric thickness of (a) Silaffin-ELP and (b) parent ELP-
modified surfaces in the dry state as a function of adsorption time.  

2.4.2 Conformational changes of surface-bound polypeptides 

Although a Langmuir-like isotherm was obtained for the adsorption of ELPs, the 

adsorption process may not fulfill the inherent prerequisite of complete reversibility. In 

fact, the Langmuir-like isotherm often occurs from an irreversible adsorption process of 
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protein.185 To gain in-depth understanding of the ELP adsorption process, we 

investigated the polypeptide binding mechanism and the conformational evolution of 

the adsorbed ELPs. The conformation of a polypeptide at a solid/liquid interface is a 

result of complex intramolecular and intermolecular interactions, including the 

interactions of the polypeptides with the surface, solvent and each other. Here, we used 

QCM-D to monitor the adsorption of ELPs at both low and high concentrations (i.e., 150 

µM, 4 µM) onto silica surfaces. A plot of ∆  versus ∆  for ELP adsorption on silica 

surfaces at a concentration of 150 µM was constructed to investigate conformational 

change of ELP molecules with/without a silaffin tag (see Figure 8a,b). If the relation 

between ∆  and ∆  is linear, the molecules adsorbed on the surface have a consistent 

conformation with increasing adsorbed amount.203 Conversely, if the relationship is non-

linear, or has a discontinuity, then there is a variation in the adlayer conformation 

during the adsorption process.204 Figure 8a,b indicate that the conformational changes of 

Silaffin-ELPs upon adsorption differed distinctly from the parent ELPs, although they all 

exhibited a three-regime adsorption behavior at a concentration of 150 µM. In the initial 

state of adsorption (regime I), small increases in ∆  with increasing ∆  (i.e., surface 

coverage) were observed, suggesting that both ELPs adsorbed rapidly to bare surfaces 

with multiple binding points to surfaces (close to a side-on configuration). The initial 

slope (i.e., ∆ /∆  ratio) of Silaffin-ELPs binding to silica (Figure 8a) was much less steep 

compared to the parent ELPs (Figure 8b). This indicates that rapid tethering of Silaffin-
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ELPs led to a more rigid adlayer, as the silaffin tags anchored the ELPs to the silica 

surfaces with a strong affinity (see schematic in Figure 8c (I)), while the parent ELPs 

loosely bound to surfaces in random orientations (see schematic in Figure 8d (I)). The ∆ /∆  ratio increased with increasing number of ELP pentapeptide repeats, suggesting 

that ELPs of longer length formed more dissipative and flexible peptide layers relative 

to ELPs of short length. The high viscoelasticity for ELPs of long chain length may be 

due to their large associated water content.196 In regime II, as the surface coverage (i.e., ∆ ) increased, ∆  transitioned from rapidly increasing to gradually decreasing (see 

Figure 8a), which indicates that adsorbed Silaffin-ELPs underwent conformational 

changes making the layer even more compact and rigid. The potential rearrangement of 

the Silaffin-ELPs to a perpendicular orientation (e.g., close to end-on conformation) may 

allow further polypeptide adsorption onto the uncovered, free sites. Due to the 

repulsion between charged Silaffin-ELP chains, adsorbed Silaffin-ELPs may form a 

mushroom-like structure, thus leading to more compact films (see schematic in Figure 8c 

(II)). In contrast, for the parent ELPs, the dissipation continued to increase with 

increasing surface coverage but at a slower rate than the initial rate in regime I (see 

Figure 8b), suggesting that some loosely bound ELPs underwent slow conformational 

changes to accommodate further adsorption (see schematic in Figure 8d (II)). The 

portion of the second adsorption regime increased with increasing molecular weight of 

ELPs, indicating that ELPs of longer length underwent slower structural changes as they 
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have more contact area with surfaces. In regime III, at a high surface coverage, a 

dramatic increase in dissipation was observed for Silaffin-ELPs close to full coverage, 

suggesting that the Silaffin-ELP chains tended to be more stretched (see schematic in 

Figure 8c (III)). This stretched configuration allows Silaffin-ELPs to trap more water 

molecules, leading to a much steeper slope (i.e., large increase in the ∆ /∆  ratio) 

compared to the initial adsorption stage. In addition, the dissipation increased with 

increasing ELP molecular weight, indicating that ELPs of long chain length formed more 

viscoelastic peptide layers compared to ELPs of short chain length. Likewise, an increase 

in dissipation was observed for the parent ELPs close to full coverage, suggesting that 

the surface-bound ELPs were rearranged to a more stretched configuration (close to end-

on conformation; see schematic in Figure 8d (III)).  
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Figure 8: (a, b) The ∆ -∆  plot for the adsorption of the Silaffin-ELPs and 
parent ELPs at a concentration of 150 µM. (c, d) Schematics for possible adsorption 
processes of Silaffin-ELPs and parent ELPs where (I) the ELPs initially adsorbed with 
its long axis parallel to the surface and then (II) rearrangement (e.g., conversion from 
adsorption along its long axis to short axis) occurred to accommodate further ELP 
adsorption, followed by (III) realignment of ELPs to more stretched configures. (e, f) 
The ∆ -∆  plot for the adsorption of the Silaffin-ELPs and parent ELPs at a 
concentration of 4 µM. 
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To further confirm the conformational change of Silaffin-ELPs and parent ELPs, 

we also investigated the adsorption of ELPs at a low concentration of 4 µM (see Figure 

6e-h). The ∆ -∆  plots for the adsorption of Silaffin-ELPs and parent ELPs at a low 

concentration are shown in Figure 8e,f. Similar to adsorption at a high concentration, 

adsorption-induced conformational changes were observed for both Silaffin-ELPs and 

parent ELPs. In addition, the stretched configuration was not observed at a low 

concentration, supporting the proposed mechanism for molecular rearrangement of the 

adsorbed ELPs on the surface. Based on these results, we confirm our hypothesis that 

intrinsically disordered ELPs undergo conformational changes upon the adsorption. In 

addition, we demonstrate that ELPs exhibit multistage adsorption regimes that 

correspond to different conformations as a function of surface coverage.  

The multistage adsorption with different conformations of the adsorbed 

molecules have also been reported theoretically and experimentally in several 

adsorption studies of end-functionalized polymers.190,191 Similar adsorption-induced 

conformational changes were also observed for the adsorption of globular proteins and 

peptides at solid/liquid interfaces.205,206 These conformational changes are typically 

driven by minimization of the free energy (ΔGads) of the system,207 which can be 

calculated by the following equation: ΔGads = ΔHads  − TΔSads, where ΔHads  is the change in 

enthalpy, ΔSads is the change in entropy, and T is absolute temperature. The free energy 

minimum is achieved via complex interactions among peptides, solvent molecules and 
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surfaces, including electrostatic and van-der-Waals interactions, hydrogen bonds, and 

the entropy gain for the release of solvent molecules or counterions.206  Upon adsorption 

of peptides, the loss of solvent molecules (e.g, water) and salt ions from the peptides and 

surfaces often occurs.206 Although the dehydration of hydrophilic surfaces is 

energetically unfavorable,208 electrostatic attractions between the charged N-terminal 

leader in ELPs and the oppositely charged silica surfaces can lead to a significant free 

energy change favoring the adsorption process,209 because liberation of counterions from 

the double layers adjacent to the peptides and surfaces induces a large entropy gain.210 

In particular, silaffin peptides with several positively charged residues (e.g., lysine and 

arginine) can tightly bind to negatively charged silica surfaces via a strong electrostatic 

interaction.211 Hence, to maximize the polypeptide-surface interaction and minimize the 

free energy, the peptides tend to adopt a structure in complete contact with the surface 

(e.g., close to a side-on configuration) at low fractional surface occupancy. As the surface 

coverage increases, the adsorbed ELP molecules may start to overlap and to form a 

barrier towards further adsorption due to the increased steric and electrostatic repulsion 

between ELPs. Thus, the initial attraction that drives the adsorption decreases and 

eventually turns into repulsion that causes endothermic shift at a high surface coverage. 

To reduce overlapping and accommodate further polypeptide adsorption, the 

reorganization of the peptide structures at the surface is expected to occur, which 

contributes favorably toward adsorption through an increase in conformational entropy 
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of the polypeptides.209,212 The entropic changes associated with the conformational 

changes are one of the main driving forces for the adsorption of the peptides at the solid 

surfaces.209 Thus, this may lead to the conversion of ELPs from a side-on to an end-on 

configuration upon further adsorption. The reorientation of proteins from adsorption 

along the long axis to short axis was also observed for lysozyme and bovine 

fibrinogen.213,214  

2.4.3 Equilibrium and kinetics of polypeptide adsorption process 

Time profiles of the frequency shift for the adsorption of Silaffin-ELPs and parent 

ELPs (4 µM) were used to investigate the ELP adsorption kinetics and associated 

adsorption equilibrium. Figure 9 demonstrates that compared to the parent ELPs, 

Silaffin-ELPs exhibit a higher initial adsorption rate, reaching the adsorption 

equilibrium faster and with a higher surface coverage. Thus, the silaffin tag dramatically 

influenced the ELP adsorption kinetics and the equilibrium surface coverage. Due to 

strong electrostatic interactions between silaffin peptides and silica surfaces, the 

adsorption equilibrium of the Silaffin-ELPs was rapidly attained within 30 min, while 

for parent ELPs, the equilibrium was substantially prolonged up to 11 h (Figure 9). The 

equilibrium for the parent ELPs was extremely difficult to establish experimentally, as 

adsorption equilibrium might be unattainable in reasonable experimental time frames. 

The main barrier to attain the equilibrium could be associated with the slow conversion 

from a side-on to an end-on conformation for the parent ELPs to achieve the minimum 
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of free energy. The adsorption isotherm of the parent ELPs exhibited apparent high-

affinity and low-affinity adsorption regions. The high-affinity region corresponded to a 

relatively rapid ELP adsorption in predominantly a side-on conformation to surfaces, 

followed by a lower-affinity adsorption process when slow structural changes to end-on 

conformation occurred to eliminate polypeptide overlapping and to make room for 

further ELP adsorption. The adsorption was driven by the conformational entropy gain 

to minimize the free energy of the system. If the ELP in a side-on conformation had a 

long lifetime and initially occupied a significant fraction of the surface, the rate of 

adsorption for the second phase would be greatly reduced due to weak protein-surface 

interactions and limited accessible binding sites. Thus the process of adsorption may be 

highly “stretched” along the time axis, which is especially pertinent for ELPs with 160 

pentapeptide repeats whose adsorption equilibrium was not reached within 11 h. The 

prolonged equilibrium can be explained by our observation that longer chain length 

ELPs underwent slower conformational changes, therefore the time required to reach 

equilibrium increased with increasing molecular weight of ELPs. The prolonged 

equilibrium has been previously reported in a theoretical prediction for the nonspecific 

adsorption of globular proteins onto surfaces.215  In contrast, if the lifetime of the 

transient ELP side-on conformation was shortened and driven by a strong protein-

surface interaction (e.g., high affinity of silaffin peptides to silica surfaces), the 

adsorption equilibrium can be attained more rapidly. This may explain the fast 
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attainment of adsorption equilibrium for Silaffin-ELPs. Thus, silaffin peptides enabled a 

rapid surface rearrangement to reach adsorption equilibrium.  

 

Figure 9: Adsorption kinetic data for the binding of (a) Silaffin-ELPs and (b) 
parent ELPs at a concentration of 4 µM onto the silica surfaces below their Tt. The 
dashed lines denote the fitted results. 

In addition, the morphology of the ELP-modified substrates and a bare silicon 

wafer was visualized by tapping mode AFM in deionized water, and reveal that Silaffin-

ELPs (150 µM) form smoother and more uniform peptide layers compared to the parent 

ELPs (150 µM) with the same number of ELP repeats (see Figure 10). The root-mean 

square (rms) roughness Rq of the Silaffin-ELP layers was smaller than that of parent 

ELPs (see Table 2), suggesting that Silaffin-ELPs formed smoother and more uniform 

peptide films compared to the parent ELPs of same pentapeptide repeat. The smooth 

morphology of Silaffin-ELP-modified surfaces is presumably due to an increased surface 

coverage and fast attainment of uniform end-on conformations, suggesting that silaffin 

peptides may enable formation of smooth ELP layers with controlled polypeptide 

conformations at a high concentration.  
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Figure 10: AFM tapping mode in deionized water height images of (a) a bare 
silicon wafer, (b, c, d) Silaffin-ELP-40, Silaffin-ELP-80 and Silaffin-ELP-160 modified 
surfaces, and (e, f, g) ELP-40, ELP-80 and ELP-160 coated surfaces. 

 
Table 2: The root-mean square (rms) surface roughness (Rq value) of bare silicon 
wafer, Silaffin-ELP and parent ELP-modified substrates. 
 

 Bare 
silicon Silaffin-ELPs Parent ELPs 

Repeats ---- 40 80 160 40 80 160 
Rq (nm) 0.68 2.19 5.83 2.72 4.20 8.84 6.80 

error 0.03 1.06 1.13 1.05 0.95 3.14 2.51 
 

To depict the multistage irreversible adsorption process of ELPs and 

quantitatively compare the binding affinity of Silaffin-ELPs and parent ELPs, the 

adsorption kinetics recorded via QCM were fitted to a two-state adsorption model 

proposed by McGuire.216,217 This model allowed for reversible adsorption of molecules 

followed by conversion to an irreversibly adsorbed form. The total surface coverage of 

protein (Γ) in each of two states as a function of time: = × + × +                                                                        (Eqn. 2) 
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Where ,  and  are constants,  and  relate to the affinity of the 

adsorbent to the adsorbate with a high value representing higher affinity. The parameter   is the maximum frequency shift at infinite time. These two exponentials correspond 

to two different kinetic steps: 1) an initial reversible adsorption of molecules onto 

surfaces, and (2) a rearrangement of the adsorbed molecules on the surfaces to a more 

tightly held and irreversible adsorbed form. The parameter  and  are known 

functions of the rate constants for both processes: 

 =                                                                                        (Eqn. 3) 

 + = +  +                                                   (Eqn. 4) 

Where , and  are rate constants for the reversible step,  is the rate constant 

describing the conversion to the irreversibly adsorbed form, and  is protein 

concentration. Because absolute values of the rate constants are unknown without the 

third relationship, the values of   are calculated to estimate the binding affinity of 

each ELP. The experimental data were well described by the two-state adsorption 

model, and excellent fits to the data were obtained (R2 > 0.99 for all the fitting, see 

dashed lines in Figure 9) to estimate the  and  values (Table 3). 
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Table 3: The values of , , and , and the corresponding values of   for each 
ELPs, obtained by fitting the adsorption kinetic data given in Figure 9 to Eqn. 2. 

Polypeptides   (Hz) ( ) ( )  ( ) 
Silaffin-ELP-40 48.57 84.70 ± 6.45 32.25 ± 0.76 2757.02 
Silaffin-ELP-80 89.36 32.27 ± 1.32 20.08 ± 0.31 748.36 
Silaffin-ELP-160 141.33 10.16 ± 0.001 3.94 ± 0.003 40.02 
ELP-40 2.11 4.26 ± 0.25 0.80 ± 0.0003 3.41 
ELP-80 24.75 1.43 ± 0.02 0.027 ± 0.00001 0.04 
ELP-160 35.48 0.52 ± 0.002 0.032 ± 0.00001 0.02 

 

Table 3 shows at the same concentration, values of    for Silaffin-ELPs are 

three to five orders of magnitude larger than those of the parent ELPs, suggesting that 

Silaffin-ELPs demonstrate significantly higher affinity to silica surfaces. This finding is 

consistent with previous material binding peptide studies, where incorporation of ZnO-

binding peptide into biomolecules enhances the binding affinity of biomolecules to ZnO 

particle surfaces.97 In addition, the values of  and  for the binding of Silaffin-ELPs 

are much larger than those of ELPs lacking the silaffin tag. Because of smaller 

magnitudes of  and  for the parent ELPs,  and  approach zero slower than 

those for the Silaffin-ELPs, resulting in a much longer equilibrium time for Γ to reach a 

plateau. In particular, the   for binding of the parent ELPs was two to three order of 

magnitude lower than that of the Silaffin-ELPs, which may explain the slow surface 

rearrangement process of the parent ELPs that precluded reaching an adsorption 

equilibrium within reasonable experimental time frames. In addition, the values of  

and  decreased with increasing molecular weight of ELPs, suggesting that ELPs of 
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shorter chain length tended to rapidly cover the surfaces and achieve the adsorption 

equilibrium. Taken together, the adsorption kinetics data agree with our experimental 

observations and quantitatively explain the high-affinity and low-affinity adsorption 

regions of ELP binding process. 

2.4.4 Function of polypeptide-modified silica surfaces 

We conducted contact angle measurements to determine whether surface-bound 

ELPs maintained their thermal responsive behavior. The samples were prepared by 

incubating the silica substrates in ELP solution (150 µM) below their Tt for at least 16 h, 

followed by rinsing with deionized water. We then used the captive-air-bubble method 

to measure the contact angle of ELP-modified surfaces as a function of temperature 

(solid lines in Figure 11). As a comparison, temperature-dependent turbidity profiles for 

ELP solutions in PBS were measured by UV-visible spectrophotometry (dashed lines in 

Figure 11). For ELP-modified surfaces, the discontinuities in the contact angle were 

observed, corresponding to the collapse of ELPs as the temperature increased, which is 

consistent with the thermal transition behavior of ELPs in solution. This suggests that 

the surface-grafted ELPs exhibit interfacial phase transition behavior in response to 

temperature, which agrees with a previous study.218 Notably, Silaffin-ELP modified 

surfaces demonstrated relatively smaller temperature-dependent changes in contact 

angles compared to the parent ELP-modified surfaces. As temperature increases, 

Silaffin-ELPs may undergo slower conformational collapse because they have a higher 
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surface graft density. It has been previously reported that the degree of ELP interfacial 

phase transition is inversely correlated with their surface graft density, and the 

conformational collapse can be largely hampered by the high graft density of the 

ELPs.218 In addition, compared to ELPs of shorter chain length, Silaffin-ELP-160 and 

ELP-160 modified surfaces showed smaller temperature-dependent changes in contact 

angles, which is presumably due to a higher surface graft density and larger contact area 

with surfaces.  

 

Figure 11: Captive-air-bubble contact angles measured as a function of 
temperature for (a) Silaffin-ELP-40, (b) Silaffin-ELP-80, (c) Silaffin-ELP-40, (d) ELP-40, 
(e) ELP-80, and (f) ELP-160 modified surface as a function of temperature. Contact 
angles are mean values ± standard deviations of six independent measurements. The 
green dashed lines represent the turbidity profiles of ELP solutions at a concentration 
of 150 µM in PBS as a function of temperature. 

2.5 Conclusion 

We have investigated equilibrium isotherm, kinetics and surface rearrangement 

process for the adsorption of the genetically engineered polypeptides onto silica 
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surfaces. The QCM data give the first clear evidence for the adsorption-induced 

conformational changes of the adsorbed ELPs on surfaces below the Tt, and reveal the 

multistage adsorption process. In addition, we demonstrate that genetically 

incorporating an affinity tag into ELP chains dramatically influence their adsorption 

behavior. Compared to the ELPs lacking a silaffin tag, Silaffin-ELPs displayed fast 

binding kinetics and rapid conformational changes, leading to thicker peptide layers 

with a higher equilibrium surface coverage. Incorporation of the silaffin tag also 

significantly increased the binding affinity of ELPs to silica surfaces, which enabled 

attainment of adsorption equilibrium in a short time frame. In contrast, the adsorption 

equilibrium for parent ELPs was highly “stretched” along time axis due to slow 

conformational changes and a low binding affinity of polypeptides to surfaces. 

Furthermore, molecular weight also affects the ELP adsorption behavior, as ELPs of 

longer chain length underwent slower conformational changes on surfaces that delayed 

reaching the adsorption equilibrium. The equilibrium surface coverage and thickness of 

ELP adlayers also increased with increasing molecular weight of ELPs. Finally, we 

demonstrate the thermoresponsive property of surface-bound ELPs.  

We believe that our work provides insight into future studies of adsorption 

mechanism and adsorption-induced conformational changes for a variety of 

biomolecules. In particular, ELPs hold promise as an attractive model system for the 

investigation of binding behavior for intrinsically disordered proteins (IDP) onto 
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surfaces, because of biophysical similarities between ELPs and many IDPs.186 These 

inherently unstructured IDPs are known to undergo conformational optimization 

during the adsorption process, resulting in strong and virtually irreversible binding.219 

Genetically designing ELPs with an assortment of amino acids and various architecture 

to mimic intrinsically disordered regions of these complex IDPs would potentially 

provide insight into the binding behavior and different conformations of these IDPs. A 

detailed mechanistic understanding of protein-surface interactions could enable 

researchers to program the orientation/conformation of adsorbed biomolecules on the 

surface for specific biointeractions, offering a powerful approach to rationally design 

functional surfaces for applications in biosensing, tissue engineering and bioseparation. 
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3.Chapter 3: Functional thin films through enhanced 
adsorption of elastin-like polypeptide block copolymers 
on silica  

The study presented in this chapter describes the theoretical and experimental 

results for a part of Specific Aim 1. Here, we investigated the adsorption behavior of 

ELP block copolymers onto silica surfaces. This chapter is adapted from a manuscript 

that will be submitted to Biomacromolecules (ACS) for publication. The authors of the 

manuscript include Linying Li, Nan K. Li, Qing Tu, Owen Im, Chia-Kuei Mo, Wei Han, 

William H. Fuss, Nick J. Carroll, Ashutosh Chilkoti, Yaroslava G. Yingling, Stefan 

Zauscher, and Gabriel P. López. 

3.1 Synopsis  

A powerful tool for programming interfacial properties and molecular 

architectural arrangements relies on the tailored adsorption of stimuli-responsive block 

copolymers onto surfaces. Here, we use theoretical and experimental approaches to 

investigate the adsorption behavior of thermally responsive polypeptide (elastin-like 

polypeptides, ELP) block copolymers onto surfaces, and to explore the effects of surface 

affinity and temperature on the adsorption kinetics and the resultant polypeptide layers. 

We demonstrate enhanced adsorption of these block copolymers onto silica surfaces via 

genetic incorporation of a silaffin R5 peptide, as measured by quartz crystal 

microbalance (QCM) and ellipsometry. We find that the silaffin peptides can also direct 

micelle adsorption, leading to close-packed micellar arrangements dissimilar to the 
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sparse and patchy arrangements observed for ELP micelles lacking a silaffin tag, as 

evidenced by atomic force microscopy (AFM) measurements. Furthermore, we show 

that the surface immobilization hampers the temperature-dependent conformational 

change of ELP micelles, while adsorbed unimers retained their thermally responsive 

property at the interfaces. Thus, ELP block copolymers are attractive building blocks for 

fabricating smart surface coatings with programmable architecture and functionality.   

3.2 Introduction 

Block copolymers, defined as macromolecules with two or more different blocks 

of varying monomer composition, can self-assemble into supramolecular structures in 

solution, including micelles,35 vesicles,36 cylinders,37 and lamellae.38 Terminal attachment 

of block copolymers onto a solid surface constitutes an interface of particular interest.  It 

has been previously reported that the end-terminal anchor group can greatly enhance 

the adsorption of synthetic block copolymers,220 resulting in a stable layer that is less 

vulnerable to desorption or displacement as compared to physically adsorbed block 

copolymers.81–84 In addition, the end-grafting of block copolymers onto surfaces provides 

favored orientation and conformation to expose the desired functional groups, which 

facilitates applications ranging from colloidal stabilization,221 nanofabrication,222 to 

bioactive surface fabrication.16,25,223 Furthermore, coating surfaces with block copolymers 

that respond to external stimuli (e.g., pH,27,28 ionic strength,29 light,30,31 and temperature32–
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34) enables the development of innovative drug delivery systems40–44 and substrates for 

tissue engineering.45,46 

Although a broad range of synthetic, stimuli-responsive block copolymers are 

available,171,224–227 genetically engineered polypeptide block copolymers provide 

additional attractive material design features. For example, genetically encoded 

synthesis provides precise control over block composition, molecular weight and chain 

length,51,228,229 which is difficult using synthetic polymerization approaches. In addition, 

functional peptide sequences or other small bioactive moieties can easily be 

incorporated into these engineered polypeptides, further extending their 

functionality.57,76,142,188,230 Surface-grafted stimuli-responsive polypeptides have been 

exploited in immunoassays,93 microcantilever sensor,172 and molecular switches.73,176 

However, few stimuli-responsive surfaces that incorporate block copolypeptides have 

been fabricated.231 

The genetically engineered elastin-like polypeptides (ELPs) used in this study are 

a class of thermally responsive biopolymers. ELPs consist of a pentapeptide repeat motif 

(VPGXG), where the guest residue X is any amino acid except proline. A hallmark 

property of ELPs is their lower critical solution temperature (LCST) phase behavior in 

water; ELPs at a given concentration in aqueous solvent phase separate to form protein-

rich coacervates above the cloud point transition temperature (Tt).50,51 ELP block 

copolymers comprised of dissimilar ELP sequences with decoupled LCST phase 
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transition behaviors can form micellar structures above the critical micellization 

temperature (CMT).40,74,75 In addition, genetically encoded synthesis of ELPs enables the 

construction of polypeptide block copolymers with complex block architectures and 

functional domains.175 These ELP block copolymers have the ability to self-assemble into 

predictable structures, together with a pre-defined, molecularly encoded bioactivity. 

Thus, they have been used for drug delivery,232–235 tissue engineering,236 and 

biomineralization.154 Furthermore, the uniformity of the ELP block copolymers with 

respect to chain length and composition49 facilitates the investigation of block copolymer 

adsorption onto surfaces. However, the adsorption of ELP block copolymers onto flat 

substrates remains largely unexplored. 

Several studies have investigated the adsorption of synthetic block copolymers at 

the solid/liquid interface.81–87,237,238 In general, the molecular structure of the block 

copolymer plays an important role in the adsorption process because it can affect 

adsorption kinetics and characteristics of the layer assembly (e.g., architecture, 

topology). However, how the structure affects the adsorption process remains largely 

unclear. Thus, we focus our study on understanding the adsorption behavior of ELP 

block copolymers with respect to their molecular structures (i.e., unimer, micelle, and 

aggregate). We also explored how genetic incorporation of material-binding peptides 

into the hydrophilic blocks could affect the attachment of block copolymers onto 

surfaces. Several material-binding peptides with an affinity for certain substrates (e.g., 



 

57 

silica, gold, zinc) have been identified95–100 and fused to proteins to facilitate protein 

surface immobilization.104,105 For instance, the silaffin R5 peptide 

(SSKKSGSYSGSKGSKRRIL) has been shown to direct silica precipitation under ambient 

conditions,101 thus being useful for encapsulation of fusion proteins or enzymes into 

silica nanospheres.151,154,239,240 In our previous study, we fused the silaffin peptides to ELP 

block copolymers and showed that they can self-assemble into monodisperse micelles 

with silaffin tags exposed on the corona.154 We hypothesized that an end-terminal silaffin 

tag would enable enhanced and direct attachment of ELP block copolymers onto silica 

surfaces. The amino acid sequences and schematic of phase transition behavior for the 

ELP block copolymers with and without the silaffin tag (i.e., Silaffin-ELPBC and parent 

ELPBC) are shown in Figure 12(a-d).  

In this study, we investigated how an affinity tag and temperature influence the 

adsorption behavior of ELP block copolymers onto surfaces, leading to distinct 

architecture, morphology and functionality of the adsorbate layers. Schematics derived 

from experimental results of Silaffin-ELPBC and ELPBC modified surfaces are shown in 

Figures 1e-h below and above the critical micellization temperature (CMT) of Silaffin-

ELPBC and parent ELPBC. Below the CMT, the adsorption of unimers results in a 

homogeneous surface coverage (Figure 12e,g), where Silaffin-ELPBC unimers adsorbed 

more with a higher surface density onto surfaces than ELPBC unimers. Above the CMT, 

we find that adsorbed Silaffin-ELPBC micelles are densely packed and evenly dispersed 



 

58 

on surfaces with a high surface coverage due to the specific binding affinity and positive 

charge of the silaffin tag (Figure 12f). In contrast, ELPBC micelles without a silaffin 

binding tag form “patchy” surfaces with a lower surface coverage (Figure 12h).  

 

Figure 12: Amino acid sequences for (a) Silaffin-ELPBC and (b) ELPBC. (c, d) 
Schematics of the temperature triggered phase behavior of ELP block copolymers 
with and without silaffin: ELP unimers self-assemble into micelles above a critical 
micellization temperature (CMT) and subsequently form aggregates upon further 
heating.  Schematics for (e) Silaffin-ELPBC unimer and (f) micelle modified surfaces, 
and (g) parent ELPBC unimer and (h) micelle coated surfaces. 

3.3 Materials and methods  

3.3.1 ELP expression, purification and characterization 

The ELP block copolymers (ELPBC) synthesized here have a N-terminal leader 

DNA sequence that encodes for MGCGWP that provides a unique cysteine for 

conjugation of fluorophores or other imaging agents, followed by a hydrophobic block 

that is 60 pentapeptide in length with valine as the guest residue, and a hydrophilic 

block that is 60 pentapeptide in length with valine and alanine at a 1:1 ratio as the guest 

residue, where the guest residue is the residue X in the VPGXG pentapeptide repeat unit 
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of the ELP. The silaffin R5 peptide is encoded at the C-terminus of the ELPBC, and these 

constructs are referred to as Silaffin-ELPBC. The genes for Silaffin-ELPBC and ELPBC were 

available from a previous study.241 They were expressed in BL21(DE3) E. coli and 

purified by inverse transition cycling, as described previously.76 The purified ELPs were 

characterized by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS–

PAGE; BioRad, Inc). The gel image is shown in Figure 13. To characterize the aqueous 

LCST phase behavior of the ELPs, the optical density at 350 nm (OD350) of 40 µM 

solution of Silaffin-ELPBC and ELPBC in phosphate-buffered saline (PBS) were measured 

as a function of solution temperature. Samples were heated at 1 °C/min in a Cary 300 

UV-visible spectrophotometer equipped with a multicell thermoelectric temperature 

controller (Varian Instruments, Walnut Creek, Ca) between 25°C and 75°C. 

 

Figure 13: SDS-PAGE gel with molecular weight ladder (lane 1), ELPBC (lane 2), 
and Silaffin-ELPBC (lane 3). 
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3.3.2 Dissipative particle dynamics (DPD) simulation of peptide 
adsorption 

All simulations were performed using Dissipative Particle Dynamics (DPD) via 

LAMMPS.242 DPD is a coarse-grained simulation technique in which one DPD bead 

represents a group of atoms or a volume of fluid.243,244 These DPD beads move according 

to Newton’s equations of motion. For a DPD bead i, we have  

r = v  , v = ∑ f  ,  f = F + F + F + F                               (Eqn. 1) 

where , r  and v   are the mass, position, and velocity of bead i, respectively. 

f is the interbead force on bead i by a bead j.F , F , and F  are the conservative force, 

dissipative force, and the random force, respectively, acting between beads i and j. They 

are given by  

 F = 1 − ŕ , <0, ≥   , F = − ŕ ∙ v ŕ  , 

 F = ∆ ŕ                                                                                (Eqn. 2) 

where  is the maximum repulsion between beads i and j; r = r − r , =
r ,v = v − v , and ŕ = r ⁄   is the unit vector directed along j to i. Coefficients γ 

and  characterize the strengths of the dissipative and random forces, where γ = .  

∆  is the iteration time step, and ( ) is a symmetric random variable. The two weight 

functions and their prefactors must satisfy the following relationship: 

= = 1 − , <0, ≥                                                   (Eqn. 3) 
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where coefficients γ and  characterize the strengths of the dissipative and 

random forces, and γ = = 4.5. In DPD model, the properties of the system were 

expressed using dimensionless quantities in units of the cutoff cr , the energy scale Bk T  

and the bead mass . As a consequence, the unit of time τ  is 2
0 /c Br m k Tτ = . Time 

evolution of the system was calculated by the Verlet algorithm with a time step ∆t = 

0.05τ, where τ is the DPD unit of time. The total bead number density in the simulation 

system is ρ=3. 

3.3.2.1 Simulation set-up 

The simulations comprised of ELP chains, water and silica walls. In our system, a 

coarse-grained description for ELP chains was constructed, where Silaffin-ELPBC was 

modelled as A10B10S and ELPBC was modelled A10B10. The ELP chains were represented as 

a bead-spring type particle model, where the adjacent beads in the chains were 

connected via an extra harmonic spring: 

 F = r                                                                                                            (Eqn. 4)         

where the spring constant C was set to 4.0 to link polymer beads together in the 

backbone. The choice of C will not affect the qualitative behavior of the system. Water 

was also modeled by the coarse-grained beads corresponding to a group of several H2O 

molecules.  

The repulsion parameters in our system were parameterized based on the Groot 

and Warren244 scheme where the repulsion parameter for DPD beads of the same type is 
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equal to 25ii Ba k T=  and bead density of system ρ=3 corresponding to a liquid at room 

temperature. The repulsion parameters between beads of different types corresponded 

to the mutual solubility. We determined the repulsive parameters for the interactions of 

various types of DPD beads to represent the affinity between peptide, water and silica 

walls. Specifically, the repulsive parameter  between silaffin and wall was set to 

be 5 to reflect high affinity brought by electrostatic attraction. The repulsive parameters 

between hydrophobic ELP, hydrophilic ELP and water were chosen to mimic the 

influence of the degree of hydrophobicity. The repulsive parameters applied in 

simulations are shown in Table 4. 

Table 4: Repulsive parameters  between DPD beads. 

 

To keep consistency with the experimental procedures, we performed two-step 

simulations: (1) self-assembly of diblock ELPs (with/without silaffin) in aqueous 

solutions; (2) interplay between ELP micelles and silica walls. All simulations were 

carried out with the Lammps program.1  

In the first step, DPD simulations started from a random dispersion of 440 

amphiphilic ELP chains in the solution. Simulation of the self-assembly of diblock ELPs 

 A B W S Wall 
A (hydrophobic) 25 30 55 30 35 
B (hydrophilic) 25 15 30 15 

W (water) 25 27 25 
S (silaffin) 60 5 

Wall (silica)  0 
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(with/without silaffin) is a convenient simulation strategy that reasonably guarantees 

that the most stable micellar structures will be found. A cubic simulation box 

(40×40×40 ) was applied with periodic boundary condition in three directions. The 

total number of beads in the system was 192000. We ran the simulations for 4.0×106 time 

steps to get thermodynamic equilibrium.  

In the second step, a number of micelles formed in the first step were placed in 

the middle of the simulation box of length 40  with periodic boundary condition 

applied in the x and y directions. There were 1320 amphiphilic ELP chains in total. 

Double walls were added at the top and bottom in the z direction, which were modelled 

by creating two dense layers of frozen DPD beads that represent several wall atoms and 

arranged on a lattice (following the work of Li and Cao245,246). The wall included 40000 

beads with the size of 40 ×40 . The first layer was placed 0.325  from the boundary of 

the box at Z direction. The second layer beads were offset 0.2  from the first which lay 

in the interstitial cavities of those beads in the first layer. Since the surface beads were 

frozen during the simulation, no additional repulsion interactions between them were 

needed. Micelles were placed into the simulation box with the same distance away from 

both walls at Z-direction and the box was further filled with water DPD beads at a 

density of ρ=3. A considerably long simulation (≥ 8000000 steps) was conducted for each 

group to get thermodynamic equilibrium.  
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A micelle was defined as “adsorbed” when at least 10% of beads in the micelle 

were within a distance of 2  from surface beads.247 To estimate the thickness of 

“adsorbed” micelle layer, the polymer layer was divided into bins representing the same 

intervals at x and y directions. The bin size was chosen to be 1 . The thickness of 

polymer layer was calculated as an average value, which was taken over the averaged 

distance between each bead residing in individual bin and silica surface.  

3.3.2.2 Simulation results 

DPD simulations on the self-assembly of diblock ELPs (with/without silaffin) 

were first conducted in aqueous solutions with periodic boundary condition in three 

directions. The micellar size parameters and aggregation number of the formed micelles 

were summarized in Figure 14 and Table 5. In presence of silaffin block, the micelles 

were formed with smaller aggregation number due to electrostatic repulsion between 

silaffin beads, leading to smaller size of micellar core than that formed by ELPBC. 

However, the radius of gyration of micelles was practically the same for both Silaffin-

ELPBC and control ELPBC, which are consistent with previous results from dynamic light 

scattering measurements.154   
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Figure 14: Temporal evolution of averaged aggregation number for Silaffin-
ELPBC micelles and ELPBC micelles. 

Table 5: Parameters of ELP micelles with and without the silaffin tag from self-
assembly. 

 Radius of gyration of 
micelles Rgm 

Radius of gyration of 
micellar core Rgc 

Averaged 
aggregation number 

Silaffin-ELPBC 3.07±0.45 2.06±0.47 27.25±1.62 
ELPBC 3.05±0.58 2.29±0.60 32.60±2.69 

 

As a second step, a number of pre-formed micelles (1320 chains in total) were 

then placed in the middle of the simulation box with periodic boundary condition 

applied in the x and y directions. Double walls were added at the top and bottom in the 

z direction. The equilibrium snapshots of simulation box from each simulation are 

showed in Figure 15. The number of ELP chains adsorbed on walls and the thickness of 

ELP layers were further estimated based on the equilibrium states on both top and 

bottom walls.  
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Figure 15: Simulation snapshots of final configurations of the system (a) 
Silaffin-ELPBC and (b) ELPBC. The cyan, magenta, yellow and grey beads represent 
hydrophobic block, hydrophilic block, silaffin, and silica respectively. 

3.3.3 Preparation of peptide-modified silica surfaces 

The silicon wafers were obtained from University Wafer Inc. The wafer surface 

was washed in a 1: 3 (v/v) solution of 30% H2O2: 98% H2SO4 for 5 h. After rinsing in 

deionized water and drying under a stream of nitrogen, the silicon wafers were placed 

into a 40 µM Silaffin-ELPBC or ELPBC solution and allowed to incubate for different 

lengths of time. For X-ray photoelectron spectroscopy (XPS), atomic force microscopy 

(AFM) and contact angle measurement, the silicon wafers were incubated in a 40 µM 

ELP solution at a specified temperature (25°C or 50°C) for at least 24 h, and then rinsed 

with deionized water prior to analysis.  

a)    b)    
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3.3.4 Characterization of peptide-modified silica surfaces 

3.3.4.1 Atomic force microscopy (AFM) 

The morphology of the samples was characterized by tapping mode AFM 

(Multimode 8, Bruker, Santa Barbara, CA). AFM images were obtained in deionized 

water using triangular Si3N4 cantilevers (Bruker, Scanasyst-Fluid) with a spring constant 

of 0.7 Nm-1. For experiments performed at 50°C, a thermal controller (Bruker, Santa 

Barbara, CA) was used to heat the sample. 

3.3.4.2 X-ray photoelectron spectroscopy (XPS) 

The elemental composition of the surfaces was determined with a Kratos 

Analytical Axis Ultra X-ray photoelectron spectrometer equipped with a monochromatic 

Al Kα source. Survey scans were acquired with a pass energy of 160 eV and a resolution 

of 1.0 eV. All XPS data were analyzed using CASA XPS software. All binding energies 

were referenced to the main hydrocarbon peak designated as 285.0 eV. The peak fitting 

of high resolution spectra was performed using a linear peak base and symmetric 30/70 

Gaussian−Lorentzian component peaks. 

3.3.4.3 Contact angle goniometry 

A contact angle goniometer (Model 100; Rame-Hart Instrument, Co.) was used 

for captive-air-bubble contact angle measurements. The sample was placed inside an 

environmental chamber filled with deionized water and was heated by circulating water 

from the temperature-controlled water bath. A thermocouple inside the chamber was 
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used to measure the temperature. The samples were equilibrated at a specified 

temperature for 20 min. Contact angle values reported are the average of at least six 

replicates. 

3.3.4.4 Quartz crystal microbalance (QCM) 

A Q-Sense E4 QCM-D instrument (Q-Sense AB, Västra Frölunda, Sweden) was 

used to investigate the adsorption behavior of the ELP block copolymers. Prior to 

measurement, silicon dioxide coated sensor crystals (50 nm) (QSX 303, Q-Sense AB) 

were immersed in 2% sodium dodecyl sulfate (SDS) for 2 h, followed by exposure to 

ultraviolet (UV)/ozone for 10 min. The crystals were then thoroughly rinsed with 

deionized water, and dried under a stream of nitrogen gas. For each measurement, PBS 

buffer was first loaded into the flow module until a stable baseline was reached. An ELP 

solution was then injected into the flow module at a constant flow rate of 50 µL/min, 

followed by a PBS wash to remove loosely bound ELP. Changes in the crystal frequency 

and dissipation were continuously monitored using the Q-Soft software (Q-Sense AB). 

The  and  values measured at the third overtone were used for analysis. 

3.3.4.5 Ellipsometry 

The thickness of each ELP adlayer was measured using a spectroscopic 

ellipsometer (M-88; J.A. Woollam Co., Lincoln, NE). Spectroscopic scans were acquired 

over a wavelength range of 400-700 nm at a 65° angle of incidence. Ellipsometric data 

were analyzed using WVASE32 software by fitting 3-layer model composed of a silicon 
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layer at the bottom, a thin silicon dioxide layer and on polymer layer on the top. The 

thickness of the polymer film was obtained using a Cauchy layer model with fixed 

constant (An = 1.45, Bn = 0.01, and Cn = 0).194 The nominal thickness of the ELP adlayer 

was determined from the average of at least six thickness measurements taken per 

sample.  

3.4 Results and discussion  

3.4.1 Study of polypeptide block copolymer adsorption by dissipative 
particle dynamics (DPD) 

We first used dissipative particle dynamics (DPD)244 simulations to model the 

adsorption of ELP micelles onto surfaces and to predict the architecture and morphology 

of the resulting micellar layers. DPD is a meso-scale simulation technique that has been 

used to study and predict the phase behavior and properties of copolymer aggregates as 

well as complex self-assembled structures such as multicomponent micelles and 

vesicles.248–251 DPD has also been applied to explore the interactions between 

biopolymeric components and nanostructures.247 One of the most appealing features of 

DPD is that it can predict experimental results at reasonable scales of size and time. 

Herein, the silica substrates were modeled as dense layers of DPD beads, and the ELPBC 

were coarse-grained into DPD polymer beads connected by a spring force. To be 

consistent with our experimental procedure, the Silaffin-ELPBC and ELPBC were first self-

assembled in aqueous solution. A number of pre-formed micelles (1320 chains in total) 

were then placed into the simulation box such that the geometric center of each micelle 
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was equidistant from the box boundaries in the z-direction. The box was subsequently 

filled with water DPD beads at a density of ρ=3. A micelle was defined as “adsorbed” 

when at least 10% of beads in the micelle were within a distance of 2  from surface 

beads.247 Figure 16a, b shows equilibrium snapshots of silica surfaces with adsorbed 

Silaffin-ELPBC micelles and ELPBC micelles. The simulation results are consistent with 

our hypothesis that Silaffin-ELPBC micelles are densely packed and well organized on 

the silica surfaces, in contrast to ELPBC micelles which we hypothesize should adsorb at 

a lower density on the surface and form patchy micellar clumps. The presence of the 

charged silaffin tag also provides an electrostatic repulsion that, we hypothesize, should 

inhibit the aggregation of micelles on silica surfaces. The difference in adsorption 

behavior of Silaffin-ELPBC micelles and ELPBC micelles onto silica surfaces was further 

revealed by estimating the number of ELP chains adsorbed on the surface and the 

thickness of the ELP layers. As expected, a larger amount of Silaffin-ELPBC micelles 

adsorbed onto silica surfaces compared to that of ELPBC micelles (Figure 16c). In 

addition, Silaffin-ELPBC formed thicker layers than the ELPBC (Figure 16d). The silaffin 

tag also promoted adsorption stability, which was reflected by the smoother adsorption 

profiles of Silaffin-ELPBC with smaller fluctuations. We attribute the larger fluctuations 

seen in the adsorption profiles for ELPBC to the frequent desorption of micelles from the 

surface. Together, these simulation data support that incorporation of an end-terminal 

silaffin tag in ELP block copolypeptides results in stronger micelle-surface attractions 
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and stronger micelle-micelle repulsion, leading to dense packing and more even 

distribution of Silaffin-ELPBC micelles on surfaces compared to the parent ELPBC micelles.  

 

Figure 16: Representative snapshots of silica surfaces with adsorbed (a) 
Silaffin-ELPBC micelles and (b) ELPBC micelles. The cyan, magenta, yellow and grey 
beads represent hydrophobic block, hydrophilic block, silaffin, and silica, 
respectively. Time evolution of (c) the number of adsorbed chains on silica surfaces, 
and (d) the estimated thickness of the adsorbed layer. 

3.4.2 Characterization of polypeptide block copolymer thin films 

We used a combination of techniques to characterize the architecture, 

morphology and thermoresponsive property of polypeptide modified surfaces. We first 

incubated silicon wafers in Silaffin-ELPBC and ELPBC solutions for 24 h below and above 

their CMT (i.e., 25°C and 50°C). As ELP block copolypeptides have a critical micelle 

concentration (CMC) < 10 µM,74 polypeptide solutions at a concentration of 40 µM were 

used to ensure formation of stable micelles above the CMT. The morphology of the 

adsorbed layers was then characterized by tapping mode atomic force microscopy 

(AFM) at 25°C or 50°C (Figure 17). At 25°C, the polypeptide thin film appeared 
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homogeneous over large areas but showed local “blobs”, which was consistent with a 

previous study on ELP coated surfaces.201 Silaffin-ELPBC micelles at 50°C formed rougher 

polypeptide layers with intact micelles (~60-80 nm in diameter) directly adsorbed and 

densely packed on the surface. The diameter of adsorbed Silaffin-ELPBC micelles is 

slightly larger than those in solution (~50 nm) as measured by dynamic light scattering 

(DLS).154 We attribute this to the spreading of micelles on the surfaces and also partially 

to a tip-broadening artefact in the AFM images. The positively charged Silaffin-

functionalized polypeptides at the periphery of the micelle corona likely also induced 

sufficiently strong repulsive interactions between micelles to inhibit their aggregation. 

Together, these results suggest that silaffin peptide tags facilitate the formation of 

organized ELP micelle layers. These results are consistent with our theoretical 

predictions from DPD simulations, and are in good agreement with previously reported 

observations of adsorbed cationic diblock copolymer micelles238 and polyelectrolyte 

micelles,252 where charges on the corona strongly affect the spacing of the micelles on 

surfaces. By contrast, the adsorption of the ELPBC micelles led to a less organized 

morphology with patches of micelle clumps and bare silica surface. This phenomenon 

has also been observed for synthetic block copolymer micelles,81,253 where the adsorption 

of micelles leads to a “patchy” surface coverage. An elemental composition analysis by 

X-ray photoelectron spectroscopy (XPS) shows a significantly higher silicon content for 

ELPBC micelle modified surfaces compared to Silaffin-ELPBC micelle modified surfaces, 
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and corroborates the observed “patchy” adsorption behavior of ELPBC micelles (Figure 

18). Together, these results demonstrate that below the CMT, adsorption of block 

copolypeptides at a concentration above the CMC leads to homogenous adsorbed layers, 

while above the CMT, direct adsorption of micelles onto surfaces occurs. Furthermore, 

our results also show that conferring material binding affinities and charges to the 

corona of the micelles affects the spatial distribution of micelles on the surface and the 

architecture of the formed layers.  

 

Figure 17: AFM tapping mode in deionized water height images of (a) a 
Silaffin-ELPBC unimer modified surface at 25°C, (b) a Silaffin-ELPBC micelle modified 
surface (inset is the height profile corresponding to the red line) at 50°C, (c) an ELPBC 
unimer modified surface at 25°C, and (d) an ELPBC micelle modified surface at 50°C. 
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Figure 18: XPS elemental analysis of the surfaces before and after ELP 
immobilization. The asterisk indicates a significant difference relative to the samples 
in the same group (*p < 0.05). 

After demonstrating that the silaffin tag and temperature have a profound effect 

on the architecture and morphology of the polypeptide layers, we further explored their 

influence on the thermal responsive properties of adsorbed ELP block copolymers on 

surfaces using contact angle measurements. Although the interfacial phase transition 

behavior was previously reported for surface-grafted ELP homopolymers,218 little is 

known regarding the thermally responsive properties of adsorbed ELP block 

copolymers. The samples were prepared by incubating the silica substrates in ELP 

unimer and ELP micelle solutions for 24 h, followed by rinsing with deionized water. 

We then used the captive-air-bubble method to measure the contact angle of 

polypeptide modified surfaces as a function of temperature. As a comparison, 

temperature-dependent turbidity profiles for ELP block copolymer solutions were 

measured by UV-visible spectrophotometry. The solid lines in Figure 19 represent the 

contact angle changes of the adsorbed ELP block copolymers, while the red dashed lines 
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represent the optical density measurements of ELP block copolymer solutions. For ELP 

unimer modified surfaces, two discontinuities in the contact angle were observed, 

corresponding to the sequential collapse of the two ELP blocks as the temperature 

increased, which is consistent with the thermal transition behavior of ELP unimers in 

solution. The parent ELPBC unimer modified surfaces demonstrated relatively smaller 

temperature-dependent changes in contact angles compared to Silaffin-ELPBC unimer 

modified surfaces, which may due to a lower amount of ELPBC unimers adsorbed on 

surfaces in the absence of the silaffin binding tag. These results show that the unimer 

modified surfaces have switchable wettability in response to temperature. However, no 

changes in contact angle were observed as temperature was increased for micelle 

modified surfaces. The reason might be that immobilized micelles cannot undergo a 

micelle-to-aggregate transition on surfaces as the temperature increases. The contact 

angle data demonstrate that the structure of ELP block copolymers upon adsorption 

(i.e., unimers or micelles) determines the thermally responsive property of the 

polypeptide layers.  
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Figure 19: Captive-air-bubble contact angles measured as a function of 
temperature for (a) a Silaffin-ELPBC unimer modified surface, (b) a Silaffin-ELPBC 
micelle modified surface, (c) an ELPBC unimer modified surface, and (d) an ELPBC 
micelle modified surface as a function of temperature. Contact angles are mean values 
± standard deviations of six independent measurements. The red dashed lines 
represent the turbidity profiles of 40 µM Silaffin-ELPBC solution (a, b) and ELPBC 
solution (c, d) in PBS as a function of temperature.  

3.4.3 Adsorption of ELP block copolymers onto silica surfaces  

To investigate the effects of the silaffin tag and temperature on the adsorption 

kinetics of ELP block copolymers, we immobilized Silaffin-ELPBC and parent ELPBC (40 

µM) onto silicon wafer surfaces below and above the CMT (i.e., 25°C, 50°C). A quartz 

crystal microbalance with energy dissipation (QCM-D) was used to follow the 

polypeptide adsorption process. QCM-D is a surface-sensitive technique that has been 

widely used to monitor the kinetics and conformation of macromolecular binding to 

materials that can be coated onto a quartz crystal.254,255 The change in the frequency of 
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the mechanical oscillator is correlated with the amount of mass coupled on the quartz 

crystal surfaces.192,193,256 Figure 20 shows the frequency change (∆ ) and the 

corresponding dissipation change (∆ ) for the adsorption of Silaffin-ELPBC and ELPBC to 

silica-coated quartz crystals at both 25°C and 50°C. In both cases, i.e., below and above 

the CMT, the adsorption of Silaffin-ELPBC resulted in a faster decrease in frequency 

changes compared to that for ELPBC, indicating a higher initial adsorption rate for 

Silaffin-ELPBC. Additionally, Silaffin-ELPBC reached adsorption equilibrium faster and 

with a larger ∆  relative to that of ELPBC, suggesting that at equilibrium, Silaffin-ELPBC 

adsorbed with a higher surface density to the silica surfaces than ELPBC.  

 

Figure 20: Time course of (a) frequency shift (∆ ) and (b) dissipation shift (∆ ) 
for the binding of Silaffin-ELPBC and ELPBC to silica surfaces at 25°C and 50°C. The 
arrows indicate the time when the surface was rinsed with PBS buffer.  

Figure 20 also demonstrates that attachment of ELP micelles onto surfaces 

resulted in a larger change of frequency as compared to ELP unimers, suggesting that a 

larger amount of micelles adsorbed onto the silica surfaces. This observation agrees with 

previous adsorption studies of diblock copolymers onto octadecylsilane surfaces.257,258 In 
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addition, ELP micelles at 50°C exhibited a faster initial adsorption rate and reached 

saturation at shorter time periods compared to ELP unimers at 25°C, which was also 

previously reported for synthetic block copolymers.35,253,257 A coverage of 90% of the 

saturation value was reached within 5 min for adsorption from micellar solutions. As 

the surface coverage increased, a rapid decline in the adsorption rate was observed. The 

significant effect of micellization on the adsorption kinetics has been previously reported 

for synthetic block copolymers.259 Furthermore, we conducted a quantitative adsorption 

kinetic analysis and show that micellization and the silaffin tag enhanced the binding 

affinity of ELP block copolymers to silica surfaces, thus resulting in a higher surface 

coverage at equilibrium. We used a Langmuir isotherm as a first approximation to 

deduce the kinetic constants of the adsorption process. Although this model is unable to 

fully capture the intricacies of this adsorption process (e.g., polypeptide conformational 

or orientational change, multilayer adsorption),206 it is still commonly used to describe 

adsorption kinetics due to its simple mathematical format:260 

  (t) = −                                                                                    (Eqn. 5) 

where  is the fraction of surface covered,  is the surface coverage at 

equilibrium, and  is the binding constant that describes the affinity between the 

adsorbent and the adsorbate. Excellent fits to the experimental data were obtained (R2 > 

0.98 for all the fitting, see Figure 21) to estimate the  and  values (Table 6). The 

rate constant  of Silaffin-ELPBC is significantly larger than that of the ELPBC, 
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confirming that silaffin tag enhanced the binding affinity of the ELP block copolymer, 

which is in accordance with AFM and ellipsometry data. In addition, micellization led to 

increases of the rate constant  and the surface coverage  of ELP block copolymers 

at equilibrium. Taken together, the QCM data corroborate our simulation results and 

further confirm the effects of the silaffin tag and temperature on the kinetics and 

equilibrium coverage of ELP block copolymer adsorption process.  

 

Figure 21: Time evolution of frequency shift (∆ ) for the binding of Silaffin-
ELPBC and ELPBC onto silica surfaces at 25°C and 50°C. The fits correspond to 
Langmuir adsorption isotherms for each condition.  

Table 6: The  and  values determined from the QCM data using Langmuir 
isotherm.   

 
              Silaffin-ELPBC                  ELPBC 

Unimer Micelle Unimer Micelle 

(s-1) 0.74±0.01 0.81±0.01 0.10±0.001 0.49±0.003 

(Hz) 98.2±0.2 190.9±0.5 70.9±0.3 111.1±0.1 
 

QCM-D measurements can also determine the dissipation energy ( ) of 

polypeptide layers. The binding of ELP block copolymers induced energy dissipation 
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changes, indicating the peptide layers were viscoelastic. Adsorption of ELPBC micelles 

resulted in the largest increase in the dissipation energy. The reason might be that ELPBC 

micelles formed localized micelle aggregates on surfaces (as shown in AFM images), 

leading to greater dissipation in the adsorbed micellar layer. In contrast, Silaffin-ELPBC 

micelles were more tightly-packed on the silica surfaces and formed more rigid micellar 

layers which would entail less dissipation. The specific dissipation (defined as  ∆ /∆ ) 

was calculated to compare the relative viscoelastic properties of the adsorbed layers. 

This value is a measurement of the rigidity of adsorbed layers normalized for adsorbed 

amounts on the surface and is commonly used in QCM-D studies as an indicator for the 

viscoelastic properties of the adsorbed layer.261–265 The specific dissipation for Silaffin-

ELPBC unimer, ELPBC micelle and unimer modified surfaces were 18.5 × 10-8 Hz-1, 13.9 × 

10-8 Hz-1, and 11.9× 10-8 Hz-1, respectively. These values are consistent with reported 

specific dissipation values for soft ELP layers (~10-15 × 10-8 Hz-1).180  Because large 

specific dissipation values are commonly associated with extended, flexible 

conformations of individual biomolecules with a high water content 264 or loose surface 

binding,193,265 these specific dissipation values suggest that ELP unimers may form soft 

and hydrated layers and ELPBC micelles may bind loosely on the surfaces. However, 

Silaffin-ELPBC micelle coated surfaces showed a much smaller value of specific 

dissipation (3.6 × 10-8 Hz-1), indicating that these micelles adhered strongly to the 

substrate surface and formed more rigid and compact adsorbed layers. These results 
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support our AFM data and further confirmed the strong attraction between Silaffin-

ELPBC micelles and the silica surface.  

We also used ellipsometry to measure the dependence of (dry) film thickness on 

adsorption time. Figure 22 shows that the adsorption of ELP block copolymers 

proceeded at an initially high rate followed by a rate decrease at longer times as the 

surface was gradually saturated. Additionally, Silaffin-ELPBC exhibited a higher initial 

adsorption rate and reached saturation faster than the parent ELPBC, which agrees with 

the trends observed in QCM measurements and the predictions by DPD simulations. 

The polypeptide layers formed by Silaffin-ELPBC were thicker than those formed by 

ELPBC at both 25°C and 50°C. Taken together, these data suggest that ELP block 

copolymers with a silaffin tag exhibit a higher binding affinity to silica surfaces. This 

finding is consistent with a previous study on material binding peptides, where 

incorporation of ZnO-binding peptide into biomolecules enhanced the binding of 

biomolecules to ZnO particle surfaces.97   
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Figure 22: Ellipsometric thickness of ELP block copolymer modified surfaces 
in the dry state as a function of adsorption time.  

As expected, ELP micelles formed thicker layers than unimers for both Silaffin-

ELPBC and ELPBC. This is due to the larger size of micelles and larger amounts of micelles 

adsorbed to surfaces as confirmed by AFM and QCM. We also observed higher standard 

deviations for the thickness of ELP micelle modified surfaces, indicating a rough surface 

morphology, which is in accordance with AFM data. Furthermore, a frequency (i.e., 

apparent mass) overshoot occurred during the adsorption of Silaffin-ELPBC micelles, 

which may be attributed to a orientational changes or slow spreading of adsorbed 

micelles. This overshoot phenomenon was previously reported for the adsorption 

process of some proteins206 and synthetic diblock copolymers studied via ellipsometry.266 

Notably, the equilibrium thickness of ELP diblock copolymer micelles increased after 15 

h incubation, suggesting the formation of multilayer micelles on surfaces, which is 

consistent with AFM data. We attribute this to strong hydrophobic interactions between 

the collapsed ELP blocks.  Together, QCM and ellipsometry data demonstrate 
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micellization and the silaffin tag enhanced the adsorption of ELP diblock copolymers 

onto silica surfaces, leading to faster adsorption kinetics and thicker polypeptide layers 

with a higher equilibrium surface coverage.  

3.5 Conclusion 

We have systematically studied the adsorption of thermally responsive ELP 

block copolymers to develop an understanding of the effects of surface affinity and 

temperature on the adsorption kinetics and equilibrium, as well as the architecture, 

morphology and functionality of the adsorbed layers. Compared to the parent ELPBC, 

Silaffin-ELPBC demonstrated a higher adsorption rate and formed thicker layers with a 

greater surface concentration, indicating the silaffin peptides enhanced binding of ELP 

block copolymers to silica surfaces. In addition, Silaffin-ELPBC micelles were tightly 

packed and evenly dispersed on the surfaces, while adsorption of ELPBC micelles led to a 

“patchy” surface coverage. These results suggest that incorporation of material-binding 

peptides affected the distribution of micelles and the architecture of micellar layers. 

Furthermore, the micellization of block copolypeptides also profoundly affected the 

adsorption process and properties of the adsorbed layers. In particular, micelles 

adsorbed faster and formed thicker layers with a rougher morphology and a higher 

surface concentration compared to unimers. Additionally, ELP micelles were no longer 

thermally responsive after surface immobilization, while unimers retained their 

temperature-responsive property at the interfaces. Thus, this study demonstrates the 
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enhanced adsorption of ELP block copolymers onto target substrates by incorporating 

end-terminal peptide sequences tailored to interact with these surfaces. It also provides 

insight into the design of smart surfaces based on ELP block copolymers, with controlled 

structure-architecture-function relationship.  

ELP block copolymer based systems also hold promise as model systems for 

further, systematic investigation of block co-polypeptide adsorption onto surfaces. 

Genetically designing ELP blocks, with an assortment of amino acid guest residues and 

various chain lengths, can direct their global self-assembly into distinct structures,53,267 

such as spherical and cylindrical micelles, vesicles, etc. In addition, functional segments 

(e.g., material-binding, crosslinking, cleavage, and biomolecule/cell recognition 

sequences) can be inserted at precise locations and spacing within the ELP blocks, 

offering virtually limitless variations in the properties of the final assemblies.46,268,269 This 

will enable mechanistic studies of the role each block/functional segment plays in their 

self-assembly process, as well as how self-assembled structures affect the kinetic and 

thermodynamics of the adsorption process of block copolypeptides. This will also 

provide state-of-the-art surface engineering approaches to fabricate bioactive surfaces 

with desired architecture and functionality for a variety of applications, such as 

biosensing, diagnostics and drug delivery. 
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4. Chapter 4: Creating cellular patterns using genetically 
engineered, gold- and cell-binding polypeptides 

After achieving controlled adsorption of ELPs onto surfaces, we first exploited 

the ELP-modified surfaces for cell patterning. Sections of the text and figures included in 

Chapter 4 were published in Biointerphases. The full citation for the article is: L. Li, C.-K. 

Mo, A. Chilkoti, G. P. López, N. J. Carroll, Creating cellular patterns using genetically 

engineered, gold- and cell-binding polypeptides. Biointerphases 2016, 11, 21009. The 

publisher (AIP Publishing LLC) granted permission to the authors to reuse the article in 

this dissertation. 

4.1 Synopsis 

Patterning cells on material surfaces is an important tool for the study of 

fundamental cell biology, tissue engineering, and cell-based bioassays. Here, we report a 

simple approach to pattern cells on gold patterned silicon substrates with high precision, 

fidelity, and stability. Cell patterning is achieved by exploiting adsorbed biopolymer 

orientation to either enhance (gold regions) or impede (silicon oxide regions) cell 

adhesion at particular locations on the patterned surface. Genetic incorporation of gold 

binding domains enables C-terminal chemisorption of polypeptides onto gold regions 

with enhanced accessibility of N-terminal cell-binding domains. By contrast, the 

orientation of polypeptides adsorbed on the silicon oxide regions limit the accessibility 

of the cell-binding domains. The dissimilar accessibility of cell-binding domains on the 

gold and silicon oxide regions directs the cell adhesion in a spatially controlled manner 
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in serum-free medium, leading to the formation of well-defined cellular patterns. The 

cells are confined within the polypeptide-modified gold regions and are viable for eight 

weeks, suggesting that bioactive polypeptide modified surfaces are suitable for long-

term maintenance of patterned cells. This study demonstrates an innovative surface-

engineering approach for cell patterning by exploiting distinct ligand accessibility on 

heterogeneous surfaces.  

4.2 Introduction 

The ability to arrange cells in customizable patterns on substrates with tunable 

surface properties enables fundamental investigations in cell biology such as modulation 

of cell-cell interactions and cell morphology,270 single cell assays,271 directed stem cell 

phenotype studies272 and analysis of 2-D cell migration.273,274 Methods for creating 

cellular patterns on surfaces include micromolding of SAMs in capillaries,275 and 

photolithographic or soft lithographic patterning of self-assembled monolayers 

(SAMs),276–280 polyethylene glycol (PEG),281–283 protein resistant PEG-like amphiphilic 

comb polymers91,284,285 and other polymer brushes.286–289 These patterning methods have 

been applied to a range of substrate materials including gold, glass, and polymers.290–293  

These methods often rely on the selective chemical coupling of cell adhesive 

ligands or the physical adsorption of cell adhesive proteins to a substrate for 

biofunctionalization. A facile approach to direct surface attachment and orientation of 

adsorbed proteins is to artificially incorporate bioadhesive motifs along with motifs that 
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direct binding to a material surface. For example, cell attachment to a graphene surface 

was enhanced by precoating the surface with an adsorbed recombinant polypeptide 

comprising end-pendent graphene-binding and cell-binding domains.106 It has been 

shown that the cells can interact with an adsorbed protein layer rather than the surface 

itself, enabling the cell membrane-bound receptors to bind with programmable 

specificity.294 This strategy could easily be extended to cell patterning by immobilizing 

cell-adhesive proteins directly on a surface with spatial control of their ligand 

accessibility and hence cell-binding behaviors.  

We hypothesized that by biasing material affinity of a recombinant polypeptide, 

we could generate cell patterns through directed ligand accessibility on a heterogeneous 

micropattern consisting of two dissimilar materials, gold on silicon, resulting in either 

enhanced or impeded local cell adhesion. We designed a bi-specific, hetero-end-

functional elastin-like polypeptide (ELP) fusion protein incorporating both N-terminal 

cell-binding (GRGDS) and C-terminal gold-binding (cysteine) domains RGD-ELP-Cys. 

We engineered the cysteine-rich domain to enhance C-terminus binding to gold via 

chemisorption of thiols on gold.295 We chose GRGDS as a cell adhesive ligand at the N-

terminus of the polypeptide to direct the surface adhesion and spreading of human 

umbilical vein endothelial cells (HUVECs).296–298 Intrinsically disordered ELPs186,187,299,300 

(Val-Pro-Gly-Xaa-Gly repeats, Xaa = guest residue), derived from tropoelastin, are 

characterized by their lower critical solution temperature (LCST) behavior,50,51 where 
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above their cloud point temperature (Tt) they collapse to expel water and form 

polypeptide-rich sediments. Genetic incorporation of a substrate-binding domain into 

biopolymers enables direct surface immobilization, obviating the need for ancillary 

surface modification or chemical conjugation processes.104,301–303 In addition, it potentially 

provides some modulation of biopolymer orientation to either expose or conceal the 

desired functional groups (e.g., cell-binding domains) for specific biointeraction.97,177 

We programmed cell-binding domains onto biopolymer-modified surfaces with 

spatial control over the accessibility of these domains, leading to formation of well-

defined cellular micropatterns. These results suggest the orientation of adsorbed RGD-

ELP-Cys (C-terminal thiols to gold) enhances the accessibility of terminal-end GRGDS 

domains and promotes cell adhesion within the gold regions. This is in contrast to RGD-

ELP-Cys adsorbed on silicon oxide regions, which showed limited bio-interaction for cell 

adhesion. While both surfaces adsorb RGD-ELP-Cys from solution (as measured by 

quartz crystal microbalance, QCM), enhanced cell-adhesion is only observed on the 

gold-modified regions. This further suggests that distinct ligand accessibility of the 

RGD-ELP-Cys on either gold or silicon plays a key role in the observed dissimilar cell-

binding activity in each region.  

It is worth noting that our method for cell patterning is not limited to 

recombinant proteins, but should also be amenable to synthetic polymers with material- 

and cell-binding domains. While a number of polymers may be applicable to our 
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patterning approach, ELPs offer the following features: (i) a bio-inert backbone for 

incorporation of bioactive peptide domains;54 (ii) monodispersity;52 (iii) simple 

purification without the need for chromatographic methods;58 and (iv) high yield 

expression (e.g. grams/liter).76 Beside cell-adhesive ligands, other bioactive domains 

(e.g., growth factors, protease cleavable sites, etc.) can be potentially included into the 

biopolymer-modified surfaces with precise locations and spacing, providing state-of-

the-art surface engineering approaches to direct cell behavior on patterned surfaces. 

4.3 Materials and methods 

4.3.1 Synthesis of ELP fusion proteins 

The ELP constructs used in this study consist of 40 repeating pentapeptides (Val-

Pro-Gly-Val-Gly) with a trailer sequence of (Gly-Gly-Cys)8, serving as a gold binding 

domain. Synthetic genes encoding for the ELP with a C-terminal (GGC)8 trailer (ELP-

Cys) were available from previous studies.304,305 Synthetic oligonucleotides encoding for 

both strands of an integrin binding peptide (SGRGDSGRGDS) with BseRI and NdeI 

compatible sticky ends were synthesized by Integrated DNA Technologies, Inc. (IDT, 

Coralville, IA).  It is worth noting that we selected GRGDS as the cell-binding motif of 

the multi-functional ELP because GRGDS-modified surfaces show significantly 

enhanced binding affinity of cells compared to RGDS, GRGD and RGD sequences.306 To 

assemble the gene of the ELP fusion protein (RGD-ELP-Cys), the pET 24a plasmids 

encoding the ELP-Cys construct were digested with BseRI and NdeI (New England 
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Biolabs, Beverly, MA), then enzymatically dephosphorylated using calf intestinal 

alkaline phosphatase (CIP; New England Biolabs).  The linearized ELP vectors were 

separated from other DNA fragments by gel electrophoresis with low melting agarose, 

AquaPor LM (National Diagnostics, Atlanta, GA) and were purified using a Qiaquick 

Gel extraction kit (Qiagen, Inc., Germantown, MD). The purified ELP vectors were 

ligated with the RGD encoding oligonucleotides to create a plasmid-harboring gene for 

RGD-ELP-Cys. The gene encoding RGD-ELP-Cys was confirmed by DNA sequencing. 

The complete amino acid sequence of the RGD-ELP-Cys is 

MSGRGDSGRGDSYGSKGPG(VGVPG)40 (GGC)8WP. All ELPs used in this study were 

expressed in E. coli and purified by inverse transition cycling.307 These purified ELP-Cys 

and RGD-ELP-Cys fusion proteins were characterized by SDS–PAGE (BioRad, Inc., 

Hercules, CA). The molecular weights of purified ELP proteins were confirmed by 

matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS), which was 

performed on a PE Biosystems Voyager-DE instrument equipped with a nitrogen laser 

(337 nm). The ELP samples for MALDI-MS measurements were prepared in an aqueous 

50% (v/v) acetonitrile solution containing 0.1% (v/v) trifluoroacetic acid, using a 

sinapinic acid matrix. The measured molecular weights were within 0.4% of the 

calculated value.  

To characterize the temperature-dependent cloud point behavior, the optical 

density at 350 nm (OD350) of the RGD-ELP-Cys was measured as a function of 
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temperature. Samples were heated at 1 °C/min in a Cary 300 UV-visible 

spectrophotometer equipped with a multicell thermoelectric temperature controller 

(Varian Instruments, Walnut Creek, CA) between 25°C and 55°C. Figure 23 

demonstrates that the Tt of RGD-ELP-Cys (150 µM) is ~ 32°C.   

 

Figure 23: Turbidity profile of RGD-ELP-Cys at 150 µM in water as a function 
of temperature. 

To enable fluorescent labeling, RGD-ELP-Cys was dissolved at 150 µM in TCEP 

buffer, and Alexa Fluor 488® C5-malemide (Life Technologies, Carlsbad, CA) was added 

to a final concentration of 3 mM. The reaction was allowed to proceed for 1 h at room 

temperature, then unreacted dye was removed by chromatography over Sephadex G25 

(GE Healthcare Life Sciences, Pittsburgh, PA). The purified samples were concentrated 

with an Amicon 3,000 molecular weight cutoff spin filter (Millipore, Billerica, MA). 

Labeling efficiency was determined spectrophotometrically using a NanoDrop 1000 

Spectrophotometer (Thermo Scientific, Waltham, MA).308  
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4.3.2 Preparation of gold patterned silicon surfaces 

Photomask patterns were designed with AUTOCAD 2014 and printed on 

photopaper (CAD Art Services, Bandon, OR). Silicon wafers were obtained from 

University Wafer (Boston, MA) and cleaned with 70% ethanol and deionized water and 

blown dry with nitrogen gun. A layer of negative photoresist (NFR016D2; JSR Micro, 

Inc., Sunnydale, CA) was spin coated (Headway spinner; Headway Research, Inc., 

Garland, TX) onto silicon wafers at a ramp speed of 1000 rpm and a spin speed of 3000 

rpm for 30 seconds. The samples were baked in an oven at 90 oC for 2 min and a 

photoresist layer approximately 3.9 µm thick was formed. The wafers were aligned with 

photomasks using a mask aligner (Karl Suss MA6/BA6; SUSS MicroTec, Garching bei 

München, Germany) and subsequently irradiated with UV light (365nm, 12.0 mW/cm2) 

with constant intensity and hard contact mode for 12 seconds. After exposure, the 

samples were baked in oven again for 2 min and developed with MicropositTM MF-319 

Photoresist Developer (Dow Chemical, Co, Midland, MI) at room temperature for 60 

seconds. Photoresist residues were washed off with deionized water and blown dry 

with nitrogen gun. The patterned photoresist layer served as a mask on the silicon 

wafers to prevent the deposition of metals onto non-target silicon oxide regions. A thin 

layer of titanium (50nm, 5Å/s) was deposited onto surfaces first as an adhesive layer to 

aid gold layer binding, and a layer of gold (200nm, 5Å/s) was deposited onto the 

surfaces afterwards. Both metal layers were deposited using an E-beam evaporator 
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(Kurt Lesker PVD 75; Kurt J. Lesker Company, Jefferson Hills, PA). After metal layer 

deposition, the samples were placed in a beaker filled with 1165 stripper (NMP; Dow 

Chemical) overnight to remove the protective photoresist layer. The metals deposited on 

photoresist masked regions were stripped from the surface and washed off thoroughly 

with isopropyl alcohol (Sigma Aldrich, Co, St. Louis, MO) and deionized water, and 

blown dry with nitrogen gun. The metals deposited directly onto unmasked silicon 

regions remained on the silicon wafers and formed the patterned gold layers. The silicon 

wafers with patterned gold layers were cleaved into 0.5 cm x 0.5 cm square pieces with a 

diamond scribe.  All cleaved samples were cleaned with 70% ethanol and deionized 

water, and blown dry with a nitrogen gun before treatment with ELP solutions. 

4.3.3 Peptide-modification of patterned silicon surfaces 

To modify the gold patterned silicon wafer surfaces with peptides, solutions of 

RGD-ELP-Cys (labeled with Alexa Fluor 488) at a concentration of 150 µM were added 

to the substrates for 20 min and subsequently washed with PBS. An ELP without a RGD 

peptide (ELP-Cys, labeled with Alexa Fluor 488) was used as a control. The ELP-

modified surfaces were visualized using fluorescence microscopy (Axioimager; Carl 

Zeiss Microimaging, Inc., Jena, Germany) through 10X, 20X and 40X objectives. At least 

seven images were captured at various known radial distances from the center using a 

CCD camera (Axiocam; Carl Zeiss, Inc., USA). Axiovision software was used for further 

data analysis. 
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We also used Q-Sense E4 QCM-D instrument (Q-Sense AB, Västra Frölunda, 

Sweden) to investigate the in situ adsorption of the RGD-ELP-Cys onto gold and silicon 

oxide substrates. Shifts in the crystal frequency for the third overtone was continuously 

monitored using the Q-Soft software (Q-Sense AB). Adsorption of RGD-ELP-Cys was 

performed on the silicon oxide- and gold-coated quartz crystals with varying adsorption 

times to achieve stabilization of frequency. Once the system reached equilibrium, loosely 

bound peptides were removed by washing with PBS buffer. All the measurements were 

taken at 25°C at a flow rate of 50 µL/min. These experimental data were fitted to the 

Voight-based viscoelastic model.192,193 The thickness of the peptide layer is obtained by 

solving the Voigt model at different oscillation frequencies (overtones) of the QCM-D 

using Q-Tools software (Q-Sense AB). Prior to use, silicon dioxide coated sensor crystals 

(QSX 303, Q-Sense AB) were exposed to ultraviolet (UV)/ozone for 10 min, followed by 

immersion in 2% sodium dodecyl sulfate (SDS) for 2 h. These crystals were then rinsed 

thoroughly with deionized water and dried by nitrogen gas. Gold coated sensor crystals 

(QSX 301, Q-Sense AB) were pretreated with piranha solution (75 % H2SO4/25 % H2O2, 

v/v), then rinsed with deionized water and dried with nitrogen gas.  

4.3.4 Cell culture 

Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza 

and were cultured in EBM-2 medium (Lonza, Basel, Switzerland). We chose HUVECs as 

a model cell line, because HUVECs abundantly express numerous integrins (e.g., α5β1 
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and αvβ3) that are recognized by RGD peptides.309,310 The cells were cultivated at 37°C in 

a humidified atmosphere with 5% CO2 and passaged regularly. HUVECs were used in 

passages 4–6. These cells were then labeled with 1 µM calcein red-orange AM (Thermo 

Scientific) in 1% sterilized BSA in PBS for 0.5 h and rinsed three times with PBS. 

4.3.5 Fabrication of cell patterns  

Here, 200,000 HUVECs (2 ×107 cells/mL, stained with calcein red-orange AM) in a 

1% BSA solution were seeded onto each patterned surface (0.5 cm x 0.5 cm) and 

incubated in PBS for 3 h at room temperature. We include BSA to increase the fidelity of 

our approach because BSA may promote RGD-integrin binding.311 The washing 

conditions (i.e. fluid flow rates) were precisely controlled by Harvard syringe pumps 

(Harvard Apparatus, Holliston, MA). Two syringe pumps are used to wash the 

patterned surface with PBS at constant speed (9 mL/min) after the cell immobilization 

step (see Figure 24). These pumps were connected via tubing to a multiwell plate 

containing the patterned surfaces. The plungers of two syringes of identical volume 

move at the same speed in opposing directions. 

We then cultured the adhered HUVECs on RGD-ELP-Cys coated substrates at 

37°C with repeated media exchange every 3 days. The adhered HUVECs were re-stained 

with calcein red-orange AM after 60 days.  In addition, the HUVESs of the same density 

were seeded on a patterned RGD-ELP-Cys (green) substrate at 37°C for 3 h. After PBS 
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wash at 37°C, the substrates were then maintained at 4°C for 10 min and at room 

temperature for 3 h. All the samples were observed using the fluorescence microscope.  

 

Figure 24: Schematic of the syringe pump setup for controlled washing of 
unbound HUVECs from surfaces after incubation. PBS buffer was driven by two 
syringe pumps at a flow rate of 9 mL/min.   

4.4 Results and discussion 

4.4.1 Proposed mechanism for formation of cell patterns 

We designed and synthesized a polypeptide (RGD-ELP-Cys) containing an RGD 

cell adhesion motif (GRGDSGRGDS) at the N-terminus, followed by a thermally 

responsive ELP block and a cysteine-rich domain (GGC)8 at the C-terminus (see amino 

acid sequence in Figure 25a). To fabricate cell patterns, we first used photolithography to 

generate gold micropatterns on silicon oxide surfaces (Figure 25b). These heterogeneous 

surfaces were coated by exposing them to a solution containing RGD-ELP-Cys. It has 

been reported that immobilization of proteins/peptides via terminal end thiol groups 

can lead to uniform orientation of molecules on the surface,312,313 due to the high 

specificity of the thiol-gold bond. Thus we hypothesized that, aided by the C-terminal 
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cysteine-rich domain, the polypeptides can adsorb to the gold regions in a directed 

orientation whereby terminal-end GRGDS domains are more accessible for cell binding 

than for RGD-ELP-Cys adsorbed in the silicon oxide regions (depicted schematically in 

Figure 25c). After seeding the RGD-ELP-Cys coated micropatterns with cells, the 

dissimilar accessibility of GRGDS domains on patterned gold/silicon surfaces is 

evidenced by enhanced cell binding only on the coated gold regions (Figure 25d).  

Differences in adsorption behavior of a folded, globular protein, adsorbed on 

distinct materials but at similar amounts, can lead to marked differences in cell binding 

behavior (i.e. facile and strong attachment vs. attachment resistance).314 We asked if an 

intrinsically disordered protein with chemically dissimilar end groups could 

simultaneously enhance or resist cell attachment by distinct adsorption behaviors on 

regions of a gold patterned silicon substrate. In this case, the ELP serves not only as an 

inert biolinker for precisely spacing active peptide domains in the chain, but acts as a 

dual-purpose molecule to modulate cell response on different materials.  
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Figure 25: Schematic of (a) RGD-ELP-Cys sequence and process for creating 
cell patterns on peptide-modified surfaces in three primary steps: (b) use of 
photolithography to generate gold micropatterns on silicon surfaces; (c) the 
adsorption of RGD-ELP-Cys fusions to the heterogeneous patterned surfaces; and (d) 
enhanced cell binding to the RGD-ELP-Cys coated gold micropatterns. 

4.4.2 Adsorption of polypeptides to heterogeneous surfaces 

To construct polypeptide-modified patterned surfaces, solutions of RGD-ELP-

Cys (150 µM) in PBS were incubated with gold patterned silicon surfaces for 20 min and 

subsequently washed with PBS. Figure 26a,b show images of fluorescently labeled 

(Alexa Fluor 488) RGD-ELP-Cys bound to different architectures of gold patterned 

silicon surfaces. The fluorescence intensity line profile for substrates with alternating 

gold stripes shows ~20% higher fluorescence intensity in the gold regions as compared 

to the silicon oxide regions (Figure 26c), consistent with a ~20% increase in the amount 

of RGD-ELP-Cys bound to gold surfaces (as measured by QCM, Figure 26d). In 

addition, the RGD-ELP-Cys formed slightly thicker peptide layers on gold substrates 

than that on silicon oxide substrates (Figure 26e).   
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Figure 26: Microscopy images of fluorescently labeled RGD-ELP-Cys bound to 
gold patterned silicon surfaces: (a) a substrate with alternating gold and silicon 
stripes (width ~100 µm each), and (b) a substrate with gold micro-islands (50 µm x 50 
µm). (c) Fluorescence intensity line profile across the RGD-ELP-Cys modified 
substrates with alternating gold and silicon stripes (green line) and unmodified 
patterned substrates (red line). (d) Quartz crystal microbalance (QCM) measurements 
showing time course of frequency shift (∆ ) for the binding of RGD-ELP-Cys at a 
concentration of 150 µM to the gold and silicon oxide surfaces at room temperature. 
(e) Calculated film thickness from the viscoelastic model for RGD-ELP-Cys modified 
gold substrates (red line) and silica substrates (black line). Arrows indicate washing 
steps. 

4.4.3 Immobilization of HUVECs onto peptide-modified patterned 
surfaces 

Cell seeding on the ELP-modified patterned surfaces was accomplished by 

incubating the substrates with HUVECs suspended in serum free culture media (1% 

BSA). The HUVECs (labeled with calcein red-orange AM) were seeded at 2 ×107 

cells/mL. To investigate cell interaction with the ELPs, cells at the same density were 
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also incubated on surfaces patterned with ELP-Cys lacking an RGD cell-binding 

domain. After 3-hour incubation at 25°C, the surfaces were washed twice with PBS. 

Adherent cells were counted using fluorescence microscopy and the average number 

per area for both gold and silicon oxide regions was determined. HUVECs adhered in 

appreciable numbers to the RGD-ELP-Cys modified patterned surfaces (Figure 27a), 

while few HUVECs adhered to ELP-Cys modified surfaces (Figure 27b) or native 

substrate materials lacking ELPs (Figure 27c). A significantly larger number of cells 

adhered onto RGD-ELP-Cys modified areas compared to the ELP-Cys surfaces lacking 

RGD (p < 0.05; Figure 27d). This demonstrates that ELPs provide an inert background 

for programming activity via functional peptide segments in the chain, and suggests 

that cell adhesion on the RGD-ELP-Cys modified surfaces is achieved through RGD-

integrin interactions.309,310  



 

102 

 

Figure 27: Fluorescence images showing (a) cells (red) bound to RGD-ELP-Cys 
modified surfaces (green), (b) few cells bound to ELP-Cys modified surfaces (green), 
and (c) few cells bound to unmodified gold patterned silicon surfaces after incubating 
with HUVECs for 3 h and multiple washes with PBS. (d) The corresponding cell 
counts per area on each patterned surface. (*p < 0.05, n = 4 independent experiments). 

4.4.4 Cell adhesion behavior on RGD-ELP-Cys modified patterned 
micro-islands 

Gold micro-islands of variable sizes on silicon surfaces were constructed via 

photolithography (Figure 28a-c). After immobilization of fluorescently labeled RGD-

ELP-Cys, the HUVECs were incubated with the patterned substrate at room 

temperature for 3 h. Unbound cells were washed away with PBS and the remaining 

adherent cells were visualized by fluorescence microscopy. Figure 28d-i show images of 

HUVECs adhering to RGD-ELP-Cys modified patterns with gold micro-islands of 
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different sizes (i.e., 30 µm, 40 µm and 50 µm). It is evident that HUVECs adhered 

appreciably on RGD-ELP-Cys modified gold regions and minimal HUVEC adhesion 

was observed on silicon oxide regions containing adsorbed RGD-ELP-Cys. These 

observations strongly suggest that dissimilar accessibility of RGD domains on gold and 

silicon oxide regions leads to clear differences in cell adhesion on the heterogeneous 

surfaces. Through thiol-gold interactions, the polypeptides are likely oriented with the 

C-terminus located near the gold surface with enhanced accessibility of N-terminus 

RGD domains, promoting cell adhesion in the gold regions. By contrast, adsorption of 

RGD-ELP-Cys on silicon oxide regions may not result in a favorable orientation with 

accessible N-terminal RGD domains, impeding the RGD-integrin cell binding.  

We also observed various degrees of cell spreading and flattening of cells in gold 

regions on patterned surfaces (See insert of Figure 28g-i). In addition, the cells were 

confined primarily to the RGD-ELP-Cys coated regions. Interestingly, in long term 

studies in which HUVECs were seeded at room temperature and cultured for 60 days at 

37°C with repeated media exchange every 3 days, the cells remain viable and confined 

within the RGD-ELP-Cys modified micro-islands. The cells were stained with calcein 

red-orange AM, a live cell tracking dye to confirm the viability of the cells (Figure 28j-l). 

These results are consistent with other studies that demonstrate cells on patterned 

surfaces can remain viable for many weeks. For example, mesenchymal stem cells 

retained their stem-cell phenotype and maintained stem-cell growth on a 
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nanostructured surface for eight weeks315 and neurons remained viable for up to four 

weeks on poly-D-lysine patterned surfaces.316,317  

 

Figure 28: (a-c) Bright field microscopy images of gold (yellow) patterned on 
silicon surfaces (gray) containing different sized circular micro-islands with 
diameters of (a) 30 µm, (b) 40 µm, and (c) 50 µm. (d-i) Fluorescence images of 
HUVECs adhering to RGD-ELP-Cys modified patterns after multiple washes with 
PBS. Insets: representative images showing various degrees of cell spreading. (j-l) 
Cells remain viable and patterned after 60 days of incubation as evidenced by cell re-
staining with calcein AM. 
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We seeded cells on hydrated RGD-ELP-Cys at room temperature, well below the 

solution Tt of concentrated RGD-ELP-Cys (~ 32°C, see Figure 23). The adhered cells were 

subsequently cultured at 37°C (T > Tt) on collapsed RGD-ELP-Cys. Our results indicate 

that cells remain attached to the patterned surfaces despite triggering the phase 

transition of the ELPs (Figure 28j-l). No significant changes in the average cell counts per 

area were observed (see Figure 29). Therefore, the RGD-ELP-Cys coated gold surface is 

able to promote cell adhesion on both hydrated and collapsed RGD-ELP-Cys surfaces, 

which suggests that end-pendent RGD domains are accessible above and below the Tt of 

the RGD-ELP-Cys. Thus, thermal phase transition of the ELPs does not interfere with the 

RGD-integrin cell binding in the polypeptide coated gold regions. 

 

Figure 29: The cell counts per area on gold and silicon oxide regions of 
patterned surfaces at 25°C and 37°C. No significant (NS) differences between groups 
were observed, p > 0.05, n = 5 independent experiments. 
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In addition, we seeded cells on aggregated ELP-coated substrates at 37°C (T > Tt) 

and asked if the initial hydration state of the ELP (collapsed versus hydrated) would 

influence patterning resolution. We found enhanced binding in the coated silicon oxide 

regions at a seeding temperature T > Tt, resulting in loss of pattern fidelity (Figure 30a). 

This suggests that the N terminal binding domains in RGD-ELP-Cys are more accessible 

on silicon oxide surfaces when the adsorbed ELPs are in an aggregated state. We then 

cooled the substrate to T < Tt and found that after washing, most of the cells (~77%) 

bound to the coated silicon oxide regions detached, while most cells (~73%) remained 

adhered to the coated gold islands (Figure 30b,c). This result may have implications for 

use of modified ELPs for cell release after culture.71,118,119 In general, our results indicate 

seeding cells at room temperature (T < Tt) followed by cell culture at 37°C (T > Tt) 

provides the best patterning fidelity for the substrate/polypeptide combination 

presented in this study.  
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Figure 30: (a) Enhanced cell adhesion is observed in polypeptide coated silicon 

oxide regions when seeding occurs on aggregated ELP fusion proteins (T > Tt), 
resulting in reduced patterning resolution. (b) Upon cooling to room temperature (T < 
Tt) and a washing step, few cells remain bound to the silicon oxide regions. (c) The 
corresponding cell counts per area for gold and silicon oxide regions on each 
patterned surface. The percentage of cells that detached from the surface upon cooling 
and washing is denoted for each region. (n = 4 independent experiments) 

4.5 Conclusion 

We have genetically engineered polypeptides containing N-terminal cell-binding 

and C-terminal gold-binding domains to create cellular patterns on gold patterned 

silicon surfaces. The cysteine-rich gold binding domains enable direct chemisorption of 

polypeptides onto gold regions via the C-terminal thiols with enhanced accessibility of 

N-terminal cell-binding domains, promoting cell adhesion and spreading in gold 

regions. By contrast, RGD-ELP-Cys adsorbed on silicon oxide regions hinders the 

accessibility of cell-binding domains, resulting in minimal cell adhesion within those 

regions. The likely dissimilar accessibility of cell-binding domains on gold and silicon 

oxide regions leads to formation of well-defined cell patterns. The polypeptide-

patterned surfaces are capable of immobilizing cells, and maintain cell viability and 

pattern integrity for up to eight weeks. This study demonstrates a simple approach for 

fabricating cellular patterns that potentially enable many applications, such as study of 



 

108 

intercellular communication, single-cell analysis, and drug discovery. In addition, 

genetic incorporation of material-binding domains provides a direct and controlled 

method to attach proteins on surfaces. A library of artificial peptides with affinity for 

particular substrates (e.g. silica, gold, zinc, graphene, titanium) has been identified 

through combinatorial screening approaches.95–100 By using these material binding 

peptides, proteins can be biased to a variety of substrates with high affinity.104,105 Besides 

material-binding domains, other functional domains can also be precisely incorporated 

onto biopolymer-modified surfaces, such as growth factors, protease cleavable sites, and 

crosslinking sites, providing innovative surface engineering approaches to fabricate 

bioactive substrates for a variety of applications.  
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5. Chapter 5: Rational design of genetically engineered, 
gold- and cell-binding polypeptides for 
thermoresponsive cell culture substrates and enzyme-
free cell and cell sheet harvesting 

This chapter discusses a part of the work for Specific Aim 2. One of the most 

studied and successful demonstrations of stimuli-responsive surfaces in biomedical 

applications concerns the controlled adhesion and release of cells on surfaces. Much 

research into thermally responsive surfaces has been devoted to develop 

thermoresponsive cell culture substrates to enable enzyme-free cell recovery and 

temperature-induced cell sheet harvest. Here, we present a simple method to fabricate 

functional cell culture substrates using genetically engineered polypeptides for cell sheet 

harvesting. Linying Li, Hancheng Mao, Jin Huang, Nick J. Carroll, Ashutosh Chilkoti, 

and Gabriel P. López are involved in this project.  

5.1 Synopsis 

Thermoresponsive cell culture substrates enable the harvest of confluent cell 

sheets with intact cell-cell junctions and extracellular matrix (ECM). Here, we rationally 

designed thermally responsive elastin-like polypeptides (ELPs) with desired length, 

composition, and precisely spaced cell-binding domains to fabricate functional cell 

culture substrates. This study demonstrates that the location of cell-binding motifs 

within the polypeptides layers greatly affects the cell attachment and detachment 

behavior. ELPs containing end-pendent cell adhesive domains in the exterior peptide 



 

110 

layer do not support an efficient temporal control of cell detachment. In contrast, ELP 

layers of appropriate thickness containing cell-binding domains placed in close 

proximity to the grafting surfaces allow thermally reversible cell adhesion on the 

surfaces. In particular, the hydrophobic phase of ELPs exposes cell-binding domains and 

promotes the cell adhesion, whereas a temperature decrease triggers the concealment of 

the cell-adhesive motifs beneath the hydrated ELP layer to detach the adherent cells. In 

addition, the cultured adherent cells are able to be recovered successfully as an intact 

cell sheet by lowering the incubation temperature. This study demonstrates a simple 

approach to fabricate functional cell culture substrates with programmed cell-adhesive 

properties for cell sheet recovery. 

5.2 Introduction 

Cultured anchorage dependent cells are often harvested using proteolytic 

enzymes that can damage the ECM, cell-cell junctions and cell surface receptors.115 

Thermoresponsive cell culture substrates that enable enzyme-free harvest of cultured 

cells as an intact cell sheet by simple temperature modulation are applicable in tissue 

engineering and regenerative medicine.109 Thermally triggered cell adhesion and 

detachment have been previously reported for synthetic lower critical solution 

temperature (LCST) polymers, where the polymers phase separate to a collapsed state at 

T > LCST.318 In particular, poly(N-isopropylacrylamide) (pNIPAAm) films have been 

widely explored to thermally modulate cell adhesion and release.319,320 However, the cell 



 

111 

adhesion often relies on the physisorption of ECM molecules or chemical conjugation of 

cell adhesive peptides on the polymer substrates, because pNIPAAm itself has no cell 

adhesion ligands.88,117 To gain more effective control of the cell-adhesive properties of the 

surfaces, we propose to use genetically engineered biopolymers incorporating cell-

binding motifs (i.e., Arg-Gly-Asp, RGD) at precise locations and spacing, to fabricate cell 

culture substrates for non-invasive cell sheet harvesting.  

Elastin-like polypeptides (ELPs) are a promising class of genetically engineered 

polypeptides to fabricate highly customizable ECM-like environment for cell culture and 

tissue engineering, because they are derived from tropoelastin, a fibrous protein in 

native ECM.120 ELPs, consisting of pentapeptide repeating motifs (Val-Pro-Gly-Xaa-Gly 

repeats, Xaa = any amino acids except Pro), are characterized by their lower critical 

solution temperature (LCST) behavior, where ELPs at a given concentration phase 

separate to form protein-rich coacervates above the cloud point transition temperature 

(Tt).50,51 Genetically encoded synthesis of ELPs provides precise control over monomer 

(i.e. amino acid) sequence, monodisperse chain length and LCST behavior, which is less 

attainable using synthetic polymers. ELPs are well suited for fabricating 

thermoresponsive cell culture substrates for following reasons: (i) ELPs are 

biocompatible, non-cytotoxic and non-immunogenic; (ii) cell-binding domains (e.g., 

RGD peptides) can be inserted at precise locations and spacing within the ELP chains, 

offering direct control over the cell-adhesive properties of the surface; (iii) the thermal 
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responsive properties and the chain length of ELPs can be fine-tuned at the gene level to 

facilitate temperature-driven cell recovery. Despite these attractive features, only a few 

ELP-based thermoresponsive cell culture substrates were fabricated.71,117–119,121 Here, we 

aim to genetically engineer ELPs with programmed RGD domains to thermally expose 

or conceal their cell-adhesive cues to achieve reversible cell adhesion.  

To rationally design ELPs for enzyme-free cell recovery, many factors need to be 

considered including the composition and length of ELPs, and the placement of RGD 

peptides. The position and amount of cell-adhesive motifs within the polymer layers 

greatly influence the binding strength and growth of adhered cells,321 and randomly 

placed RGDs along the polymer chains impairs efficient cell release.322 However, the 

relationship between the RGD location within the polymer layer and cell response 

remains largely unexplored. Therefore, we rationally designed ELP layers with precisely 

spaced RGD motifs to gain insight into the effect of RGD placement within the ELP layer 

on the cell adhesion and detachment behavior. 

In order to control the RGD locations within the ELP layer, the directed grafting 

of ELPs onto surfaces with desired orientation is essential. A facile approach to direct 

surface attachment and orientation of adsorbed polypeptides is to artificially incorporate 

substrate binding domains into ELPs. We have previously engineered the cysteine-rich 

domain to enhance C-terminus binding of ELPs to gold via chemisorption of thiols on 

gold.295 The end-terminal gold binding domain not only enabled direct surface 
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immobilization, obviating the need for ancillary surface modification or chemical 

conjugation processes,104,301–303 but also directed the orientation of adsorbed ELPs, 

controlling the precise location of RGD peptides in the biopolymer film.188 Additionally, 

gold binding domains also enhanced the adsorption of ELPs, forming stable peptide 

layers. 

In this study, we have designed ELP-based thermoresponsive cell culture 

substrates that enabled cell adhesion at T > Tt and efficient detachment at T < Tt. We first 

genetically engineered and recombinantly synthesized multifunctional ELPs with both 

cell-binding (RGD) and gold-binding (cysteine-rich) domains. After one step 

immobilization of ELPs onto gold surfaces via the cysteine-rich domains (Figure 31a), 

we thermally triggered the collapse of surface-bound ELPs to expose RGD domains 

located within the ELP chains and to promote cell adhesion (Figure 31b). We then 

lowered the temperature below the Tt to trigger the hydration and swelling of the ELPs, 

which caused the detachment of the cells or cell sheets from the surfaces (Figure 31c).   
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Figure 31: Schematic of the process for creating thermoresponsive cell culture 

substrates to enable enzyme-free cell detachment: (a) directed adsorption of Cys-
RGD-ELP fusion proteins to the gold surfaces; (b) cell binding to the Cys-RGD-ELP 
coated gold substrates at T > Tt; (c) cell detaching from the peptide-modified gold 
surfaces by lowering temperature below the Tt.   

5.3 Materials and methods 

5.3.1 Synthesis, expression and purification of ELP fusion proteins 

The ELP constructs used in this study consist of 160 repeating pentapeptides 

(Val-Pro-Gly-Xaa-Gly) with the guest residues alanine and valine in a 1:1 ratio. The 

synthetic genes encoding for a cysteine-rich gold-binding domain (GGC)8 (Cys) and an 

integrin binding peptide (GRGDGRGDS) (RGD) were fused to the ELP tag to assemble 

the genes for RGD-ELP-Cys and Cys-RGD-ELP. The complete amino acid sequences of 

these ELPs are listed in Table 7.  

Table 7: The amino acid sequences of RGD-ELP-Cys, ELP-Cys and Cys-RGD-ELP. 

ELP Amino acid sequence 
RGD-ELP-Cys MSGRGDSGRGDSYGSKGPG(AGVPGVGVPG)80(GGC)8WP 
ELP-Cys MSKGPG(AGVPGVGVPG)80(GGC)8WP 
Cys-RGD-ELP  MS(GGC)8GSAGRGDGRGDSKGPG(AGVPGVGVPG)80WP 
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The successfully sequenced clones were transformed into E. coli for expression. 

All ELPs were purified by inverse transition cycling.307 The purity and molecular 

weights of the proteins were verified by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) gels. To characterize their temperature-dependent aqueous 

phase behavior, the optical density at 350 nm (OD350) of different ELP solutions (250 µM) 

in PBS were measured as a function of temperature. Samples were heated at 1 °C/min in 

a Cary 300 UV-visible spectrophotometer equipped with a multicell thermoelectric 

temperature controller (Varian Instruments, Walnut Creek, Ca) between 25°C and 45°C.  

5.3.2 Peptide modification of the gold surfaces 

Prior to use, the silicon wafers were sputter-coated via a layer of gold (200 nm) 

and cleaned in solution (75 % NH4OH/25 % H2O2, v/v) for 10 min at 75°C. To modify the 

gold coated silicon wafer surfaces with polypeptides, solutions of RGD-ELP-Cys, ELP-

Cys and Cys-RGD-ELP at a concentration of 250 µM were added to the substrates for 1 h 

below the Tt (25°C), subsequently washed with PBS and heated to 37°C (above their Tt) 

for 30 min.  

5.3.3 Characterization of peptide-modified gold surfaces 

5.3.3.1 Quartz crystal microbalance (QCM) 

We used Q-Sense E4 QCM-D instrument (Q-Sense AB, Västra Frölunda, Sweden) 

to monitor the adsorption of the polypeptides onto gold substrates at 25°C. For each 

measurement, PBS buffer was first loaded into the flow module until a stable baseline 
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was reached. An ELP solution was then injected into the flow module at a constant flow 

rate of 50 µL/min, followed by a PBS wash to remove loosely bound ELPs. Changes in 

the crystal frequency and dissipation were continuously monitored using the Q-Soft 

software (Q-Sense AB). The measured  and  values were fitted to the Voight 

viscoelastic model192,193 to estimate the thickness of ELP adlayers. Prior to measurement, 

gold sensor crystals (QSX 301, Q-Sense AB) were pretreated with piranha solution (75 % 

NH4OH/25 % H2O2, v/v) at 75°C for 10 min, then rinsed with deionized water and dried 

with nitrogen gas.  

5.3.3.2 Contact angle goniometry 

We used a contact angle goniometer (Model 100; Rame-Hart Instrument, Co.) to 

determine whether surface-grafted ELPs exhibit thermal responsive behavior. All the 

samples were incubated in ELP solutions (250 µM) at 25°C (i.e., T < Tt) for 1 h and rinsed 

with PBS. We then used the captive-air-bubble method to measure the contact angle of 

polypeptide modified surfaces at 37°C and 4°C. Each sample was placed inside an 

environmental chamber filled with PBS and was heated (or cooled) by circulating water 

from the temperature-controlled water bath. The temperature inside the chamber was 

measured via a thermocouple. The samples were equilibrated at a specified temperature 

for at least 30 min. 
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5.3.3 Cell adhesion and detachment 

Human umbilical vein endothelial cells (HUVECs) stained with calcein red-

orange were seeded onto each gold surface at a density of 4 ×105 cells/mL at 37°C. After 2 

h incubation, the substrates were maintained at 4°C for varying incubation times up to 3 

h and then washed with PBS at a flow rates of 750 µL/sec for 1 min in a controlled 

manner as previously described188 (see Figure 32). All the samples were observed using 

the fluorescence microscope (Axioimager; Carl Zeiss Microimaging, Inc., Jena, Germany) 

and the average cell counts per area were determined. The harvested cells were further 

cultured in a cell culture flask at 37°C for 7 days, and visualized using a Nikon TE2000-U 

inverted microscope (Nikon Co., Tokyo, Japan) equipped with a digital camera system 

(PCO Pixelfly, PCO AG, Kelheim, Germany). 

 

Figure 32: Schematic of the syringe pump setup for controlled washing of 
HUVECs on peptide-modified surfaces after incubating at 4°C for varying incubation 
times. PBS buffer was driven by two syringe pumps at a flow rate of 750 µL/sec. 
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5.3.4 Construction of a cell sheet 

The HUVECs were first seeded at 4 ×105 cells/mL on Cys-RGD-ELP coated 

surfaces at 37°C in PBS. After 2 h of incubation, the adherent HUVECs on Cys-RGD-ELP 

coated surfaces were washed with warm PBS (37°C) and cultured in the presence of 

serum at 37°C for 5 days. We exchanged culture media and conducted cell viability 

assays every 2 days using the live/dead assay kit (Life Technologies, Inc.), in which the 

living cells stained green and dead cells stained red. After these cells became confluent, 

the cells were washed by warm PBS solution (37°C) and then incubated in PBS at 4°C for 

1 h and followed by incubation at 20°C for 2 h to achieve the detachment of the cell 

sheet.  

5.4 Results and discussion 

5.4.1 Design of ELPs and characterization of ELP-modified surfaces 

To design the ELPs for thermoresponsive cell culture substrates, we need to 

consider both cell-RGD interaction and cell-ELP interaction. First, the cell-RGD 

interaction is greatly affected by the position of the RGD domains along the ELP chains. 

The pNIPAAm-modified substrates have shown thermally triggered cell 

adhesion/detachment behavior with physically adsorbed adhesive ECM proteins located 

in close proximity to the grafting surface.323 To mimic these substrates, we genetically 

engineered polypeptides (Cys-RGD-ELP, see Figure 33a (i)) with a cell adhesion motif 

(GRGDGRGDS) placed close to a cysteine-rich gold binding domain (GGC)8, so that 
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RGD domains will be located at the grafting surface or its vicinity. As controls, ELPs 

containing N-terminal cell-binding (RGD) and C-terminal gold-binding (Cys) domains 

(RGD-ELP-Cys, Figure 33a (ii)), and ELPs with a gold binding domain but lacking an 

RGD domain (ELP-Cys, Figure 33a (iii)) were synthesized.  

 

Figure 33: (a) Schematic representation of three ELP constructs, where a ELP 
tag is in orange, a cysteine-rich gold-binding domain (Cys) is in blue, and a cell-
binding domain consisting of integrin-binding RGD peptides (RGD) is in green. (b-c) 
Time course of (b) frequency shift (∆ ) and (c) dissipation shift (∆ ) for the binding 
of ELP-Cys, RGD-ELP-Cys and Cys-RGD-ELP (250 µM) to the gold surfaces at 25°C. 
The arrows indicate the time when the surface was rinsed with phosphate-buffered 
saline (PBS) buffer. (d) Calculated film thickness from the viscoelastic model for 
peptide-modified gold surfaces. (e) Turbidity profile of RGD-ELP-Cys, ELP-Cys and 
Cys-RGD-ELP at 250 µM in PBS as a function of temperature, as determined by 
spectrophotometry.  
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Besides the location of the RGD domains, the design of ELP chains is essential, 

because ELP chains thermally modulate the accessibility of the RGD domains. Similar to 

pNIPAAm system,173 ELP needs to meet the following requirements: 1) at T > Tt, ELP 

chain compression does not inhibit RGD-integrin binding and RGD domains are 

exposed; 2) at T < Tt, swelling of the hydrated ELPs shields the RGD domains and 

triggers the detachment of cells from surfaces. Because RGD peptides bind to integrins 

that are situated within approximately 20 nm from the cell membrane,324,325 the thickness 

of the collapsed ELP layers should be less than 20 nm at T > Tt. In addition, the hydrated 

ELP layer needs to be thicker than 20 nm to enable efficient cell detachment.  As the 

thickness of ELP-modified surfaces increases with increasing ELP chain length,180 it is 

thus crucial to incorporate ELP chains of an appropriate length to achieve the desired 

thickness. In addition, the chemisorption of ELPs via the gold binding domain were 

used, since the end-grafting of ELPs onto surfaces can form a thicker peptide layers than 

physisorption below the Tt. Based on these design parameters, we synthesized a 

multifunctional ELP consisting of 160 repeating pentapeptides in conjuction with cell-

binding (RGD) and gold-binding (Cys) domains. To estimate the thickness of peptide 

layers, we used a quartz crystal microbalance with energy dissipation measurements 

(QCM-D) to invetigate the adsorption of ELPs onto gold surfaces. Figure 33(b,c) shows 

the frequency change (∆ ) and the corresponding dissipation change (∆ ) for the 

binding of Cys-RGD-ELP, RGD-ELP-Cys, and ELP-Cys (250 µM) to gold-coated quartz 
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crystals. By fitting these experimental data to the Voight viscoelastic model,192,193 the 

thickness of all the peptide layers were determined to be thicker than 25 nm (See Figure 

33d), which meets the thickness requirement. To determine whether these ELPs 

maintained their thermal responsive behavior after surface immobilization, we 

performed the contact angle measurements at 37°C and 4°C, i.e., at temperatures above 

and below the Tt of the ELPs. All the samples were incubated in ELP solutions (250 µM) 

at 25°C (i.e., T < Tt) for 1 h and rinsed with PBS. We then used the captive-air-bubble 

method to measure the contact angle of polypeptide modified surfaces at 37°C and 4°C. 

As expected, contact angle was higher at 37°C than that at 4°C for all the ELPs (Table 8), 

suggesting that surface-grafted ELPs exhibited interfacial phase transition behavior in 

response to temperature, which agrees with previous studies.117,218 

Table 8: Captive-air-bubble contact angles of RGD-ELP-Cys, ELP-Cys and Cys-RGD-
ELP functionalized surfaces at 37°C and 4°C (n = 6). 

Surface Contact angle (°) at 37°C Contact angle (°) at 4°C 
RGD-ELP-Cys 36.3±0.7 29.1±0.6 
ELP-Cys 36.8±0.5 29.3±0.4 
Cys-RGD-ELP 37.3±0.5 28.6±1.1 

 

Furthermore, to provide collapsed peptide layers for cell adhesion at 37°C, the 

designed ELPs should undergo LCST transition below the physiologic temperature. 

Because the thermal properties of ELPs depend on their composition and chain length,175 

we further fine-tuned the hydrophobicity of guest residues of the ELPs to achieve a 

desired LCST. According to a unified model that relates ELP composition to Tt,326 we 
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chose alanine and valine as guest residues in a 1:1 ratio. The temperature-dependent 

turbidity profiles for solutions of Cys-RGD-ELP, RGD-ELP-Cys and ELP-Cys were 

measured by UV-visible spectrophotometry. Figure 33e shows that all the ELPs have 

their Tt below 37°C at a concentration of 250 µM in PBS. 

5.4.2 Cell adhesion and detachment 

To fabricate cell culture substrates, silicon wafers sputter-coated with gold were 

incubated in solutions of Cys-RGD-ELP, RGD-ELP-Cys and ELP-Cys (250 µM) at room 

temperature (below their Tt) for 1 h and subsequently washed with PBS. After 

immobilization of polypeptides, the ELP-modified substrates were heated to 37°C 

(above their Tt) to trigger the collapse of ELPs. After 30 min incubation at 37°C, the 

human umbilical vein endothelial cells (HUVECs) labeled with calcein red-orange AM 

were seeded at 4 ×105 cells/mL on the polypeptide modified surfaces. The number of 

cells adhered to each surface at different times over a 3 h period was determined and 

shown in Figure 34a. HUVECs adhered in appreciable numbers to the RGD-ELP-Cys 

and Cys-RGD-ELP modified surfaces compared to the ELP-Cys coated surfaces lacking 

RGD peptides. This result suggests that the cell adhesion on the ELP-modified surfaces 

with RGD peptides is achieved through RGD-integrin interactions,309,310 and ELPs 

provide a bio-inert backbone for programming activity via bioactive peptide segments 

in the chain. In addition, HUVECs adhered appreciably on RGD-ELP-Cys coated 

surfaces, because RGD-ELP-Cys are likely to be anchored to the surfaces with the C-
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terminus cysteine-rich group through thiol-gold interactions, enhancing the accessibility 

of the N-terminus RGD peptides for cell binding. This is dissimilar to Cys-RGD-ELP 

modified surfaces whose RGD domains are in close proximity to the gold surfaces. 

These quantitative results highlight the importance of the presence and accessibility of 

RGD domains for inducing cell adhesion. To determine whether the adhered cells could 

readily be detached from the peptide-coated surfaces, a low-temperature treatment was 

performed after incubating the cells at 37°C for 2 h. A significantly larger number of 

adherent cells on Cys-RGD-ELP-modified surfaces were efficiently detached (~85%) 

from the surfaces within 30 min incubation at 4°C, while HUVECs remained adhered on 

the RGD-ELP-Cys modified surfaces with adherent levels of ~93% (See Figure 34b). 

During the 3 h low-temperature treatment, Cys-RGD-ELP modified surfaces enabled 

thermally triggered cell detachment achieving an average detachment percentage of 

~83%, whereas RGD-ELP-Cys coated surfaces maintained their cell adhesion and 

morphology. Figure 34c shows micrographs of HUVECs cultured on the ELP-Cys, RGD-

ELP-Cys and Cys-RGD-ELP modified surfaces at 37°C (T >Tt) for 2 h, followed by 30 min 

incubation at 4°C (T < Tt) and a washing step. These results suggest that hydration of 

Cys-RGD-ELP hinders the accessibility of RGD domains to facilitate temperature-driven 

cell detachment, whereas the end-pendent RGD domains of RGD-ELP-Cys are accessible 

for cell binding both above and below the Tt. The viability and proliferation capacity of 

the HUVECs detached from the Cys-RGD-ELP surfaces were also analyzed. The 



 

124 

harvested HUVECs were cultured in a cell culture flask at 37°C for 7 days with repeated 

media exchange every 2 days. Figure 35 shows that the harvested HUVECs adhered and 

proliferated on the surface of a cell culture flask and became confluent. 

 

Figure 34: (a) Attachment profile for HUVECs seeded on ELP functionalized 
surfaces as a function of time at 37°C (n = 3). (b) The percentage of the adherent cells 
on the RGD-ELP-Cys and Cys-RGD-ELP modified surfaces at different incubation 
times at 4°C, after 2 h incubation at 37°C (n = 3). (c) Fluorescence images of HUVECs 
(stained with calcein red-orange, AM) cultured on the (i) ELP-Cys, (ii) RGD-ELP-Cys, 
and (iii) Cys-RGD-ELP modified gold surfaces at 37°C for 2 h. (iv-vi) Cells remain on 
surfaces after 30 min incubation at 4°C and washes with PBS.   
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Figure 35: Phase-contrast microscope image of harvested HUVECs after 
culturing at 37°C for 7 days with repeated media exchange every 2 days.  

5.4.3 Construction of a cell sheet 

To achieve recovery of a cell sheet, the HUVECs were first seeded onto the Cys-

RGD-ELP modified surfaces in PBS at 37°C for 2 h, and then cultured in endothelial cell 

growth medium at 37°C for 5 days. To test the viability and proliferation capacity of the 

HUVECs on peptide-modified surfaces, we conducted cell viability assays every 2 days. 

The HUVECs became confluent and remained highly viable on the Cys-RGD-ELP 

modified surfaces 5 days after seeding, as evidenced by the green fluorescence of the 

cells from the calcein green AM stain (i.e., a live cell tracking dye in the live/dead assay) 

shown in Figure 36a. To detach the cell sheets, the adherent cells were incubated in PBS 

at 4°C for 1 h, then at 20°C for 2 h. The cells cultured on Cys-RGD-ELP coated surfaces 

were detached from the surface as a cell sheet by lowering the incubation temperature 

and gently agitating the cells. The detachment of the cell sheet was visually detectable 

without microscope (Figure 36b-d). This result shows that ELP layers with programmed 

cell-adhesive properties can be used as a thermoresponsive cell culture substrate for cell 

sheet recovery. 
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Figure 36: (a) Fluorescence image of the HUVECs cultured on Cys-RGD-ELP 
modified surfaces at 37°C for 5 days to reach confluence. The cell viability assay was 
conducted, where calcein AM stain (green) identifies live cells and ethidium 
homodimer-1 (EthD) stain (red) identifies dead cells. Photographs of (b) the 
corresponding cell-sheet shown in Figure 36a, (c) recovery of the cell sheet after a low 
temperature treatment, and (d) detachment of the cell sheet (denoted with a red circle) 
from the surfaces in the buffer solution.  

5.5 Conclusion 

To this end, we have genetically engineered polypeptides containing the cell- 

and gold-binding domains to create thermoresponsive cell culture substrates for 

enzyme-free cell detachment and cell sheet harvesting. The location of the RGD peptides 

and the composition and chain length of ELPs are rationally designed such that the 

swelling and collapse of ELPs can modulate the accessibility of RGD domains. The 

distinct accessibility of the RGD domains at different hydration states of ELPs enables 

reversible cell adhesion on the surfaces. This study demonstrates an effective and 

controllable method to fabricate functional cell culture substrates for cell harvest. The 
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surface engineering approach provides a great potential for systematic investigation of 

how the structure of ELP adlayers and location of cell-binding motifs within the ELP 

layers affect the cell response. In addition, other functional domains can be precisely 

incorporated onto the cell culture substrates, such as growth factors59,327 and anti-

inflammatory cytokines,61 which can modulate the cell 

growth/proliferation/differentiation of the constructed cell sheets, offering 

multifunctional thermoresponsive substrates for cell sheet engineering.  
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6. Chapter 6: Reversible capture and rapid separation of 
proteins from blood via stimuli-responsive polymers 
and particles in an acoustofluidic device 

This chapter describes the experimental results for Specific Aim 3 and 

demonstrates the application of ELP-modified particles in diagnostics. This chapter is 

adapted from a manuscript that will be submitted to Analytical Chemistry (ACS) for 

publication. The authors of the manuscript are Linying Li, C. Wyatt Shields IV, Jin 

Huang, Yiqun Zhang, Korine A. Ohiri, Benjamin B. Yellen, Ashutosh Chilkoti, and 

Gabriel P. López. 

6.1 Synopsis  

The detection of biomarkers in blood often requires extensive and time-

consuming sample preparation to remove blood cells and concentrate the biomarker(s) 

of interest. Here, we demonstrate proof-of-concept for an acoustofluidic, chip-based 

method that enables the rapid capture and isolation of a model for protein biomarkers 

(i.e., streptavidin) from blood for off-chip quantification. First, we used untethered 

thermally responsive polypeptides fused to ligands for the homogeneous capture of 

biomarkers from whole blood. Next, we added negative acoustic contrast, silicone 

microparticles functionalized with surface-tethered, thermally responsive polypeptides. 

We increased the temperature of the suspension to co-aggregate the untethered 

polypeptides with the particle-tethered polypeptides, thus rapidly immobilizing 

biomarkers onto the surfaces of the particles. The blood sample containing the 



 

129 

biomarker-particle complexes was then diluted with warm buffer and injected into a 

microfluidic channel supporting a half-wavelength bulk acoustic standing wave. The 

biomarker-particle complexes migrated to the pressure antinodes, whereas blood cells 

migrated to the pressure node, leading to rapid and continuous separation with 

efficiencies exceeding 90% in a single pass. The biomarker-particle complexes were then 

analyzed via flow cytometry, where we achieved a detection limit of 0.75 nM for 

streptavidin spiked in blood plasma. Finally, by reducing the temperature of the 

solution below the transition temperature of the polypeptides, greater than 75% of the 

streptavidin was released from the microparticles, a unique feature of this approach that 

will be useful for downstream analysis (e.g., sequencing and structural analysis). 

Overall, this thermally controlled co-aggregation and acoustic separation strategy has 

promise for the detection, enrichment and analysis of biomarkers from blood and other 

complex biological samples.   

6.2 Introduction 

The separation, detection and quantification of biomarkers in biofluids is 

increasingly valuable for disease diagnosis, prognosis and screening patient responses to 

drugs or therapeutic interventions.122–125 However, the analysis of biomarkers presents 

several challenges, such as nonspecific binding events from cellular or subcellular 

entities328,329 and the low concentration of many clinically relevant biomarkers present 

during early disease states.126,127 Traditional technologies for clinical diagnostics include 
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enzyme-linked immunosorbent assay (ELISA), nucleic acid hybridization, amplification 

and sequencing, microbial culture and mass spectrometry, which often require 

significant sample preparation prior to analysis.330–332 While centrifugation is commonly 

performed as a first step to remove cells from blood, this method can incur significant 

loss of biomarkers, is time-consuming and requires bulky instrumentation and relatively 

large sample volumes.333,334 In addition, to further isolate and purify specific biomarkers, 

more involved methods (e.g., chromatography or electrophoresis) are typically 

required.335–337 Thus, there is a critical need for simple strategies to separate and enrich 

biomarkers from blood samples in a rapid and facile manner prior to downstream 

quantification and analysis.  

Acoustofluidics offers a convenient approach to remove blood cells prior to 

biomarker quantification.163,338 Our group has recently demonstrated that negative 

acoustic contrast particles made from silicone elastomers can be continuously separated 

from positive acoustic contrast objects (e.g., cells or polystyrene beads) in an acoustic 

standing wave established in a microfluidic channel.160,163,339,340 This separation process is 

based on inducing acoustic radiation forces on particles and cells towards different 

stable positions in the standing wave. The stable positions depend on the acoustic 

contrast factor: ( , ) = −   in which variables  and   are density and 

compressibility, respectively, and the subscripts  and  represent the suspended object 

(e.g., particle or cell) and the fluid medium, respectively.159,164,167–169,341 Objects exhibiting 
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positive acoustic contrast move towards the pressure node, corresponding to the center 

of a microfluidic channel, when the channel width is equal (or nearly equal) to one half 

of the acoustic wavelength.342 Alternatively, objects exhibiting negative acoustic contrast, 

such as compressible silicone particles, migrate to the pressure antinodes, corresponding 

to the sides of a microfluidic channel. By engineering a trifurcating outlet in such a 

system, objects flowing along the sidewalls can exit the peripheral (referred to herein as 

“collection”) outlets, and objects flowing near the centerline can exit the central 

(“waste”) outlet, thus enabling continuous and discriminant separation of compressible 

particles from cells. Previously, we have shown that polydisperse negative acoustic 

contrast particles made from polydimethylsiloxane (PDMS) with physically adsorbed 

surface ligands enable the detection of biomarkers in diluted blood.163  

To build upon this work, in this study we used a class of near-monodisperse, 

acoustically programmable particles comprised of silicone elastomers that can be 

synthesized rapidly, in bulk and at low cost.343 We show that these particles can be 

covalently functionalized with thermally responsive polypeptides to rapidly capture 

and then continuously separate biomarkers from blood, and the acoustically isolated 

biomarkers can be quantified via flow cytometry or released for recovery, enrichment 

and further analysis.  

To achieve the thermally controlled co-aggregation functionality, we modified 

the silicone particles with genetically engineered elastin-like polypeptides (ELPs). ELPs 
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consist of pentapeptide repeating motifs (Val-Pro-Gly-Xaa-Gly, Xaa = any amino acid 

except Pro), and can be genetically encoded to incorporate short peptide sequences to 

create ELP fusion proteins that can capture bioactive molecules.61,142,188,230,344 Instead of 

immobilizing the capture ligands on a surface, as in ELISA, we conjugated capture 

ligands (i.e., biotin) to soluble ELPs to capture model biomarkers (i.e., streptavidin, SA) 

in solution, which allowed for homogeneous binding kinetics.345 We hypothesize that the 

mobility of soluble ELP-ligand fusions will allow for faster binding, thus reducing the 

incubation time of traditional immunoassays, and by working at high concentration of 

the ELP-ligand fusion in biological fluids, the capture process can be driven to 

completion.  

Figure 37a,b depicts the capture of biomarkers in blood via a soluble ELP-ligand 

fusion. Next, to thermally capture these ELP-ligand/biomarker complexes on the 

surfaces of the particles, we exploited the lower critical solution temperature (LCST) 

phase transition behavior of ELPs in water, in which ELPs at a given concentration 

phase separate to form protein-rich coacervates above the cloud point transition 

temperature (Tt).50,51 In a previous study, it was shown that ELP-modified glass 

substrates can reversibly capture and release untethered ELP fusion proteins 

(thioredoxin-ELP) in response to changes in temperature.73 Along a similar vein, Stayton 

et al. used thermally responsive poly(N-isopropylacrylamide) (pNIPAAm)-modified 

substrates (i.e., PDMS, nylon) to capture and enrich pNIPAAm-protein conjugates via 
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co-aggregation above the LCST.139,141 Building on these concepts, we hypothesize that 

ELP-modified silicone particles can co-aggregate with ELP-ligands in solution to 

facilitate the rapid capture and sequestration of biomarkers after a small increase in 

temperature (e.g., 15°C; Figure 37c,d). After the capture of biomarkers, the silicone 

particles can then be separated from blood cells using an acoustofluidic device (Figure 

37e). After separation, the particles can be passed through a flow cytometer to enable the 

quantification of immobilized biomarkers, or alternatively, can be collected in a small 

volume of buffer at a reduced temperature to facilitate the release of biomarkers (Figure 

37f). Overall, this technique enables the rapid capture, isolation, enrichment and 

enumeration of rare biomarkers from blood, which has the potential to facilitate a 

number of useful diagnostic tests. 
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Figure 37: Schematic of the process for capturing and acoustically separating 
biomarkers from blood. (a-b) Untethered ELP-ligands capture biomarkers in blood. (c-
d) Above the transition temperature (Tt) of the ELPs, ELP-coated silicone particles are 
added to immobilize ELP-ligand/biomarker complexes to the surfaces of the particles 
via co-aggregation. (e) After dilution of the mixture with warm buffer, an 
acoustofluidic device is used to continuously separate captured biomarkers from 
blood cells. (f) The surface-immobilized biomarkers can then be analyzed by flow 
cytometry or released from the surfaces of the particles below the Tt.  

6.3 Materials and methods  

6.3.1 Synthesis of negative acoustic contrast silicone particles  

The silicone particles used in this study were synthesized using methods 

described previously.343 Briefly, silicone particles were made from a 24:1 monomer ratio 

of vinyl methyldimethoxysilane (VMDMOS, 97% purity; Sigma-Aldrich, Co.) to 

tetramethyl orthosilicate (TMOS; 98% purity, Sigma-Aldrich). Directly following their 

synthesis, the particles were stabilized in 0.5 wt.% F-108 surfactant in deionized water 

(Pluronic; Sigma-Aldrich). The silicone particles had an average diameter of 1.5±0.2 µm 
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and a concentration of ~109 particles/mL, as measured by the Coulter sizing and 

counting principle (qNano; IZON Science, Ltd.). 

6.3.2 Assembly of green fluorescent protein (GFP)-ELP fusion genes 

The ELP constructs investigated in this study consisted of various amounts of 

repeating pentapeptides (Val-Pro-Gly-Val-Gly) with a leader sequence (Ser-Lys-Gly-Pro-

Gly). In some constructs, 8 repeats of (Gly-Gly-Cys) in tandem were included as a trailer 

sequence, facilitating the conjugation of these ELPs to the vinyl groups on silicone 

particles via a thiol-ene reaction,346,347 as described below. The amino acid sequences of 

the ELP constructs were SKGPG(VGVPG)40(GGC)8WP and SKGPG(VGVPG)40Y.  

To build the gene encoding for the GFP-ELP fusion protein, the GFP gene was 

retrieved from a previously available plasmid, GFP-ELP,348 by PCR and followed by 

double digestion of PCR products with BseRI and NdeI restriction enzymes (New 

England BioLabs, Inc.). The pET 24a plasmids harboring 40 repeating pentapeptides 

(Val-Pro-Gly-Val-Gly) and a trailer sequence of (Gly-Gly-Cys)8 were also double 

digested with the same restriction enzymes (i.e., BseRI and NdeI), and then 

enzymatically dephosphorylated using calf intestinal alkaline phosphatase (New 

England BioLabs). The linearized vectors encoding for ELP were separated from other 

DNA fragments by gel electrophoresis with low temperature melting agarose (AquaPor 

LM; National Diagnostics, Inc.), and were purified using an extraction kit (QIAquick® 

gel; Qiagen, Inc.). The purified ELP vectors were ligated with the GFP gene to create a 
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plasmid-harboring gene for the GFP-ELP fusion proteins. Correct assembly of the gene 

for the GFP-ELP fusion protein was confirmed by DNA sequencing. The final amino 

acid sequence of the construct containing GFP was determined to be GFP-(VGVPG)40 

(GGC)8WP (herein referred to as GFP-ELP-Cys). 

6.3.3 Expression and purification of ELPs 

All of the ELPs and the GFP-ELP-Cys fusion proteins were expressed in 

BL21(DE3) E. coli and purified by inverse transition cycling, as described previously.307 

These purified ELPs and GFP-ELP-Cys peptides were characterized by sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE; BioRad, Inc.). The molecular 

weight and purity of ELPs were characterized using sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). A 10 µL solution of polypeptides (100 

µM, unless otherwise noted) was diluted with 10 µL Laemmli loading buffer with 

betamercaptoethanol (BioRad, Inc.) and heated to 95°C for 5 min. We ran the samples on 

a 4-20% Tris-HCl polyacrylamide gel (BioRad) and stained the gel for 10 min (Coomassie 

Brilliant Blue; Life Technologies, Inc.). Figure 38 illustrates the purity of different ELPs. 

In addition, the band observed for each ELP in SDS-PAGE was consistent with its 

theoretical molecular weight (i.e., GFP-ELP-Cys: 45.5 kDa; ELP-40: 17.1 kDa; ELP-Cys: 

19.9 kDa; biotin-ELP: 17.6 kDa). 
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Figure 38: SDS-PAGE gel with a molecular weight ladder (lane 1), GFP-ELP-
Cys (25 µM) (lane 2), ELP-40 (lane 3), ELP-Cys (lane 4) and biotin-ELP (lane 5). 

 
After purification, the optical densities at 350 nm (OD350) of the different types of 

ELPs in PBS buffer were measured as a function of temperature to characterize their 

aqueous LCST phase behavior. Samples were heated at 1°C/min in a UV-visible 

spectrophotometer equipped with a multi-cell thermoelectric temperature controller 

(Cary 300; Varian, Inc.). Figure 39 demonstrates the Tt of different ELP solutions (150 µM 

in PBS).   
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Figure 39: Turbidity profile of GFP-ELP-Cys, ELP-Cys, ELP-40 and biotin-ELP 
at 150 μΜ in PBS as a function of temperature, as determined by spectrophotometry.  

 

6.3.4 Labeling ELPs with biotin for protein capture 

The ELP construct, SKGPG(VGVPG)40Y, (herein referred to as ELP-40) has two 

primary amines, one at the N-terminus and one in the lysine residue in the leader 

sequence, which allowed conjugation reactions using N-hydroxysuccinimide (NHS) 

ester chemistry.349 A 150 μΜ solution of this ELP was reacted with a 20-fold molar excess 

of NHS-activated biotin (sulfo-NHS-biotin; Life Technologies, Inc.) dissolved in water 

for 2 h at room temperature. The excess biotin derivatives were removed using spin 

desalting columns (Zeba™; Life Technologies). To determine the efficiency of the 
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biotinylation reaction, a 4'-hydroxyazobenzene-2-carboxylic acid (HABA) assay was 

used according to the instructions provided by the manufacturer (Life Technologies). 

The labeling efficiency was found to be between 0.9-1.5 biotins/ELP. The biotinylated 

ELP constructs are herein referred to as biotin-ELP.  

6.3.5 Conjugation of ELPs to silicone particles  

We used GFP-ELP-Cys fusions and ELPs with a (VPGVG)40 sequence and a 

cysteine-rich domain (GGC)8 (herein referred to as ELP-Cys) to conjugate ELPs to the 

surface of the silicone particles. The thiol groups present in the cysteine residues were 

conjugated to the vinyl groups on silicone particles via a thiol-ene reaction facilitated by 

UV irradiation.346,347 The silicone particles (100 µL at ~109 particles/mL) were directly 

added to the ELP solutions (900 µL) to obtain a final concentration of 150 µM ELP. The 

reaction was carried out at room temperature under UV irradiation (wavelength of 365 

nm and a power intensity of 100 µW/cm2; Entela, inc. UVGL-15) for 2 h with constant 

stirring at 300 rpm. As a control, the same process was carried out without UV 

irradiation to assess the degree of nonspecific physical adsorption of ELPs to the 

surfaces of the particles. Prior to use for different assays, particles were washed (i.e., 

centrifuged at 4000xG for 2.5 min and the pellet was suspended in fresh PBS (at ~108 

particles/mL)) to remove excess ELPs. 
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6.3.6 Quantification of GFP-ELP-Cys peptides bound to silicone 
particles 

We used flow cytometry (Accuri C6; BD Biosciences) to evaluate the number of 

GFP-ELP-Cys molecules bound to particles via both the UV-induced reaction and 

physical adsorption.350 The autofluorescence signal of bare silicone particles was 

measured as a baseline. The flow cytometry data were acquired from at least five 

independent measurements and were gated on forward and side scatter parameters to 

exclude debris and doublets. A calibration test was conducted using a set of calibration 

beads (8-peak SPHEROTM Rainbow Calibration particles; Spherotech, Inc.) to convert the 

raw data (i.e., channel counts) into molecules equivalent of fluorescence (MEFL) of 

fluorophores per particle. In these experiments, the molecules of GFP-ELP-Cys per 

particle are equal to the MEFL, as one GFP molecule was present on each ELP. A similar 

quantification approach has been used previously.343  

The GFP-ELP-Cys-modified particles were visualized using an upright confocal, 

fixed stage microscope (Zeiss LSM 780; Carl Zeiss AG) with a dry plan-apochromat 

objective (20x, 0.8 numerical aperture (NA) and oil plan-apochromat 63x, oil-immersion 

objective, 1.4 NA; Zeiss). The GFPs were excited by light of a 488 nm wavelength. 

Images were processed offline with imaging software (Imaris 7.5; Bitplane, Inc.).   

6.3.7 Capture of protein biomarkers via the co-aggregation of ELPs 

To validate the efficacy of our biomarker isolation system, we used fluorescent 

streptavidin (SA) conjugated to Alexa Fluor® 488 (Life Technologies) as a model 
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biomarker that can be captured by biotin-ELP. To perform the capture and co-

aggregation assay, we first spiked 100 µL of PBS with 5 µM fluorescent SA, followed by 

200 µM biotin-ELP. After 10 min of incubation, the silicone particles with UV-reacted 

ELPs (20 µL at ~108 particles/mL) were added to the mixture and incubated at 40°C for 5 

min to trigger the ELP co-aggregation. Bare particles and particles with physically 

adsorbed ELPs were used as controls. The fluorescence intensities of particles in all 

experimental conditions were measured using flow cytometry to estimate the number of 

SA per particle. To perform these experiments, we heated the sheath fluid of flow 

cytometer to above 40°C to ensure the ELPs remained stably co-aggregated throughout 

the course of measurement. In addition, to quantify the non-specific adsorption of SA to 

the surfaces of the particles, we performed a series of control experiments with free 

biotin (500 µM; Sigma-Aldrich) to pre-block the biotin-binding sites on SA, where we 

spiked the solution with 5 µM pre-blocked SA. After adding 200 µM biotin-ELPs and 

incubating for 10 min, the particles with UV-reacted ELPs, particles with adsorbed ELPs 

and bare particles (representing the three experimental conditions) were separately 

added to this mixture. Following the same procedure, the amounts of SA sequestered by 

each type of particle at 25 and 40°C were estimated to test if sequestration occurred 

below the Tt.   

The co-aggregation assay with ELPs was also conducted in porcine blood. We 

spiked 100 µL whole porcine blood containing sodium heparin (BioreclamationIVT, 
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LLC) with 5 µM fluorescent SA, followed by 200 µM biotin-ELP. Prior to use, the 

porcine blood was passed through Pierce high capacity SA chromatography cartridge 

(Life Technologies) to remove native biotin. After 10 min of incubation, we added 20 µL 

of the ELP-modified particles (~108 particles/mL) to the mixture, and we increased the 

temperature above the Tt (i.e, 34°C), to 40°C, to trigger the co-aggregation of the 

SA/biotin-ELP complexes to the surface-bound ELP-Cys for an additional 5 min. The 

silicone particles with captured SA were analyzed using flow cytometry at 40°C. The 

molecules of SA per particle was calculated for each condition via dividing the MEFL by 

the average number of fluorophores on each SA molecule (provided by the 

manufacturer, Invitrogen), which was 4.0 in the case of the Alexa Fluor 488-labeled SA 

used in this study.  

6.3.8 Acoustic separation of biomarker-particle complexes from 
blood cells 

After triggering the co-aggregation of ELPs in blood, we diluted the mixture 100-

fold with warm PBS (i.e., 40°C) to allow the acoustic radiation forces to effectively focus 

and separate particles and cells.167 We then passed the solution through an 

acoustofluidic chip at 50 µL/min at 40°C using a syringe pump (Nexus 3000; Chemyx, 

Inc.). The acoustofluidic chip was made from silicon and glass components using 

conventional microfabrication techniques; these details have been described 

elsewhere.351 We designed the acoustofluidic chip to contain a trifurcating inlet and 

outlet, and a main channel with a width of 315 µm (see Figure 40a,c). The etched silicon 
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wafer (thickness: 675 µm, Addison Engineering, Inc.) was fused to a borosilicate glass 

slide (Nexterion glass B, thickness: 1.0 mm, Schott AG) with six holes that accommodate 

inlets and outlets (silicone tube connection sites). The lead zirconate titanate (PZT) 

transducer (841 WFB, 2.93 MHz resonance frequency; APC International, Ltd.) was 

soldered to wires and was centered underneath the microchannel as shown in Figure 

40b,d. 

 
Figure 40: Schematic views of the (a) top and (b) bottom of an acoustofluidic 

device comprised of an etched silicon substrate, a borosilicate glass "lid" and a PZT 
soldered to wires. Photographs of the (c) top and (d) bottom of the device. 

 
To separate the silicone particles from blood cells, we actuated the PZT 

transducer (841 WFB, 2.93 MHz resonance frequency; APC International, Ltd.) to 2.35 

MHz using a waveform generator (33250A; Agilent Technologies, Co.) at 40.0 V peak-to-
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peak after amplification (25A250AM6; Amplifier Research, Co.). The two separated 

fractions were collected from the “collection” and “waste” outlets. The separation 

efficiency was then determined by counting the number of silicone particles from the 

“collection” outlets or the number of blood cells from the “waste” outlet, divided by the 

total number of particles and cells using a hemocytometer.  

To image the separation of particles from blood cells, Nile red dye (Sigma-

Aldrich) was used to stain blood cells. This was accomplished by incubating a 20 µL 

Nile red solution (1 mg/mL in acetone) in 100 µL whole blood for 3 h at 4°C, followed by 

washing (i.e., centrifuging at 300xG for 5 min, decanting the supernatant and 

suspending the pellet in an equal volume of fresh PBS) to remove unabsorbed dye. The 

separation of silicone particles from blood cells was monitored using a fluorescence 

microscope (Axio Imager A2; Carl Zeiss) and imaged using a CCD camera (Axiocam) 

with AxioVision software.  

6.3.9 Biomarker capture assay in porcine plasma 

To assess the sensitivity of the SA capture assay, we spiked 100 µL porcine 

plasma containing sodium heparin (BioreclamationIVT) with different concentrations 

ranging from 0-1 µM of Alexa Fluor® 546 SA (Life Technologies) after removing native 

biotin, as described earlier. Following the same procedure of capture and thermally 

controlled co-aggregation, the number of SA molecules per particle was determined 

using flow cytometry. To demonstrate the capture was biospecific, we performed a 
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series of control experiments using plasma samples containing various amounts of SA 

(ranging from 0-1 µM) pre-incubated with free biotin (500 µM; Sigma-Aldrich). Finally, 

to compare the detection limit of our system against a commercialized system, we added 

biotinylated polystyrene (PS) beads (3 µm; Spherotech) to the porcine plasma spiked 

with fluorescent SA (ranging from 0-1 µM). After 15 min incubation with gentle shaking 

(10 min for SA capture and 5 min for co-aggregation), the amounts of sequestered SA 

were measured using flow cytometry. We normalized the values for molecules 

equivalent of SA per particle by subtracting the average value measured for the 

autofluorescence signal of the bare particles (n ≥ 3). We defined the detection limit as the 

concentration at which the measured value was at least 3 standard deviations (3σ) above 

the mean of the blank group (i.e., ELP-modified particles without SA). 

6.3.10 Thermally triggered release of biomarkers from particles 

To evaluate the efficiency of the ELPs to thermally release captured SA, we 

spiked 200 µL PBS with 5 µM fluorescent SA, added 200 µM biotin-ELP and incubated 

for 10 min. We then added ELP-modified particles (20 µL) to the mixture and increased 

the temperature to 40°C for 5 min. After the co-aggregation of the SA/biotin-ELP 

complexes to the ELP-modified particles, the particles were stored on ice for 2 h to 

facilitate the release of the SA/biotin-ELP complexes. The molecules equivalent of SA per 

particle was measured before and after release by flow cytometry. 
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6.4 Results and discussion  

6.4.1 Functionalization of silicone particles with ELPs 

GFP-ELPs containing a cysteine-rich domain (GFP-ELP-Cys) were conjugated to 

the vinyl groups on the surfaces of polyvinyl silicone particles via a thiol-ene reaction 

facilitated by UV irradiation (see schematic in Figure 41a).346,347 Since one GFP molecule 

was present on each ELP, the molecules equivalent of GFP-ELP-Cys per particle was 

determined by flow cytometry. We found that the silicone particles that reacted with 150 

µM GFP-ELP-Cys under UV light (100 µW/cm2) had the highest amount of ELPs on their 

surface, which was significantly higher than the amounts from physical adsorption (p < 

0.05, n = 5; Figure 41b). After the reaction, the GFP-ELP-Cys-modified particles were 

visualized using confocal microscopy. We found that the silicone particles were evenly 

decorated with GFP-ELP-Cys, confirming the successful coating of the silicone particles 

with ELPs (Figure 41c). Thus, the thiol-ene reaction was chosen to functionalize silicone 

particles for the remaining experiments.  
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Figure 41: (a) Schematic of the immobilization of GFP-ELP-Cys peptides (150 
µM) to the surfaces of silicone particles via a thiol-ene reaction. (b) Data from flow 
cytometry reveals the molecules equivalent of ELP per particle for bare particles, 
particles with adsorbed ELPs and particles with UV-reacted ELPs. The asterisks 
indicate a significant difference between conditions (*p < 0.05, n = 5). (c) 
Representative confocal micrographs of a GFP-ELP-Cys-modified silicone particle: (1) 
green fluorescent ELP localized around the surface of a particle, (2) a Nile red-stained 
silicone particle and (3) overlaid images from (1) and (2). 

 

6.4.2 Immobilization of biomarkers onto silicone particles via ELP co-
aggregation above the Tt 

Figure 42a shows a schematic for the process of SA/biotin-ELP complexes being 

captured by microparticles with ELPs immobilized on their surface upon heating above 

the Tt. The silicone particles with UV-reacted ELPs captured the highest amount of SA at 

40°C, whereas the same particles captured significantly less SA at 25°C (p < 0.05, n = 6; 
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Figure 42b). This confirms our hypothesis that biotin-ELP fusion proteins can capture SA 

molecules, and that SA/biotin-ELP complexes can be immobilized onto the surfaces of 

ELP-modified silicone particles through thermally controlled co-aggregation. Bare 

particles and particles with physically adsorbed ELP-Cys were used as controls. These 

particles captured significantly less SA compared to particles with UV-reacted ELP-Cys 

(p < 0.05). Further, no significant changes in the fluorescence intensity were observed 

between 25 and 40°C for the two groups (p > 0.05). To assess the non-specific adsorption 

of SA to surfaces of the particles, we pre-blocked the SA by incubating with a molar 

excess of biotin. Under these conditions, we found that significantly less SA was 

sequestered by particles with UV-reacted ELPs at 40°C than for the non-blocked case (p 

< 0.05), indicating that the capture occurred due to the molecular recognition of SA by 

the biotin-ELP. Given these results, we used silicone particles modified with UV-reacted 

ELP-Cys for the remaining experiments in this study (subsequently referred to as ELP-

modified particles).  



 

149 

 

Figure 42: (a) Schematic of silicone particles reacting to ELP-Cys and capturing 
SA/biotin-ELP complexes via thermal co-aggregation. (b) The molecules equivalent of 
SA per particle is shown for bare particles, particles with adsorbed ELPs and particles 
with UV-reacted ELPs both below and above the Tt. The asterisks indicate significant 
differences between conditions (*p < 0.05, n = 6). 

 

6.4.3 Acoustic separation of biomarker-sequestered silicone particles 
from diluted whole blood 

After immobilizing the SA molecules on the surfaces of the particles, we 

separated them from blood cells using an acoustofluidic device. In this setup, the SA-

sequestered particles were separated from blood cells by diluting the sample and 

flowing it through a heated acoustofluidic device. Acoustic forces separated the particles 

and cells, and laminar flow allowed the particles to exit the peripheral outlets for their 

collection and analysis. To establish operational parameters for the device (see Methods 

Section), we performed a pilot study to separate ELP-modified silicone particles co-

aggregated with SA/biotin-ELP complexes from PS beads. We actuated the PZT 

transducer to 2.35 MHz to induce a half-wavelength bulk acoustic standing wave across 
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the width of the microchannel using a waveform generator (33250A; Agilent 

Technologies, Co.) at 40.0 V peak-to-peak after amplification using a high frequency 

amplifier (25A250AM6; Amplifier Research, Co.). The central inlet was injected with 

warm PBS at a flow rate of 75 µL/min, and three syringe pumps regulated the flow of 

liquid through the outlets using “withdraw mode” (i.e., the peripheral outlets were 

withdrawn at 25 µL/min and the central outlet was withdrawn at 75 µL/min). The 

tubing directed to the two side inlets was freely suspended in the sample on a hot plate 

at 40°C with constant stirring (i.e., 100 rpm) to ensure that a constant concentration of 

particles and PS beads was supplied to the chip throughout the experiment. A mixture 

of biomarker-particle complexes and PS beads in a ratio of 1:1 was injected into an 

acoustofluidic device (see schematic in Figure 43a). The outputs from the two peripheral 

outlets consisted of 97.5% silicone particles, whereas the output from the central outlet 

consisted of 84.7% PS beads (Figure 43b).  
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Figure 43: (a) Schematic depicts the acoustic separation of ELP-modified 
silicone particles with captured SA from PS beads (representing blood cells) in an 
acoustofluidic device. (b) The bar graph shows the relative amount of silicone 
particles and PS beads in the initial sample and fractions from the side outlets and 
center outlet after sorting. The asterisks indicate a significant difference between 
conditions (*p < 0.05, n = 5). 

Using the established parameters, we used the device to separate ELP-modified 

particles co-aggregated with biotin-ELP complexes from diluted porcine blood (Figure 

44a). The fractions from the two “collection” outlets consisted of 90.3% silicone particles 

and 9.7% blood cells; whereas the output from the “waste” outlet consisted of 83.3% 

blood cells and 16.7% silicone particles in a single pass (Figure 44b). The throughput was 

≈5,860 cells or particles/s (with a sample infusion rate of 50 µL/min at a concentration of 

3.52 ×105 particles or cells/s). Figure 44c,d shows micrographs of blood cells (stained 

with Nile red) focused along the pressure node, and silicone particles with sequestered 
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SA (labeled with Alexa 488) focused along the pressure antinodes. We note that these 

images were taken of separate samples, as the Nile red dye used to visualize the blood 

cells would leech and dye the silicone particles.  

 

Figure 44: (a) Schematic depicts the separation of silicone particles with 
captured SA from blood cells in an acoustofluidic chip. (b) The bar graph shows the 
relative fraction of silicone particles and blood cells in the initial sample and 
collected fractions from the side outlets and center outlet after sorting. The asterisks 
indicate a significant difference between conditions (*p < 0.05, n = 5). (c) Stained 
blood cells (red) migrated to the center (i.e., the node) of the acoustic standing wave. 
(d) Silicone particles with captured SA (green) migrated to the sides (i.e., the 
antinodes) of the acoustic standing wave. The locations of the channel walls (solid 
lines) and the features of the acoustic standing wave (dashed lines) are denoted.  

To test if biomarkers remained stably associated with the particles throughout 

the acoustic separation process, the amount of SA per particle was assessed via flow 

cytometry both before and after acoustic separation. Exclusively for this test, we 

performed the capture assay in physiological buffer prior to mixing with blood (instead 
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of performing the capture assay in blood) to accurately quantify the amount of SA per 

particle. We observed no significant difference in the amount of SA per particle before 

and after acoustic separation at 40°C (p > 0.05; see Figure 45), indicating that SA 

remained stably associated with the surfaces of the particles throughout the acoustic 

separation.  

 
Figure 45: The bar graph shows the molecules equivalent of SA per ELP-

modified particle both before and after acoustic separation, as measured by flow 
cytometry (p > 0.05, n = 5).  

6.4.4 Quantification of captured SA using flow cytometry 

After acoustic separation, particles with captured biomarkers were analyzed 

using flow cytometry without washing. The advantages of flow cytometry are that it 

allows for the direct and sensitive detection of fluorescently labeled, surface-sequestered 

biomarkers, where uncaptured fluorescent molecules generate minimal background 

signal.352 In addition, these silicone particles are monodisperse (i.e., coefficient of 

variance is less than 15%),343 which enables simpler identification in flow cytometry 

based on their light scattering properties related to their size and granularity.  
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To assess the detection sensitivity of SA capture from blood, we performed a 

capture assay in porcine plasma (~100 µL) containing different concentrations of SA, 

ranging from 0 to 1 µM. After adding ELP-modified silicone particles to capture SA via 

co-aggregation, the amount of fluorescent SA was quantified using flow cytometry. Bare 

silicone particles were used as a control. The assay revealed a high signal-to-noise ratio, 

which yielded a detection limit of 0.75 nM SA in blood plasma (as defined by 3 standard 

deviations above the mean of the control group; Figure 46a). We found that the 

molecules equivalent of SA per particle initially increased with increasing concentration 

of SA across a broad, dynamic range of 0.75 to 100 nM, followed by a plateau when the 

surfaces of the particles were likely saturated with excess SA. A biphasic curve was 

observed, which could be explained by the fact that, at low concentrations of SA, 

abundant small biotin-ELP molecules in solution were more likely to come in contact 

and co-aggregate with ELPs on the surface of particles compared to more rare and larger 

SA/biotin-ELP complexes with multiple biotin binding sites occupied; in contrast, at 

higher concentrations of SA, the inhibitory effect of the free biotin-ELP may be less 

prominent due to their decreased concentration compared to SA/biotin-ELP complexes.  
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Figure 46: Molecules equivalent of SA sequestered by (a) silicone particles and 
(b) biotinylated PS beads (3 µm; Spherotech, Inc.) after 15 min of incubation with 
various amounts of SA. (c) The molecules equivalent of SA per ELP-modified silicone 
particle after incubation with various amounts of biotin-blocked SA (ranging from 0-1 
µM). Error bars represent the standard error of the mean (n ≥ 3). 

We compared our system to commercial surface-binding assays, where we used 

the biotin-coated PS beads of the same concentration as silicone particles to detect 

fluorescent SA in plasma. After 15 min of incubation on a rocker at a speed of 10 rpm, 

the fluorescent intensity was measured using flow cytometry and a detection limit of 5 

nM with a dynamic range from 5 to 50 nM was determined (Figure 46b). Our system 

demonstrated a lower detection limit (i.e., 0.75 nM, compared to 5 nM), which correlates 

to a ≈ 6-fold higher sensitivity. This result suggests that our system can more effectively 

capture SA within a shorter period of time compared to biotinylated PS beads, as their 

binding kinetics may be limited by diffusion (i.e., the mass transport) of the biomarkers 

of interest to the surfaces of the particles.353,354 Overall, this supports our hypothesis that 

the mobility of soluble ligand-peptides enhanced the binding efficiency, leading to more 

sensitive detection of analytes with a shorter incubation time (e.g., 15 min for biomarker 

capture instead of hours of incubation time for traditional ELISA).330 We note that 

several parameters can be adjusted to further improve the detection limit, including the 
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size, concentration and composition of the particles as well as the use of flow cytometers 

with higher sensitivities. For example, optimizing the size and concentration of the 

particles would allow each particle to capture more SA on its surface, thus increasing the 

fluorescent intensity per particle at low concentrations of SA, and leading to a higher 

detection sensitivity of the SA capture assay.  

To demonstrate the capture of SA via biotin was mediated by SA-biotin 

recognition, we carried out the capture assay using plasma that was pre-incubated with 

20-fold molar excess of free biotin. We first added 500 µM free biotin to 100 µL plasma 

spiked with SA (i.e., 0-1 µM) under gentle shaking for 1 h. We then added 500 µM 

biotin-ELP to the solution. After 10 min of incubation, we added the ELP-modified 

particles to the undiluted plasma mixture and raised the temperature above the Tt (i.e., 

34°C) to 40°C for 5 min to allow the tethered and untethered ELPs co-aggregate. The 

amount of SA non-specifically adsorbed to the surfaces of the particles was measured 

using flow cytometry. Figure 46c shows that the fluorescence from particles with non-

specifically adsorbed SA was much lower than particles with sequestration (see Figure 

46a), indicating that the SA capture occurred by biotin recognition.  
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6.4.5 Release of the biomarkers from the surfaces of the particles 
below the Tt 

After acoustic separation, the captured SA can be released from the particles by 

reducing the temperature of the solution below the Tt. The schematic of the capture and 

release of SA is shown in Figure 47a. We found that more than 75% of the captured SA 

was released from the surfaces of the particles at a temperature lower than the Tt (Figure 

47b). We believe that optimizing the duration of co-aggregation, release temperature 

and duration of release can increase this percentage of release. 

 

Figure 47: (a) Schematic depicts the capture and release of SA from the surfaces 
of ELP-modified silicone particles. (b) Data from flow cytometry reveals the 
molecules equivalent of SA per particle for ELP-modified particles above and below 
the Tt (i.e., 34°C). The asterisks indicate a significant difference between conditions 
(*p < 0.05, n = 6). 

While it is beyond the scope of this article, the released ELP-bound biomarkers 

can be enriched in buffer by exploiting the phase transition behavior of the ELPs.76 Chen 
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et al. have used ELP-protein A fusions with specific antibodies to isolate and enrich 

paclitaxel.142 Chilkoti et al. have demonstrated that ELPs can serve as a purification tag 

for target proteins that were directly fused to ELPs.58 We also note that it is possible to 

degrade the ELPs, thus entirely liberating the biomarkers and generating pure analytes 

as a final product.355 These purified biomarkers can be used for further analysis, 

including mass spectrometric analysis, immunogenetic assessment and genomic analysis 

(e.g., for cell-free DNA or microRNA biomarkers).  

6.5 Conclusion 

We have developed a chip-based biomarker separation system that enables the 

rapid capture, isolation and off-chip enumeration of a model for protein biomarker from 

blood. We demonstrated that ELP-modified silicone particles can capture SA in blood 

within only 15 minutes of incubation. Further, we show the biomarker-particle 

complexes can be continuously separated from diluted whole blood in an acoustofluidic 

device without any washing or centrifugation steps. In addition, we achieved sorting 

efficiencies exceeding 90% of biomarker-particle complexes from blood cells and a 75% 

release efficiency of biomarkers from the particles. Importantly, we show our system is 

capable of nanomolar-level detections of streptavidin in blood plasma.  

This platform system can be readily extended to separate a range of biological 

materials, including cells, viruses and cell-free DNA, from complex biofluids by 

designing ELP fusion proteins that can capture target bioactive materials. For example, 
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ELPs with antibody-binding domains derived from protein A or protein G were 

genetically designed and recombinantly synthesized to capture immunoglobulins such 

as IgG.142,143,146 In addition, advances in microfluidic flow cytometry could allow the 

direct coupling of quantification means to this system,356,357 which will further decrease 

the time of analysis and increase utility by providing a potentially portable and 

automated system for point-of-care (POC) testing. 
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7. Chapter 7: Conclusions and future directions 
7.1 Summary  

Surfaces (e.g., of particles or planar substrates) with properties modulated by 

external stimuli, such as temperature or pH, are critical for developing biosensors, 

diagnostic systems, and drug delivery systems. In this study, we have developed a 

simple and efficient method to controllably functionalize the substrates and particle 

surfaces with genetically engineered polypeptides to enable various biomedical 

applications including cell culture and diagnostics. We first investigated the adsorption 

behavior of ELP homopolymers and ELP block copolymers onto silica surfaces. The 

adsorption study of ELPs with various lengths (i.e., n = 40, 80, 160) of the “canonical” 

sequence (Val-Pro-Gly-Val-Gly)n offers an in-depth understanding of the ELP binding 

mechanism and the conformational evolution of the adsorbed polypeptides. We also 

demonstrate that incorporation of the silaffin R5 peptides significantly enhances the 

binding affinity of ELPs to silica surfaces, leading to faster attainment of adsorption 

equilibrium and thicker ELP layers with a higher surface density. This work also 

provides insight into the incorporation of other material binding domains to generate 

ELP fusion proteins that can specifically bind to other substrates (e.g. gold, zinc oxide 

and polystyrene). 

To extend this work, we used theoretical and experimental approaches to 

investigate the adsorption behavior of ELP block copolymers onto silica surfaces. We 
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show that silaffin peptides affected the distribution of micelles and the architecture of 

micellar layers, leading to close-packed micellar structure. In contrast, the adsorption of 

ELP micelles lacking the silaffin tag resulted in patchy micellar clumps on the surfaces. 

The micellization of ELP block copolypeptides also profoundly affected the adsorption 

kinetics, equilibrium and thermoresponsive properties of the adsorbed layers. In 

particular, ELP micelles were no longer thermally-responsive after surface 

immobilization, while unimers retained their temperature-responsive property at the 

interfaces. The systematic study of the adsorption behavior of ELPs presented in 

Chapter 2 and 3 provides insight into the design of the ELP-based stimuli-responsive 

substrates with programmable architecture and functionality, enabling their applications 

listed in the following chapters.  

In Chapter 4, we demonstrate the application of ELP-modified surfaces for cell 

culture. We genetically incorporated a cell-adhesive motif (RGD) and a material binding 

domain into ELPs, generating multifunctional proteins with cell- and material-binding 

properties for cell patterning. The material binding domain enables C-terminal 

chemisorption of ELPs onto gold regions with enhanced accessibility of N-terminal cell-

binding domains, whereas the orientation of ELPs adsorbed on the silicon oxide regions 

limits the accessibility of the cell-binding domains. Spatially controlling the accessibility 

of cell-adhesive motifs enables simple patterning of cells on ELP-modified gold 

patterned silicon substrates. Another application of these multifunctional ELPs with cell-
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adhesive motifs lies in creating thermoresponsive cell culture substrates for 

temperature-induced cell detachment. ELPs are rationally designed to thermally 

modulate the accessibility of RGD domains within the peptide layers. At T > Tt, the ELPs 

collapse to expose RGD domains and to promote cell adhesion, whereas the hydration 

and swelling of the ELPs conceals the RGD domains and leads to the detachment of cells 

or cell sheets from surfaces at T < Tt. This study presented in Chapter 5 demonstrates a 

simple approach to fabricate functional cell culture substrates with programmed cell-

adhesive properties for cell sheet engineering. 

We have also applied the ELP-modified particles for developing the smart 

diagnostic assays. In Chapter 6, we demonstrate a simple strategy to separate and enrich 

biomarkers from blood samples in a rapid and facile manner prior to downstream 

quantification and analysis. The captured biomarkers in blood were continuously 

separated from blood cells with efficiencies exceeding 90% using an acoustofluidic 

device. We also show that our system is capable of nanomolar-level detections of a 

protein biomarker, and a 75% release efficiency of biomarkers from the particles was 

achieved at T < Tt. Besides biomarkers, this platform system holds promise for 

separating a range of biological materials, including cells, viruses and cell-free DNA, 

from complex biofluids.  
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7.2 Future direction  

7.2.1 Optimization of thermoresponsive polypeptide coatings for 
effective cell and cell-sheet harvesting 

In Chapter 5, we have demonstrated that ELPs containing end-pendent RGD 

domains in the exterior peptide layer do not support efficient temporal control of cell 

detachment, while ELPs with RGD domains placed in close proximity to the grafting 

surfaces allow temperature-induced cell recovery. In this proposed study, we aim to 

systematically explore how the structure of ELP adlayers and the location of cell-binding 

motifs (i.e., RGD domain) within the ELP layers affect the cell attachment and 

detachment behavior, and to find the optimal conditions for cell sheet harvesting. We 

first propose to design ELPs with RGD domain along diffident locations (i.e., 1/3, 1/2 

and 2/3) of ELP chains from the grafting surfaces. We hypothesize that different spatial 

distributions of RGD domains within the ELP layer affect the cell response, where RGD 

domains closer to the exterior of the ELP layers favor cell adhesion but repress cell 

detachment. Therefore, we plan to find the optimal RGD position that promotes cell 

adhesion at T > Tt and efficient detachment at T < Tt.  

In addition, we will explore the effect of ELP chain length on the cell adhesion 

and detachment behavior using ELPs with 40, 80, 160 and 240 repeating pentapeptides. 

Previous studies have demonstrated that the pNIPAAm-based substrates require precise 

control of film thickness to achieve harvesting of cell sheets.358–360 For instance, the 

pNIPAAm films prepared via surface-initiated ATRP with thicknesses of 20 nm or less 
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did not allow effective detachment of cells below the Tt, whereas thicker polymer layers 

(thickness of 45 nm or more) hinder cell attachment above the Tt.359 By varying the ELP 

length, we can fine-tune the thickness of ELP layers to optimize their performance in 

switching between cell adhesive and cell repellent states for reversible cell adhesion.  

To achieve a desired thickness of ELP layers, ELPs of appropriate chain length 

need to adsorb onto surfaces in a controlled manner. We have demonstrated that 

directed grafting of ELPs onto surfaces via material binding peptides provides an 

effective approach to direct surface immobilization of ELPs with controlled orientation. 

Thus, we will further explore the adsorption behavior of ELPs containing other material 

binding domains to fabricate ELP coatings with tailored thickness and structure onto 

various substrates (e.g., polystyrene surfaces and glass) for cell culture applications.  

Besides the chain length and material binding domain, the hydrophobicity of 

ELPs also influences the cell adhesion and release from the surfaces. Therefore, we will 

fine-tune the degree of the hydrophobicity of ELPs by selectively incorporating different 

guest residues. In addition, the hydrophobicity of the guest residues and length of the 

ELP chains also determines the LCST behavior of the ELPs. The designed ELPs at a 

certain concentration should undergo an aqueous phase transition below the physiologic 

temperatures (37°C), providing collapsed peptide layers for cell adhesion at 37°C. To 

summarize, the proposed study aims to further explore how different structural 

parameters of the ELP adlayers affect the cell response, and to suggest guidelines for 
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optimizing the performance of ELP layers for cell adhesion/proliferation as well as 

efficient detachment. 

7.2.2 Reversible capture and rapid separation of a tumor marker from 
blood 

In Chapter 6, we have demonstrated a simple strategy to separate and enrich a 

model for protein biomarker (i.e., streptavidin) from blood. Here, we propose to target 

carcinoembryonic antigen (CEA), a well-known tumor marker responsible for clinical 

diagnosis of gastrointestinal tract carcinomas. We plan to genetically engineer ELPs to 

incorporate antibody-binding domains derived from Staphylococcal protein A (ProA-

ELP) to capture CEA with CEA antibody (anti-CEA). Figure 48a,b depicts the capture of 

CEA in blood via ProA-ELPs with anti-CEA. After capturing CEA from the blood, ELP-

modified particles will be added to immobilize CEA onto the particle surfaces via co-

aggregation above the Tt (see Figure 48c,d). These particles will be separated from the 

blood sample in a microfluidic chip using an acoustic standing wave (see Figure 48e). 

After adding fluorescently labeled CEA aptamers to form sandwich complexes on the 

surfaces of the particles, the captured CEA will be analyzed using flow cytometry and be 

released from the particles by reducing the temperature below the Tt (Figure 48f,g). 
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Figure 48: Schematic of the process for capture and isolation of CEA from 
blood. (a-b) Untethered ProA-ELP/anti-CEA are used to capture CEA in blood. (c-d) 
Above the Tt of the ELPs, ELP-coated silicone particles are added to immobilize CEA 
complexes to the surfaces of the particles via co-aggregation. (e) An acoustofluidic 
device is used to continuously separate captured CEA from blood cells. (f) The 
immobilized CEA can then be analyzed by flow cytometry after adding fluorescent 
CEA aptamers. (g) The captured CEA can be further released from the surfaces of the 
particles below the Tt.  

7.2.2.1 Preliminary results 

We have fused a miniaturized antibody-binding epitope, derived from the Z-

domain of protein A, to ELP chains (ProA-ELP). This synthetic peptide 

(FNMQQQRRFYEALHDPNLNEEQRNAKIKSIRDD), 33 residues in length, has been 

shown to bind to the Fc region of IgG with a Kd of 43 nM.361 Several ELP fusion proteins 

incorporating IgG binding domains have been reported. For instance, Kim et al. have 

introduced the Staphylococcal protein A (SpA) genes into ELP sequences and used the 
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ELP fusion proteins for phase-separation immunoassay.142 Protein A (42 kDa) was later 

replaced by the Z domain (6.6 kDa), a shorter synthetic domain derived from the B-

domain of SpA, to increase the yield of the ELP fusion proteins.144  The Z domain can 

selectively bind to the Fc portion of IgGs with a Kd of 10-50 nM.361 In addition, the 

divalent form of the Z domain (zz domain) has also been developed to improve the 

binding affinity to the Fc region of IgG.143 These ELP fusion proteins have been mainly 

employed for the purification of monoclonal antibodies via affinity precipitation.143–146  

Here, we incorporated the synthetic peptides 

(FNMQQQRRFYEALHDPNLNEEQRNAKIKSIRDD) as an antibody-binding motif into 

ELP chains for binding specific antibodies to capture antigens of interest.  

To build the gene for the ProA-ELP fusion protein, synthetic oligonucleotides 

encoding for the both strands of the synthetic peptide 

(FNMQQQRRFYEALHDPNLNEEQRNAKIKSIRDD) with BseRI and NdeI compatible 

sticky ends were synthesized by Integrated DNA Technologies Inc. The pET 24a 

plasmids harboring 40 repeating pentapeptides (Val-Pro-Gly-Val-Gly) were also double 

digested with the same restriction enzymes (i.e., BseRI and NdeI), and then 

enzymatically dephosphorylated using calf intestinal alkaline phosphatase (New 

England BioLabs). The linearized vectors encoding for the ELP were separated from 

other DNA fragments by gel electrophoresis with low temperature melting agarose 

(AquaPor LM; National Diagnostics, Inc.), and were purified using an extraction kit 
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(QIAquick® gel; Qiagen, Inc.). The purified ELP vectors were ligated with the gene of 

antibody-binding epitope to create a plasmid-harboring gene for the ProA-ELP fusion 

protein. Correct assembly of the gene was confirmed by DNA sequencing. The final 

amino acid sequence of the construct was determined to be FNMQQQRRFYE 

ALHDPNLNEEQRN AKIKSIRDD(VGVPG)40Y. The Tt of the 150 µM ProA-ELP-40 

solution is around 40°C, characterized by monitoring optical density at 350 nm (OD350) 

of the solution as a function of temperature. 

To conjugate antibodies to the purified ProA-ELP fusion proteins, anti-CEA 

labeled with FITC (Abcam, Cambridge, MA) were incubated with ProA-ELP-40 for 30 

min. Sodium chloride was added to a final concentration of 1 M, and the mixture was 

heated to 40°C to precipitate the ELP-ProA-anti-CEA complexes. The phase separated 

precipitates were recovered via centrifugation at 40°C for 5 min. The capture of FITC 

labeled anti-CEA was confirmed by co-precipitation of green antibodies with ELP 

aggregates. The pellet was resuspended in cold PBS.  

After obtaining ProA-ELP/anti-CEA complexes, we will add them to the whole 

porcine blood spiked with various amounts of CEA. We will then add ELP-modified 

silicone particles to localize captured CEA onto surfaces of the particles via co-

aggregation. To quantify the amounts of captured CEA, fluorescently labeled CEA 

aptamers will be used to form sandwich complexes on the surfaces of the particles.  The 

aptamer sequence is 5’-ATACCAGCTTATTCAATT-3’, which has been reported to 
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tightly bind to CEA, and to be used for its detection.362–364 We have utilized this 

fluorescently labeled CEA aptamer to form a sandwich complex for density-based 

bioseparation using silica hollow microspheres (see details in Chapter 7.2.4). After 

forming the sandwich complexes on the surfaces of the particles, the CEA-bound 

silicone particles will be separated from whole blood using an acoustofluidic microchip.  

The separation efficiency and the amounts of captured CEA will be quantified using 

flow cytometry. The detection limit of CEA will be assessed in blood samples spiked 

with varying amount of CEA. The bound CEA will be further released from surfaces of 

the particles by reducing the temperature of the solution below the Tt. 

7.2.3 Immobilizing cells on peptide-modified silicone particles 
surfaces for high-throughput acoustic separations 

To combine the applications in Aim 2 and 3, we propose to use the acoustofluidic 

strategy for cell separation. Isolation of clinically relevant cells is essential for disease 

diagnosis and prognosis. For instance, circulating tumor cells (CTCs) can serve as 

“liquid biopsies”, which reveal the stage of cancers and guide cancer treatment.365 The 

proposed project aims to modify the acoustically programmable silicone particles with 

ELPs to capture specific cells of interest. We hypothesize that when cells of a certain type 

bind to these particles, they will be transported to channel walls, achieving high-

throughput separation from other types of cells. However, binding cells to silicone 

particles has been a major challenge in the lab due to a lack of robust and reliable 

biological linkers. Here, we propose to use cell adhesive ELPs as a linker to immobilize 



 

170 

cells onto the surfaces of the particles. In Chapter 4 and 5, we have designed 

multifunctional ELPs incorporating integrin-binding domains (RGD) that can bind to 

HUVECs. In Chapter 6, we demonstrate that a cysteine-rich trailer sequence (Gly-Gly-

Cys)8 facilitates the conjugation of ELPs to the vinyl groups on silicone particles via a 

thiol-ene reaction. Thus, we aim to use ELPs with both integrin-binding peptides and 

cysteine-rich domains (RGD-ELP-Cys) as linkers to bind silicone particles to the cells. 

The synthesis and expression of RGD-ELP-Cys were described in Chapter 4. We will 

then bind the RGD-ELP-Cys constructs to silicone particles via a thiol-ene reaction 

(Figure 49a). Then ELP-coated silicone particles will be added to a cell mixture to 

capture the specific cells of interest (Figure 49b). After incubation, we hypothesize that 

the population that is rich with RGD binding domains (i.e., HUVECs) will be captured 

and transported to the antinodes of an acoustic standing waves, allowing separation of 

such cells from unlabeled cells (i.e., integrin-negative cell lines) or contaminants in our 

acoustofluidic device (Figure 49c). 
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Figure 49: Schematic of the process for capturing and acoustically separating 
target cells from the cell mixture. (a) Silicone particles were coated with RGD-ELP-
Cys. (b) ELP-modified particles capture the target cells (i.e., HUVECs) via RGD-
integrin interaction. (c) An acoustofluidic device is used to continuously separate 
captured cells from unlabeled cells and contaminants. 

7.2.3.1 Preliminary results 

As a first step, we explored the optimal condition for functionalizing the silicone 

particles with RGD-ELP-Cys. To quantify the amount of ELPs bound to the surfaces of 

the silicone particles, we labelled RGD-ELP-Cys with Alexa Fluor® 488 using N-

hydroxysuccinimide (NHS) ester chemistry. We then covalently coupled RGD-ELP-Cys 

to the surfaces of silicone particles via a thio-ene reaction. The silicone particles (100 µL 

at ~109 particles/mL) were directly added to the ELP solutions (900 µL) to obtain an ELP 

final concentration of 150 µM. The reaction was carried out at room temperature under 
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UV irradiation (wavelength of 365 nm and a power intensity of 100 µW/cm2; Entela, inc. 

UVGL-15) for 1 h with constant stirring at 300 rpm. As a control, the same process was 

carried out without UV irradiation to assess the degree of nonspecific physical 

adsorption of ELPs to the surfaces of the particles. The molecules equivalent of RGD-

ELP-Cys per particle was determined by flow cytometry. We found that the silicone 

particles with physically adsorbed RGD-ELP-Cys had the highest amount of ELPs on 

their surfaces, which was significantly higher than the adsorbed amounts from the UV 

reaction (p < 0.05, n = 3; Figure 50). Thus, the physical adsorption was chosen to 

functionalize silicone particles for the following experiments, and we further increased 

the concentration of the ELP solution to 500 µM to ensure the saturation of the surfaces. 

We note that UV-induced reaction with an ELP concentration above 150 µM at a power 

intensity of 100 µW/cm2 results in irreversible aggregation and precipitation of particles.  

 

Figure 50: Flow cytometric analysis reveals the molecules equivalent of ELP 
per particle for bare particles, particles with adsorbed ELPs and particles with UV-
reacted ELPs. The asterisks indicate a significant difference between conditions (*p < 
0.05, n = 3). 
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We then added RGD-ELP-Cys modified particles (100 µL at ~108 particles/mL) to 

the HUVECs solution (80 µL at 3 × 106 cells/mL), and incubated the solution at room 

temperature for 3 h. The cells were visualized using a fluorescence microscopy 

(Axioimager; Carl Zeiss Microimaging, Inc., Jena, Germany), and the number of particles 

bound onto the surface of each cell was estimated. We show that RGD-ELP-Cys 

modified particles were able to bind to HUVECs stained with calcein green AM (Figure 

51a). The numbers of bound particles per cell are shown in the histogram, and an 

average number of particles bound to each cell was estimated to be ~7 (Figure 51b). Once 

the particles were bound to the cells, the mixture were injected into an acoustofluidic 

device. Our results show that some cells migrated to the pressure antinodes and focused 

along the side of a microfluidic channel upon excitation of the PZT (Figure 51c). 

However, we found that majority of the cells still moved to the nodes of the acoustic 

standing waves, which can be attribute to relatively weak primary acoustic forces 

imposed on the particles. To transport the cells to the antinodes of the acoustic standing 

waves, the magnitude of the acoustic forces applied on the particles must be greater than 

that acting on the cells. Therefore, future work will be focusing on enhancing the 

primary acoustic radiation forces that imposed on the particles by adjusting several 

parameters, including the binding efficiency, the size and composition of the particles.  
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Figure 51: (a) Microscopy images of silicone particles bound to HUVECs 
stained with calcein green AM. (b) The histogram of the number of adsorbed silicone 
particles per cell. (c) HUVECs (stained with calcein green AM) with bound silicone 
particles migrating to the pressure antinodes in response to the imposition of the 
acoustic standing waves. The locations of the channel wall and the features of the 
acoustic standing wave are denoted. 

Once we successfully capture and transport HUVECs to the antinodes of the 

acoustic standing waves, we will add these ELP-modified particles to a cell mixture 

consisting of both HUVECs and an integrin-negative cell line to conduct the separation 

experiments. To create a cell mixture, we have identified an integrin-negative cell line 

(i.e., SK-BR-3, human breast adenocarcinoma cell), and evaluated the expression of αvβ3 

integrins on both HUVECs and SK-BR-3 using flow cytometry. The Alexa Fluor® 488 

labeled antibody against αvβ3 integrin was added to the HUVECs and SK-BR-3 cell 

suspensions, followed by incubation on ice for 1 h in the dark. The cells were washed 
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three times with PBS, and were analyzed by flow cytometry. In Figure 52, flow 

cytometric analysis reveals little expression of αvβ3 integrin on SK-BR-3 as compared to 

HUVECs.  We hypothesize that ELP-modified particles will only bind to HUVECs and 

transport them to the sides of the microchannel (i.e., the pressure antinodes of the 

acoustic standing waves), while the unbound integrin-negative cells will migrate to the 

center of the microchannel (i.e., the node of the acoustic standing waves), achieving 

continuous separation of HUVECs from the cell mixture.   

 

Figure 52: Flow cytometric analysis of integrin expression on HUVECs and SK-
BR-3 cells. The molecules equivalent of antibody per cell is shown for both cells 
before and after incubating with the Alexa Fluor® 488 labeled antibody against the 
αvβ3 integrin. The asterisk indicates a significant difference between conditions (*p < 
0.05, n = 4). 

7.2.4 Hollow microspheres for density-based bioseparation of a tumor 
marker 

Besides developing an acoustic separation strategy for biomarker isolation or cell 

sorting, we also propose a density-based separation technique that relies on the passive 
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flotation of inexpensive hollow silica microspheres for biomarker isolation in 

collaboration with Dr. Shannon Weigum at Texas State University. The hollow silica 

microspheres can function as “molecular buoys” to capture target antigens and to 

concentrate them at the air/liquid interface by passive flotation. In our previous study, 

the hollow silica microspheres have been used for target-specific capture and isolation of 

a protozoan parasite that causes diarrheal illness, Cryptosporidium, directly from stool 

with separation efficiencies exceeding 90%.366 In this work, we aim to apply the 

molecular buoy technique for the isolation and enrichment of a common tumor 

biomarker, CEA. Similar to the acoustic strategy described in Chapter 7.2.3, we will first 

use ProA-ELP with anti-CEA to capture CEA in the biological buffer (Figure 53a). Next, 

we will add the hollow silica microspheres functionalized with ELPs to the biological 

buffer, and increase the temperature of the suspension to T > Tt while mixing the 

suspension continuously in a rotator (Figure 53b). We hypothesize that the co-

aggregation of untethered ELPs with the particle-tethered ELPs will immobilize the CEA 

on the surface of the hollow particles (Figure 53c), and the hollow microspheres with 

captured CEA will migrate to the air-liquid interface by passive floatation. The captured 

CEA will be analyzed after adding fluorescently labelled CEA aptamers, and be released 

from the surfaces of the microspheres to the buffer solution for enrichment (Figure 

53d,e).   
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Figure 53: Schematic of the process for the isolation and enrichment of CEA 
from the biological buffer. (a) ProA-ELPs with anti-CEA capture CEA in PBS. (b-c) 
Above the Tt of the ELPs, ELP-modified hollow silica particles are added to 
immobilize the ProA-ELP/anti-CEA/CEA complexes to the surfaces of the particles via 
co-aggregation. (d) The fluorescent CEA aptamers are added to the suspension for 
CEA analysis. (e) The surface-immobilized CEA can then be separated from the 
suspension via passive floatation, or released from the surfaces of the particles below 
the Tt.  

 7.2.4.1 Preliminary results 

To modify the hollow silica microspheres with ELPs, we chose multifunctional 

ELPs with both the silaffin peptides and cysteine-rich domains, Silaffin-ELP-(GGC)8 

(Silaffin-ELP-Cys, see amino acid sequence in Figure 54a).  The silaffin peptides 

(SSKKSGSYSGSKGSKRRIL) have many lysine residues containing primary amine 

groups that can bind to the epoxy groups on glass microspheres via the epoxy-amine 

reaction at pH of 9-10 (see schematic in Figure 54a). Due to high affinity of silaffin 

peptides to silica, the peptides also enable selective and tight binding of ELPs to silica 
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microspheres. The cysteine-rich domain (GGC)8 is used for conjugating fluorophores to 

ELPs. To visualize the surface-bound ELPs on the glass microspheres, we labelled the 

Silaffin-ELP-Cys with Alexa Fluor® 568. The fluorescently labelled ELPs (300 µM) were 

incubated with 1 mg of hollow microspheres (diameter of 50-75 µm, a density of ~1.4 × 

105 microspheres/mg) in 100 µL of 0.1 M sodium carbonate/sodium bicarbonate buffer at 

a pH of 9.2 for 24 h. The reaction was carried out at room temperature with gentle end-

over-end mixing. As a control, fluorescently labelled ELPs with cysteine-rich domains 

but lacking the silaffin peptides were incubated with hollow microspheres at the same 

density under the same reaction condition. The modified microspheres were visualized 

using the fluorescence microscope. Figure 54b,c shows that fluorescently labeled Silaffin-

ELP-Cys were successfully grafted onto the hollow silica microspheres, while minimal 

fluorescence was observed for microspheres incubated with fluorescent ELPs lacking the 

silaffin domains.  
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Figure 54: (a) Schematic of the Silaffin-ELP-Cys sequence and the process for 
the immobilization of Silaffin-ELP-Cys peptides (300 µM) onto the surfaces of hollow 
silica microspheres. (b) Representative fluorescent micrograph of silica microspheres 
functionalized with red fluorescent silaffin-ELP-Cys. (c) Representative fluorescent 
micrograph of silica microspheres reacted with red fluorescent ELPs with cysteine-
rich domains but lacking the silaffin peptides. 

To perform the capture and co-aggregation assay, we first spiked 100 µL of PBS 

with CEA (10 ng/mL). Next, we added ProA-ELP with anti-CEA to capture the CEA in 

the buffer solution. After 60 min incubation at room temperature, ELP functionalized 

microspheres were added to the suspension, and the temperature was increased to 40°C 

to trigger the ELP phase transition and co-aggregation of two ELP domains. The 

CEA/ELP/microsphere complexes were separated by passive flotation (≤ 1 min) and 

washed 3 times with warm buffer. The presence of captured CEA was assessed using a 

second affinity ligand (i.e., CEA aptamer labeled with Alexa Fluor® 488) to form a CEA 

sandwich complex. The isolated microspheres were visualized at 40°C under the 

fluorescence microscope. The CEA capture and density-based separation were 

confirmed by green fluorescent CEA aptamers localized around the surfaces of 
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microspheres coated with red fluorescently labeled Silaffin-ELP-Cys (Figure 55a). In 

contrast, no green fluorescent signal was observed on the surfaces of the red fluorescent 

microspheres in the absence of CEA (Figure 55b). 

After the density-based separation, the captured CEA can be released from the 

microspheres by reducing the temperature of the suspension below the Tt. We washed 

the microspheres with cold PBS and incubated them at 4°C for 3 h. Figure 55c shows a 

loss of green signal and a retention of red signal on the surfaces of silica microspheres, 

suggesting that the captured CEA was released from the surfaces of the particles at T < 

Tt. Future work will focus on the quantification of the released CEA to estimate the 

recovery rate and the degree of enrichment. 

 

Figure 55: (a) Representative micrograph of green fluorescent CEA aptamers 
localized around the surfaces of Silaffin-ELP-Cys (labeled with Alexa Fluor® 568) 
coated microspheres in the present of 10 ng/mL CEA. (b) No green fluorescent signal 
was observed on the surfaces of hollow silica microspheres functionalized with red 
fluorescent Silaffin-ELP-Cys in the absence of CEA. (c) Micrograph of silica 
microspheres after releasing the CEA sandwich complexes from the surfaces of 
microspheres below the Tt. 
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